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Accuracy the agreement of a particular value with the true
vahe. (1.3)

Acid a substance that produces hydrogen ions in solution; a
proton donor. (4.2)

Acid-base indicator a substance that marks the end point of
an acid-base titration by changing color. (15.4)

Acid rain  a result of air pollution by sulfur dioxide. (5.9)

Acid dissociation constant (K,) the equilibrivm constant for
a reaction in which a proton is removed from an acid by
H,0 to form the comjugate base and H;07. (14.1)

Acidic exide a covalent oxide that dissolves in water to give
an acidic solution. (14.10}

Actinide series a group of fourteen elements following actin-
jum in the periodic table, in which the 5f orbitals are being
filled. (7.11; 18.1)

Activated complex (transition state} the arrangement of
atoms found at the top of the potential energy barrier as 2
reaction proceeds from reactants to products. (12.5)

Activation energy the threshold energy that must be over-
come to produce a chemical reaction. (12.5)

Addition pelymerization a type of polymerization in which
the monomers simply add together to form the polymer, with
no other products. (22.5)

Addition reaction 2 reaction in which atoms add to a carbon-
carbon multiple bond. (22.2)

Adsorptien the collection of one substance on the surface of
another. (12.6)

Air pollution contamination of the atmosphere, mainly by the
gaseous products of transportation and production of electric-
ity. (5.9)

Aleshol an organic compound in which the hydroxyl group is
a substituent on a hydrocarbon. (22.4)

Aldehyde an organic compound containing the carbonyl
group bonded to at least one hydrogen atom. (22.4)

Alkali metal a2 Group 1A metal. (2.7; 18.2)

Alkaline earth metal a Group 2A metal. (2.7; 18.4)

Alkane a saturated hydrocarbon with the general formula
CHynan. (22.1)

Alkene an unsaturated hydrocarbon containing a carbon-car-
bon double bond. The general formula is CHa,. (22.2)

Alkyse an unsaturated hydrocarbon containing a triple car-
bon-carbon bond. The general formula is CHa,—2. (22.2)

Aoy a substance that contains a mixture of elements and has
metailic properties. (10.4}

Alloy steel a form of steel containing carbon plus other met-
als such as chromium, cobalt, manganese, and molybde-
num. (24.4}

Alpha () particle a belium nucleus. (21.1)

Alpha particle production a common mode of decay for
radicactive nuclides in which the mass number
changes. (21.1)

Amine an organic base derived from ammonia in which one
or more of the hydrogen atoms are replaced by organic
groups. (14.6; 22.4)

a-Amine acid an organic acid in which an amino group and
an R group are attached to the carbon atom next o the car-
boxyl group. (23.1)

Amorphous selid  a solid with considerable disorder e ds
structure. (10.3)

Ampere the unit of electrical current equal i o condomd of
charge per second. (17.7)

Ampheteric substance a substance that can behave it
an acid or as a base. (14.2}

Anion a negative ion. (2.6)

Anode the electrode in a galvanic cell at which oxidation
occurs. (17.1)

Antibonding molecular orbital an orbital higher in epergy
than the atomic orbitals of which it is composed. (9.2)

Aromatic hydrocarbon one of a special class of cyclic un-
saturated hydrocarbons, the simplest of which is ben-
zene. (22.3)

Arrhenius cencept a concept postulating that acids produce
hydrogen ions “in aqueous solution, while bases produce hy-
droxide ions. (14.1)

Arrhenius equation the equation representing the rate con-
stant as k = Ae 5% where A represents the product of the
collision frequency and the steric factor, and ™57 is the
fraction of collisions with sufficient energy to produce a re-
action. (12.5)

Agueous sclution a2 solution in which water is the dissolving
medivm or solvent. {4.0)

Atactic chain  a polymer chain in which the substituent
groups such as CH; are randomly distributed along the
chain. (24.2)

Atmosphere the mixture of gases that surrounds the earth’s
surface. (5.9)

Atemic number the number of protons in the nucleus of an
atom. (2.5; 21)

A5
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particle is formed baving the same mass as an electron but
opposite charge. The net effect is to change a proton to a
nentron. (21.1)

Potential energy energy due o position or composition. (6.1}

Precipitation reaction 2 reaction in which an insoluble sub-
stance forms and separates from the solution. (4.5)

Precision  the degree of agreement among several measure-
ments of the same quantity; the reproducibility of a measure-
ment. {1.3)

Primary structure (of a prodeis) the order (sequence) of
amino acids in the protein chain, (23.1})

Principal quantum number the quantum number yelating to
the size and energy of an orbital; it can have any positive
integer valne., (7.6)

Probability distribution the square of the wave Runetion in-
dicating the probability of finding an electron at a particular
point in space. (7.5)

Produect 2 substance resulting from a chemical reaction. Tt is
shown to the right of the arrow in 2 chemical equation. (3.6}

Profein 2 natura) high-molecular-weight polymer formed by
condensation reactions between amiao acids. (23.1)

Proton 2 positively charged particle in an atomic nucleus.
2.5 21

Pure substance 2 substance with constant composition. (1.8}

Pyrometaliurgy recovery of a metal from its ore by treatement
at high temperatires. (24.4)

Cualitative analysis  the separation and identification of indi-
vidual ions from a mixture. (4.6)

CQuantitative anafysis  a process in which the amounts of the
components of a miziure are determined. (4.7}

Cuantization the fact that energy can occur only in discrete
units called guanta. (7.2)

Rad a unit of radiation dosage corresponding to 1072 J of
energy deposited per kilogram of tssue (from radiation ab-
sorbed dose). (21.7)

Radicactive decay (radivactivity) the spontanecus decompo-

ition of a nucleus to form a different nuclens. (21.1)

fiorarbon dating (carbon-14 dating) & method for dating

ancient wood or cloth based on the rate of radioactive decay

of the noctide ¥C. 21.4)

liotracer a radioactive nuclide, introduced into an organ-

sm for diagrostic purposes, whose patbway can be traced by
waonitoring its radioactivity. (21.4)

Random error  an error that has an equal probability of being
high or low. (1.3}

Raoult’s law  the vapor pressure of 2 solution i3 directly pro-
portional to the mole fraction of solvent present. (11.4}

Rate comstant  the proportionality constant in the refationship
between reaction rate and reactant concenirations. (12.2)

A36 [ Glossay

Rate of decay the change in the number of radicactive mu-
clides in a sample per wait time. (21.2)

Rate-determining step the slowest step in a reaction mecha-
nism, the one determining the overall rate. (12.4)

Rate law an expression that shows bow the rate of reaction
depends on the concentration of reactants. (12.2)

Reactant 2 starting substance 1B a chernical reaction. |t ap-
pears to the left of the arrow in a chemical equation. (3.6)
Reaction mechanism  the series of elementary steps invoived

in & chemical reaction. (12.4)

Reaction guotient 2 gquotient obtained by applving the law of
mass action to initial concentrations rather than to equilib-
rinrn concentrations. (13.3)

Reaction rate the change in concentration of a reactant or
product per unit time., {(12.1)

Reactor core the part of & nuclear reacior where the fission
reaction takes place. (21.6)

Reducing agent {(electron doper) 2 reactant that donates
clecirons 1o another substance to reduce the oxidation state
of one of its atoms. (4.9; 17.1)

Reduction a decrease in oxidation state (a gain of electrons).
(4.9, 17.1)

Rem  a unit of radiation dosage that accounis for both the
energy of the dose and its effectiveness in causing biological
damage (from roentgen equivalent for man). The pumber of
rems = (number of rads) X BBE, where RBE represents the
relative effectiveness of the radiation in causing bislogical
damage. (21.7)

Resonance a condition occurring when more than one valid
Lewis structure can be written for a particular wolecule. The
actual elecironic structure is not represented by any one of
the Lewis structures but by the average of all of
them. (8.12)

Reverse osmesis  the process occurmming when the external
pressuwre on a solution causes a net flow of solvent through a
semipermeable membrane from the solution to the sol-
vent, (11.6)

Reversible pracess a cychc process carried out by a hypo-
thetical pathway, which leaves the universe exactly the same
as it was before the process. Mo real process is reversi-
ble. (16.9)

Ribonucleic acid (RNA} & nucleotide polymer that transmits
the genetic information stored in DNA to the ribosomes for
protein synthesis. (23.3)

Reossting  a process of converting sulfide minerals to oxides
by heating in air at temperatures below their melting
points. (24.4)

Root mean square velocity  the square root of the average of
the squares of the individual velocities of gas particles. {3.6)

Salt  an ionic compound. (14.8)

Sali bridge a U-tube containing an electrolyte that conmects
the two compartments of a galvanic cell, allowing ioun flow
without extensive mixing of the different solutions. (17.1)
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becquerel  The SI unit of radioactivity. It cor-
responds to one nuclear disintegration per sec-
ond. (Section 21.4)
Beer’s law  The light absorbed by a substance
(A) equals the product of its molar absorptivity
constant (4), the path length through which the
light passes (b), and the molar concentration of
the substance (¢): A = abc. (Section 14.2)
beta particles  Energetic electrons emitted from
the nucleus, symbol Ye. (Section 21.1)
bidentate ligand A ligand in which two
‘coordinating atoms are bound to a metal
(Section 24.2)
. bimolecular reaction - An elementary reaction
* that involves two molecules. (Section 14.6)
biochemistry . The study of the chemistry of
l.tvmg systems, (Chapter 25: Introducnon)

is compatible with living systems. (Section 12.3)
are able to oxidize. (Section 18.6)
ical application. (Section 12. 3) i

molecular weight found in living systems. The

ates, and nucleic acids. (Section 25.8)

siter. (Section 11.7) .

- bomb calorimeter A device for measurmg the
heat evolved in the combustion of a substance

(Section 9.1) =

bond dlpole The drpole moment due to the
two atoms of a covalent bond. (Section 9.3)

substance is in the gas phase. (Section 8.8) /.
* bonding atomic radius . The radius of an atom

(Section 7.3) = S
bonding molecular orb1ta1 A molecular

' a bonding molecular orbital is lower than the

which it forms. (Sectxon 97 =

(Section 9.2)

of two bonded atoms: (Section 8.8)
bond order | The number of bondmg electron

(numiber of bonding electrons - number of anti-
bonding electrons) (Sectxon 9.7) ;

biocompatible Any substance or material that
biodegradable = Organic material that bacteria. ;.-
biomaterial * Any material that has a bromed—i‘:

biopolymer A polymeric molecule of lugh‘

ior classes of biopolymer are proteins,

under constant-volume conditions. (Section 5.5) '}

bond angles ' The angles made by the lines =
joining the nucle1 of the atoms ina molecule

bond enthalpy ' The enthalpy change, AH,
required to break a particular bond when the -

orbital in which the electron density is concen-
trated in the internuclear region. The energy of -

energy of the separate atomic orbltals from

bond length - Tlte dtstance between the centers i

pairs shared between two atoms, less the num-
ber of antibonding electron pairs: bond order =

bond polarity | A meastre of how equally the -
electrons are shared between the two atomsina: ;

boranes Covalent of boron.

(Section 22.11)

Born-Haber cycle A thermodynamic cycle
based on Hess’s law that relates the lattice ener-
gy of an ionic substance to its enthalpy of for-
mation and to other measurable quantities.
(Section 8.2)

Boyle’slaw  Alaw stating that at constant tem-
perature, the product of the volume and pres-
sure of a given amount of ‘gas is'a constant.
(Section 10.3)

Bronsted-Lowry acid = A substance (molecule
or ion) that acts as a proton donor. (Section 16.2)

hydrides

Bronsted-Lowry base A substance (molecule
or ion) that acts as a proton acceptor.
(Section 16.2) ¢

buffer capacity The amount of acxd or base a
buffer can neutralize before the pH begins to
change appreciably. (Section 17.2)

buffered solution (buffer) A solution that
undergoes a limited change in pH upon addi-

- tion of ‘a ‘small amount of acrd or base
© (Section17.2) - e

calcination The heatlng of an ore to brmg
about its decomposition and the elimination of

a volatile product. For example, a carbonate
“ ore might be calcmed to drlve off C02

> ) : B (Sectron 232)
ered cubic cell A cubic unit cell in "~

lattice points occur at the cornersand

calorie © A unit of energy, itis the amount of
energy needed to raise the temperature of 1 g of

" water by 1°C, from 14.5°C to 15.5°C. A related -

unitis the ]oule lcal = 4.184]. (SectlonS 1)

calonmeter An apparatus that measures the
evolution of heat. (Section 5.5) -

- calorimetry The expemnental measurement
+ of heat produced in chermcal and physrcal
" processes. (Section 5.5) | ; c

caprllary action ~ The process bywhrch aliquid
" rises in a tube because of a combination of adhe-
- gion to the walls of the tube and cohesion
- between liquid particles. (Section 11.3)

- carbide ‘A binary compound of carbon witha

i fal etalloid. tion 22.9
as defined by the distances separating it from - metal or metalloid. (Section 229) .

+ other atoms 1o wluch 1t is chermca.lly bonded © carbohydrates ' A class of substances formed

from polyhydmxy aldehydes or ketones

" (Section 25.10) r
- carbon black A mlcrocrystallme form of car-

bon. (Section 22. 9)

carbonyl group The C (0] clouble bond a
characteristic feature of several organic func-

tional groups, such as ketones and aldehydes

bonding pair In a Lew1s Sritine a pair ~ (Section 25. 6)

of electrons that is shared by two atoms =

carboxylic: acrd Acompound that contams the
—COOH funct1onal group (Sectlons 16 10
and 25.6) i :

cathode « An electrode at whlch reductlon
occurs. (Sechon 203) @0 4

cathode rays - Streams of electrons that are pro- ~v
~_vey the relative proportions of atoms of the

duced when a high voltage is applied to elec
trodes in an evacuated tube. (Section 2.2)
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cathodic protection A means of protecting z
metal against corrosion by making it the cath-
ode in a voltaic cell. This:can be achieved by
attaching a more easily oxidized metal, which
serves as an anode, to the metal to be protected.
(Section 20.8)

cation Apositively charged ion. (Section 2.7)
cell potential ' A measure of the driving force,
or “electrical pressure,” for an electrochemica’
reaction; it is measured in volts: 1V = 1J/C
Also called electromotive force. (Section 20.4)

cellulose A polysaccl*mride of glucose; it is the
major structural element in plant matter.
(Section 25.10)

Celsius scale A temperature scale on whick
water freezes at 0° and boﬂs at 100° at sea level.
(Section 1.4)

ceramic A solid inorganic material, either crys-
talline (oxides; carbides; silicates) or amorphous
{glasses). Most ceramics melt at l'ugh tempera-
tures. (Section 12.4) : :

.+ chain reaction ' A series of reactlons in which
©. one reaction initiates the next. (Section 21.7)
- changes of state Transformations of mattes
© from one state to a different one, for example,
 from a gas to a liquid. (Section 1.3)

charcoal A form of carbon produced when

- wood is heated strongly ina deﬁmency of afy
- (Section 22.9)

Charles’s law = A law stating that at constant
pressure, the volume of a given quantity of gas
is proportlonal to absolute temperature,

‘(Sectlon 10:3)

chelate effect The generally larger formatton
constants for polydentate ligands as compared

_ with the corresponding monodentate hgands
(Section 24. 2) ,

chelating agent = A polydentate 11gand that is

" capable of occupying two or more sites in the

coordination sphere. (Sectron 24.2)

~ chemical bond : A strong attractive force that
- exists between atoms in a molecule. (Section 8.1}

chemical changes - Processes in which one or

more substances are converted into other sub-
stances; ' also called chemlcal reachons
(Section 1.3) .- i

chemical equatwn A representatlon of 3
chemical reaction using the chemical formulas
of the reactants and products; a balanced chem-

~ical equation contains equal numbers of atoms
. of each element on both srdes of the equatlon

(Section 3.1)

- chemical equrlxbnum Astate of dynan:uc bal-
«" ance in which the rate of formation of the prod-
. catalyst ~A substance that changes the speed of -
~achemical reaction without itself undergoing a =
! permanent chermcal change in the process
. (Section 14.7) . i :

ucts of a reaction from the reactants equals the
rate of formation of the reactants from the prod-

ucts; at equilibrium the concentrations of ths

reactants and products remain constant. (Sectior:

41; Chapter 15: Introduchon )i o
' chemical formula A notation that uses chem“

ical symbols with numerical subscripts to con-

different elements in a substance. (Section 2.6)

: i

UTC_REM_II_000001761




Case 3:14-cv-05499-PGS-LHG Document 42-4 Filed 07/07/15 Page 10 of 118 PagelD: 901

G108 Glossary

product A substance produced i a chemical
reaction; it appears to the right of the arrow in a
chemical equation. (Section 3.1)

protein A biopolymer formed from amino
acids. (Section 25.9)

protium The most common isotope of hydro-
gen. (Section 22.2)

proton A positively charged subatomic parti-
cle found in the nucleus of an atom. (Section 2.3)

pure substance Matter that has a fixed com-
position and distinct properties. (Section 1.2)

pyrometallurgy A process in which heat con-
verts a mineral in an ore from one chemical form
to another and eventually to the free metal.
(Section 23.2)

qualitative analysis The determination of the
presence or absence of a particular substance in
a mixture. (Section 17.7)

quantitative analysis The determination of the
amount of a given substance that is present ina
sample. (Section 17.7)

quantum The smallest increment of radiant
energy that may be absorbed or emitted; the
magnitude of radiant energy is hv. (Section 6.2)

racemic mixture A mixture of equal amounts
of the dextrorotatory and levorotatory forms of
a chiral molecule. A racemic mixture will not
rotate polarized light. (Section 24.4)

rad A measure of the energy absorbed from
radiation by tissue or other biological material;
1rad = transfer of 1. X 1072 of “energy “per
kilogram of material. (Section 21.9)

radioactive series A series of nuclear reactions
that begins with an unstable nucleus and termi-
nates with a stable one. Also called nuclear dis-
integration series. (Section 21.2)

sivity - The spontaneous disintegration
stable atomic nucleus with accompany-
x51on of radiation. (Section 2.2; Chapter

itope An isotope that is radioactive;
it is undergoing nuclear changes with
emission of radiation. (Section 21.1)
radionuclide A radioactive nuclide. (Sec-
tion 21.1) ;
radiotracer - A radioisotope that can be used to
trace the path of an element. (Section 21.5)
Raoult’s law = A law stating that the partial
pressure of a solvent over a solution, Py, is given
by the vapor pressure of the pure solvent, P,
times the mole fraction of a solvent in the solu-
tion, Xa: Py = XaPX. (Section 13.5)

rate constant | A constant of proportionality

between the reaction rate and the concentrations
of reactants that appear in the rate law. (Sec-

tion 14.3)

rate-determining step - The slowest elementary
step in a reaction mechanism. (Section 14.6)
rate law = An equation that relates the reaction
rate to the concentrations of reactants (and
sometimes of products also). (Sectlon 14.3) :
reactant A starting substance in'a ‘chemical
reaction; it appears to the left of the arrow in a
chemical equation. (Sectioni 3.1) :

reaction mechanism A detailed picture, or
model, of how the reaction occurs; that is, the
order in which bonds are broken and formed,
and the changes in relative positions of the
atoms as the reaction proceeds. (Section 14.6)

reaction order The power to which the con-
centration of a reactant is raised in a rate law.
(Section 14.3)

reaction quotient (Q) The value that is
obtained when concentrations of reactants and
products are inserted into the equilibrium
expression. If the concentrations are equilibri-
um concentrations, Q = K; otherwise, Q # K.
(Section 15.5)

reaction rate The decrease in concentration of
a reactant or the increase in concentration of a
product with time. (Section 14.2)

redox {oxidation-reduction) reaction A reac-
tion in which certain atoms undergo changes in
oxidation states. The substance increasing in oxi-
dation state is oxidized; the substance decreas-
ing in oxidation state is reduced. (Chapter 20;
Introduction)

reducing agent, or reductant The substance
that is oxidized and thereby causes the reduc-
tion of some other substance in an oxidation-
reduction reaction. (Section 20.1)

reduction A process in which a substance
gains one or more electrons. (Section 4.4) -

refining . The process of converting an impure
form of a metal into a more usable substance of
well-defined composition. For example, crude
pig iron from the blast furnace is refined in a
converter to produce steels of desired composi-
tions. (Section 23.2)

rem A measure of the biological clamage
caused by radiation; rems = rads % :RBE.
(Section 21.9)

renewable energy . Energy such as solar ener-
&y, wind energy, and hydroelectric energy that
is from essentially 1nexhaust1ble sources.
(Section 5.8) -

representatlve (main-group) element Element
in which the s'and p orbitals are partrally occu-
pied. (Section 6.9) i

resonance structures (resonance forms) Indr—
vidual Lewis structires in cases where two or
more Lewis structures are equally good descrip-
tions of a single molecule. The resonance struc-
tures in such an instance are “averaged” to give

a correct description of the real molecule :

(Sechon 8.6)

reverse osmosis The process by Wthl’l water
molecules move under high pressure through a
semipermeable membrane from the more con-

 centrated to the less concentrated solutron

(Section 18.5) -

reversible process A process that can go back

and forth between states along exactly the same
path; a system: at equilibrium is reversible
because it can be reversed by an infinitesimal
modification of a variable such as temperature

(Section 19.1)

ribonucleic acid (RNA) - A polynucleot1de in
"+ oxygen, structurally based on 5104 tetrahedra
: (Sect10n 22.10) s

which ribose is - the sugar component
(Sectmn 25.11) ° :

-~ (Section 1.5) ¢

roasting Thermal treatment of an ore to bring
about chemical reactions involving the furnace
atmosphere. For example, a sulfide ore might be
roasted in air to form a metal oxide and SO,.
(Section 23.2)

root-mean-square (rms) speed (s) The square
root of the average of the squared speeds of the
gas molecules in a gas sample. (Section 10.7)
rotational motion Movement of a molecule as
though it is spinning like a top. (Section 19.3)
salinity A measure of the salt content of sea-
water, brine, or brackish water. It is equal to the
mass in grams of dissolved salts presentin 1kg
of seawater. (Section 18.5)

salt An jonic compound formed by replacing
one or more H* of an acid by other cations.
(Section 4.3)

saponification Hydrolysis of an ester in the
presence of a base. (Section 25.6)

saturated sclution A solution in which undis-
solved solute and dissolved solute are in equi-
librium. (Section 13.2)

scientific law - A concise verbal statement or a
mathematical equation that summarizes a broad
variety of observations and experiences.
(Section 1.3)

scientific method ~The general process of
advancing scientific knowledge by making
experimental .observations and by formulating
laws, hypotheses, and theories. (Section 1.3)
scintillation counter = An instrument that is
used to detect and measure radiation by the flu-
orescence it produces ina ﬂuorescmg medjum.
(Section 21.5) :

secondary structure : The manner in which a
protein is coiled or stretched. (Section 25.9)

second law of thermodynamics A statement
of our experience that there is a direction to the
way events occur in nature. When a process
occurs spontaneously in one direction, itis non-
spontaneous in the reverse direction. It is possi-
ble to state the second law in many different
forms, but they all relate back to the same idea
about spontaneity. One of the most common
statements found in chemical contexts is that in
any spontaneous process the entropy of the uni-

verse increases; (Section 19.2)

second-order reaction - A reaction in which the

- overall reaction order (the sum of the concen-
~ tration-term exponents) n the rate law 1s 2.

(Section 14.4) - -

sigma (o) bond A covalent bond in which
electron densrty is concentrated along the inter-
nuclear axis. (Section 9.6) :

sigma (o) ‘molecular orbital A molecular
orbital that centers the electron density about an
imaginary line passmg through two nuclel
(Section9.7) .

s1gn1f1cant ﬁgures The dxgrts that mchcate the

. precision with which a measurement is made;
“all digits of a measured quantity are significant,

including the last d1g1t wl'uch is uncertaln

silicates Compounds contalmng sﬂrcon and
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or brigkmess: § 1 marked by much e sukmstion, oF Rotivity
H sw:;mﬁf @ — usad ag an intensive following the noun {the
proudest boy ~» 8FR  § 508 UVING ant dead, defunct 2 see
aware gt biind (o} — slivensss n .

Bibsymdy | TR, = INEleh *sbipdh, fr. Heb, nsotnt] 31 the action
of going up or of Deng ealled 10 the reading desk of the synagogue
[0 a:ead%mm the Scriptures 21 the hnmsgration of Jaws {o lsraek

Bitaaerin Yo Hiz-a-rom, xt [prob. ir. ¥ glizarine] %3 on orange of 1ed
eiystadline compound & Hes formerly propaced from vandder
and now el symhc::caﬁy and wsed osp. 50 dye Tisskey reds ansd
i meking fed pigments 2 nmy of vanous acid, mordant, and
sotvent dies derived like slixarin proper Sromm anthragquinone -

&l ahbr alkatine A

abkadest Vai-kedesty # ENE. wlchahest : thie wniversal sotvint
heliaved by the alchenmisis 0 exist — aidihestic Labko-hes-tiky

ad)
iﬁ*ﬂga-!mmnw sab-diatlesniidsy n 1 the propesty or degree of
i sl aling — Rikeioseent \oul adf
ﬁi*ksﬁi "aiukaniii\ w, il dien o7 i [ME, 8. ML, 1. Ar algili the
sshes of the plast saliwor] %5 e sobuble salt cbirined frowm the
sshes of planis and congisting largely of potasstan or sodivm cas-
bosnte: Brogdly | 8 subsiance {ss « bydromde or carbongte of an
alliah metad) aving marked basic propesties —- compare BasE? 2
r ALKast METAR B 1 & suluble sali or » mixture o soiuble salts
present in some goils of arid regions in guantity detrimental o

a%:-zcuimre N

abkadify yal-Thad-a-di Sal-kado-y, vb -fled; Sydng v s to convest or

P at e afiali ¢ wske alkaling o vt lo become alkatine

aihaiinatsl s 1 any Of the umivelsit mosily besiy metals of group ¥
of the perindis table comprising Hthivm sisdiusty, P rubid~
tm, cosium; and foancium ) .
BLEBLirmatar YaikaTim -t 8 ¥ glcalimdsre, fr. alcedi alkadi +
mmdire ~smeter} 1 an spparstus for measwring the sirengih or the
amount of sik i A mizture or solugion - bk fimaatry lim-

Ly 2
Ri'-kxs:}ime yaleka-tan, -3\ adj 1 of, relating o, oF having the prop-
esties of s sikali; esp ¢ bhaving & pM of more thas 7 - Bidsadind

‘I§ \aai_k:;«’ﬁnwa!(-é\ 7 . .

alkatine earth n 11 a5 oxide of any of several bivaient strongly

basie melals comprising calcinm, sironium. and basium and some-
tirnes alse piBgaRSkwm, radiun, or lss often beryiliom | 21 ALKA-
LINERARTH MEYAL S

ik aline-aarih metel 5 1 any of the metsls whosy oxides are the
alkaling earths

gikgling phospheisssn: a phosphatase {as the phosphomonoes.
sorase from blood piasma or wilk} active in allcatine medivm

sikadindzs Yel-kaloniz) v fed; fzdng s to make alkaling — R
kaedlneleatinn Yalka. fin-o-"2b-shan, Ho-na-) 1

abipdoid \abuo-dbidy n 1 any of numsrous usa. coloriaes, come
ples, snd bitter organic bases {as morphine or codeine} containing
mitrogen and usw. Giygen that socer eap, in seed plants — shiks.
baband Lakke-toid-1, adf . . ]

gikadosis \alko-Wesesy n 1 a condition of increased sikalinity of
e blood ans tasues' . ’

abkaonet Val-ksneth n [ME, fr. O8 alcanets, dim. of aloans

hemmne Shith, fr. ML alchanna, fr. Ar gl-Binnd” the henna}l 1 8% a
European plant {Afkanna tincroria of the borage family; sl 2 s
root B3 & red dysstefl pre%aa‘«i frowa the root 2T BUGLOYS

silkoxy Vai-kik-s8\ adi I3V alkyl + oxygen) : of, refating 6o, or
containing @ ynivatens radicsl composed of-an atiyl group united
with orygen : -

&ty abbr alRaling

ahloygd \alokod\ n{b!emdmof aikyl angd acid] > any of numerous ther-
morlastic or thetmoseiiing synihetic resns siade by heating poly-
hydroxy stcohols with polybasic zcids or their snbydrides sod
ssged ospr. for protoctive CORLRRS .

gidkoyl Yel-kely n {prob. fv. G B, alkishel slcohod, §f, RL ulcohed) 1
@ © 5 umivalent shiphatie radicat €y, (s meth 3 By oany
univaient aliphatic, aromstic-eliphatic, or aficyclic yaracarhon
radivgl  #; 3 compound of alkyl radicals with & metad abkybic

ab-Riik\wdi . }
widcyhate \Veldo R0, v Btad: -atdng ¢ (o introduce one oF more
alkyl groups inte (8 compound)

shityiation \ai-ka-18-shony i 1 the act or process of atkylating
{s?, for producing Iigh-octane fusd - -

188 Vol i IME all. af, fr. OF el akin to CHGolall] 1 &: the
whole amount or quantity of (sat \2) e mighty B0 g much as
possiie (apoke in ~ SeriDUSHEsS) & overy member or indi-
vidual cosmponeat o {~ wen will go} {~ five children were prag-
emt} B — uged in logic as a verbaliesd squivalent of the universal
quantifier 3¢ the whaole number or sum of {~ the anglss of a
irismgle are squal to two right angles) & ZVERY {~ mamner of
hargstipy §: any whatever bsyond ~ doubts 8@ nothing but
T ONLY: ® 5 completely taken up with, given 1o, or absorbed by
{becmme ~ atiention) B3 having or seeming to have {some physt.

call fegbure) in CORSPICHOUS axcass of promivence -~ thumbs; @
1 paving full sttention with (o~ ears) 7 dial : used up ¢ entirely
sonsusmed — used esp. of faad and drink 8@ being mwore than one

re0n oF thing — 8 the ; ssmuch of .. . a8 28 much of &, .. &8
?gﬁ the home ¥ ever had)

2388 gdv % : WHOLLY, ALTOGGETHER (88t ~ asiomey — often wsed a8
an intnusive {~ out of proportion? & ebs ! EXCLUSIVELY, ONLY 3
archais ¢ ST &1 50 mueh {~ the hetter for i) $; for each side
o ampce {the seote 8 two -~ )

3l pron 3 0 the whole mumber, qh;zamity‘ of amount @ TOTALEYY
Coov thiat 1 haved {~ of ys) {~ of the Booksy 2@ EVERYBODY, EV-
SRYTHENG (sactificed ~ for Invey - gl in i : on the whole ; geu-
erally {a¥f in off, things might have been warsey — 8% il 1 in any
Way - B3, wed with a negative Qo good af o :

Sg¥ n : the whole of one's possessions of of what one prizes {gave
Rig ~ for the cause)

&l or o comb form [k, T alles other — wore af £138] 3
> ober ¢ different ; atypical {allogamous) (allomeriswy 2 allos
T isomeris form or variety of {8 specified chericat compound) 3

alivansss @ allegre

alio- : being one of 8 growp whoss members together comstitete 4
struciurs! unit asp. of 2 Innyguage Callophoney
Yghle Dreve \aka-hrey, Ji-a-tbrev-( 8% adv or adj [18, K., scoord-
ing to the breve] | in duple or quadraple time with the beat repre-
sented by the hail vote
2gile Brove &1 the sign marking & piece of passage
1o be played alla breve; alse 1 & PRSSREE 8 marked
Ablals \'pi-s, 2T\ n [Ar aflFR] 1 the Supreme Betng T
of the Muslims
iR merdcan \O-detmerskan adi ¥ U com-
posed wholly of American semenis 3 represenia-
Hive of the ideals of the 1.8, {an ~ boyd &0 88
lected {as bya peli of jowrsalisis) 33 one of the best
in the 1.5, I o particular categovy at e particulsr time {ar ~ guar-
torhackd B! made up of all-Ammerican periicipants {sm ~ basket-
ball team) 43 of oF relating 10 the American nations as » group
2pli-Amaeriean 8o one (as aw athicte) thal is voted sil-American
aligmtods So-tant-a-wesy R, pl aldantoddes Sat-entd-0 A48,
abnan-y, [NL, deriv, of Gk allant., aflas ssusagel 12 vasculss fotal
sembrane of reptiles, birds, or wmammals that 1s formed as 2 ponch
from the ndgat end that in placental mammals is nstisssately Rasc-
cizted with the chorion wn formation of e placenta — PIRELR TS
}gﬂ-mn“m-ik, Bhen-y, adf
shinTganege \.‘ﬁiaﬁr“gﬁﬂu(zmﬁ\ Zsé:"m adv {it, widening, verbal of
alborgre 10 widem $. ak- Ur. L gd-3 4 bovgere to widen] ¢ becom-
ing gradually hroager with the satae of greater volume - used /8 2
girection in music G
ali-groung LOo-lxrasad adf 31 compeient i many fHelds {an ~
man of lettersy R ¢ having general utility 3o considered in or
encompassing Bl 8spects § INCLUGYE (the Bbest ~ recording of the
work 1o dated {good nature §nd ~ compelence —G. H. Scule}
SYIS sge VERSATILE
Biday \oltiy, vb [ME afgyen, &r. OF dlecgan, fr. & {perfective prefix)
+ Jecgan b0 day — wore a1 ARIDE LAY} ¥ 11 to subdue oF reduce
in intensity or severity @ ALLEVIATE Cwishing for & bresae to ~ the
sumnes heatd 2o to make gquist ¢ CALM ~4vi, obs 1 [0 diminish in
serength ¢ SUBSIDE  8p93 se2 RELIEVE Bt intensify
&l Bur ady © very neatly 1 sLMosy (he alf but disappesred from
whlic notice)
a8 olear n 1 & signal that a danger hes passad
afi~day \ob-day ek ¢ ismi::% £61. GLCURYInE, OF ApPEang through-
out an entive dry Can ~ &7ip; ‘
abiggation yal-"ga-shes n 11 the act of alfeging & : a posi-
tive assertion: ipecif | a statemnent Dy a party to a legal action of
what hie undertakes to prove 31 an assertion unsy poried ang by
inplication regarded as unsupportable (vague ~s of mRsousduot)
shiege yo-llejy, v aideged; siiegdng IME alluggen §r. OF alleguer.
§5. 1. aliegare to dispasch, cite, ir. sd- - legare to depiste - more 3k
LEGATE] 13 to assert without proof ov tedore proving {the Bews-
paper ~5 the mayor's guity archaic 1 to adduce or bring for-
erd 45 & sourse or authority 3@ to bring forward us & Feason OF
excuse 8¥RN ses ADDUCE  anfcontravenrs, TFBVLTSC
sileged \a-teid, ~lel-ods adf 1 asserted 30 be frus o8 AR axisl
s AVOWED {anr ~ wiracie é 1 guestionably trae ot of & spexadiad
bing « SO-CALLED (hought an ~ antigue yase) - widegaddy ek
ad-184 ady
Ai-ienﬁheuny spurge \olowgi-ng abe gend\ n [Affegheny mit,
i%.8.]; @ low herb or subshirub (Pachysiundes procumbensy of the
box family widely grown 252
shisgiancs \e-le-jenith n [ME allegeaunce modif, of MF
geance, tr. OF, fr. dge b 2] 1 ®: the obligation of 5 fendal vas-
sal 1o his tege lord & {1} the Bdelnty awed bxy » subject or ¢ité-
zem 1o bhis soversign of governmeni {271 the obfigation of au alien
10 the government under which he resides 21 devetion or loyally
@ pErSOR, ErOUD. OF CRUse SYR sef FIDELITY ang wreschary,
joxaciie ]
gidegiant \,uai:smx adf ¢ giving allegiance 2 LOYAL
gidpgardasl yualagird-kal, Cgiry adi ¥ ¢ of selating to. of
havissg the charactenstics of allegory &1 having tidden spiritus
meaning that transcends she fiteral sense of & spored text —— alde
orduably \okie- iy adv — ailegordaahness \kal-nagy i
abde.gorist Vil-o,g0s-088, gOI\ 7L 8 writer of allegory
akiogovi-aation N oi-a-,gor-o-2R-shats, -(gir, -gor-\ 21 allegorical
resentation or interpretation
aidegosizs Val-a- gz w0, ngar- vh pizad: sining v 11 to
make into allegory 27 to freat oF explain s sliegory ~ vi it
ive alfegorical explanations &3 1O COMPpHSE OF H8E allegory — 85
S goRizaRt i
Sbigooery Y al-aug0r-8 RO 4, pi sivw [ME gllegorie. fr. L. aile-
woria, fr. Gk silegoria, i3 allegovein i 'speak Hgusatively. fr. affos
ather 4 -ogovein 1o spesk publicly. fr. agora sssembly ~ more gt
FiSE, GREGARIGUS] 3 & 5 the eipression by means of symbolic
fictional figures and actions of fruths or penevalications about
human cxistence B3 an instance (a3 in A S0y OF painting) of such
expression 23 a s¥mboiic reprcsantation T EMBLEM
TRidegratds \ph-v grei-l)d, &y ady or adf 3%, fr. ailegro] © frster
thar ardaunte Bt not so fast as albegro — used as 8 direction in
sasic .
2gRegratis . pf 4081 a musicel compositon or movesnent in alie-
FEELT0 tEmPs. | o
‘ﬁi-!evgm a-ep s, -"l?anf‘)@;x"ia\i ady or adi [1t, werey. fr. {assumed)
VI alecrus fively, alter. of L alger, algcer - more &t ALACRITY]
. in 5 brisk Hvely manner — used 383 dirention in music
Raliegro o, pl ros: & musical cossposition or movement in allegro
tempd

alia breve

round Cover -

s sbwe  * kitten @ further  ® besk B bake i ont, curt
PO eh ehin @ less g ensy w @it i wrip § life
jjoke wmsing B fow & faw o oofn o ¢k ghin  th Shis
# lost & oot vy yi few i furions b vigion
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gremat-ion! b madikely adf ¢ provading snd preparing fur

the profeastonal study of sadivise )

s e Be8 \prifadeagtll, Sprh vk [ proemediatus, pp. of
ﬁmemeﬁ;‘tmi fr. proe- -+ mediter to wmediinie] ¥ 3 to SBinh stont
Snd sevoive in the mind befurchiand = ¥ ¢ 1o think, congider, o7

dutterate beforehand — proemed b aednr W tRi-ah 2
sl tntag i ¢ charscterixed by fally constous willsd s
et 2ad » measure of forsthought end planning o Wty —
Cpenrehb iRty ddy
SRR Yprt- mestan it E-ahon, Pri-Y 1) an R0t of nstamoe

“of prevoesiiating; specif 1 sonsideration or plaasing of au ot be-

forchand that shows intent (o comnt that 8gg
sebi-tatiun \pri-“med-o- 8804y, pri sdi s given to o dharse-
terised by prameditation . o

ORI Lo Wik, adf ¢ of, oonurring iR, O tygeosl of 8
SEREE PROY b mebngis (o DN synthesis) (o Hasns i

greanandatrael Wirntmenlbairsl-wolly odf 1 of velsting o, or
peuseizsg in the period just procodisg menstrariion ~~ pReenes.
shrsgtly QR aefu

prennis vy o3f PREFIAD
mreaniay Lprk-miyiial prienies, ’p:ms&&gadj AR primier. ir.

¥ promsiee St ohiel, §e, L prisverius of the St seesk ~ more &t
pEiMARy] B 1 Rres v position, venk, oy RRporiRRee T PRINCIPAR. D
x fsh Bes dismse t BARLIENE

Rpresnslys u 05, . promier, 5]} pRIME MINISTER L

preaning dananr \prerybiieany w5 ¢ the principel mels

- gancer I o baliot commpany i

tmrpaniors \pri-Cmyeislr, “mi(aln prim-Rlelaley, 8 IF precddse, B
forn. of promsfer first} 10 2 G performsnce o exlsilstion fihe ~
ol aplayy 3 the lkading ledy of & grows; esp ¢ the shief actress of
5 thentriosd cast ) N

Fmrasssiare oy peeader \ike rremEREy v premisred; preanior
B ¥ 1 10 ghve o Beat public pesformames of 9 §: o have s
fisst public perlormeney 22 o spposs for the St time 85 2 star

Pt rtey

Egramntere adf [alter. of Spremier] OUTSTANEING, CRERR

proxniere dunauuss \promyenditatitey » [F premidee dunsssse}
s s Egmnﬂpxi Semalc daneer v 5 baliel company -

praaniarahin Sk SniyBelrosin ‘prEmbor-, prameey a ¢ the
posdtion w offive of 2 prapmier

prpmthbienenbaniem Yok, ai»a»‘:szr@;mizamx %L BRI
LENIGALISE = DRGERHARIBRARR Y h-ar, ackf 17 .

praaviidenalal sorE-meian-dealy odi loree - miffooninm}  §
1 coming before o milleanivss 2 : holding ov relating 1o promsi-
fenindinm - iemanbably L-2a-18y ady :

promilannbablam s-Eo-dieomt 81 the view that Christ's roturn
will preveds snd wiher i 8 futues millonoium of Manserle ruls
mentioned in Revolation - prevmnibdenathaiiag ooty 5

PR aineieR K"epfﬁm"&\ # s senge §, fr. MAE premivie, §r, MF, fr, ML
prowsssissy, e, L, fom. of proemissuz, pp. of prosmitters 1o place
ghesd, Ir. grge- pree 4 mittere to sendd; dn Other semses, §r ME
promissey, fr. BEY. praemsisss, . L, set. ph. of prosmissss — more a8
e} 3 o1 o2 propssition arterstan iy suppesed o proves 28 &
Basis of segwement of infarenos; 5 e:{' © ather of the fst 1wo prop-
osittens of a syllogism froms which the conclusion 8 Srewn B
¢ sonnething sevwmed or tukon for grasied | PRESUPPFONMIION 2 pf
L sstiers gesrmeusiy stated: apeodlf ¢ the zgmjimégm’v sod explasa.
tory purt of 2 deodd or wf 2 D I equity B gl its helng idencified
in the premisss of the 3 @ 8 teaes of bt with she buildings
therson, 1 s bullding or part of & butlding wee. w5tk #s appuries
RS Ta8 g;mwssss}

Enreneing S pecmas aise prifoiey w preemised: praanisdng 1 »
! to set fosd beiammxg) 23 B8 Iswoduchion or & posteinte B o
offer 35 o promise in an wpwnent 2 1 10 presuppose of imply a3
progsisiont s POSTULATE

Sprarmions VersmEom, 1 {1 prassiiuns bosty, profit, oewand, fr
PREEe i emEre 10 1ake, Buy — more 31 REOEEM] % R & reward
or weenmpnse foe 3 pestoudar sut B 0@ s ovsr angd gbove &
regadss prioe paid chiefly se.an indusersent or incestive (willing 1o
PRY B v for smsnexiints daﬁwcrg)‘ @3 B s iw advaner of or in
redition 1o the nomingd valne of sometbing (honds caligbis 2t 8 ~
of ol prreensy A something gives free o7 8t & reduoad price with
she purchase of & product o seevice 2@ the consderndions paid for
o sontract of insorancr N ¢ s high value or & velne in excess of
that naz-maﬁ; oF ws, exgested (08 & v OR BOCUTESY)

Bprarminm adi ¢ of czosptionsl guality or amoust

Spyrepesia V{prESmike, v 1 1o snin far in asbvancs of v

Coreerda Y pre- ikl n s & mirture of ingredisnts {ss ihe dry mate.
siuds Fus 2 vake Duiter) prepursd beforehaad 3nd designed o b
$nder mabxed with other ingraciends {85 dgwids}

prsonutelr e mmd-dary adf @ stwsted i fromt of or precedin
$he selar tonth; esp @ Bedng of rdeting o thoee taeth of & mertuma
i front oF the true molarg snd bohing the onmines whes the 3aeer
BER PIREARYL - YERESE e % .

SERERBRABR Y- mbn ey v srehole T FORERARN »~ v, grchaic ¢ 1o
Five wasning 133 advessoe

pegorsonliion S prémaeaizheon, Loremesd, w [MF, fr. LI prasmo-
sition-, pracmornitio, §o. L pracssonituy, pp. of proemssdre (s warn it
aefvaneg, fr. prow- 4+ mondre (0 warn — e 81 MIND] 3 ¢ previ
ORs ROUOE 07 WEIRIRG ¢ FOREWARKING 2@ anticipation of & evont
Wit CORTCIONY TSAS0R 1 PRRSENTIRENT

PORERBRGIIY \ DR 1, 500, 2d] 1 giving warning (g ~
BYSBEROBILY - BISFRODALBRIFY vy ine-a 4 0rea-8, L0 ady

Prewsnonsivatgmeian L ninitistra-tenchanl, » R pree-

rsensts, §r. gz nszratensis of Promsonivd, fr. Posmon-
stratus Prémonted] 1 o mesmbir of an order of cxmons tepular
foumdcd by S Marbert a3 Prdmonied nesr Laon, France, @ 11

in advance, 1. prase - puoe 1o fortify — more 5t mussnon] 1
archaic ¢ sn sdvanvs provison of protestion” 2 % 0wl o
» dizeare dug o ihe suistencs of Hs causutive agent fn g stgte of
physiofogical eguilibrium in the bost B¢ fwesumity b 2 paeticniar
infoction dus 1o pravioss presenne of the consative agent

BB i“igié'aﬁiﬁm‘x B2 PORBNAME )

prontinl \OUpiiegn Ty adf 1 coovering, sxisting. of bung B a
sxagn Defore hasds — RYRea-taidy YAl-ay ady
dprensm-basie Wnt-rin-conath m{?}LL presensissins, pr. of
pracuominare o awae befise, 55, 5 prae- & nomingee (i Bame -
e 81 WOMINATEY uhs ¢ previousty mentoned

2?mmmaem% SesBEY ¥E obn 1 1o memtion praviswsly ~— pYgnds-

2fegmiian \{,‘5?3%-@3512;%"5@92:%& 7. 5585

preanoetinn \iped-ni-dhan, Prisg 1 L preenetion., proenstio proe
SORBLEHGS. I prae- 4 nelic ides. SORCEPHOR - mare 8h WFFN]
%0 PRESENIIMENT, PREMONINON . 2 1 PRECONCEPTION
Spresstioe Vprentuoss, » [ME preatly, short for apprensis] 1 syeren-
Tiog &, 1RaRNER .

Lgeamting adi 11 of, celating 1o, of charecteristic of & premstize 2
© not fully skifled: alie ? Jacking in finisd or polish

Spreniies w BEeR- Lot RrEnAitelrng ¢ APERENTIOE

PIRRLRPRIGY e Bkayoopan-a®y 8 31 am avt oF the sight of
tadeim session betare another 2 the condition of weing com-
plately bsied o prevosupies

RRBDDEII BRI ‘};ﬁpréxgﬁkuy&‘pa»&hm% s {5 prosoccupistion.,
pracoceupaiis el of sdeing wefurehand, §r. prossocupatus, pp. of
Broeotcupare o s bolerehand, fr. prae- - ocouprre W v,
vsenpyl 8 1 on act of preoocupying & the state of bung preoovs-
pheh 8 ; epmplete slsorption of the mind o inkemts B
: mmammgg skt mavses such absorpiion

pracnanaisd \OpreHh-ve-pidh adf 3 5 tost i thonght ¢ BN
GROFSER B ¢ alveady oorupied & ¢ previensly applied to srother
group sund unsvailable for st in & s sense - vaed of @ biciogiost
gonesic or speailic name

PORLCLURY (R ¥ {pre 4 ocoupwl %1 s mgaﬁe QX ERETOIS She
imterest oF atiention of beforedand o preforentially 2 ¢ fo e
possession of o5 G beforshand or tefore snnther

grRapaeadies A wE Bpdanratiy, ~BpagB-y w1 comrsing
Seing the poriod prwgsg % surpenl operrtion .- SRR
Gwaly gdy

presoniitet \Wer-bet-, adi 2 coonrsing before guing

BreOr g LprddrSding w8 1 i decrer or cud
I RPORTORDAL ~—— Brduraf@imonignst Lomant, & -w
Aot iod<pog-ahos 2

preawbaeeeidion Sgre-Svapsaston, adi 3 of, oo
betag Hre peried before oviposition of the Hret ¢
femmiate (an OF & I0SECE )

BrOBUBEBACryY WA R irarian 18, nfdre, el
RRs G357 iyﬁpami of the period irmenadintely pracading o
Sprep Vpreph n it 2 propassiion of lesons 3
i PREPARATORY SCBME. 3 & ixinl run in hosse racing

Egsep vh pranped; preping v 0 sttend preparabory sohost or
engage in PIEDRIBIOLY BIREY oor Swmiminsg 7~ vE : o prepave for opes-
BIE L3¢ CRBSSIEIR NN .

Sprap abbr ¥ proparatory 2 preposiion

prepackoags x(‘;p:ﬁu"?ak«i vt peckage S8 fond o1 o moanafa
sared setintel before offering for asle to the consuwmear .

PrEp e ian Lorp-o-ti-shony, 1 [ME pregoracion, fr. MF prapo-
retion, fr. L proeparation., progporesie, fx. groeparitis e of

saeparasgf §: the sotion ot provess of meking somathing seedy
5 ouse oF sevice ot of gerting rerdy for sovne ocossion, S8l of
guty X0 2 stats of being proprred 2 RRAMINESS 1 8 TEPRIRIOTY
22 o wemsre & @ somethig that is prepersd: specif t & msdic-
osd anbsiane: ready reedy e wre Snoe for coldsh

Yorspparativg \prisparat-ivy 2 1 someshing thet prepaees the way
Gf OF sanveR 4 % prefiminary o something alse ) PREFARATION

Igrapeesitng adf | PREPARATORY - BYSDRIRTIeEdy udy

BYSDRI0Y SETPpar-at-orh, & 1 ome that propares; speclls one that
Prapases scientific specimens -

Sty - \pripar-e- 48, #0re olw Cwreplade adi
3 prepaning oF Sirving 16 propese for someibing | IMYRODUCIDRY
BYR 50¢ PREUBANARY — DRERRXGIRIIEY  SBab Oars 005 iE,

e wlve proplagrs ady

LpeRpRreROry afv o by way of prepsssiion § in a8 praprIstory man-
e e vegss. wpeed with fo Jiowk 2 desp bresth ~ 10 Arinking)

peeparatory sohonl 2§ 3 8 ww. private sohool preparing stu-
denis privenily fos college 2 Beit 1 private demeniary schd
propexeng studonty prosesly for public schonds

wrearre \pricpa(ai. “pelait, i propard; srepsrdng [ME pre-
paren, fv. 2AE preparer, fr. 1. prasparars, fr. prae- pree - pargre 1o

FONSSE, propars — more al PAsEl w1 ) 90 malks vy befuses

and for some PRIPOHS, ush, o sosivity (v foud for dinnesy {ro
shifdren for seBosD 23 36 work owt the detwils of 2 plan in ad-
vasgs {prepsssing his stradngy for the cmninﬁ_camp&ign) 2 &
put togethes 1 COMPOUNS (v 2 prosoniption; B g gt into st
negs Boorass e o oAty o w3 5 ot renddy {preparing for o caroer in
sRCHInED — BERNEIRY 7B

By PREFARE, HIT, (UALIFY, DOKDITION, BRADY shured mesning eds-

ment 3 i make someone of something repdy (a8 for & use of an

Betivity)

gdprred Woslnind, Spolirdy adi ¢ subincisd o 2 special process
GF i iment - prRparediy 18 Cpar-ad-iE, Cpar ady

PERERaess D par-adns, opere afes  Spaladrdasse o
“pelalrd-noe, 5 ¢ the quality or state of buing prapered; el s &
sizte of pdeguaie preparation i case of war

Brsmored wprl-wmiHsin adf {1 praemoesns, Iv. pp. of pr A8
1 bite off in froms, fro proe b mpmedFes 0 W0 —— RO B3 BREARY]
3 serminsred abraptly But ivregdaty se i Bittes off s ~ root)

prevmans Wiy, adf [Peck-formatiug i, premunition] 3 e
Babting prosmissithon

RYEIRUNIREE WP BTy - Tish-aa, # §Y, praemuniion-, prasmmaitio
sdvance fortiffestion, 8. pr ¢ unire 1o forsdly

355, 055 prwn

sr forthor & back & beke ¥ oot onrt

¥ gbat  ° kitisan

2B et th ghis wless  Bamsy  ggl g f R
ke gysing Efow 4Bzw Mool &oskin ko
# lwor 0 food ¥ el & fow v farious ' vighiss

UTC_REM_I_000001785



pregetens] 8008299998S-LHG Document 42-4 Filed 07/07/15 Page 16 ¢§#18 PagelD: 907

pedipaiunar Lalisdnmt v 11 sne {ae o newldy sdoitted stusiont
meesed whooy fivess B Delug toted dusing 2 98 periesd 23 ®
umsdanes offemder on probatice ) i

prabusion efttoer o 1 2 officrr sppuintad 1o Invetizate, TEPOLL SR
sl supersiss the condun of sovvicred oifkmdens on probative. -
ProBRATEe VoS betdvd o ¥ 2 sercing in RS OF Gy ¢ SHFLOR.
ASEY B sorving 86 pOsvR? SUBSTANTIATIMSG

gsmm‘z&w LB, <Mt A3 FRORATIVE
preedete et w (MEL prabs axnminative, I Lopedwrdd 3¢ % ghas
<o snpent instrpreent Tor oxuendning & By 2 @ 2 2 poluked
sl i Ao kg elwosxiond contael with # drowts domeny betng
sheeked 83 2 devior uskd O RURRETRlS ov seng BROY infurmating
g, Sovnss iR SDESE 8 X % fpe o the reogving sirphane T
inde B drogus of the delivering weplane in ot wefucking ¥ R
¢ the sotion Of probing 1 2 poneimating or cuiticed Imvestigation
*OOMBARY £ % maivy raplorsiony sdvanes o survey

3pesis vh probad proliag v §3 3 exemine «ith of o ¥ with &
wobs @ 2 o invesligaie horoughiy A« W 2 io make 5w explon
By m%gzégmgm BT 2% BRTER ~ RRdY 13

B s pom-oepdy 55 Brvepe fo. propyl -5 Sensols ackB
s R deng ColE MHAS thart avly tn enel fubilar fuvotion and i
wed 0 Anbibit the sxeelivn of some duge fox peniciilisg ard o
Enusensn the axsration of sraiss In gout .

praskedt ‘s_‘?rﬁb«a&_:} fpovbatality uniz & & vl of mssrerement of
sislistical poobabilicy bresd ou devissivnss foorn the rwen of & s
st gissritudon : :

’{‘g{ Voriobaedy n (ME peahiid fr, L peoblien, probits, S
froodei RORRR, ~~ 0se 8% PRYEE 3 adlesenes b Shie Righest prings
pion and isderls 3 URRIGHINESS 2P 558 RONESYY
fgm%&&m prBbolomm, Spritheu, ~Jo n IR prsblomse, & M &

- preblame, fr. O% {;mé!g?m H2, soveeising thraws forwerd, i
rodusfisin 6 thyow Trwesd, R pro- Rwwgsss -4 baifsiy 16 throw
more &t fRO. 08V 82 % gheuion mised for fnwguiey, cosrider.
sros, o setudon ¥ v % proposion in msthamdics av physke
wating seseibing o bedone 2 81 am inicieats ugzm&tieg QR
o & o1 osourse of proplasity, dstess ov vesslion RwR sie

- MYERERY p
Zovoblam adf 1 ¢ desling with 5 problem of human conduet or
w&gﬁ sebattonsdie {8~ playy 2 ¢ Siffiondt to deal with fa

™ :
prradeienatds Lakb-demeciky or problesnaidant wd-bely adl
1 w3 Giiflowdt to sofve ov dedide @ NI B not gefinite ar
setiledt {thedr future reamaing o) @ 1 eper do gusstion s debate
SRESHONARE o expraseivg ¢ suppseting :;é}v)@&;biﬁiy sy
520 BOUSTEUL ~— Sraddaitb st danbiy Sa-bla 18, ady
PECEBRELASSI Yo dina-BEony oF proReBGARR Wil
YaBon, L3prsd » fderiv. of L probuesish, peedousely 1 wny oF ae
sesfar {submsvider) of hoge mEsueals comspsising the sleplirais
s riingt yedated forme - prokescidens aaf

P \%:‘au’i}%&wa&'z_ . g RORSINRn aix -Busckies W hise
<3y % e, O3 prodorkis I, pro- + bovkeis oo frod; akin 86 Sitk
iy hesd] ¥ 8 the trnk of s dephant ol 1 any long Sk

eoanenst B2 the humien nose sup. when prominems 2 2 soy of
yarinus dangated g ssteasille tulnlss prosowor G the suoking
wrgess of 8 bty of the sred vagios of sw invertehesi

SR adbr procectings ) i

prwgming Vordodiny, » H8Y Zme- + sorsindl ¢ 3 basle esiar

SRl L, of passrpinobupesio soid el Be tevatalline hydooe
B st 88 8 Ioend keestltic :
praemrebiam Aok Tam bony » PN ¢ the part of 8 plant
rrerinienn 1Rt Forme capabiuss and pHmeey vRucHiar Binsues - RO
SRR by «agé' )
proaneynte. Wi Rerda i 7 fore 40 OB Seering provided
iH MUEs e OS2 BUCARYOVED T 8 ofludes OYRsssitws SHE & BROH.
st e 4 bla-gronn alge) shad duen nor beeg & iatiecs nasiong —
SCRPASE SUCAR VG~ PIOBRIVAIAR L prlin Ks8I RN, il

;‘;e‘ss;g?é&h?odmé SepelidoathBaienly % ¢ 3 parish ohansh weed 88 2
oribdnn

procoaturaal \easi-ie-trsly wdff ¢ of or minting i prosedury oup.
of wsuetss o s3bier bocdion aiomnisieing SlSmIen R - B
i AN i . .

SrRagRiseR Apre" issx 2 EF meddure, 8. ME, &, proceder) 3 B
3 R prrtioniar way of swosopiishing something ar of seting B¢
aten i o proesdurs Ry 4 serien of steps followeed In & regulas defh
gite o Qoaged ) B 83 2 treditionsd or ceinblishes way o
Hetng dkings B2 oprornen d .

Spelhfeld, pro-y ¥ [ME precwmdon, B ME procsden fr L
srovedass, 8z, pro- frewsrd b sedene 1 0 — mors 56 FRO CB %
o onme Yurth I 8 seureR © BSNE & R 1 to oontinns siler B
PRIRE OF asgw??;sm &1 10 g on i ae ordesly regsdated way ¥
2 136 begln snd oy 00 B KOS, PYGRES BT mawemant | B Y 1R
B i the procass of being socompRabest. £ ¢ o senve g B

RN . ADYANCE  RWPRSKG WPUINNE . - .

PERsRdAng & % ¢ PRUCEOURE B pf 3 TVENTS, BASPENINns B -3
* fogal action (VOIS s 81 AFTATE, TRARMACTION . 8 2f 1 aa
sificisl sxonrd of things wdd av done.. . .

PEeBiRRR {f};::’&,ﬁé:‘qiz& ol %2 ihs olad Smeonns Brovght n ke
o sdns R0 he not semount eosved fas for 8 oherl o foom
8 Issurnsee settlementd sfter dedustion of pay dirouust o1 sharges

Brevea-uhsiis }‘prﬁ%%%skx Hf s selating . Serming. oY RieReted
R G5 sy the feont of the heed :

Broasists Ao s kdy ¥ frver Ok kerboe 1] ¢ {he sofid
s prrsaiic IR0vs of stme wRpeRoTRy. that develops weR, i the
fudy cavity of & o i

spm%‘}gmqm, DrBE o2y 1 i BrOGOBEEE W UaT, oReE,
3, (RAN proves. B M, fr. L prosemav 6 pereewss pos of
frovedieal T R0 PROGRESE ARVANCE § 1 something going so
PROGOREEANR B 8 1 2 setored phenomenon marked v groduad
changes (st kad towwrd & pariontar result (the ~ of growld B
15 serien <f sotiony ov cperadions cxndecing 10 an wd B ¢’
Chntiniots apersiion o ireainiont s8p. in wassfuare X B the
wheke onwres Of procsetings in 3 degsl aotlsn b1 the uREESSS,
spendnte, srowsit ured By & sovelits omnpat e spreszsnse of 1he
sefemdent 8 Jopaf aotios on comaphiands Wil 7 wdes B 1 &

Yoraiest B8 priviectng part of an oupssdan ov srganie sreaure
fx bama ook & OTONK :
Torogess et 1. &8 o pesoesd sgalust by Iaw s sromRiTE B (1}
3 b table it 5 srmenaNe speinel S350 D0 rVEe R BRMGns o8 R
&2 fo waleiaed B0 R apesinl process o imeisoens ks it conse of

wanudsstured 1 e work {hetrd inde s conk

Zprooens adf - 3 2 dreted or made BY & speind process wep. when
mmmnﬁmmws ar seiificls modiflortion | R ¢ wess by v el
i meeoheniont & %ﬁi&i&m@ﬁk@mﬁ&i duplisnting provess B ol o
imveiving Blussey ofects wew. Hiroduead dwing proczssing & 1he
filmn 43~ saatiasepintors wowael . . .

SoPRCRns Spre sy W {Beck-dovestion . Aproveniend chieffy Brit
B 3SR 0o B 4 SRR i sy -

proaneR SentR LWpdeee B, e 8 1 og cheese made by
Bdending sxvenyl fots of shesss . .

prvegmnitly o proosnebis Vosieaseobal, pele-d adl o sulte
able e pm@ssiﬁ% 3 oapabie of Toing provessed ~— RYEOREeihilde
By o gegoseags by L peliss peca bibatg, a8

PREORRBISN Yorstalieank 1§ B CORUDUON Srwsad mnves
el L FROGRAINEON I ¢ ¥ReANATION (the Hody Gleet's o foss
the Father? 2 8¢ 3 goup o kdivdeds woving song n A
wederly sfben orremonial way Bl SUCCTRVOM, SEOUSPRE

2orosenRing ¥, ROl T 1 ge in prackadion

Ipreeosaioneel Ypes-wdanl, At w9y & ook containing
reatesisl v & proovsston R0 R mwsiond sompostdon {8 & AR
esigned for & procesdion. 31 & coremonial processien .

Tmroopesioned off o of rolating 06, OF MOVRE IR B rOSReEon ——
SSERSHRRIBIBIEY Wil G . ]

EYEeOREEnr Yipplsegnean, e 8 12 one that processes Guod
B @ (13c ComPurTER {31 the pwet of R comngedar syneen: ket
operates wn daty — salied alsg wentral procemsing wnlt B3 8 oo

sder progven (e g owmpiier) that puis snoibor progrem Wio ®
S sovsptrbix sy iie somputer s
prosess printing « s 8 swethed of privting Sow hulloos plates i
gs%géhme oF marg cotors 8o that sosely ary hue may By reproe
w

PrECRg-Re il Vi vt b, - Iverey 1, pf PIngss-wnrSRms
T3y EF, Bt vertel wisfl: an official writies reomd

spraaienin YOSl Reay W MK proslamen, S ME or To 8K
prasiamen, 57, L prosigmans, I, pro- before 4 clamusy 15 CTY QUL -wex
IBEE B ERO, TLAEG B & 7 oy sheckure padslichy, tvploaBly insin.
3onsdy, prssslly, o defantly and in sither specel or writing 3 4w
wouRen B glve outwasd indisstion of ¢ see R 2 i devlers
or declare o be solemnty, wffidially, o foraally Jov an wmzsty)
2 the SouBLry 8 reputdic: R o praise wr ghonty epsaly o pabe
oty : BXHAL. 2P 862 DRCLARE ~ BreviRineds »

BICEAR BRI \ipz‘é&uiéu"msiasia:m% % PME groclemeden, v MY
ok, {r.g provlamgtiug, protismatin 7, procismmss pp.

of provlamure] 31 she sotien of proclsissing ¢ the state of ?»-m%
proviaiess ¢ something wrocdaimed; speclf : an offical S
PR S5 OROmRenS

prspaliomen oo Sl maked 5 1 sy aoologiond comummuity e
SREEests 8 iy In atabilily s peomanence bust is got primesily
e produet of olisiss -

preveftdy wed RN adf ML proclitions, &, GR ges o+ LL
~effdves Lo s omelitpus ensiitiel) ) o vdasiug o, o obssBong &
wisrd o1 paviichs withour siiense stress that iy aseverrily depess
deat upon 8 fullawing stvassed word wond I promssinoeed witk 1 88 &
BROUC Wit < Priiels 5 Lo o

proalivdty SordSlivandy s, of abew 3 srocliviis, £ pecolils
Rloping, prows. ., groe forwsed & offyue B e soenes 26 PRGOS DR
CIAYTYE S AR Incltion oy pesdisposiion wwars sreiisg 28
: v ogtrong ichemat tnclinstion towerd something ohictionais
SIS 508 LEAWINY ) . .

Pragpes Yokhoath a iy S G Prddl | the wife of Torens
changed tnto g ewailow whibke Reduy with ber sister from Tereos

geosinessst 2 iped-Yinlthooly x B S L, . pro dovrude fov s
sl % 5w Rovernor o miliiery osmeeander of 85 ancien? Roe
mien grovinee £ ¢ an sdainisneior v s vouden oulsny, depime
BENCY, o Lupind e Bse. wWith wids pORHS v BreConERdRs
\gg(&iis!‘} “?? ‘:M BrORORBIHIBIR Lalolaty, B« pEReoau-
& ks, 5

pm«gmka&ismga WERBIR et priay W netel; watdng
PROUSRSEEEEs, o procresiingre, 8. pro- fowwnsd -+ crssiines of
EOmOrnse, fr. s sofnrraw] ¥ 1 to gt off ntentionstiy angd B
bivosiiy. oo ¥ ¢ to put o wesdosetly sd seprehensitly ths doing
of sometiing thes showdd be 400 ~ RIGBISSAHNEINR Lo BeRe-tam
efishant, &~ RYSOTEE b iny \- U gty %

PERRISRINE Vorkdkobonty gdf 31 produsing offspring & sevhais
¢ of ov reluting tu proccention

RrIRGISRN Yo,805 W atanl; ating I peoorsnius pp. of proerears,
fr, pro- forth b crears Do QUIBIR - WEEe S PR, CRRATE w2 O
begnl r Bring Tovtdh (ofpsing? | THOPAGATE > W1 80 DOEN o
brang fosth oifpring ¢ RERRGGUE SERRrEELERR AP i-ErE Ry
:h:ga\ {: e BESPEREERNR R BeR R BT Gl e BROVOREB IO

v Fry ® L .

FIRRRURBATBN NFREIB- LragotBopms, peleX i, sten ooy ¥4 of, padate
g 10, o7 typdond of Proorwstes - Rt mgrked by arbitigey oftm
suiblens dharagaed of ingdividusl Hiffaronces or spacial clronrisinnee

SERRT R TS 3, 4ften oup F5 & svhews or prifern inio which
sosaons ov sossething iz asbitearily forosg A

Prowsupies wiske (B prley miY, B D3k Bokomesdl s 8

e, of Elesie srho Jorsed avelers to 82 one of tov wregusily
ong Yeds Dy sleetoling thadr hodies or ontiing off thar kgs

grerygetis S{Tna-Trp iRy el frre- Sue in pratesd) - &?ygiti : o,
refating o0, or Bung 8 vononbing priters or et of oo nrig es.
i dnteny . .

REPAPRRROL R e ER-1-SRE Yy 4 ol FHER WRBY, v Eagewrns
PR fr. L3k PR AR - BOdor WAY ~ SI00Y R CSDET L the pose
$xrioe eotodesmnl pard of the altmomisey capsd formed B The Wi
bz*yguslg issv&gifmei;zz} a§ tha %::Seggmy wg?ﬂ B
preetnecegy YRk Sdleod® » [OK pedkior mous 4 B el ¢ s
beanels of mzd?me; ﬁg;ﬁiﬁ_g&g itk the stoncsase s stisnnses xs; the
Bosssss FECiNR, Avsl BEMOIE SoI0R e HERRIRIREEn LRt TR

UTC_REM_II_000001786



Tdse 3:14-cv-05499-PGS-LHG Document 42-4 Filed 0775 BoRrer*at8 pagelD: 908

$ieh, o pronaodegdont oty e - prevsntbepgsiad Yprik-Nllee

2 it

&Wwf Yipriisaery, B [ME procnlonr POERRRIn, SIoGie, slier, of
Provurse 1 SPRRSROR. MONITOR: spenll 1 one appoinied 10
pervive wnGonts $H0 8% B0 CRAERRHNGY ~ SAOGREE Y ~— pIDDAD.
FEeE YRR 1Rt <10 R e PR EEaraiin Vrrith-tanrabigd »

groetuimebens el Soebunty ol {;'L STOruTBeN i SIOTHRIONS

o of prosumiere oSl ov leen fovwsed. B pre forwerd b

epssssshere 10 He dowm o suere ot e % or having stams
thasy tenit sfong tﬁs{s_ﬁg{m&% whEhont vonting £ g-mg oo GORS

Rl L DrER e TR-shue, » REE procaratisun, T, BEF proc-
weaeien, w. L g‘m&mﬁz}n-a provamatis, To. provseaius, pp. of provwes
sared % %7 fhe gt of appointing mvther 28 vRss RO G alions
sey B o the weBaity pasted i onw 30 sppointed X1 e setion
5§ pdtalning MR ing (R uppiies] 3 FROCURKSNNY

PEORRRRAGE Yorfhoyapdiary » ¥ 2 one st menages another’s
affeive 1 sORRY 23 an officer of the Boman augire axtrsted with
mrnpgeraent of sthe Saancis! alfsly of gravises and oftes having
acriniatesiee POWATS 28 REeRE 1F th QHEEVHT ~ USSP AT b

I e A m@;‘s

seSRyiRry, el BN proeguesel s;mo{:mam? IR pro-

i

PREGSTR '@g‘s
cxram, §0. 8. procwrars, fr. Ly o ke peeg 5, I pee- oy 4 owig
orelvr Fom o o get possessivn of ¢ bt by partinudes carr andd

Bt By b 53 g mske avmleble fur ProECRORs SRS intnr.
GassrEe 0 ¢ A0 Being atenl ¢ ACRIEYE o b 1 UD PROVESS WO
P e GET ~ prowpnaike \%:kya‘szu@ni}d\ Bif} ~— PEBEBBCE
SeatEhR, B - prpmsement W kyilaiameiy 8

BEOXRITBY Y RIRR-0TY 8 U QR IR PROCISSES: S8R 3 BANDER - BT
DEFERB 408, B . o
oy ol R, Erindy, wax # 521., fr, Sih Profypie, Be, fov
g §5, 8% risteg befors the Doy Boaet v o Hrstanngnitads st i
Cnidy Resor

Inraat ey sgﬂ;’amdvsﬁw; prodading odgie wkogwn) 3 R0
st 8 poiied Instumen o 3 PRICE B ¢ 10 Inelte o potion
2 TR B topobrorsiw we i with @ prod -~ progdera

Yo v B 1 % pointad Besteumaent used i pred 32 an tnciument
36 @Rt

Rgsenaed bbby prosuation : ) .
el %@ﬁéﬂingﬁ:}agj i3, prodigus, §r. prodizesy b S0AVS BWRYs
sanander, it, pro- prod- Tk 4 apgre 3¢ Quive - ore 2 #RG,
AENEl T sechieesly ex.mmgm 23 charmoiesizng Dy weastail
sRpesSine 1 3RVER. &1 yid ‘szfg abundamily I LURURIANT 2P
a0 PROVUSE 8¢ parshmamious, frugel o peoddgabiay L indda
Rorbogtedy 3~ GRESS R Vpradelbgloo N ady L

Soracipsl » 1 one whe apends o gives fsviskiy and Bioliskly. sy
S SO o .

praadiaainug Ypra-diban, el ¥ oods 1 belug an omen 3 FORTEN
U R archalr 1 coeembiing or bafstivg o posdizy ¢ SIRABGR
snNuRtiAL R 1 ssoiting soassomsent or wordse ¥ 3 axtteovdiny i
btk quasssitys v Sogee s SHORMOUE BT 308 MUNTIRUS — BFe-
. %@umﬁg B~ SERGLGIOUTNDRS 1

pradbgy Yorid-e- iR o e . prdiphon omen, mongte, i
v, s 3 -ighui lakin to s B segd ~—~ snore st abaE] ¥ ol
pariantous sent @ DN ko sowething axtioesdiesy oF inespli
cable B %7 an extrrwdinary, marvelins, sy nmms aovimpiisie
B, G0, orevent b1 s hishly relsated obilg o .

prosfrsonssed  AOmMGGGanely, ar peddraneis  drierdld el
T PRECLBESORY esw ¢ menekesd By prodroms

SERSToR oG ImY B, § proaireomads Wiend- Srdanstal o
PrO-STaRes et GrSmey 1F, B, provera, B Ok geadoensy, 2
oo GRiors 4 AUSS TRREIRE - wos gl PR, DROMEDARY] 2 &
mespnopiiorny sysegpism of dwase : . R
aroedtts NprR divie, peis vh proviuesd produshg ME 30
sreduees, fe. L producere, fr. poo forwerd 4 diecere 10 bag o
move 8¢ 1w w0 o offer te view or potior BREMT R W
ghow MR o mee t0 YIRS R ¢ to extend i length, sxem. fr vob
we o side of » wlengld 83 o present o S public 0w the
Shane 0F SORMm OF Sver TRaie v ievion B3 e give being, form,
DF SHA 10 1 MAKE: AR5 | MANUFAIURE & 1 10 S0oume OF SRed 80
Sorgey & .98 w beer, moke, or pield swnething —~ Eap ot RiR
\-:gfg}%vwbﬁ?‘s el e . o

Iprenduse Vprikd-4 e pride ale u%iﬁs\ 5 % »isonalsg
produced i the ampupt. peadeced © vme 2 1 sgrioaiters

produsts s wep. Jeweh fults ang w:&m fen s Satinguighed from
,grg!;zﬁmsi other stapie cxops 3 3 She progeny sew. of & Pxsede
ek - :

gg&dsim sprwlyitet, e, ol ¢ Glepropertioneialy slongatsd

S % AR -

produser \pro-Slrkien, prid 1 1 one U produoms e
¢ omy ket grows agsioultore] prsdustt or wesafaciaes srw
aterdle tute scticies of une . B ¢ & Runase o ARRRIEES L prs.
Brees eorivesiible gas o be usd for fuel by cwculating s ar 3
mintere of fiv wnd slegw throngh 3 faver o fvapdetosnt fuel 3
x5 persnm who sepervisgs o7 fwsseen the production o » stags of
srratn PRoGUSEOR Y Wi or teluvision progran . & L 80 SEERTItE
{o% & groen plant} witick produses 16 swn orgeste sompognds foom
st precmrsors (8e ervbon dioside and irovgegs sinogva) pnd
iy o Which 312 300d souress 50y St CRBRSHRRN o CUSEPEIY
EapsstenR b . - ,
SRR PR ¥ ggfs smade & producer sad ommsining ohisfly of
serdon menade, Bydrugas, and wtvsges .

penducer geote 2 ot gunds (ve iools and rew waerisla) thel am
8% we prosduos oiber gosdds sod selisfy huwen waris oRly Wi

sweshy . -
pradast Vpid-{hhe » Iv sauee 1, & 08, I ML products, 5
- X, somsethisng ?msim R st b producies, pp. of prodseesre i
Cothes soases, 10 L peodgonin] 1 the wsber or s¥pression re
ssitiag s the patpiivestion together of i GF RROIT HRmMBess 2
sxprensias. & 5 qomatiung of B the nemssssde GRaniiy,
or 1oinl prexhuesd 81 COMRINCTHRS S .
prosdusBon \oredukeshos. gty n ¥ w3 strphing produoes
D PRODUCE B 1) R Htessy ov Rt wask {300 8 wosk prew
il o (e SSEY OF SCIRER OF CVSY the Ml & 7 an oxngmerated
setion B R e 2t or process of pradusing B Hooremiite of

wilites exp 1 the wsking of goods avadlabde for bumasn weniy 3
3 dedal wspt oup. oF 5 vrreadity o 88 mdustry o preedne
ol Sl when Tty odf

peadugtion soutral 2 @ sysbomatic plenming, soovdinsiing, wd
Slemeving of 33 wesuleteiey sctivilies and flowom v wwwrs
hm\;ng; goods naade s Some, GF st guatity, 208 ’t rexaonstiv

oo
Proauscion S n g 8955
proviustive ypee dekefiv, prdS, 2 ¥ v heving the
wer of produdeg eap. e sbusdsnoe (e Seking waters.
aotive tn hringing /OBl ¢ GRIGINR TS Siswelipsiing sommitieons
have bews o of wek gm‘ed ~R. K. Carsr 3 om oy yixding o
Sormisking okl temalin or peofits B vidSag or devatad
she satialactin of srnnts of thy Croation of williley 81 comtiusing
2z b el s ¥ Bovpsntia of new words op somstrusumns (o 18 2
o prefixh B 1 suiting meuous of spriam {os from ibe bromokil Ia
o SOURRS ~ FOBUSTREIY s proiigtveoness o
provguntivtty Wiprh-gdekthvabd gebdh-lide, pranddely v 3
¢ the quality B st & bedng prodsstive D et of produston
g, of Seod by fwstion of solar anergy 3? ProdResr STERRIENR
RO YPri g, & {ME probueme o0 M, fr, L proremsin, ., 8
Brosimion, §v, pre 4 oimE ::xm%} B¢ prafissinary oommen ¢ PRRs
AO B3 SIRBHIIEH e TG ’\ézzisn ety et
PR Y I Sen-Bsey R I8V 0 ZYMOGEN
Pragnarng 3L et » 3% 5 prednd tmanedinidy preoed-
g esirsg shRIRRRIRad By proprdiavy phydoiogicsd dhinngse
irad x‘g:;%é\ %, Flong T SRVFLIGAR,
Bger ¥ bbby i;miesgmts wrafresionsi
pradunation woeEfanialen, prided 83 the 808 o8 R RURERRYY
of profaning
FPE FROFAMATION, DESEURRNON. WaLREEGE shared mossing db
st 1 @ vhoitinn ov waisuse of sranetding wwrmeily held suorad
SERTRRIEAY AP IARADAEE A, DRGo, FReD - B0 el ¢ ety
e profaee t RESECRATING
?:m::fsmgs A, pred @ grodensd: prodandng 3 o tread
romsetiing seosed} b swEsR rRweRnoR &R vaniapt 1 DRR-
CRATE, WIOLATE R 10 dehuss By & Wrong, Rrwnrthy, ss vsger v
~ RYSSHIBE 5
Rgeatase odf DHE srophase, . M & L profenus, I pee- bafore
- fumases tevrgle o RIOUS &L BRSD, FRARTY R 1 nng senvevsed sk
weliginon ov velgions PRTRORI 3 WIUEAR X 1w baly howuwe
wsensserRies, supuse, of dutled 1 onsamERl B 5 saving e
dabgae or defile what i faly ¢+ maEvERmer & #3 2ol amopg the
initated B o not posteasng augtavie O 2Xpwt Rucwledgy « prs
Farerendy uay ~o pRO-TRnenEnE Y lEnnwy #
prefanday \pdaneed, prae 5 of Ave 1m0 the guslty o
state of baing profsne b2 the e of prolone lkogesge £ &
¢ profene Bognage R1 an nttovwnes of profess Bogeegs
prociaes oot prdS vh e sewss 1, . ME srofemen . prefen
wi Baving professad one’s vome, fr OF, i 1L peufiseis, i, L o
of profitess 1o psstms, vonboes, o, proe fefors b R 10 avknowl
2358 In NEhEr SRR, 1. b POUARS PP, - Wowt g1 ooNEsl v ¢
3 30 recedes formeily inte o religiows comsmsssity Rulfswing 8 nov
siade by aesepanse of the meguired vows R R 2 o deelie ov
et onenlby or fresly 1 AFTIRM B3 & doclars in words 0T spRRRts
e oy 1 PREERY B3 o sonles ong's itk in o aflegiancs 1o
43 8 prastiee o olelm i be versed in S culing oo professianl oo
W R i mske & peotssion of svowsl B oaly !t profew
Estsmcdndiip
prootoaed ek adi ¥ ¢ opmly sad ey desdured o7 sekoowd-
wdped : ammRMEr B professing o beguehified; afser BarEnY
FROTERBsRdy Wi Teeadadt SRR adv 1 ¥ by prafagon or
declaomion 1 AVOWREIRY 1 with protapse ) AMBONOLY
prndaneion \pra-iohany 2. §7 e ok of aking the vows of 2
setiglove comumunky 2 ¢ so st of opealy dectaning or publicly
elsisming » dafid, Wath, or oqdnion @ PROVESEATION By su prowsd
raiigione Sl & & ¢ oa oadling cequiring spociadized Suoewdedge
g aficn lopg sod intamsve sasdumie pregaation. g ?fmﬁpai
eaBing, vooation, or enploymest ¢! the whede bosdy of porssns
wxpged ins sslling o
Sprentaeeninndl sproefoilaal ant wdf ¥ e of relating dwoor
chergcrisgic of 5 profowinn b o agaged i one of thy Istired
professions &1 charsetesized by s womborsing 6 the weebuiost or
sthived standeeds of o profmsion R % perticipatieg fov gein oy
Boekibond i ss sty or Beld of audeavor Wi mgg n by
mRtenry 3 1 engrped i By posaons secedving Rusncdel retern (v
fortdhadly R Sclinwdeg 5 Sue of craduot 28 SRouEs B wae 8 groe
forsin 15 e patrkels - wofogaionalig Wiads
&;;m?:és&mm R ows 3het ongsEes i 6 pusEul sw Rudheily prulis
sonsily .
FEORRRAIBIBELIEI Ankion, 1 1 the sovduns, s, 63 qualiths
thas charaiesizg o merk g prafussion o 8 igszészsimai pesmae. B
3 38 fodlewing of 5 profusson (82 sibistion) i gain ov thwedihond
PIRIRRORGPIEG Yefnhy w e Bedng o i glve » profusionsd
ah“i?""“f SR PSR TRRe bRl e At x~§m§3m~x£sp°z§-shm<
O R
rfRmaar- preopay 5 % 1 e that prolesses, easoon, o o
glases B %3 % Twnlty mambor of the higheet aoademdc rauk et ar
institndon of higher eduestion B o 8 tenches 2 8 unbveesily, ool
fege, of semvrdmes Soamilsry sbsed . & 1 one s toeaohes oF pros
fesnes speedst Ruowindps of 23U 5ot SPRRY, 0 oveupsius veweing
Sk SR TERRRrhaE APl el 0k, e SRS, S
B ingaanwiontdy AoS-ady af
PP FeRanrts \prrtemeroty vy the offive, tove of offion. or post-
shows oF & profeasnr :

wsSsey s
R

5 Yhien o oor fwetker % ek

3 Rbsd & ke B ond et
% aut ok edae  alms  Femsy g Fadp 1 B
Ikkr gelvg 8 Bew & ey o soln thoihir 3k B
& oot -3+ ¥ g ¥8 feor ¥R fericws B wisien

UTC_REM_II_000001787



Case 3:14-cv-05499-PGS-LHG Document 42-4 Filed 07/07/15 Page 18 of 118 PagelD: 909

EXHIBIT 15



Case 3:14-cv-05499-PGS-LHG Document 42-4 Filed 07/07/15 Page 19 of 118 PagelD: 910

Understanding Qur World of Atoms and Molecules

John Suchocki

Leeward Community College

An imprint of Addison Wasley

San Francisco * Boston © New York ¢ Capetown * Hong Kong * Loadon * Madrid
Mexico City ® Montreal » Munich « Paris ® Singapore = Sydney ¢ Tokyo * Toronto

UTC_REM_II_000001767



Case 3:14-cv-05499-PGS-LHG Document 42-4 Filed 07/07/15 Page 20 of 118 PagelD: 911

Fxecutive Ediror: Ben Roberts
Acquisitions Bdiror: Maureen Kennedy
Develomental Editor: Hilair Chism
Marketing Manager: Christy Lawrence
Market Development Manager: Chalon Bridges
Supplements Editor: Tony Asaro
Copyeditor: Irene Nusnes
Production Coordination: Joan Magsh
Producrion Management and Composition: Dovetail Publishing Services
Text and Cover Design: Emiko-Rose Koike, Blake Kim
Artists: Emiko-Rose Koike, ]. B. Woolsey and Associates
Photo Research: Stuart Kenter, Tony Asaro
Manufacturing: Vivian McDougal
Prepress House: H&S Graphics
Printer and Binder: Yon Hoffmann Press

Library of Congress Cataloging-in-Publication Data
Suchocki, John.

Conceptual chemistry : understanding our world of atoms and molecules /
John A. Suchocki.
p. cm.
Includes index.
ISBN 0-8053-3173-5
1. Chemistry. I Title.

QD33 .58838 2001
540—dc21 00-064469
Copyright © 2001 by John A. Suchocki
Published by Addison Wesley. All rights reserved. No part of this publication may be

reproduced, stored in a retrieval system, or transmitted, in any form or by any means, elec-
tronic, mechanical, photocopying, recording, or otherwise, without the prior written per-
mission of the publisher. Printed in the United States.

UTC_REM_II_000001768



Case 3:14-cv-05499-PGS-LHG Document 42-4 Filed 07/07/15 Page 21 of 118 PagelD

46 Glossary

physical dependence A dependence characterized by the need
1o continue taking a drug to avoid withdrawal symptroms.

physical model A representation of a system that helps us
predict how the system behaves.

physical property Any physical attribute of 2 substance, such
as color, density; or hardness.

point source A specific, well-defined location where pollu-
tants enter a body of water.

polar bond A chemical bond having a dipole.

tong organic molecule made of many repeating

rgy Stored energy.
rate at which energy is expended.
precipitate A solute that has come out of solution.

principal quantum number » Ax integer that specifies the
quantized energy level of an atomic orbital.

probability deud The pattern of electron positions plotted
over time to show the likelthood of an electron being ara
given position at & given tme.

producer An organism at the bottom of a trophic structure.

product A new marerial formed in a chemical reaction,
appeating afrer the artow in a chemical equation.

protein A polyrer of amine acids, also known as a poly-

peptide.

proton A positively charged subatomic particle of the atomic
nucleus.

psychoactive Said of a drug thar affects the mind or behavior.
psychological dependence A decp-rooted craving for a drug.

pure The state of 2 marerial that consists of a single element
or compound.

quantum hypethesis The idea that light energy is contained
in discrete packets called quanta.

guantum A small, discrete packet of light energy.

cad A unit for measuring radiation dosage, equal to %101 joule
of radiant energy absorbed per kilogram of tissue.

radioactivity The tendency of some elements, such as ura-
nium, to emit radiation as a resule of changes in the atomic
nucleus.

seactant A starting material in a chemical teaction, appearing
before the arrow in a chemical equation.

seaction rate A measure of how quickly the concentration of
pmducts in 3 chemical reaction increases or the concentration
of reactants decreases.

recombinant DNA A hybrid DNA composed of DNA serands
from different organisms.

1912

reduction The process whereby a reactant gains one or more
electrons.

rem A unit for measuring radiation dosage, obrained by
multiplying the number of rads by a factor that allows for the
different health effects of different types of radiation.

replication The process by which DNA strands are
duplicated.

severse psmosis A technique for purifying water by forcing it
through a semipermeable membrane.

ribonucleic acid A nucleic acid containing 2 fully oxygenated
ribose sugar.

saccharide Another term for carbohydrate. The prefixes
wmong-, di-, and poly- are used before this term to indicate the
length of the carbohydrate.

salinization The process wheteby irrigated land becores
more salty.

salt An ionic compound formed from the reaction between an
acid and a base.

saturated hydrocarbon A hydrocarbon containing no malti-
ple covalent bonds, with each carbon atom bonded to four
other atoms.

saturated soluton A solution containing the maxinmn
amount of solure that will dissolve.

scientific hypothesis A testable assumption often used to
explain an observed phenomenot.

scientific law Any scientific hypothesis that has been tested
over and over again and has not been contradicred. Also
Lnown as a scientific principle.

semipermeable memthrane A merbrane thar allows water
molecules to pass through jts subrmicroscopic pores but not
solute molecules.

sensory nearon A peripheral neuron that transmits elecerical
signals from the senses to the central mervous syster.

soil horizon A layer of soil.
solid Matter that has a definite volume and a definite shape.

solubility The ability of a solute 1o dissolve in a given
solvent.

soluble Capable of dissolving to ap appreciable extent ina
given solvent.

solute Any coruponent in & solution that is not the solvent.

solution A homogeneous mixture in which all components
are in the same phase.

solvemt The component it 2 solution present in the largest
amount.

specific heat capacity The quantity of beat required o
change the temperatare of 1 gram of a substance by i Celsius
degree.
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Abstract: The first total synthesis of paraherquamide A, a potent anthelmintic agent isolated from various
Penicillium sp. with promising activity against drug-resistant intestinal parasites, is reported. Key steps in
this asymmetric, stereocontrolled total synthesis include a new enantioselective synthesis of a-alkylated-
B-hydroxyproline derivatives to access the substituted proline nucleus and a highly diastereoselective
intramolecular Sy2” cyclization to generate the core bicyclo[2.2.2]diazaoctane ring system.

Introduction

The paraherquamides! ™ are an unusual family of fungal
natural products which contain a bicyclo[2.2.2]diazaoctane core
structure, a spiro-oxindole, and a substituted proline moiety.
The parent member, paraherquamide A (1), was first isolated
from cultures of Penicillium paraherquei by Yamazaki and co-
workers in 1981.! Since then, paraherquamides B—G,2 VM55595,
VM55596, and VM55597,> SB203105 and SB200437,* and
sclerotamide’ have been isolated from various Penicillium and
Aspergillus species. Marcfortines A—C are structurally similar,
containing a pipecolic acid unit in place of proline.® Also closely
related are VM55599,% aspergamides A and B,” avrainvillamide
(CJ-17,665),% and the most recently isolated members of this
family, stephacidins A and B .° These last six compounds
contain a 2,3-disubstituted indole in place of the spiro-oxindole.
Brevianamides A and B,!° which contain a spiro-indoxyl rather

(1) Yamazaki, M.; Okuyama E.; Kobayashi, M.; Inoue, H. Tetrahedron Lett.
1981, 22, 135—136.

(2) (a) Ondeyka, J. G.; Goegelman, R. T.; Schaeffer, J. M.; Kelemen, L.; Zitano,
L. J. Antibiot. 1990, 43, 1375—1379. (b) Liesch, J. M.; Wichmann, C. F.
J. Antibiot. 1990, 43, 1380—1386. (c) Blanchflower, S. E.; Banks, R. M.;
Everett, J. R.; Manger, B. R.; Reading, C. J. Antibiot. 1991, 44, 492—497.

(3) Blanchflower, S. E.; Banks, R. M.; Everett, J. R.; Reading, C. J. Antibiot.
1993, 46, 1355—1363.

(4) Banks, R. M.; Blanchflower, S. E.; Everett, J. R.; Manger, B. R.; Reading,
C. J. Antibiot. 1997, 50, 840—846.

(5) Whyte, A. C.; Gloer, J. B.; Wicklow, D. T.; Dowd, P. F. J. Nat. Prod.
1996, 59, 1093—1095.

(6) (a) Polonsky, J.; Merrien, M.-A.; Prang¢, T.; Pascard, C.; Moreau, S. J.
Chem. Soc., Chem. Commun. 1980, 601—602. (b) Prangé, T ; Billion, M.-
A.; Vuilhorgne, M.; Pascard, C.; Polonsky, J.; Moreau, S. Tetrahedron Lett.
1981, 22, 1977—1980.

(7) Fuchser, Jens. Beeinflussung der Sekundarstoffbildung bei Aspergillus
ochraceus durch Variation der Kulturbedingungen sowie Isolierung,
Strukturaufklarung und Biosynthese der neuen Naturstoffe. Ph.D. Thesis,
University of Géttingen, Germany, 1995. K. Bielefeld Verlag: Friedland,
1996 (Prof. A. Zeeck).

(8) (a) Fenical, W.; Jensen, P. R.; Cheng, X. C. U.S. Patent 6,066,635, 2000.
(b) Sugie, Y.; Hirai, H.; Inagaki, T.; Ishiguro, M.; Kim, Y.-J.; Kojima, Y.;
Sakakibara, T.; Sakemi, S.; Sugiura, A.; Suzuki, Y.; Brennan, L.; Duignan,
J.; Huang, L. H.; Sutcliffe, J.; Kojima, N. J. Antibiot. 2001, 54, 911-916.

(9) Qian-Cutrone, J.; Huang, S.; Shu, Y.-Z.; Vyas, D.; Fairchild, C.; Menendez,
A.; Krampitz, K.; Dalterio, R.; Klohr, S. E.; Gao, Q. J. Am. Chem. Soc.
2002, 7124, 14556—14557.

(10) (a) Birch, A. J.; Wright, I. J. J. Chem. Soc., Chem. Commun. 1969, 644—
645. (b) Birch, A. J.; Wright, J. J. Tetrahedron 1970, 26, 2329—2344. (c)
Birch, A. J.; Russell, R. A. Tetrahedron 1972, 28, 2999—3008.
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than a spiro-oxindole, and the asperparalines, which contain a
spiro-succinimide,!! are also structurally comparable (Figure 1).
The paraherquamides have attracted considerable attention
due to their molecular complexity, intriguing biogenesis,!>!3 and
biological activity. Some members, most notably paraherqua-
mide A, display potent anthelmintic activity and antinematodal
properties.!* Due to the appearance of drug resistance developed
by helminths, broad spectrum anthelmintic agents such as the
macrolide endectocides, benzimidazoles, tetrahydropyrimidines,
and imidazothiazoles are beginning to lose efficacy and there
has arisen an urgent need to discover new families of antipara-
sitic agents. The paraherquamides represent an entirely new
structural class of anthelmintic compounds, and as such, they
hold great potential as drugs for the treatment of intestinal para-
sites in animals.!> The mode of action of the paraherquamides
is, as yet, incompletely characterized, but recent work suggests
that they are selective competitive cholinergic antagonists.!6

(11) (a) Hayashi, H.; Nishimoto, Y.; Nozaki, H. Tetrahedron Lett. 1997, 38,
5655—5658. (b) Hayashi, H.; Nishimoto, Y.; Akiyama, K.; Nozaki, H
Biosci. Biotechnol. Biochem. 2000, 64, 111—115.

(12) (a) Porter, A. E. A.; Sammes, P. G. J. Chem. Soc., Chem. Commun. 1970,
1103. (b) Baldas, J.; Birch, A. J.; Russell, R. A. J. Chem. Soc., Perkin
Trans. 1 1974, 50—52. (c) Birch, A. I. J. Agric. Food Chem. 1971, 19,
1088—1092. (d) Kuo, M. S.; Wiley, V. H.; Cialdella, J. I; Yurek, D. A;
Whaley, H. A.; Marshall, V. P. J. Antibiot. 1996, 49, 1006—1013.

(13) (a) Stocking, E. M.; Sanz-Cervera, J. F.; W]lhams R. M.; Unkefer, C. J.

J. Am. Chem. Soc. 1996, 118, 7008—7009. (b) Wllllams R. M.; Sanz-
Cervera J. F.; Sancenon, F.; Marco J. A.; Halligan, K. M. Bzomg Med.
Chem. 1998, 6, 1233—1241. (c) Stocking, E. M.; Williams, R. M.; Sanz-
Cervera, J. F. J. Am. Chem. Soc. 2000, 122, 9089—9098. (d) Stocking, E.
M.; Martinez, R. A.; Silks, L. A.; Sanz-Cervera, J. F.; Williams, R. M. .J.
Am. Chem. Soc. 2001, 123,3391—3392. (e) Stocking, E. M.; Sanz-Cervera,
J. F.; Unkefer, C. J.; Williams, R. M. Tetrahedron 2001, 57, 5303—5320.
(f) Stocking, E. M.; Sanz-Cervera, J. F.; Williams, R. M. Angew. Chem.,
Int. Ed. 2001, 40, 1296—1298.

(14) (a) Ostlind, D. A.; Mickle, W. G.; Ewanciw, D. V.; Andriuli, F. J;
Campbell, W. C.; Hernandez, S.; Mochales, S.; Munguira, E. Res. Vet.
Sci. 1990, 48, 260—261. (b) Shoop, W. L.; Egerton, J. R.; Eary, C. H.;
Suhayda, D. J. Parasitol. 1990, 76, 349—351. (c) Shoop, W. L.; Eary, C.
H.; Michael, H. W.; Haines, H. W.; Seward, R. L. Ver. Parasitol. 1991,
40, 339—341. (d) Shoop, W. L.; Michael, B. F.; Haines, H. W_; Eary, C.
H. Vet. Parasitol. 1992, 43, 259—263. (¢) Shoop, W. L.; Haines, H. W_;
Eary, C. H.; Michael, B. F. Am. J. Vet Res. 1992, 53, 2032—2034. (f)
Schaeffer, J. M.; Blizzard, T. A.; Ondeyka, J.; Goegelman, R.; Sinclair, P.
I.; Mrozik, H. Biochem. Pharmacol. 1992, 43, 679—684. For a review,
see: (g) Geary, T. G.; Sangster, N. C.; Thompson, D. P. Vet. Parasitol.
1999, 84, 275—295.

10.1021/ja036713+ CCC: $25.00 © 2003 American Chemical Society
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Figure 1. Structures of some paraherquamides and related compounds.

The small quantities of paraherquamide A that can be isolated
from cultures for biological study have slowed the development
of these agents. Recently, Lee and Clothier reported the
interesting semisynthetic conversion of marcfortine A (3), a
metabolite more readily available by fermentation, into para-
herquamide A via paraherquamide B (2).!7 Following synthetic
studies on brevianamide B (12),'® our laboratory reported the
first total synthesis of a member of the paraherquamide family,
ent-paraherquamide B, in 1993, in which a diastereoselective
intramolecular Sy2” cyclization reaction was used to construct
the core bicyclo[2.2.2]diazaoctane ring system.!® We have
further exploited this reaction strategy, and we described the
first total synthesis of paraherquamide A in 2000.2° Herein, we
detail a full account of this work.

(15) (a) Blizzard, T. A.; Marino, G.; Mrozik, H.; Fisher, M. H.; Hoogsteen, K.;
Springer, J. P. J. Org. Chem. 1989, 54, 2657—2663. (b) Blizzard, T. A,;
Mrozik, H.; Fisher, M. H.; Schaeffer, J. M. J. Org. Chem. 1990, 55, 2256—
2259. (c) Blizzard, T. A.; Margiatto, G.; Mrozik, H.; Schaeffer, J. M.; Fisher,
M. H. Tetrahedron Lett. 1991, 32, 2437—2440. (d) Blizzard, T. A,
Margiatto, G.; Mrozik, H.; Schaeffer, J. M.; Fisher, M. H. Tetrahedron
Lett. 1991, 32, 2441—2444. (e) Lee, B. H.; Clothier, M. F.; Johnson,
S.S. Bioorg. Med. Chem. Lett. 2001, 11, 553—554. () Lee, B. H.; Clothier,
M. F.; Dutton, F. E.; Nelson, S. J.; Johnson, S. S.; Thompson, D. P.;
Geary, T. G.; Whaley, H. D.; Haber, C. L.; Marshall, V. P.; Kornis, G. L;
McNally, P. L.; Ciadella, J. I.; Martin, D. G.; Bowman, J. W.; Baker, C.
A.; Coscarelli, E. M.; Alexander-Bowman, S. I.; Davis, J. P.; Zinser, E.
W.; Wiley, V.; Lipton, M. F.; Mauragis, M. A. Curr. Top. Med. Chem.
2002, 2, 779—793. (g) Lee, B. H.; Clothier, M. F. U.S. Patent 5,750,695,
1998.

(16) (a) Robertson, A. P.; Clark, C. L.; Burns, T. A.; Thompson, D. P.; Geary,
T. G.; Trailovic, S. M.; Martin, R. J. J. Pharmacol. Exp. Ther. 2002, 302,
853—860. (b) Zinser, E. W.; Wolfe, M. L.; Alexander-Bowman, S. J.;
Thomas, E. M.; Davis, J. P.; Groppi, V. E.; Lee, B. H.; Thompson, D. P.;
Geary, T. G. J. Vet. Pharmacol. Ther. 2002, 25, 241—250.

(17) (a) Lee, B. H.; Clothier, M. F. J. Org. Chem. 1997, 62, 1795—1798. (b)
Lee, B. H.; Clothier, M. F.; Pickering, D. A. J. Org. Chem. 1997, 62, 7836—
7840.

(18) Williams, R. M.; Glinka, T.; Kwast, E.; Coffman, H.; Stille, J. K. J. 4Am.
Chem. Soc. 1990, 112, 808—821.

(19) Cushing, T. D.; Sanz-Cervera, J. F.; Williams, R. M. J. Am. Chem. Soc.
1996, 118, 557—579.

(20) Williams, R. M.; Cao, J.; Tsujishima. H. Angew. Chem., Int. Ed. 2000, 39,
2540—2544.

Scheme 1. Retrosynthetic Plan for Paraherquamide A
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Synthesis of an a-Alkylated-f-Hydroxyproline

Despite the apparent similarity in the structures of paraher-
quamides A and B, synthesis of the former turned out to be a
significantly more challenging endeavor owing to the presence
of the unusual S-hydroxy-f-methyl proline residue. In the
semisynthesis of paraherquamide A from marcfortine A (3), the
final step was addition of methylmagnesium bromide to 14-
oxoparaherquamide B (14).!7 We planned to use this same
methodology to complete our total synthesis and to construct
14 using a similar strategy to that used for paraherquamide B,
that is, coupling of suitably functionalized indole (19) and
diketopiperazine (18) units and then an intramolecular Sx2’
cyclization followed by palladium-mediated closure of the
seventh ring, and finally oxidation and rearrangement of the
2,3-disubstituted indole to the spiro-oxindole of 14-oxopara-
herquamide B!? (Scheme 1).

New methodology was now required to prepare a suitably
functionalized a-alkylated-S-hydroxyproline residue. A variety
of methods were investigated for the asymmetric construction
of this class of compound, leading to the development of a
potentially general synthetic method which uses dianion alky-
lation of the readily available N--BOC-f-hydroxyproline ethyl
ester derivative 12 with net retention of stereochemistry.?! This
methodology has now successfully been applied to a concise
asymmetric and stereocontrolled total synthesis of paraherqua-
mide A.

Epoxide 20, which is commercially available or made by
epoxidation of isoprene with mCPBA, was treated with
n-BusNI and TBSCI to provide iodide 21 as a mixture of geo-
metrical isomers (£:Z =~ 6:1) in 58% overall yield. Diester 22
was prepared in two steps from ethyl glycinate and ethyl acry-
late, and then a Dieckmann cyclization was conducted, using a
slight modification of the procedure described by Rapoport,??

(21) Williams, R. M.; Cao, J. Tetrahedron Lett. 1996, 37, 5441—5444.

(22) (a) Blake, J.; Willson, C. D.; Rapoport, H. J. Am. Chem. Soc. 1964, 86,
5293—5299. For more regioselective methods, see: (b) Yamada, Y.; Ishii,
T.; Kimura, M.; Hosaka, K. Tetrahedron Lett. 1981, 22, 1353—1354. (c)
Sibi, M. P.; Christensen, J. W.; Kim, S.-G.; Eggen, M.; Stessman, C.; Oien,
L. Tetrahedron Lett. 1995, 36, 6209—6212.
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Figure 2. Assignment of relative stereochemistry of 25.

Scheme 2. Synthesis of a-Alkylated-S-Hydroxyproline 25
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to yield racemic f-ketoester 23 (Scheme 2). Baker’s yeast
reduction afforded the optically active S-hydroxyester 24 with
an enantiomeric ratio of ca. 95:5 as described by Knight et al.??
Alkylation of the dianion of 24 with substituted allyl iodide 21
proceeded with retention of stereochemistry and excellent
diastereoselectivity under the conditions previously developed.?!
The desired a-alkylated product 25 was obtained in 58—70%
isolated yield with little or no O-monoalkylation or O-,C-
dialkylation taking place. It was interesting to note during large
scale synthesis of 25 that the amount of HMPA required in the
alkylation reaction ranged from 1.4 to 13.6 equiv depending
on the batch of 24 that was used, despite the batches being
apparently identical by 'H NMR, IR, TLC, and optical rotation.
The reasons for this phenomenon are presently unclear.?*

The assignment of the relative stereochemistry of 25 was
obtained by comparison of the 'H NMR and optical rotation
data of 25 to those of 26, which was obtained by alkylation of
24 with 1,4-dibromobutane. The relative stereochemistry of 26
was assigned unambiguously through single-crystal X-ray
analysis (Figure 2).2! The absolute stereochemistry of 25 was
confirmed by Barton deoxygenation and conversion to dike-
topiperazine (+)-29 as illustrated in Scheme 3. This same
diketopiperazine could be obtained, as the enantiomer, from 30.
This compound has previously been converted to (+)-paraher-
quamide B, a substance whose absolute stereochemistry has been
confirmed.!?

Synthesis of a Functionalized Diketopiperazine

It was necessary to convert the substituted proline (25) into
a suitably functionalized diketopiperazine for a similar Somei—
Kametani coupling reaction to that used in our total synthesis
of paraherquamide B. Initial studies on this system were carried
out with the secondary alcohol protected as a benzyl ether.

(23) (a) Cooper, J.; Gallagher, P. T.; Knight, D. W. J. Chem. Soc., Perkin Trans.
11993, 1313—1317. For alternative baker’s yeast reductions, see: (b) Sibi,
M. P.; Christensen, J. W. Tetrahedron Lett. 1990, 31, 5689—5692. (c) Bhide,
R.; Mortezaei, R.; Scilimati, A.; Sih, C. J. Tetrahedron Lett. 1990, 31,
4827—-4830.

(24) Seebach, D. Angew. Chem., Int. Ed. Engl. 1988, 27, 1624—1654.
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Scheme 4. Preparation of the Diketopiperazine 34
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However, because of problems with selectivity and purification
later in the synthesis, the less bulky and more polar methoxy-
methyl (MOM) protecting group was used in the final synthetic
route. After MOM protection of the alcohol, the N---BOC group
was smoothly removed with ZnBr; in dichloromethane? and
the exposed secondary amine (31) was acetylated with bro-
moacetyl bromide under Schotten—Baumann conditions (Scheme
4). Treatment of the bromoacetamide with methanolic ammonia
afforded the corresponding glycinamide (32) which was directly
subjected to cyclization in the presence of sodium hydride in
toluene/HMPA to afford the bicyclic compound 33 in 75%
overall yield from 25. An interesting observation about the ease
of closure of hydroxylated diketopiperazines was made during
this study. When there is no hydroxyl substituent (e.g., in 28)
or the protected hydroxyl group is trams to the ester, the
diketopiperazine typically forms spontaneously from the ami-
noester in methanol at room temperature. On the other hand, a
cis-isomer such as 31 can be isolated as the aminoester from
the amination reaction, and formation of the diketopiperazine
requires much more forcing conditions. On amination of a

(25) Nigam, S. C.; Mann, A.; Taddei, M.; Wermuth, C.-G. Synth. Commun.
1989, 79, 3139-3142.

UTC_REM_Il_000001743



Case 3:14-cv-05499-PGS-LHG Document 42-4 Filed 07/07/15 Page 26 of 111§R|??gelD: 917

Total Synthesis of Paraherquamide A

LES

Scheme 5. Preparation of the Gramine Derivative 51
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mixture of diastereomeric bromoacetamides 35, the aminoester
36 and the diketopiperazine 37 are produced. This is pre-
sumably because the cis-diketopiperazine is significantly more
sterically hindered. After diketopiperazine formation, a one-
pot double carbomethoxylation reaction was performed by the
sequential addition of #-BuLi in THF followed by addition of
methylchloroformate, which carbomethoxylates the amide ni-
trogen. Subsequent addition of more methylchloroformate
followed by LHMDS afforded 34 in 93% yield as an ~6:1
mixture of £ and Z isomers, with the newly created stereogenic
center as a single stereoisomer (relative configuration was not
assigned).

Improved Synthesis of the Gramine Derivative

With this functionalized diketopiperazine in hand, we turned
our attention to improvement of the synthesis of the dioxepin-
containing indole fragment that we originally described in
1990.26 The original route provides compound 51 in 14 steps
with no chromatography required until the ninth step. However,
further optimization was necessary to achieve a more rapid and
efficient large-scale synthesis. The route we have developed is
illustrated in Scheme 5. Vanillin (38) was acetylated with acetic
anhydride and then treated with fuming nitric acid to afford
39, the desired regioisomer, and 40, the undesired isomer, in
an ~10:1 ratio. Initially, these regioisomers were separated by
hydrolysis of the acetate group and isolation of the desired phe-
nol isomer by crystallization.?” Analysis of the product mixture
by TLC revealed that 39 had a lower Rrand 40 had exactly the
same Ry as that of the starting material, and it was possible to
isolate 39 by flash chromatography. However, neither purifica-
tion method proved optimal for a large-scale protocol. The new

(26) Williams, R. M.; Cushing, T. D. Tetrahedron Lett. 1990, 31, 6325—6328.
(27) Raiford, L. C.; Stoesser, W. C. J. Am. Chem. Soc. 1928, 50, 2556—2563.
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approach circumvents these problems. Instead, we directly used
the mixture of nitrobenzaldehydes 39 and 40. After a three-
step transformation,® 39 provided the desired acid 41, and 40
provided the undesired acid 42. Reduction of the nitro group
was originally carried out in 95% yield by hydrogenation over
palladium on carbon at 40 psi and 80 °C. However, this protocol
could prove awkward on a large scale, so an alternative approach
was developed using iron and NH4C1?° which, while the yield
(74%) is more moderate, proved easier to scale-up. On reduction
to the corresponding amines, the amine intermediate from 41
cyclized to oxindole 43, but 42 was simply reduced to amino
acid 44, which cannot undergo an intramolecular cyclization
reaction due to geometric restriction. On extraction of the reac-
tion mixture, the amino acid (44) was removed with aqueous
acid leaving the oxindole (43) in the organic phase. Demethy-
lation then proceeded smoothly as already described to give
4530

Prenylation of 45 is partially selective for the 7-hydroxy
position due to the greater acidity of this hydroxyl group.
However, under the prenylation conditions originally developed
for paraherquamide B, small amounts of the 6-prenyloxy and
6,7-diprenyloxy isomers were also formed, and the three
compounds are difficult to separate by flash chromatography.
In this modification of our original route, replacement of the
base with CspCOj improves the selectivity and yield of 46.

(28) (a) MacDonald, S. F. J. Chem. Soc. 1948, 376—378. (b) Beer, R. I. S;
Clarke, K.; Davenport, H. F.; Robertson, A. J. Chem. Soc. 1951, 2029—
2032.

(29) Wissner, A.; Berger, D. M.; Boschelli, D. H.; Floyd, M. B., Jr.; Greenberger,
L. M.; Gruber, B. C.; Johnson, B. D.; Mamuya, N.; Nilakantan, R.; Reich,
M. F.; Shen, R.; Tsou, H.-R.; Upeslacis, E.; Wang, Y. F.; Wu, B.; Ye, F.;
Zhang, N. J. Med. Chem. 2000, 43, 3244—3256.

(30) Since this route was developed, McWhorter and Savall have published a
route to 45 which is shorter and higher yielding, but the applicability of
their synthesis on a large scale has not yet been demonstrated. Savall, B.
M.; McWhorter, W. W. J. Org. Chem. 1996, 61, 8696—8697.
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Scheme 6. Coupling of the Indole and Diketopiperazine
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Extraction into base during the workup procedure also removes
the diprenylated byproduct which allowed for easier purification.

A major problem in our first generation synthesis of the
gramine derivative was during reduction of the oxindole to the
indole, when over-reduction to the indoline occurred in variable
quantities giving a ratio of 4:1 to 2:1 of indole/indoline. Attempts
were made, without success, to effect a more selective reduction
of the oxindole. However, the problem was solved in an indirect
fashion as it proved possible to oxidize the indoline byproduct
to the indole with DDQ3! in greater than 90% yield.

Formation of TBS ethers on hindered alcohols is known to
be very sensitive to the concentration of the reaction mixture.
The silylation reaction was optimized by concentrating the
reaction mixture to give an improved yield of 95% from 82%.
Finally indole 50 was converted to the gramine derivative 51
under standard conditions. The advantages of this new approach
are significant in terms of increased yield, lower cost, and faster
synthesis on a large scale.

Coupling of the Indole and Diketopiperazine

Somei—Kametani coupling®? of diketopiperazine 34 with the
gramine derivative 51 in the presence of tri-n-butylphosphine
gave a separable mixture of two diastereomers 52 and 53 in a

(31) He, F.; Foxman, B. M.; Snider, B. B. J. Am. Chem. Soc. 1998, 120, 6417—
6418.

(32) (a) Somei, M.; Karasawa, Y.; Kaneko, C. Heterocycles 1981, 16, 941—
949. (b) Kametani, T.; Kanaya, N.; Thara, M. J. Chem. Soc., Perkin Trans.
11981, 959—963.
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3:1 ratio, each as a mixture of four diastereomers (Scheme 6).3
Decarbomethoxylation was effected by treatment of 52 and 53
individually with LiCl in hot, aqueous HMPA to provide, in
both cases, a mixture of 54 (anti-isomer) and 55 (syn-isomer),
which could now be separated into the F and Z isomers, each
of which as a mixture of two diastereomers (epimeric at the
dioxepin secondary alcohol). However, as separation of the
geometric isomers proved to be difficult, the compounds were
usually carried through the synthetic sequence as a mixture and
separated only for analytical purposes. Protection of the second-
ary amide as the corresponding methyl lactim ether was
accomplished by treating 54 and 55 with trimethyloxonium
tetrafluoroborate and Cs,COs in dichloromethane. Model studies
had shown that Cs;CO; was a more efficient base than
Nap,CO; for this reaction, as it leads to a lower incidence of
TBS cleavage and N-methylation. Next, the indole nitrogen was
protected as the corresponding N--BOC derivative by treatment
with di-tert-butyl dicarbonate in the presence of DMAP, and
then the silyl ethers were removed with tetrabutylammonium
fluoride (TBAF) to provide 58 (anti) and 59 (syn). From this
point onward, the £ and Z isomers were utilized separately.
Unfortunately, the Corey procedure,> which had been successful

(33) The stereochemistry at the newly formed stereogenic centers in 52 and 53,
and in all subsequent compounds, was assigned on the basis of 'H NMR
data. In compounds where the indole substituent is on the same face of the
diketopiperazine as the MOM ether, the signal for the methoxy group is at
significantly higher field than in the situation where these two substituents
are on opposite faces. This is due to the proximity of the methoxy group
to the shielding effects of the aromatic system.

Corey, E. J.; Kim, C. U.; Takeda, M. Tetrahedron Lett. 1972, 13, 4339—
4342.

(34)
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in the synthesis of paraherquamide B for conversion of an allylic
alcohol to the corresponding chloride, proved unreliable when
applied to the paraherquamide A system. Under the conditions
used previously, cleavage of the lactim ether and chlorination
at the 2-position of the indole were observed. Extensive
investigation into suitable conditions was carried out, and it was
eventually found that selective conversion of the primary
alcohols 58 and 59 to the corresponding mesylates was possible
in the presence of the hindered base collidine. Displacement of
mesylate by a chloride ion under these reaction conditions was
very slow so BusBnNClI (as an external chloride source) and a
polar solvent were added to accelerate the reaction, allowing
formation of the allylic chlorides (60 and 61) in up to 90% yield.
This is a simple, practical, and reproducible method for
preparing allylic chlorides in molecules bearing labile functional
groups. Finally, careful reprotection of the secondary alcohols
with tert-butyldimethylsilyl triflate in the presence of 2,6-lutidine
afforded the key allylic chlorides 62 and 63.

S\2’ Cyclization and Closure of the Seventh Ring

The stage was now set for the critical intramolecular Sy2’
cyclization, that sets the relative stereochemistry at C-20 during
formation of the bicyclo[2.2.2]diazaoctane ring nucleus. Based
on precedent from the paraherquamide B synthesis,'® 63E was
treated with NaH in refluxing benzene. However, the reaction
was very slow and gave the desired cyclization product 64 in
only 25% yield, accompanied by products from competing
pathways. The acidic proton in 63E is more sterically hindered
than in the corresponding substrate for the paraherquamide B
synthesis, due to the presence of the MOM ether. Since NaH
likely exists as heterogeneous clusters in benzene, it was
expected that use of a more coordinating solvent may break up
the clusters and render deprotonation more facile. Conveniently,
use of NaH in refluxing THF afforded the desired SN2’
cyclization product 64 in 87% yield from 63E exclusively as
the desired syn-isomer.>> This remarkably diastereoselective
intramolecular Sy2” cyclization reaction proceeds, in a nonpolar
solvent like THF, via a tight, intramolecular ion-pair driven
cyclization (“closed” transition state)*¢ as shown in Scheme 7.
Compound 62E also underwent the same transformation to give
64 in 82% yield. In both cases, the product was sometimes
accompanied by a small amount of Boc-deprotected cyclized
product which could be reprotected under standard conditions.
In addition, it was interesting to note that the Z-isomer, 63Z,
provides the same cyclization product, again with exclusive syn
selectivity, in 50% yield.

Closure of the seventh ring was attempted using PdCl, and
AgBF, in acetonitrile followed by NaBHj to reduce the incipient
heptacyclic o-palladium adduct,’ reaction conditions which had

(35) The syn/anti relationship in this case refers to the relative stereochemistry
between the C-20 stereogenic center (see paraherquamide numbering) and
the proline residue.

R O
;HN-( X

ol Y
MeZ n

syn- anti-

(36) (a) Denmark, S. E.; Henke, B. R. J. Am. Chem. Soc. 1989, 111, 8032—
8034. (b) Denmark, S. E.; Henke, B. R. J. Am. Chem. Soc. 1991, 113,
2177-2194.

Scheme 7. Formation of the Heptacycle
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been successful in the paraherquamide B synthesis.!® However,
the only products isolated under the same conditions with 64
were those appearing to arise from removal of the N-~-BOC,
MOM and lactim ether protecting groups, presumably by HBF,
generated in situ. To buffer the reaction mixture, propylene oxide
was added as an acid scavenger and the reaction now proceeded
to give the desired 2,3-disubstituted indole (65) in 85% yield.

Completion of the Synthesis

Conditions could not be found which would allow direct and
high-yielding conversion of the lactim ether (65) to the amide.
However, use of 0.1 M aqueous HCl in THF gave the
corresponding ring-opened amine methyl ester (66) which was
recyclized to the bicyclo[2.2.2]diazaoctane (67) by treatment
of 66 with catalytic 2-hydroxypyridine in hot toluene. Chemose-
lective reduction of the tertiary amide in the presence of the
secondary amide to give 68 could be effected by treatment of
the diamide 67 with the AIH;—Me,;NEt complex followed by
quenching with sodium cyanoborohydride, methanol, and acetic
acid, as used in the synthesis of paraherquamide B. However,
use of excess diisobutylaluminum hydride (DIBAL-H) in
dichloromethane was a simpler experimental procedure and gave
improved yields of 68.38 N-Methylation of the secondary amide
proceeded smoothly and was followed by cleavage of the MOM
ether with bromocatecholborane.?® Oxidation of the secondary
alcohol with Dess—Martin periodinane*® and concomitant
removal of the N-#-BOC group and TBS ether with TFA gave
ketone 70 (Scheme 8).

The final critical oxidative spirocyclization of the 2,3-
disubstituted indole was effected by a two-step procedure.

(37) Trost, B. M.; Fortunak, J. M. D. Organometallics 1982, 1, 7—13.

(38) Fukuyama, T.; Liu, G. Pure Appl. Chem. 1997, 69, 501—505.

(39) Boeckman, R. K., Jr.; Potenza, J. C. Tetrahedron Lett. 1985, 26, 1411—
1414.

(40) (a) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155—4156. (b)
Dess, D. B.; Martin, J. C. J. Am. Chem. Soc. 1991, 113, 7277—7287.
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Scheme 8. Manipulation of the Heptacycle
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Scheme 9. Spirocyclization and Completion of the Synthesis
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14, 14-oxoparaherguamide B

Treatment of 70 with tert-butyl hypochlorite in pyridine
provided a labile 3-chloroindolenine, from which it was found
necessary to rigorously remove, by azeotroping with benzene,
all of the pyridine prior to the next step. Pinacol-type rear-
rangement with TsOH in aqueous THF then generated the
desired spiro-oxindole (73). From our investigations during the
paraherquamide B synthesis, it was found that use of a sterically
demanding amine such as pyridine gives the best stereoselec-
tivity during the chlorination reaction. It is assumed that addition
of chlorine to 70 proceeds from the least hindered face of the
indole giving the a-chloroindolenine 71. Hydration of the imine
functionality, interestingly, must also occur from the same
o-face, that is, syn-to the relatively large chlorine atom, to
furnish the syn-chlorohydrin 72 which subsequently rearranges
stereospecifically to the desired spiro-oxindole 73 (Scheme 9).

Dehydration of the seven-membered ring in 73 with methyl
triphenoxyphosphonium iodide (MTPI) in DMPU afforded 14-
oxoparaherquamide B (14) in moderate yield.!” This intermedi-
ate has been previously obtained semisynthetically from marc-
fortine A by a group from Pharmacia—Upjohn, and comparison
of the authentic and synthetic materials confirmed the identity
of this substance. Addition of methylmagnesium bromide to the
ketone group of 14 has been previously described to give
paraherquamide A along with the corresponding C-14 epimer
in around 50% yield.!”* Employment of this protocol using

12178 J. AM. CHEM. SOC. = VOL. 125, NO. 40, 2003

OTBS
Me
Me DIBAL-H
CH,Cl,
2-HO-py., PhMe -
—_—

reflux 72%

83%

1. Dess-Martin, CHxClo
— »0
2. TFA, CH.Clo

82%

MeMgBr with our synthetic ketone gave (—)-paraherquamide
A (1) as the exclusive product (the C-14 epimer was not
detected) in 42% yield. This product was identical to a natural
sample of paraherquamide A by '"H NMR, 13C NMR, IR, exact
mass, and mobility on TLC (Rp. A synthetic sample was
recrystallized from ether and had mp 250 °C (dec), [a]p?*=
—22 (¢ = 0.2, MeOH). Natural paraherquamide A recrystallized
from ether under the same conditions yielded a sample with
mp 250 °C (dec) and [a]p®® = —21 (¢ = 0.2, MeOH). All
intermediates up to the final product have an enantiomeric ratio
of approximately 97.5:2.5; the final synthetic paraherquamide
A upon recrystallization from ether is approximately optically
pure.

We have reported here the first total synthesis of paraher-
quamide A, the most biologically potent member of this family
of compounds. This asymmetric synthesis proceeds in 46 steps
from commercially available materials, with the longest linear
sequence being 34 steps.

The approach developed in this study makes it feasible to
examine the design and synthesis of other members of the para-
herquamide family and should also permit access to structurally
unique paraherquamides that may have significant biological
properties. The application of this methodology to the asym-
metric, stereocontrolled total synthesis of other members of the
paraherquamide family, and evaluation of their properties is
currently under study in these laboratories.
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Stereocontrolled Total Synthesis of (+)-Paraherquamide B+
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Abstract: The convergent stereocontrolled, asymmetric total synthesis of (+)-paraherquamide B is described. Key
features of this synthesis include (1) an improved procedure to effect reduction of unprotected oxindoles to indoles;
(2) a complex application of the Somei/Kametani coupling reaction; (3) a high-yielding and entirely stereocontrolled
intramolecular Sy2” cyclization reaction that constructs the core bicyclo[2.2.2] ring system; (4) a mild Pd(Il)-mediated
cyclization reaction that constructs a complex tetrahydrocarbazole; and (5) the chemoselective reduction of a highly
hindered tertiary lactam in the presence of an unhindered secondary lactam, utilizing precoordination of the more

reactive secondary lactam to triethylaluminum.

Introduction

The paraherquamides are complex, heptacyclic, toxic mold
metabolites with potent anthelmintic activity isolated from
various Penicillium sp. The parent and most potent derivative,
paraherquamide A (1), was first isolated from Penicillium
parherquei in 1980 by Yamazaki.! The simplest member,
paraherquamide B (2), plus five other structurally related
paraherquamides C—G (3—9) were isolated from Penicillium
charlesii (fellutanum) (ATCC 20841) in 1990 at Merck & Co.>?
and concomitantly at SmithKline Beecham.* More recently
three additional related compounds were discovered by the same
group at SmithKline> Interest in the paraherquamides has come
from the finding that this class of alkaloids displays potent
anthelmintic and antinematodal properties.5’

There are essentially three classes of broad-spectrum anthel-
mintics currently in use: the benzimidazoles, the levamisoles/
morantels, and the avermectins/milbemycins. Unfortunately, the
first two groups have lost much of their utility due to the recent
appearance of drug resistance built up by the helminths.’>8 More

L Dedicated to Professor Ei-ichi Negishi on the occasion of his 60th
birthday.

T On leave from the Department of Organic Chemistry of the University
of Valencia, Spain.

T Present address: Tularik Inc., 270 East Grand Ave., South San
Francisco, CA 94080.

® Abstract published in Advance ACS Abstracts, December 1, 1995.

(1) (a) Yamazaki, M.; Fujimoto, H.; Okuyama, E.; Ohta, Y. Proc. Jpn.
Assoc. Mycotoxicol. 1980, 10, 27. (b) Yamazaki, M.; Okuyama, E.;
Kobayashi, M.; Inoue, H. Tetrahedron Lett. 1981, 22, 135.

(2) (a) Blizzard, T. A.; Marino, G.; Mrozik, H.; Fisher, M. H.; Hoogsteen,
K.; Springer, J. P. J. Org. Chem. 1989, 54, 2657. (b) Blizzard, T. A.; Mrozik,
H.; Fisher, M. H.; Schaeffer, J. M. J. Org. Chem. 1990, 55, 2256. (¢)
Blizzard, T. A.; Margiatto, G.; Mrozik, H.; Schaeffer, J. M.; Fisher, M. H.
Tetrahedron Lett. 1991, 32, 2437. (d) Blizzard, T. A.; Margiatto, G.; Mrozik,
H.; Schaeffer, J. M.; Fisher, M. H. Tetrahedron Lett. 1991, 32, 2441. (e)
Blizzard, T. A.; Rosegay, A.; Mrozik, H.; Fisher, M. H. J. Labelled Compd.
Radiopharm. 1990, 28, 461.

(3) (a) Ondeyka, J. D.; Goegelman, R. T.; Schaeffer, J. M.; Kelemen, L.
J. Antibiot. 1990, 43, 1375. (b) Liesch, J. M.; Wichman, C. F. J. Antibiot.
1990, 43, 1380.

(4) Blanchflower, S. E.; Banks, R. M.; Everett, J. R.; Manger, B. R.;
Reading, C. J. Antibiot. 1991, 44, 492.

(5) Blanchflower, S. E.; Banks, R. M.; Everett, J. R.; Reading, C. J.
Antibiot. 1993, 46, 1355.

(6) Ostlind, D. A.; Mickle, W. G.; Ewanciw, D. V.; Andriuli, F. J;
Campbell, W. C.; Hernandez, S.; Mochaeles, S.; Munguira, E. Res. Vet.
Sci. 1990, 48, 260.

(7) (a) Shoop, W. L.; Egerton, J. R.; Eary, C. H.; Suhayda, D. J. Parasitol.
1990, 76 (2) 186. (b) Shoop, W. L.; Michael, B. F.; Haines, H. W.; Eary,
C. H. Vet. Parasitol. 1992, 43, 259. (¢) Schaeffer, J. M.; Blizzard, T. A.;
Ondeyka, J.; Goegelman, R.; Sinclair, P. J.; Mrozik, H. Biochem. Pharmacol.
1992, 43, 679. (d) Shoop, W. L.; Haines, H. W.; Eary, C. H.; Michael, B.
F. Am. J. Vet. Res. 1992, 53, 2032.
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recently drug resistance to the avermectins has been observed
in various parasites.” The paraherquamides represent an entirely
new structural class of antiparasitic agents, which promise to
play a significant role in the near future. The relatively low
culture yields of paraherquamide obtained for biological study
have slowed the development and potential commercialization
of these agents (Figure 1).

As part of our ongoing efforts to elucidate the biosynthesis
of the core bicyclo[2.2.2] ring system of the related alkaloids
the brevianamides,'® we have applied methodology originally
developed for the stereocontrolled total synthesis of (—)-
brevianamide B!! to complete the first stereocontrolled total
synthesis of (4)-paraherquamide B (12);!? the results of this
study are described in full herein.

The paraherquamides are structurally very similar to brevi-
anamides A and B (17 and 16)!3 and marcfortines A—C (13—
15)!* with respect to the common core bicyclo[2.2.2] ring system
that is derived from the cycloaddition of an isoprene unit across
the amino acid o-carbons. This close structural similarity might
imply a related biogenesis, and the structural features of these
substances shall be described briefly from this standpoint. The
paraherquamides and brevianamides A and B (17 and 16) appear
to be derived from the condensation of tryptophan and proline,
while the marcfortines are formed from the condensation of
tryptophan and pipecolic acid. The origin of the methyl group
in the pyrrolidine ring of paraherquamides A and C—E and
VMS55595-7 could in principle come from the methylation of
proline, but it seems more likely that this amino acid residue is
derived from isoleucine. The very low fermentation yield of
paraherquamide B may be a manifestation of poor incorporation
of cyclo-L-trp-L-pro into the subsequent biosynthetic machinery

(8) Coles, G. C. Pestic. Sci. 1977, 8, 536.

(9)(a) Van Wyk, J. A.; Malan, F. S. Vet. Rec. 1988, 123, 226. (b)
Echevarria, F. A. M.; Trindade, N. P. Vet. Rec. 1989, 124, 147.

(10) (a) Sanz-Cervera, J. F.; Glinka, T.; Williams, R. M. J. Am. Chem.
Soc. 1993, 115, 347. (b) Sanz-Cervera, J. F.; Glinka, T.; Williams, R. M.
Tetrahedron 1993, 49, 8471.

(11) (a) Williams, R. M.; Glinka, T.; Kwast, E. J. Am. Chem. Soc. 1988,
110, 5927. (b) Williams, R. M.; Glinka, T.; Kwast, E.; Coffman, H.; Stille,
J. K. J. Am. Chem. Soc. 1990, 112, 808. (¢) Williams, R. M.; Glinka, T.;
Kwast, E. Tetrahedron Lett. 1989, 30, 5575.

(12) A preliminary account of this work has appeared: Cushing, T. D.;
Sanz-Cervera, J. F.; Williams, R. M. J. Am. Chem. Soc. 1993, 115, 9323.

(13) (a) Birch, A. I.; Wright, I. J. J. Chem. Soc., Chem. Commun. 1969,
644. (b) Birch, A. I.; Wright, I. J.; Tetrahedron 1970, 26, 2339. (¢) Birch,
A. J.; Russell, R. A. Tetrahedron 1972, 28, 2999. (d) Baldas J.; Birch, A.
J.; Russell, R. A. J. Chem. Soc., Perkin Trans. 1 1974, 50.

(14) (a) Polonsky, J.; Merrien, M. A.; Prange, T, Pascard, C. J. Chem
Soc., Chem Commun. 1980, 601. (b) Prange, T.; Billion, M.-A.; Vuilhorgne,
M.; Pascard, C.; Polonsky, J. Tetrahedron Lett. 1981, 22, 1977.
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1, (-)-paraherquamide A, Ry=OH, R2=Me, Rz=H2X=N
2, (-)-paraherquamide B, Ry =H,R,=H,R;=H, X=N

3, (-)-paraherquamide C, Ry= R;=CH; R3=H; X=N

4, (-)-paraherquamide D, Ry = O, Ro= CHp R3=Hp X=N
5, (-)-paraherquamide E, R;=H, Ry=Me,R;=H, X=N
6, VM55596, Ry =H, Ra = Me, R3=H X = N"-O"
7,VM55597, R, =H. R, =Me.R,;=0, X=N

8,
9,
1

Me'
Me

(-)-paraherquamide F, R, = H, R, = Me, R;= Me
(-)-paraherquamide G, R, = OH, R,= Me, R, = Me

13, (-)-marcfortine A, R = Me

(o]
Me Me —nNH

11,VM55599

0, VM55595, Ry =H, Ra =Me, Ry=H

15, (~)-marctortine C

14, (-)-marcfortine B, R=H

16, (+)-brevianamide B

17, (+)-brevianamide A

Figure 1.

or may be the result of inefficient demethylation of the
isoleucine-derived amino acid precursor.

The oxidation state of the amino acid-derived dioxopiperazine
moiety remains unchanged in the case of the brevianamides,
but for the paraherquamides and the marcfortines the tertiary
amide residue is enzymatically reduced to a monooxopiperazine,
a process that is known.!® The tryptophan-derived indolyl side
chain of the paraherquamides and marcfortines is oxidized to
spiro-oxindoles while the indolyl side chain of the brevianamides
oxidize to spiro-indoxyls. The paraherquamides, marcfortines,
and brevianamides all incorporate one isoprene unit that forms
the bridging bicyclo[2.2.2] ring structure. The paraherquamides
and marcfortines differ from the brevianamides in that a second
isoprene unit coupled with an oxidized form of tryptophan gives
the dioxepin (or pyran) moiety. This is one of the most
interesting and unique features of these compounds. The gem-
dimethyl dioxepin ring found in paraherquamides A—E (1—5)
and marcfortines A and B (13 and 14) is a unique ring system
among natural products. A similar structural feature was
discovered in the antifungal natural product strobilurin G (18),1°
but this dioxepin moiety lacks the double bond found in the
other metabolites (Figure 1).

As outlined in Scheme 1, a convergent synthesis of the
enantiomer of paraherquamide B (12)!7 was envisioned to
contain four key carbon—carbon bond-forming reactions. The

(15) Bond, R. F.; Boeyens, J. C. A.; Holzapfel, C. V.; Steyn, P. S. J.
Chem. Soc., Perkin Trans. 1 1979, 1751.

(16) Fredenhagen, A.; Hug, P.; Peter, H. H. J. Antibiot. 1990, 48, 661.

(17) The enantiomer of the natural product was selected as the target
due to the large relative cost difference between (S)- and (R)-proline.

18, strobilurin G

first task would involve the construction of a suitably a-alkylated
proline derivative.!! The second important coupling would be
the Somei/Kametani-type alkylation!® of a suitably protected
gramine derivative (20) and the requisite piperazine-
dione (19). The third and perhaps most crucial C—C bond-
forming reaction, providing the core bicyclo[2.2.2] ring system,
was a stereofacially controlled intramolecular Sn2” cyclization
reaction that sets the stereochemistry at C-20 (paraherquamide
numbering) and concomitantly installs the isopropenyl group
that will be utilized in the fourth C—C bond-forming reaction.
This isopropenyl group, in turn, would be conscripted for an
olefin—cation cyclization to provide the heptacyclic tetrahy-
drocarbazole. Standard procedures to effect this transformation
involve strong protic acids,!-!° and there was reason for concern
about the reactivity of the more highly oxygenated indole (22)
as a practical synthetic precursor to 23. The penultimate step,
a regio- and stereofacially controlled oxidative spirocyclization
reaction, must be accomplished to construct the desired spiro-
oxindole. A number of these transformations were explored
during the course of the investigations on the synthesis of (—)-
brevianamide B,!! including a simple oxindole model study,!°
which set a firm foundation for addressing some of the

(18) (a) Somei, M.; Karasawa, Y.; Kaneko, C. Heterocycles 1981, 16,
941. (b) Kametani, T.; Kanaya, N.; Thara, M. J. Am. Chem. Soc. 1980, 102,
3974,

(19) (a) Stoermer, D.; Heathcock, C. H. J. Org. Chem. 1993, 58, 564.
(b) Guller, R.; Dobler, M.; Borschberg, H.-J. Helv. Chim. Acta 1991, 74,
1636. (¢) Darbre, T.; Nussbaumer, C.; Borschberg, H.-J. Helv. Chim. Acta
1984, 67, 1040. (d) Delpech, B.; Khuong-Huu, Q. J. Org. Chem. 1978, 43,
4898.

UTC_REM_II_000001719



SRS LA TENIORARY BB Al Jlanaument 42-4  Filed Q40 HLA. sRags 330f,118 BagstD: 924

Scheme 1

Sn2'
— (PN \> e
A\ o Me:
0 NH M
Me
Me o 21
Y
Scheme 2
PhSeCl, EtOAc,
—78°C, (32%) or 1. 30% Hy0,, o
N-PSP, CSAcat) O THF, 0°C,05h ¢
CHaCN,-23°C, 2. reflux, 0,5h, /
3%
o M Me SePh 49% e’ e
0.2eq prenyl
bromide, o 25 26
OH  K,CO3 DMF, OH
OH 0°C Me =
MTPI,
catechol % Me HMPA,
24 rt.
1.0eq SnCly, 55%
2.9eq m-CPBA, THF, rt,
S.BegNaHCO3, O 59%, two 0
CH,Clp, 0°C, OH steps "
Me eMe OH
Me O 27 28

stereochemical and regiochemical issues that would be faced
in attacking the paraherquamide ring system.

Results and Discussion

Construction of the Dioxepinooxindole Ring System. The
prenylated catechol ring system of the paraherquamides is an
unusual oxidative cyclization product that previously has not
been observed to occur in metabolites of mixed biogenetic
origin. Although the parent 2H-1,5-benzodioxepin has been
synthesized previously,? to the best of our knowledge there
has been no reported synthesis of the corresponding isoprenyl
dioxepin ring system of paraherquamide. The synthesis of this
ring system was explored in a simple model study employing
prenylated catechol 24 (Scheme 2).2! It was speculated that
the requisite 7-endo-fet cyclization reaction would be facilitated
by a stabilized tertiary carbocation provided by the prenyl
substituent.

The first attempt at effecting this cyclization reaction

(20) Guillaumet, G.; Coudert, G.; Loubinnoux, B. Angew. Chem., Int.

Ed. Engl. 1983, 22, 64.

2H-1,5-benzodioxepin
(21) Williams, R. M.; Cushing, T. D. Tetrahedron Lett. 1990, 31, 6325.

employed a phenylselenoetherification.?> Following a procedure
of Clive,?® 24 cyclized to 25 with either PhSeCl or N-
phenylselenophthalimide (N-PSP),?* although in very low yield.
The main byproducts came from the electrophilic addition across
the double bond, electrophilic aromatic substitution of the phenyl
ring by the phenyl selenide, and phenolic attack at the methylene
producing the six-membered-ring product. The selenide 25 was
treated with HyO, and the resulting selenoxide thermally
eliminated providing the unique dioxepin 26 in 49% yield.
Due to the low yield of the phenylselenoetherification, an
alternative procedure involving epoxidation followed by a Lewis
acid-mediated ring closure was investigated.>> The prenylated
catechol 24 was epoxidized with buffered m-CPBA to provide
epoxide 27, which was treated with stannic chloride to give the
dioxepin 28. A major side product in this reaction was a ketone,

(22) (a) Nicolaou, K. C. Tetrahedron 1981, 37, 4097. (b) Nicolaou, K.
C.; Magolda, R. L.; Sipio, W. J.; Barnette, W. E.; Lysenko, Z.; Joullie, M.
M. J. Am. Chem. Soc. 1980, 102, 3784. (¢) Clive, D. L. J. Tetrahedron
1978, 34, 1049—1132.

(23) (a) Clive, D. J. L.; Chiiattu, G.; Curtis, N. J.; Kiel, W. A.; Wong,
C. K. J. Chem. Soc., Chem. Commun. 1977, 725. See also: (b) Liotta, D.;
Zima, G. Tetrahedron Lett. 1978, 50, 4977. (¢) Tiecco, M.; Testaferri, L.;
Tingoli, M.; Bartoli, D.; Balducci, R. J. Org. Chem. 1990, 55, 429.

(24) Nicolaou, K. C.; Claremon, D. A.; Barnette, W. E.; Seitz, S. P. J.
Am. Chem. Soc. 1979, 101, 3704.

(25) (a) Cookson, R. C.; Liverton, N. J. J. Chem. Soc., Perkin Trans. 1
1985, 1589. (b) Kocienski, P.; Love, C.; Whitby, R.; Roberts, D. A.
Tetrahedron Lett. 1988, 29, 2867. See also: (c) Nicolaou, K. C.; Prasad,
C. V. C.; Somers, P. K.; Hwang, C.-K. J. Am. Chem. Soc. 1989, 111, 5335.
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—78 °C, 99%; (d) 1.2 equiv of prenyl bromide, 1.1 equiv of K,COs, DMF, 0 °C to room temperature, 52%; (e) m-CPBA, NaHCO;, CH.Cly; (f) 1.2
equiv of SnCly, THF, 64%; (g) 1.6 equiv of NaBH,, 3.5 equiv of BF;-OEt,, THF, 44—50%; (h) +~-BuMe,SiCl, im, DMF, 40 °C, 83%,; (i) CH,O,

HNMe,, AcOH, H,0, 99%.

resulting from a 1,2 hydride shift.?® A number of methods were
explored to effect the dehydration of the secondary alcohol of
dioxepin 28; the best result was realized with methyltriphenoxy-
phosphonium iodide (MTPI) in HMPA to provide 26.%

With a proven method accessible for the construction of the
dioxepin ring system, attention was focused on constructing the
requisite gramine derivative. Oxygenated indoles are notori-
ously unstable and undergo facile autoxidation,”® photooxida-
tion,?? dimerization, and polymerization.?® In light of this
problematic reactivity, our plan called for formation of the
dioxepin ring system prior to indole (gramine) formation. The
approach employed involved the formation of a suitably
substituted oxindole (essentially a protected indole), followed
by the construction of the dioxepin and final elaboration into
the gramine derivative.

The known pyruvic acid 29 (Scheme 3)3! (prepared in five
steps from vanillin) was oxidatively decarboxylated3? to afford
the phenylacetic acid 30, which was reductively cyclized to give
the required oxindole 3133 in nearly quantitative yield.

At this point, a method was needed to differentiate between
the two phenolic substituents for the prenylation reaction. A
number of attempted selective protecting group strategies were

(26) For a related observation, see: Taylor, S. T.; Davisson, M. E;
Hissom, B. R., Jr.; Brown, S. J.; Pristach, H. A.; Schramm, S. B.; Harvey,
S. M. J. Org. Chem. 1987, 52, 425.

(27) Hutchins, R. O.; Hutchins, M. G.; Milewski, C. A. J. Org. Chem.
1972, 37, 4191.

(28) Houlihan, W. J.; Remers, W. A.; Brown, R. K. Indoles, Part one,
The Chemistry of Heterocycles; John Wiley & Sons, Inc.: New York, 1972.

(29) (a) Chan, A. C.; Hilliard, P. R., Jr. Tetrahedron Lett. 1989, 30, 6483.
(b) d’Ischia, M.; Prota, G. Tetrahedron 1987, 43, 431.

(30) This difficulty was observed in a short synthesis of the known
6-acetoxy-7-methoxyindole (i). The unstable substance i was treated with
TMSI, producing the dimer ii as the sole product.

Jn\}lglq AcO NH
A ——‘-» , OMe
NH CH.Cly, MeO
AcO —78°C, H
OMe gquant. OAc

1 ii

See: (a) Walkler, G. N. J. Am. Chem. Soc. 1955, 77, 3844. (b) Burton, H.;
Duffield, J. A.; Prail, P. F. G. J. Chem. Soc. 1950, 1062. (c) Beer, R. J. S.;
Megrath, L.; Robertson, A.; Woodier, A. B. J. Chem. Soc. 1949, 2061. (d)
Beer, R. J S.; Clarke, K.; Khorana, H. G.; Robertson, A. J. Chem. Soc.
1948, 2223. (e) Chan, A. C.; Hilliard, P. R., Jr. Tetrahedron Lett. 1989, 30,
6483. (f) d’Ischia, M.; Prota, G. Tetrahedron 1987, 43, 431. (g) Deibel, R.
M. B.; Chedekel, M. R. J. Am. Chem. Soc. 1984, 106, 5884. (h) Heacock,
R. A. Chem. Rev. 1959, 59, 181.

(31) (a) Beer, R. I. S.; Clarke, K.; Davenport, H. F.; Robertson, A. J.
Chem. Soc. 1951, 2029. (b) Bennington, F.; Morin, R. D.; Clark, L. C., Jr.
J. Org. Chem. 1959, 24, 917.

(32) Kosuge, T.; Ishida, H.; Inabe, A.; Nukaya, H. Chem. Pharm. Bull.
1985, 33, 1414.

explored, but nothing satisfactory was found; it was thus decided
to forgo any protecting group for the 6-hydroxy position.
Oxindole 31 was cleanly demethylated upon treatment with
(clear) boron tribromide. The resulting oxindole 32 was
subjected to the prenylation conditions, and the desired alkylated
product 33 was obtained in 52% yield.3*3*> Both of the methods
discussed above for the formation of the seven-membered ring
were examined. The phenylselenoetherification procedure failed
on this substrate, and only products resulting from electrophilic
aromatic substitution were formed.

The alternative epoxidation/Lewis acid-mediated cyclization
again proved to be successful on this substrate. The epoxidation
reaction (m-CPBA) had to be buffered with NaHCO3, to prevent
the formation of the six-membered-ring tertiary alcohol. In most
cases, the reaction was worked up and taken on to the next
step without purification (the labile epoxide tended to cyclize
to the six-membered tertiary alcohol upon contact with silica
gel). The incipient epoxide product was directly treated with
SnCly in THF to provide the desired seven-membered-ring
alcohol 34 (64% overall yield from 33).

N-Alkylated oxindoles have been reported to be reduced to
indoles by the use of DIBAL or LiAIH,;*® however, in the case
of unsubstituted oxindoles, this reduction either fails or requires

(33) This material has interesting chemical and physical characteristics.
The solvent must be removed immediately after the hydrogenolysis to
prevent the white product from turning to a black sludge. This oxindole 31
would also change from a white color to a metallic gray simply by drying
on the vacuum pump. These decomposition properties are no doubt due to
the autoxidation of the indole tautomer form.

(34) The undesired regioisomer was obtained in less than 1% yield, and
the bis-alkylated material was produced in only 8.3% yield. This selectivity
is presumably a manifestation of the domination of inductive effects of the
amide functionality directing the alkylation to the 7-position.

(35) The structure of compound 33 was confirmed by simply tosylating
33 and comparing the product (37) to the same substance prepared from
31. The two independently synthesized products were identical in every
way.

1. TsCl, KCOj3, acetone, 96%

o _2BBo CH:Ch. 9%
HO NH 3. prenyl bromide,
OMe K,CO3, DMF, 37%

A
TsCl, K:COs,
- —
TsoJQ:}H'O s o
Me_‘/_/37 Me ‘l/_/(;ii

Me Me
(36) (a) Kishi, Y.; Nakatsuka, S.; Fukuyama, T.; Havel, M. J. Am. Chem.

Soc. 1973, 95, 6494. (b) Robinson, B. Chem. Rev. 1969, 69, 785.

UTC_REM_I1_000001721



SRS LA TENIORARY: B S AHR  Jnaument 42-4  Filed Q40 HLR. sRags 320,118 HBageiD: 926

Scheme 4¢
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b C 39, Ri=H, Rz = COMe, R3 = SiMeyt-Bu

Me
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Me
Me

t-BuMe,Si0

42, Ry=1t-BOC, R, = COMe, Ry = SiMey1-Bu ¢ C 43, X = OSiMej-Bu, R =1-BOC, R, = H, B, = SiMe,!-Bu

°C
i

44 X =OH, Ry =1-BOC, R, =H,R3=H
45 X =Cl, Ry = t-BOC, Ry =H, Ra=H
46, X =Cl, Ry =1-BOC, Ry =H, R3= SiMe4-Bu

@ Reagents and conditions: (a) 36, 0.5 equiv of PBus, MeCN, 51%; (b) DMAP, Et;N, BOC,0, CHxCl,, 90%; (¢) 5 equiv of LiCl, 1.5 equiv of
H,0, HMPA, 100 °C, 66%; (d) 3.0 equiv of n-BuyNF, THF, 79%; (e) 1.9 equiv of LiCl, 4.0 equiv of collidine, 4.0 equiv of MsCl, DMF, 86%; (f)
t+-BuMe,SiOTT, 2,6-lutidine,CH2Cl,, 76%; (g) 10 equiv of NaH, benzene, 11%.

OSit-BuMe,
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o / "¢

H
H
H

¢ o
OSit-BuMe, Me
—’\kMe Ve 5
O “Me

Me

{-BuMe,SiO

Figure 2.

more vigorous conditions. In 1972 it was reported®’ that
substituted and unsubstituted oxindoles could be reduced to the
corresponding indole in high yields with borane in THF at O
°C. Oxindole 34 was subjected to these conditions (1.0 M BHa/
THF, Aldrich), but with no reaction. However, when oxindole
34 was treated with 1.6 equiv of NaBH,4 and 3.5 equiv of BF3¢-
OEt; in THF for 1 day (0 °C to room temperature), the desired
indole 35 was obtained in 43—50% yield. The indole 35 was
treated with a warm solution of TBDMSCI and imidazole in
DMF, to provide the required O-silylated indole, which was
easily converted to the gramine 36 through the well-known
Mannich procedure (Scheme 3).

Construction of the Bicyclo[2.2.2] Ring System. To probe
the stability of the dioxepin—indole in subsequent transforma-
tions, a model study involving the previously synthesized
racemic piperazinedione 383 was investigated (Scheme 4).
Indole 36 was condensed with the piperazinedione 38 following
the Somei/Kametani conditions'® to give the desired syn product
39 (a racemic mixture of two diastereomers) in 51% yield. The
relative stereochemistry of this substance was evident by an
examination of the !H NMR spectrum. There is a large upfield
shift of the proline ring protons of 39 (6 Ha, Hb, He; 0.03—
0.19 (m), 0.43—0.52 (m), 0.62—0.72 (m) ppm). It is well-
known that N-alkylated piperazinediones prefer to adopt a boat-
like conformation due to the planar geometry of the amides and
A-1,3 steric interactions of N-alkyl residues. This forces the

substituents on the amino acid o-carbons to adopt either
pseudoaxial or pseudoequatorial dispositions. In conformer B
(Figure 2) the carbomethoxy group is sterically congested by
the bulky isopentenyl group, favoring the alternate boat
conformer (A), which positions the indole ring under the
piperazinedione, positioning the two pyrrolidine protons Ha and
Hb directly over the shielding cone of the aromatic indole ring
system; the corresponding anfi-isomer cannot adopt this type
of conformation. Furthermore, a consideration of the mecha-
nism of the Somei/K ametani reaction!® supports the expectation
that the syn-isomer (39) should be the major product. The
gramine derivative (36) reacts with tributylphosphine to form
a bulky (tributylphosphino)indole intermediate that can only
approach from the less congested face of the piperazinedione
enolate, away from the isopentenyl moiety.

A similar phenomenon was observed when 39 was subjected
to the decarbomethoxylation procedure (LiCl, H,O, HMPA)
directly. The two main products isolated were the syn-isomer
40 and the anfi-isomer 41, in a ratio of 3.3:1.0 (Figure 3). These
stereochemical assignments were made by comparing the 'H
NMR spectral data of 40 and 41. There was a pronounced
upfield shift of three pyrrolidine ring protons in compound 41,
a shift that is not observed for diastereomer 40.

Piperazinedione 39 was first converted to the BOC-protected
indole 42, which was subsequently subjected to a decar-
bomethoxylation reaction supplying the syn-diastereomer 43 as

(37) Sirowej, H.; Khan, S. A.; Plieninger, H. Synthesis 1972, 84.

(38) Williams, R. M.; Glinka, T. Tetrahedron Lett. 1986, 27, 3581.

UTC_REM_II_000001722



5628883 AL ¥09A998 GS-4L Il Document 42-4  Filed 07/07/15 Page 36 of 148.RagelD: 927

OSit-BuMe,

OSit-BuMe, OSit-BuMe,

\> 10eq LiCl,
N
: HMPA, 3.0eq
MeO : ,
° ﬁ)ﬁ( H0, 2h
0
NH P
0
Me
Mh: o Mé 0 Me 0
e .
+BUMeSIO (£)-39 rEUMeSIOT 40 (3g%)  TBUMeSIO 41 (11%)
Figure 3.
Scheme 5¢
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Me
o)
Me 52
1-BuMe,SiO

o]
NH O NH
Me Me
Mé o} Me 0
‘ 53, (SYNY) ,, , 60, (SYN-)
+BuMe,Si0 54, (ANT}) TBUMe:SIO 61, (ANTH)

o o)
o NBOC o NBOC
Me Me
Mzg\/o Mzg\/o
HO 62, (SYN,) HO 64, (SYN-)
83, (ANTI) 65, (ANT)

@ Reagents and conditions: (a) 3.8 equiv of CAN (0.33 M), 2:1 CH3CN/H2O, 2 h, 79%; (b) (i) 2 equiv of NaBH,, EtOH; (ii) ~BuPh,SiCl, im,
DMEF, 75%; (¢) (1) 1.0 equiv of #n-BuLi, 1.1 equiv of MeOCOCI, —78 °C; (ii) 2.2 equiv of LiN(SiMes),, 1.1 equiv of MeOCOCI, THF, —100 °C,
93%; (d) 36, 0.5 equiv of PBus, CH3CN, reflux, 73%; (e) LiCl, HMPA, 100 °C (syn/anti 3:1), 89%; (f) Me;OBF,, Na,COs, CH,Cl; (syn, 81%; anti,
62—71%), (g) (i) BOC,0, DMAP, Et;N, CHyCly; (ii) n-BusNF, THF (syn, 90%; anti, 85%); (h) NCS, Me.S (syn, 74—81%; anti, 86%).

the major product. Compound 43 (the minor, anfi-diastereomer
was not utilized) was desilylated to provide the diol 44, which
was converted to the allylic chloride 45. Careful treatment of
45 with --BuMe;SiOTT, to prevent transesterification of the BOC
groups,® gave the desired product 46 in 76% yield. Allylic
chloride 46 was subjected to 10 equiv of NaH in refluxing
benzene, but the reaction proved extremely sluggish. After 5
days, the desired product 47 was obtained in a poor 11% yield
(19% based on recovered 46; accompanied by extensive
decomposition). The syn-isomer 47 was the only stereoisomer
formed in this reaction; the corresponding anti-isomer was not
detected. While this reaction demonstrated the potential viability
of the stereoselective intramolecular Sy2’ reaction, work on the
racemic model system was halted, due to the low yield in this

(39) Sakaitani, M.; Ohfune, Y. J. Am. Chem. Soc. 1990, 112, 1150.

key transformation coupled with perceived difficulties associated
with removing the N-p-methoxybenzyl group.

Total Synthesis of (+)-Paraherquamide B. Starting from
the known piperazinedione 48 (prepared in eight steps from (S)-
proline),!! the enal 49 was obtained in 79% yield by treatment
of 48 with a 0.33 M solution of ceric ammonium nitrate (Scheme
5).4% The resulting product (49) was reduced with NaBH,4 and
protected with +-BuPh,SiCl in a two-step process to give the
silyl ether 50 in 75% yield. Compound 50 was then subjected
to a two-step, one-pot acylation providing the required substrate
51 in 93% yield. The crude material was a mixture of epimers
in a ratio of approximately 4:1 (syn:anti). Interestingly this
mixture had a tendency to epimerize during column chroma-

(40) Yoshimura, J.; Yamaura, M.; Suzuki, T.; Hashimoto, H. Chem. Lett.
1983, 1001.
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tography, resulting in an increase in the proportion of the syn-
isomer. The two products were combined and condensed with
the gramine 36 providing the indole 52 in 73% yield as a mixture
of two diastereomers (epimeric at the secondary alcohol
stereogenic center). Interestingly, the imidic carbamate group
was also cleaved in the course of this reaction. Compound 52
was subjected to the decarbomethoxylation procedure, affording
a 3:1 mixture of 53 (syn) and 54 (anti) in 89% combined yield.

The lactam 33 could be converted to the N-BOC-protected
allylic chloride 55 in four steps and in good overall yield
(Scheme 6), but numerous attempts to effect the Sy2” reaction
on this substrate failed. These reactions were capricious and
were accompanied by the occasional appearance of the spiro-
lactones 56 and 57, formed in low yield <5% (Figure 4). It
seems likely that the failure of 55 to cyclize in the desired
fashion can be attributed to nonbonding interactions between
the tert-butoxycarbonyl group and the pendant dioxepin in-
dole. -2

These observations dictated that a suitable amide protecting
group would have to be selected that was less electron
withdrawing and less sterically demanding than both the fert-
butoxycarbonyl and the p-methoxybenzyl groups. The loss of
the lactam methoxycarbonyl group in the alkylation of 51 with
the gramine 36 was presumably due to N — N acyl transfer to
dimethylamine, a byproduct of the Somei/Kametani reaction.
This appears to be a general reaction that was used to selectively
deprotect the N-fert-butoxycarbonyl group of 58 without de-
blocking the N-tert-BOC-protected indole. Thus, refluxing a

(41) The formation of the two spiro compounds 56 and 57 is presumably
due to the increased electrophilicity of the N-acylated amide. Apparently,
trace moisture in the reaction mixture caused the production of hydroxide,
which then hydrolyzed the reactive amide bond. The resulting carboxylic
acid cyclized in an Sy2” fashion, furnishing the spiro lactones.

(42) (a) Giovannini, A.; Savoia, D.; Umani-Ronchi, A. J. Org. Chem.
1989, 54, 228. (b) Flynn, D. L.; Zelle, R. E.; Grieco, P. A. J. Org. Chem.
1983, 48, 2424.

t-BuMe,SiO

solution of 58 and Me,NH in CH3CN furnished compound 59
in 92% yield*® (Scheme 7).

The strategy planned for the reduction of the tertiary amide
called for the protection of the secondary lactam as a lactim
ether,* and this group seemed suitable for use earlier in the
synthesis and appeared compatible with the Sy2” cyclization.
Thus, syn-isomer 53 was treated with 20 equiv (optimum) of
Na,COs3 and 5 equiv of Me3;OBF, in dichloromethane for 4 h,
to yield 81% of compound 60. Even though the next two
reactions could be carried out in a stepwise fashion, it proved
most convenient to convert 60 directly to the protected diol 62
in a one-pot, two-step sequence. Diol 62 was then subjected
to the chlorination procedure successfully used in the conversion
of diol 44 to the allylic chloride 45. Unfortunately, under these
conditions, the reaction failed and the lactim ether was cleanly
deblocked back to the lactam. This problem was finally solved
by following the procedure of Corey,* which called for the
addition of compound 62 to a mixture of N-chlorosuccinimide
and dimethyl sulfide, which yielded the chloride 64 in 81%
yield.

Allylic chloride 64 was reprotected with ~-BuPh,SiOTf to
provide 66 in 77—82% yield. The stage was now set to effect
the Sn2’ reaction. Compound 66 was refluxed in benzene with
20 equiv of sodium hydride, resulting in a very clean and high-
yielding cyclization reaction furnishing the desired product 68
in 93% yield (Scheme 8).

(43) This result is noteworthy, especially in light of a report that tert-
butoxycarbonyl-protected amides are cleaved to the fert-butoxycarbonyl-
protected amines with DEAEA (2-(NV,N-diethylamino)ethylamine) in CH;CN
at room temperature; see: Grehn, L.; Gummarsonn, K.; Ragnarsson, U.
Acta Chem. Scand. B 1987, 41, 18. However, the substrates examined in
that report were all open-chain amides. Interestingly it is known that BOC-
protected lactams can be cleaved by base but it is the amide bond that is
broken as was observed on substrate 55. Recently it has been reported that
Mg(OMe), will also cleave lactam carbamates including BOC-protected
lactams; see: Wei, Z.-Y.; Knaus, E. E.; Tetrahedron Lett. 1994, 35, 847.

(44) Williams, R. M.; Brunner, E. I.; Sabol, M. R. Synthesis 1988, 963.

(45) Corey, E. J; Kim, C. U.; Takeda, M. Tetrahedron Lett. 1972, 13,
4339,
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This last series of reactions was also carried out in parallel
on the anti-isomer 54. Following the same sequence (five steps)
we obtained the fully protected chloride 67 in good yield. The
chloride 67 was then refluxed in benzene with the required
amount of sodium hydride to yield the same product (68, 85%

yield) as that obtained from 66. The yields of 68 from both
routes were very high, and the undesired anti-diastereomer was
not detected. The high degree of facial selectivity observed in
the cyclizations to 68 and 47 is quite interesting and warrants
some comments. It is generally accepted that Sy2’ reactions
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favor a syn orientation® (i.e., the incoming nucleophile attacks
the s-electrons from the same face as the departing leaving
group, polarizing the 7-system in the proper orientation for a
“backside” displacement on the C—Cl bond). Alternatively, a
frontier molecular orbital analysis has indicated*? that the
stabilization imparted by a HOMOu—LUMO,y;. interaction
is greater for the syn overlap. While the greatest level of
diastereoselectivity was observed with a nonpolar aprotic solvent
(benzene), a fairly significant change in the relative amounts
of the syn- and anti-diastereomers can be realized by simply
changing the solvent to a more polar solvent such as DMF.!! In
the present system, additional stabilization for the endo transition
state may be due to the formation of a tight contact ion pair
between the chlorine atom and sodium atom of the enolate
species (see A, Scheme 8) in the transition state for the formation
of the C—C bond.#” The poor ligating solvent benzene is not
capable of effectively solvating the enolate cation nor the
developing chloride anion in the transition state. It is reasonable
that this type of association favors the rotamer that positions
the allylic chloride moiety over the enolate, resulting in the
desired syn stereochemistry.

With the bicyclo[2.2.2] ring system constructed in a reliable
and high-yielding sequence, attention was turned to the final
C—C bond-forming reaction on the indole. Due to the strongly
acidic conditions that were used previously for a related
cyclization reaction in the brevianamide synthesis, it was
assumed that the silyl ether, the ferz-butoxycarbonyl protecting
group, and the lactim ether would be removed during this
cyclization reaction. Subjecting compound 68 to the standard
conditions (dilute, aqueous HCI in dioxane at 10 °C)!1L19-%
resulted in extensive decomposition, and none of the desired
cyclized product was ever detected. The reaction conditions
were extensively varied using different acids and temperatures,
but the only recognizable products were those stemming from
the loss of protecting groups. The problem might be attributed
to the enhanced basicity of the indole at the 2-position (indole
numbering) caused by the electron-donating oxygen atoms in
the aromatic ring. If protonation at the 2-position is kinetically
competitive with olefin protonation, cyclization would be
precluded.

A search of the literature revealed a 1982 Trost and Fortunak
paper*® wherein PdCl, and AgBF, were utilized to effect the

(46) (a) Magid, R. M.; Fruchey, O. S.; Johnson, W. L.; Allen, T. G. J.
Org. Chem. 1979, 44, 359. (b) Magid, R. A. Tetrahedron 1980, 36, 1901.

(47) The idea that the stereochemical outcome of an intramolecular
enolate alkylation is determined by chelation in the transition state was
recently demonstrated by Denmark and Henke, who observed a marked
preference for a “closed” transition state (coordination of the cationic
counterion to an enolate and the developing alcohol) resulting in a syn
product. For example, the highest syn:anti ratio (89:11) was obtained in
toluene and the lowest syn:anti ratio (2:98) was obtained with a crown
ether. These observations parallel the facial selectivities described herein
and in ref 11 on the intramolecular Sy2” reaction; see: (a) Denmark, S. A.;
Henke, B. R. J. Am. Chem. Soc. 1991, 113, 2177. (b) Denmark, S. A
Henke, B. R. J. Am. Chem. Soc. 1989, 111, 8022.

(48) (a) Hutchison, A. J.; Kishi, Y. J. Am. Chem. Soc. 1979, 101, 6786.
(b) Guller, R.; Borschberg, H.-J. Tetrahedron Lett 1994, 35, 865.

(49) Trost, B. M.; Fortunak, J. M. D. Organometallics 1982, 1, 7.

1-BuMe,SiO,

Me
Me

Heck-type cyclialkylations of various isoquinuclidine model
compounds. Compound 68 was exposed to these conditions,
affording the heptacycle 69 in 63—82% yields. During the
course of the reaction, the lactim ether moiety was cleaved,
restoring the free, secondary amide.’® The main byproduct of
this reaction was the uncyclized free lactam 68a (Figure 5),
which curiously did not cyclize to 69 when subjected to the
same conditions. It was also observed that the lactim ether
protected heptacycle 71 could not be deblocked to the free
lactam 69 with PdCl, and AgBF,4 alone, implying that the
cleavage of the lactim ether is due to the tetrafluoroboric acid
produced in the cyclization, and that the cyclization occurs prior
to lactim ether cleavage.

Trost and Fortunak speculated* that the cyclization mecha-
nism was either a Heck-type arylation or the electrophilic
aromatic substitution of a palladium-complexed olefin, and there
was evidence to support both mechanistic possibilities. It is
possible that the palladium chloride and the silver tetrafluo-
roborate react to form a powerful Lewis acid, since an incubation
period involving these two reagents is needed prior to the
introduction of the substrate. It was reported*® that there is no
reaction with other mixed-metal systems involving palladium
chloride (e.g., boron trifluoride, aluminum chloride, stannous
chloride, stannic chloride, titanium trichloride). The enhanced
basicity (nucleophilicity) at the 2-position of indole 68 renders
this substance perfectly disposed to undergo a Heck-type
arylation reaction.

There are several reports of methods that will selectively
reduce a tertiary amide in the presence of a secondary amide.>!
The secondary lactam of 69 was protected as the lactim ether
71 and treated with diborane; however, the spectral character-
istics of the major products isolated were consistent with
reduction of both the tertiary amide and the lactim ether. In
1991 Martin et al.>? successfully used alane to reduce a tertiary
amide in the presence of an oxindole (secondary amide) relying
on the known rate difference for reduction between these two
groups.>> However, initial experiments with this reagent gave
poor results, with the secondary amide undergoing reduction
along with the tertiary amide. Compound 69 (and 71) is
sufficiently twisted such that the gem-dimethyl groups ef-
fectively block the fB-face of the tertiary amide (Figure 6),

(50) (a) Ashimori, A.; Overman, L. E. J. Org. Chem. 1992, 57, 4571.
(b) Karabelas, K.; Westerlund, C.; Hallberg, A. J. Org. Chem. 1985, 50,
3896. (¢) Cava, M. P.; Kevinson, M. L. Tetrahedron 1985, 41, 5061 and
literature cited therein.

(51) In a recently reported synthesis of gelsemine, a tertiary lactam was
reduced in the presence of a secondary lactam with DIBAH. However, this
reagent failed on substrates 69; see: Dutton, J. K.; Steel, R. W.; Tasker, A.
S.; Popsavin, V.; Johnson, A. P. J. Chem. Soc., Chem. Commun. 1994,
765.

(52) Martin, S. F.; Benage, B.; Geraci, L. S.; Hunter, J. E.; Mortimore,
M. J. Am. Chem. Soc. 1991, 113, 6161.

(53) (a) Yoon, N. M.; Brown, H. C. J. Am. Chem. Soc. 1968, 90, 2927.
(b) Marlett, E. M.; Park, W. S.; J. Org. Chem. 1990, 55, 2968. (¢) Jorgenson,
M. I. Tetrahedron Lett. 1962, 559. (d) Another very recent synthesis of
gelsemine reported the reduction of the same gelsemine precursor (as in
ref 51) with AlH3. Newcombe, N. I.; Fang, Y.; Vijn, R. I.; Hiemstra, H.;
Speckamp, W. N. J. Chem. Soc., Chem. Commun. 1994, 767.
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leaving the o-face relatively unencumbered. However, a
modification of the alane procedure®? proved satisfactory for
this transformation. The piperazinedione 69 was pretreated with
AlEt;, with the expectation that this Lewis acid would form a
complex with the more exposed secondary lactam (69a, Figure
6) and leave the tertiary lactam accessible for reduction.

Following 10 min of precomplexation with AlEts, 5 equiv
of AlH3;—Me,NEt complex was added, followed by quenching
with NaCNBH3, acetic acid, and methanol to provide the desired
amine 70 in 63% yield. Compound 70 was smoothly alkylated
with methyl iodide, affording the N-methylated product 72 in
95—98% yield. Compound 72 was subsequently deblocked with
80 equiv of TFA in CHxCl5 to yield the penultimate heptacycle
73 in 97% (Scheme 9).

The stage was now set for the final transformations involving
the oxidative pinacol-type rearrangement and dehydration. Due
to the difficulties encountered in the attempted cationic cycliza-
tion on the indole (cf. 68 — 69), there was concern about the
reactivity of the indole ring toward the electrophilic reagents
that would be utilized in the oxidative pinacol-type reaction.
There was the possibility that the electron-donating oxygen
atoms on the indole ring would hinder the acid-catalyzed
rearrangement of, for example, an intermediate chloroindole-
nine,> similarly to the way that strong acid hindered the cationic
cyclization.®® When compound 73 was treated with fert-butyl
hypochlorite and triethylamine, there was an almost an instan-
taneous reaction resulting in the total disappearance of starting
material and the appearance of two new components (*1:2 ratio
as evidenced by 'H NMR analysis) that were presumed to be
the expected diastereomeric chloroindolenines. When this
mixture was subjected to the standard rearrangement procedure
employing a refluxing solution of acetic acid, water, and
methanol, these substances slowly decomposed (many bands
in the PTLC).¢

Since the tertiary amine of 73 might react with the chlorinat-
ing reagent and was thus considered to be a possible culprit in
these oxidations, an attempt to effect the pinacol-type rear-

(54) (a) Gaskell, A. J.; Radunz, H. -E.; Winterfeldt, E. Tetrahedron Lett.
1970, 5361. (b) Winterfeldt, E.; Gaskell, A. J.; Korth, T.; Radnuz, H.-E.;
Walkowiak, M. Chem. Ber. 1969, 102, 3558. (¢) Hollinshead, S. P
Grubisha, D. S.; Bennett, D. W.; Cook, J. M. Heterocycles 1989, 29, 529.

(55) Concern about this possible difficulty was somewhat ameliorated
by the knowledge of an alternative procedure that employed OsO,—pyridine.
See: (a) Takayama, H.; Kitajima, M.; Ogata, K.; Sakai, S. J. Org. Chem.
1992, 57, 4583. (b) Takayama, H.; Odaka, H.; Aimi, N.; Sakai, S.
Tetrahedron Lett. 1990, 38, 5483. (¢) Takayama, H.; Masubuchi, K.;
Kitajima, M.; Aimi, N.; Sakai, S. Tetrahedron 1989, 45, 1327. (d) Fu, X.;
Cook, J. M. J. Org. Chem. 1993, 58, 661. See also: (e) Takayama, H.;
Tominaga, Y.; Kitajima, M.; Aimi, N.; Sakai, S. J. Org. Chem. 1994, 59,
4381.

(56) Similar problems were observed during the total synthesis of
isopteropodine and pteropodine; see: Martin, S. F.; Mortimore, M.
Tetrahedron Lett. 1990, 31, 4557. In this system, the solution involved
treating the chloroindolenines with silver perchlorate in methanolic per-
chloric acid. This method was attempted on substrate 73, but unfortunately
it failed to produce any desired product.

rangement before the amide reduction step was investigated.
Thus, piperazinedione 69 was readily deblocked with TFA to
provide the amide 76 in 95% yield (Scheme 10). This substance
was treated with ~BuOCI and EtsN in the same manner as
before, producing two products 77/78 (=1:4 ratio). Using a
milder MeOH/H>O/AcOH system (stirring at room temperature),
an oxindole compound 79 was formed in 29% yield. Although
this result was encouraging, this substance appeared to possess
the incorrect relative stereochemistry at the spiro-ring juncture.
This assignment was supported by comparing the 'H NMR
spectra of 79 and an authentic sample of (—)-paraherquamide
B (1). The gem-dimethyl signals of 79 were shifted upfield,
indicating that one methyl group is in the shielding cone of the
oxindole carbonyl.

After a careful reexamination of the decomposition products
obtained from the attempted pinacol-type rearrangement of 73,
it was determined that there were mainly two decomposition
pathways, and that they were in direct competition with the
desired process. These two pathways involve the intermediacy
of an oxonium-stabilized tertiary carbocation (at C-3 of the
indole) that decomposes to quinone-type products. Additionally,
products were isolated whose spectral characteristics were
consistent with an elimination process followed by nucleophilic
reaction with the solvent at the tryptophan benzylic carbon.

In the classical pinacol rearrangement there is a distinct
carbonium ion intermediate, but recent studies have shown that
this may in fact be more of a concerted process’’ and,
furthermore, that the nature of the solvent can have an impact
on which of the two processes, concerted or stepwise, will
predominate. There have been conflicting reports in the
literature on whether this type of rearrangement is, at all times,
stereospecific.’®* A detailed study® involving the isolation
and separation of the two diastereomeric chloroindolenines
derived from yohimbine demonstrated that this reaction can be
entirely stereospecific. Altematively, by increasing the solvating
power of the reaction medium, each of these chloroindolenines
formed two rearranged products, indicating that the reaction
went (at least in part) by way of a carbocationic intermediate.
This is consistent with the observed production of 79 from 77
and 78. A less polar solvent system should minimize the side
reactions involving carbocation intermediates and, at the same
time, should increase the stereospecific nature of the pinacol-
type rearrangement. Thus, treatment of 73 with #~BuOCI and
Et3N in CH,Cl, provided the two chloroindolenines 74 and 75
(®22.25:1 ratio, respectively). The solvent was removed, and
the crude reaction mixture was refluxed with a solution of 95%
THF, 4% H,O, and 1% TFA, giving a 62% yield of oxindole
products (43% of the desired 80 and 19% the epi product 81).%°
The C-3-epi-isomer (81) was easily distinguishable from the
desired isomer (80) by the upfield shift of the gem-dimethyl
signals in the 'H NMR spectrum. The relative amounts of
products (80 and 81) indicate that the cyclization was stereospe-
cific under these conditions. It was thus deduced that an
increase in the ratio of the desired oxindole 80 to the undesired

(57) Osamura, Y.; Nakamura, K. J. Am. Chem. Soc. 1993, 115, 9112.

(58) Parker, A. J. Chem. Rev. 1969, 69, 1.

(59) (a) Owellen, R. J.; Hartke, C. J. Org. Chem. 1976, 41, 102. (b)
Kuehne, M. E.; Roland, D. M.; Hafter, R. J. Org. Chem. 1978, 43, 3703.
(¢) Awang, D. V. C.; Vincent, A.; Kidack, D. Can. J. Chem. 1984, 62,
2667.

(60)
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t-BuOCI, py,

-15°C,
isomer 81 could be achieved simply by finding a method that supposition that was supported by the difficulties encountered
would increase the ratio of chloroindolenines (74:75). The in the reduction of 71 and 69. Increasing the steric bulk of the
a-face of 73 is considerably more hindered than the S-face, a chlorinating agent should favor attack on the S-face of 73, thus
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Figure 7.

providing a greater relative amount of chloroindolenine 74.
When 73 was treated with #~BuOCI in pyridine instead of
triethylamine, the desired chloroindolenine 74 was produced in
a much more stereoselective fashion. It can be speculated that
tert-butyl hypochlorite forms a bulky complex with pyridine,
delivering the chlorine more selectively to the least hindered
o-face of 73 (only a small amount, ~5%, of the undesired
isomer 75 was formed under these conditions (Scheme 11)).

Employing a minor modification of the solvent system, the
crude mixture of 74/75 was refluxed with a solution of 90%
tetrahydrofuran, 10% H,O containing 15 equiv of p-toluene-
sulfonic acid to give the desired oxindole 80 in 76% yield (from
73), with only 4% of the undesired 81 being formed.

The stereospecific conversion of the chloroindolenines into
the corresponding oxindoles requires that the water molecule
attack the imine from the same face as the chlorine atom. Anti
attack on the imine is not as likely because of certain
stereoelectronic effects.>* The addition of water to the 3-face
of 74 situates the six-membered ring adjacent to the indole ring
in a stable chair conformation that would also place the C—Cl
bond and the migrating (CH3),CC group in an unfavorable syn
alignment. Conversely, the addition of water to the a-face of
compound 75 would result in an unfavorable boat conformation
that would also place the C—Cl bond and the migrating (CH3)-
CC group in an unfavorable syn alignment. Thus, the major
isomer 74 must either (1) suffer kinetically controlled attack
by water on the same face of 74 as the chlorine atom, which
aligns the migrating group and the C—Cl bond in a stereoelec-
tronically favorable anti orientation, or (2) undergo reversible
attack by water from either face, with only the correct
carbinolamine, which aligns the migrating group and the C—Cl
bond in a stereoelectronically favorable anti orientation, rear-
ranging irreversibly to the oxindole.

The final dehydration reaction (MTPI, DMPU, 18 h) on the
alcohol 80 produced (+)-paraherquamide B (12) in 79% yield
(Scheme 9). This substance proved to be identical to the natural
product by comparison of the 'H and 13C NMR spectra, mobility
on TLC, IR spectra, mass spectra, and UV spectra. Comparison
of the CD spectra of the natural (—)-paraherquamide B (2) and
the synthetic (+)-paraherquamide B (12) (Figure 7) confirmed
the expected enantiomeric relationship between these two
products.

Conclusion

The first stereocontrolled, asymmetric total synthesis of (+)-
paraherquamide B has been completed. The synthesis is

convergent, starting from (S)-proline and vanillin with an overall
yield of 1.4% from (S)-proline.

Key features of this synthesis include (1) a new method to
effect reduction of unprotected oxindoles to indoles; (2) a
complex application of the Somei/Kametani reaction that
concomitantly effected a desired decarbomethoxylation; (3) a
high-yielding and entirely stereocontrolled intramolecular Sy2’
cyclization reaction; (4) a mild Pd(II)-mediated cyclization
reaction that concomitantly deblocked a lactim ether protecting
group; and (5) the chemoselective reduction of a highly hindered
tertiary lactam in the presence of an unhindered secondary
lactam, utilizing precoordination of the more reactive secondary
lactam to triethylaluminum.

Experimental Section

General information. Melting points were determined in open-
ended capillary tubes and are uncorrected. 'H and 3C NMR spectra
were recorded on either a Bruker WP-270SY 270 MHz or a Bruker
AC300P 300 MHz NMR spectrometer. Chemical shifts are reported
in ppm relative to CHCl; at ¢ 7.24 or TMS at 6 0.0. IR spectra were
recorded on a Perkin-Elmer 1600 FT IR spectrometer. Mass spectra
were obtained on a V. G. Micromass Ltd. Model 16F spectrometer.
The CD spectrum was obtained on a Jasco J710 spectropolarimeter.
High-resolution mass spectra were obtained from the Midwest Center
for Mass Spectrometry Department of Chemistry, University of
Nebraska—Lincoln, Lincoln, NE. Elemental analyses were obtained
from M-H-W Laboratories, Phoenix, AZ. Optical rotations were
recorded on a Perkin-Elmer 24 polarimeter at a wavelength of 589 nm
using a 1.0 dm cell of 1.0 mL total volume.

Column chromatography and flash column chromatography were
performed with silica gel grade 60 (230—400 mesh). Radial chroma-
tography was performed with a Harrison Research Chromatotron Model
7924 using E. Merck silica gel 60 PF-254 containing gypsum; 1, 2, 4,
and 8 mm plates were used as needed. Preparatory thin layer
chromatography (PTLC) was carried out with Merck Kieselgel 60 Fasy
precoated glass plates (either 0.25 or 0.50 mm), visualization was carried
out with ultraviolet light and/or heating with a solution of 5—7%
phosphomolybdic acid; staining with I,; vanillin; or Dragendorf.

All solvents were commercial grade and were distilled and dried as
follows: tetrahydrofuran (THF) from sodium benzophenone ketyl;
diethyl ether from sodium benzophenone ketyl; carbon tetrachloride
from calcium hydride; dioxane from sodium; benzene from sodium
benzophenone ketyl; dichloromethane from calcium hydride; acetonitrile
from P,Os, DMF was dried and stored over 3 A molecular sieves, as
were benzene and toluene. HMPA was dried and stored over 4 A
molecular sieves. Dimethyl sulfide, 2,6-lutidine, triethylamine, and
pyridine were all distilled prior to use. Phenylselenium chloride was
purified by sublimation. N-Chlorosuccinimide (NCS) was recrystallized
from benzene. LiCl was dried and stored in the oven. All other
reagents were commercial grade and used without further treatment.
Abbreviations are used throughout: N,N-dimethylformamide (DMF),
acetic acid (AcOH), di-fert-butyl dicarbonate ((BOC),0); methyltriph-
enoxyphosphonium iodide (MTPI); ethyl acetate (EtOAc); m-chlorop-
erbenzoic acid (m-CPBA), (N,N-dimethylamino)pyridine (DMAP);,
hexamethylphosphoramide (HMPA); ceric ammonium nitrate (CAN),
methanesulfonyl chloride (MsCl); N-chlorosuccinimide (NCS); trif-
luoroacetic acid (TFA); dimethylethylamine (DMEA), imidazole (im),
1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU).

2-[(3-Methyl-2-butenyl)oxy|phenol (24). To a stirred, cold (0 °C),
dark solution of catechol (2.07 g, 18.8 mmol, 5.0 equiv) in DMF (65
mL) in a reaction vessel that had been flushed with Ar was added
anhydrous K,COj3 (0.520 g, 3.76 mmol, 1.0 equiv). After 5 min, prenyl
bromide (0.441 mL, 3.76 mmol, 1.0 equiv) was added dropwise. The
reaction mixture was kept at 0 °C for ~6 h and stirred at room
temperature for an additional 18 h. The mixture was then poured into
a separatory funnel, diluted with H,O (100 mL), and extracted five
times with CH,Cl,. The organic layer was washed with brine, dried
over MgSQ,, and evaporated to dryness. The residue was purified by
radial chromatography (eluted with 1% ethyl acetate/hexanes) to give
479 mg (71%) of 24 as a colorless oil. An analytical sample was
obtained by PTLC on silica gel (eluted with hexanes).
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'H NMR (300 MHz) (CDCl3): 6 TMS 1.74 (3H, s), 1.80 (3H, s),
4.57 (2H, d, J = 6.8 Hz), 5.49 (1H, m), 5.70 (1H, s, D,0 exch), 6.82—
6.92 (4H, m). IR (NaCl, neat): 3533, 2932, 1612, 1502, 1467, 1385,
1259, 1221, 1106, 997, 743 cm™!. Mass spectrum (EI): m/e (relative
intensity) 178 (11), 161 (11), 110 (78), 69 (67), 32 (100). Microanalysis
caled for C1H4O;: C, 74.13; H, 7.92 Found: C, 73.88; H, 8.00.

(%)-3,4-Dihydro-2,2-dimethyl-3-(phenylseleno)-2 H-benzodiox-
epin (25). A solution of phenylselenium chloride (117.8 mg, 0.615
mmol, 1.05 equiv) in EtOAc (4.1 mL, 0.15 M) was slowly added (~1
mmol/h) to a stirred solution of 24 (104.4 mg, 0.58 mmol, 1.0 equiv)
in EtOAc¢ (3.90 mL, 0.15 M) at —75 °C under Ar. This mixture was
allowed to warm to room temperature and was stirred for a total of 17
h. The solution was poured into a separatory funnel and washed twice
with H,O and once with brine. The organic layer was dried over
MgSO; and evaporated to dryness. The residue was purified by PTLC
(eluted with 1:3 hexanes/benzene) to afford 62.1 mg (32%) of 25. An
analytical sample was obtained by PTLC (eluted with hexanes, and
then distilled under reduced pressure).

'H NMR (300 MHz) (CDCls): 6 TMS 1.28 (3H, s), 1.76 (3H, s),
3.62 (1H, dd, J = 3.4, 10.3 Hz), 4.17 (1H, dd, J = 10.3, 12.6 Hz),
440 (1H, dd, J = 3.5, 12.6 Hz), 6.94—6.98 (4H, m), 7.30—7.34 (3H,
m), 7.59—7.62 (2H, m). IR (NaCl, neat): 2986, 1491, 1256, 1088,
1000 cm™!. HRMS (EI): m/e 334.0473 (C17H1s02Se requires 334.0472).

2,2-Dimethyl-2H-1,5-benzodioxepin (26). To a stirred solution of
25 (61.7 mg, 0.185 mmol, 1.0 equiv) in THF (3 mL) was added H,O,
(0.21 mL, 0.5 mmol, 10 equiv) at 0 °C. The resulting solution was
stirred for 0.5 h and then brought to reflux temperature for 0.5 h. The
mixture was poured into a separatory funnel, diluted with water, and
extracted with ether. The ethereal solution was washed with brine,
dried over MgSOQs, and evaporated to dryness. The residue was purified
by PTLC (eluted with 1:3 hexanes/EtOAc) to afford 16.0 mg (49%) of
26 as a pale yellow oil (see data below).

Compound 26 was also obtained from 28 as follows: To a solution
of 28 (76.2 mg, 0.39 mmol, 1.0 equiv) in HMPA (2 mL) under N at
room temperature was added MTPI (291.5 mg, 0.64 mmol, 1.6 equiv)
all at once. After being stirred for 1 day, the mixture was poured into
a separatory funnel containing 1 M NaOH and was extracted with ether.
The organic layer was washed with brine and dried over MgSO,.
Evaporation gave a crude yield of 163.5 mg. The crude product was
purified by radial chromatography (eluted with 1:10 EtOAc/hexanes,
then 1:5 EtOAc/hexanes) to afford 46 mg (66%) of 26.

IH NMR (300 MHz) (CDCl5): 6 TMS 1.42 (611, s), 4.81 (1H, d, J
= 7.8 Hz), 630 (1H, d, J = 7.8 Hz), 6.95—7.06 (4 I, m). IR (neat):
2978, 1654, 1587, 1495, 1311, 1242, 750 em~. HRMS (EI): mre
176.0835 (C1,H1,0: requires 176.0837).

(£)-2-[(3,3-Dim ethyloxiranyl)methoxy]phenol (27). To a solution
of 24 (1.31 g, 7.35 mmol, 1.0 equiv) in CH,Cl; (40.0 mL) under N, at
0 °C was added NaHCO; (803 mg, 9.56 mmol, 1.3 equiv) followed by
m-CPBA (1.27 g, 7.35 mmol, 1.0 equiv). After 1.5 h additional
NaHCO; (812 mg, 9.66 mmol, 1.21 equiv) and m-CPBA (1.26 g, 7.35
mmol, 0.99 equiv) were added. This mixture was kept stirring at 0 °C
for 2 h, when more NaHCO; (778 mg, 9.27 mmol, 1.3 equiv) and
m-CPBA (1.12 g, 6.49 mmol, 0.88 mmol) were added. After 2 h, the
cold mixture was filtered to remove the solids. The filtrate was washed
three times with 10% Na,S,0; and three times with brine, dried over
MgSOs, and evaporated to dryness to afford 1.41 g (99%) of 27. An
analytical sample was recrystallized from toluene to give a glassy solid,
mp 36—37 °C.

'H NMR (270 MHz) (CDCl3): 6 TMS 1.37 (3H, s), 1.41 (3H, s),
3.18 (1H, dd, J = 4.2, 6.3 Hz), 4.07 (1H, dd, J = 6.4, 11.0 Hz), 4.28
(1H, dd, J = 4.2, 11.0 Hz), 5.78 (1H, s, D;O exch), 6.81—6.97 (4H,
m). IR (NaCl, neat): 3413, 2966, 1590, 1502, 1267, 744 cm™'.
Microanal. Caled for C,H1404: C, 68.02; H, 7.26. Found: C, 67.91;
H, 7.39.

(£)-3,4-Dihydro-2,2-dimethyl-2H-1,5-benzodioxepin-3-ol (28). A
flame-dried flask, flushed with Ar, was charged with dry THF (85.4
mL). Tin tetrachloride (0.85 mL, 7.3 mmol, 1.0 equiv) was then added
dropwise in 5 min. After 10 min a solution of 27 (1.41 g, 7.26 mmol,
1.0 equiv) in dry THF (13.8 mL) was added slowly (dropwise) to the
mixture. The reaction mixture was stirred at room temperature for 20
min, poured into saturated NaHCO;, washed with brine, dried over

MgSO,, and evaporated to dryness. The crude product was purified
by radial chromatography (eluted with 1:7 EtOAc/hexanes) to afford
842 mg (60% or 59% for two steps) of 28 as an oil. An analytical
sample was obtained by PTLC (eluted with 5:1 EtOAc/hexanes, and
then distilled under reduced pressure).

'H NMR (300 MHz) (CDCls3): é TMS 1.20 (3H, s), 1.53 (3H, s),
2.96 (1H, d, J = 11.3 Hz, D,0O exch), 3.58 (1H, ddd, /= 1.1, 4.0, 11.3
Hz), 4.08 (1H, dd, J = 1.1, 12.6 Hz), 4.20 (1H, dd, J = 4.0, 12.6 Hz),
6.98—7.02 (4H, m). IR (NaCl, neat): 3448, 2978, 1596, 1490, 1261
cm™!. Mass spectrum (EI): me (relative intensity) 194 (41), 176 (19),
136 (57), 121 (100), 59 (63). HRMS (EI) m/e 194.0943 (C;;H,405
requires 194.0943).

4-Hydroxy-3-methoxy-2-nitrophenylacetic Acid (30). To a flask
containing 29 (101 g, 397 mmol, 1.0 equiv) at 0 °C was added a solution
of NaOH (63.5 g, 1.59 mol, 4.0 equiv) in H,O (1.4 L). After 10 min,
hydrogen peroxide (49.5 mL, 437 mmol, 1.1 equiv, 30% solution in
water) was added dropwise. The deep purple solution slowly turned
brown during the addition. The mixture was allowed to reach room
temperature and stirred for 24 h. The reaction mixture was then
acidified with concentrated HCI until pH ~ 3, during which CO, was
released and a fine yellow crystalline product precipitated. The mixture
was filtered, washed with cold H,O, and dried to yield 72.6 g (81%)
of 30. An analytical sample was recrystallized from H>O to give bright
yellow needles, mp 161—162 °C (when the reaction was carried out
with 11.9 g of the phenylacetic acid, the yield was 93%).

'H NMR (300 MHz) (acetone-ds). é TMS 2.83 (2H, br s, D,O exch),
3.62 (2H,s), 3.91 (3H, s), 7.10 (2H, s). IR (KBr): 3488, 2958, 2641,
1668, 1533, 1399, 1344, 1296, 1225, 1051, 825 cm™!. Mass spectrum
(ED): mv/e (relative intensity) 228 (M™*, 0.7), 227 (5.8), 166 (10.0), 106
(13.6), 44 (100). Microanal. Caled for CoHoNOg: C, 47.58; H, 3.99;
N, 6.16. Found: C, 47.56; H, 4.06; N, 6.25.

1,3-Dihydro-6-hydroxy-7-methoxy-2 H-indol-2-one (31). A mix-
ture of 30 (23.0 g, 101 mmol, 1.0 equiv) in glacial acetic acid (100
mL) and Pd/C (10%, 1.5 g) was hydrogenated at 40 psi of H, in an oil
bath (80 °C) for 5 h. The mixture was immediately filtered through a
Celite plug and washed with a small amount of warm AcOH. The
flask was kept under suction (cold) until a large quantity of white
product had precipitated. This was filtered to collect the product, when
an additional quantity of product precipitated under suction. This was
collected, and the two crops of white flakes were combined and dried
under reduced pressure to yield 17.2 g (95%) of 31. An analytical
sample was recrystallized from H,O to give white crystals, mp 210—
211 °C.

'H NMR (300 MHz) (CDCls): 6 TMS 3.50 (2H, d, J = 1.0 Hz),
3.87 (3H, s), 5.49 (1H, s, DO exch), 6.60 (1H, d, J = 8.1 Hz), 6.86
(1H, d, J = 8.0 Hz), 7.94 (1H, s, D,O exch). IR (KBr): 3287, 3014,
2953, 1686, 1633, 1504, 1466, 1315, 1163, 637 cm™!. Microanal. Caled
for CoHoNOs: C, 60.33; H, 5.06; N, 7.82. Found: C, 60.51; H, 5.05;
N, 7.60.

1,3-Dihydro-7-methoxy-6-[(tolylsulfonyl)oxy|-2H-indol-2-one. To
a stirred mixture of 31 (321.6 mg, 1.795 mmol, 1.0 equiv) in acetone
(7 mL) at 0 °C under Ar were added K,COs (740.5 mg, 5.358 mmol,
2.98 equiv) and p-toluenesulfonyl chloride (3764 mg, 1.974 mmol,
1.1 equiv). The mixture was stirred for 5 h at 0 °C and 1 h at room
temperature. The reaction mixture was diluted with water and extracted
with EtOAc. The organic layer was washed three times with 1 M
NaOH and once with brine, dried over MgSO,, and concentrated to
dryness. The product, 572.3 mg (96%), was obtained as a rust-colored,
amorphous solid.

'H NMR (270 MHz) (CDCl,): 6 2.47 (3H, s), 3.52 (2H, s), 3.81
(3H, s), 6.70 (1H, d, J = 8.2 Hz), 6.86 (1H, d, J = 8.1 Hz), 7.34 (2H,
d,J=8.1Hz), 7.79 (2H, d, J = 8.3 Hz), 7.85 (1H, s, D,O exch). IR
(KBr): 3172 (br), 1709, 1616, 1496, 1458, 1371, 1338, 1175, 1093,
1050, 1000, 848, 815, 728, 662, 548, cm™!. Mass spectrum (EI): m/e
(relative intensity) 333 (5.0), 269 (1.4), 178 (40), 91 (77), 28 (100).

1,3-Dihydro-7-hydroxy-6-[(tolylsulfonyl)oxy|-2 H-indol-2-one. Bo-
ron tribromide (1.1 mL, 1.1 mmol, 2.0 equiv, 1 M/CHCl,) was added
to a stirred mixture of 1,3-dihydro-7-methoxy-6-[(tolylsulfonyl)oxy]-
2H-indol-2-one obtained above (181.5 mg, 0.54 mmol, 1.0 equiv) in
CH,CI, (4.3 mL) under Ar, at —78 °C. The mixture was stirred for 8
h and stored at —20 °C for 12 h. The mixture was poured into ice/
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water, stirred for 0.5 h, and extracted with EtOAc. The organic layer
was washed with brine, dried over MgSQ., and concentrated to dryness
to give 164.7 mg (95%) of a red solid.

'H NMR (270 MHz) (acetone-ds): 6 TMS 2.45 (3H, s), 3.43 (2H,
d,J = 0.8 Hz), 6.61 (1H, d, J = 8.1 Hz), 6.71 (1H, d, J = 8.1 Hz),
7.46 (2H, d, J = 8.6 Hz), 7.79 (2H, d, J = 8.3 Hz), 8.50 (1H, s, DO
exch), 9.28 (1H, s, D20 exch). IR (NaCl, neat): 3259 (br), 2921, 1698,
1365, 1175, 1142, 728 cm™'. Mass spectrum (EI): m/e (relative
intensity) 319 (3.4), 278 (6.0), 246 (6.7), 163 (49), 139 (73), 91 (100).

1,3-Dihydro-7-[(3-methyl-2-butenyl)oxy]-6-[(tolylsulfonyl)oxy]-
2H-indol-2-one (37). To a stirred solution of 1,3-dihydro-7-hydroxy-
6-[(tolylsulfonyl)oxy]-2H-indol-2-one obtained above (159.4 mg, 0.49
mmol, 1.0 equiv) in DMF (1.5 mL) at 0 °C was added K,CO; (103.5
mg, 0.75 mmol, 1.5 equiv) followed by prenyl bromide (0.09 mL, 0.75
mmol, 1.5 equiv). After 4 h the mixture was poured into water,
extracted with EtOAc, washed with brine, dried over MgSO,, and
concentrated to dryness. The product was purified by radial chroma-
tography (eluted with 3:2 hexanes/EtOAc) to afford 71.9 mg (37%) of
37 as a red solid.

'H NMR (270 MHz) (CDCl3): 6 TMS 1.58 (3H, s), 1.70 (3H, s),
2.45 (3H, s), 3.52 (2H, s), 447 2H, d, J =73 Hz), 535 (1H, t, J =
7.3 Hz), 6.74 (1H, d, J = 8.2 Hz), 6.87 (1H, d, J = 8.1 Hz), 7.32 (2H,
d,J = 8.0 Hz), 7.79 (2H, d, J = 8.3 Hz), 8.61 (1H, s, D,O exch). IR
(NaCl, neat): 3194 (br), 1714, 1627, 1464, 1376, 1196, 1175, 837,
728 cm~!. Mass spectrum (EI): mv/e (relative intensity) 387 (16), 319
(16), 164 (37), 91 (91), 67 (100).

1,3-Dihydro-6,7-dihydroxy-2 H-indol-2-one (32). Boron tribromide
(800 mL, 800 mmol, 2.5 equiv, 1M/CH:Cl,) was added dropwise to a
stirred mixture of 31 (57.3 g, 320 mmol, 1.0 equiv)) in CH,Cl, (640
mL) under N> at —78 °C. The reaction mixture was stirred at —78 °C
for 8 h and was then poured into a large (4 L) beaker containing 1.5 L
of ice/water, stirred for 10 min, and filtered to remove undissolved
product. The remaining liquid was extracted with EtOAc, washed with
brine, and dried over MgSO4. The organic layer was evaporated to
yield the pure product 32, which was combined with the filter cake,
total yield 52.3 g (99%). An analytical sample was recrystallized from
H,O (three times) to give a faint pink crystalline solid, mp 245 °C
dec.

'H NMR (300 MHz) (DMSO-ds): 6 TMS 3.32 (2H. s), 6.36 (1H,
d, J =79 Hz), 648 (1H, d, J = 2.9 Hz), 8.80 (2H, br s, D;O exch),
10.0 (1H, br s, D,O exch). IR (KBr): 3366—3123 (br), 1672, 1649,
1618, 1359, 1265, 1178, 786 cm~!. Microanal. Calcd for CgH,NO;:
C, 58.18; N, 427, N, 8.48. Found: C, 58.34; H, 4.44; N, 8.25.

1,3-Dihydro-6-hydroxy-7-[(3-methyl-2-butenyl)oxy]-2 H-indol-2-
one (33). To a stirred solution of 6,7-dihydroxyoxindole (32) (19.0 g,
115 mmol, 1.0 equiv) in DMF (230 mL) at 0 °C under Ar was added
K,COs5 (159 g, 115 mmol, 1.0 equiv). After 8 min prenyl bromide
(14.8 mL, 127 mmol, 1.1 equiv) was added dropwise. The reaction
mixture was stirred at 0 °C for 6.5 h, poured into a separatory funnel,
diluted with H,O, and extracted with ether. The ethereal solution was
washed with brine, dried over Na,SO,, and evaporated to dryness. The
product was purified by column chromatography (eluted with 3:1
hexanes/EtOAc, then 1:1 hexanes/EtOAc) to yield 14.5 g (54%) of
33. An analytical sample was recrystallized from toluene to give a
red-white solid, mp 111 °C.

'H NMR (300 MHz) (CDCls): 6 TMS 1.65 (3H, s), 1.80 (3H, s),
3.50 (2H, s), 4.47 (1H, d, J = 7.4 Hz), 5.50—5.55 (1H, m), 5.57 (1H,
s, D,O exch), 6.59 (1H, d, J = 8.1 Hz), 6.84 (1H, d, J = 8.0 Hz), 7.77
(1H. s, DO exch). IR (KBr): 3367, 3192, 2971, 1694, 1664, 1635,
1461, 1356, 1286, 1199, 1047 cm~!. Microanal. Calcd for Cy3Hs-
NOs: C, 65.14; H, 6.83; N, 6.33. Found: C, 65.16; H, 6.52; N, 6.07.

(£)-1,3-Dihydro-7-[(3,3-dim ethyloxiranyl)m ethoxy]-6-hydroxy-
2H-indol-2-one. To a stirred solution of 33 (14.5 g, 62.1 mmol, 1.0
equiv) in CHyCl, (620 mL) were added NaHCOs; (5.7 g, 68.3 mmol,
1.1 equiv) and m-CPBA (10.7 g, 62.1 mmol, 1.0 equiv). The mixture
was stirred for 1 h, and an additional amount of each reagent was added,
NaHCO; (5.7 g, 68.3 mmol, 1.1 equiv) and m-CPBA (10.7 g, 62.1
mmol, 1.0 equiv). The mixture was stirred for an additional 1 h, and
a third portion each of NaHCO; (5.7 g, 68.3 mmol, 1.1 equiv) and
m-CPBA (10.7 g, 62.1 mmol, 1.0 equiv) was added. The resulting
mixture was stirred for 3 h, while the temperature was maintained at
0 °C. The reaction mixture was filtered into a flask containing 10%

NazS,035 and 10% NaHCO;. The organic layer was isolated, diluted
with CH,Cl,, and washed with 10% Na;S,0; and saturated NaHCO;
and finally with brine. The organic layer was dried over Na,SO,
filtered, concentrated under reduced pressure, and dried in vacuo to
yield 17 g of the product, which was used directly for the next step.
An analytical sample was recrystallized from toluene to give a white
solid, mp 122—123 °C.

'H NMR (300 MHz) (CDCls): 6 TMS 1.38 (3H, s), 1.42 (3H, s),
3.25(1H, dd, J = 2.9, 8.5 Hz), 3.47—3.49 (2H, m), 3.80 (1H., dd, J =
8.5,12.0 Hz), 4.54 (1H, dd, J = 2.9, 12.0 Hz), 6.25 (1H. s, D;0 exch),
6.58 (1H, d, J = 8.1 Hz), 6.84 (1H, d, J = 8.1 Hz), 8.44 (1H, s, DO
exch). IR (KBr): 3495, 3146, 2982, 1717, 1694, 1635, 1501, 1466,
1321, 1187, 1047, 861 ¢cm~!. Microanal. Calcd for C;3HsNO,: C,
62.64; H, 6.06; N, 5.62. Found: C, 62.70, H, 6.15; N, 5.66.

(1)-3,4,8,10-Tetrahydro-3-hydroxy-4,4-dimethyl-2H,9H-[1 4] di-
oxepino|[2,3-glindol-9-one (34). SnCl, (9.6 mL, 81.8 mmol, 1.2 equiv)
was slowly added dropwise to a flame-dried flask, which had been
flushed with Ar and charged with dry THF (960 mL). After 10 min a
solution of (£)-1,3-dihydro-7-[(3,3-dimethyloxiranyl )methoxy]-6-hy-
droxy-2H-indol-2-one obtained above (17 g, 62 mmol, 1.0 equiv) in
THF (73 mL) was added dropwise to the reaction vessel and stirred
for 2 h. Approximately one-half of the solvent was removed under
reduced pressure and the remaining solution poured into a separatory
funnel containing saturated NaHCO; and H,O (~350:50), which was
then exhaustively extracted with CH2Cl,. The organic layer was washed
with brine, dried over Na,SO,, and evaporated to give a dark crude
product. The product was purified by column chromatography (eluted
with 1:2 hexanes/EtOAc) to yield 10 g (64% for two steps) of 34. An
analytical sample was recrystallized from toluene to give a yellow
crystalline solid, mp 194 °C.

'H NMR (300 MHz) (CDCl3): é TMS 1.24 (3H, s), 1.54 (3H, s),
2.94 (1H, d, J = 11.2 Hz, D,0 exch), 3.51 (2H, s), 3.63 (1H, ddd, J =
1.0,4.0, 11.2 Hz), 4.12 (1H, dd, J = 1.0, 124 Hz), 424 (1H, dd, J =
4.0,12.5Hz), 6.64 (1H, d,J = 8.0 Hz), 6.83 (1H, d, /= 7.9 Hz), 7.64
(1H, s, DO exch). IR (KBr): 3460, 3320, 3169, 2982, 1711, 1682,
1461, 1327, 1216, 1047 cm™~!. Microanal. Calcd for C;3H;sNO,: C,
62.64; H, 6.08; N, 5.61. Found: C, 62.28; H, 6.21; N, 5.56.

(£)-3-Hydroxy-4,4-dimethyl-3,4,dihydro-2H,10H-[1,4]dioxepino-
[2,3-glindole (35). To a stirred solution of 34 (11.2 g, 44.8 mmol, 1.0
equiv) in THF (225 mL) under Ar at 0 °C was added BF;+OEt, (19.3
mL, 157 mmol, 3.5 equiv). After 10 min, NaBH, (2.71 g, 71.8 mmol,
1.6 equiv) was added at once, and the mixture was stirred for 8 h at 0
°C and then at room temperature for 40 h. The reaction was completed
by the slow addition of water (1 L) and was stirred for 0.5 h. HCI
(concentrated) was added until pH = 1, and the mixture was stirred
for an additional 0.5 h. The mixture was treated with 1 M NaOH until
pH = 14 and stirred for 0.5 h. The mixture was poured into a separatory
funnel and extracted with EtOAc/ether. The organic layer was washed
with brine, dried over Na,SOy, and evaporated to leave 10 g of a crude
solid. The product was purified by column chromatography (eluted
with 2:1 hexanes/EtOAc) to yield 4.5 g (43%) of 35. An analytical
sample was recrystallized from benzene to afford a white crystalline
solid, mp 202—205 °C.

'H NMR (300 MHz) (CDCls): 6 TMS 1.22 (3H, s), 1.56 (3H, s),
3.03 (1H, d, J = 11.4 Hz, D;O exch), 3.63 (1H, ddd, J = 4.0, 09, 11.3
Hz), 419 (1H, dd, J = 0.9, 12.3 Hz), 431 (1H, dd. J = 4.0, 12.3 Hz),
6.49 (1H, dd, J = 2.2, 3.1 Hz), 6.78 (1H, d, J = 8.4 Hz), 7.16—7.19
(2H, m), 8.29 (1H, s, D,0 exch). IR (KBr): 3340, 2984, 1580, 1504,
1444, 1338, 1224, 1133, 1057, 814, 753 cm~!. Microanal. Calcd for
Ci3HisNO;: C, 66.94; H, 6.48; N, 6.00. Found: C, 67.16; H, 6.63; N,
5.79.

(1)-3-[[(1,1-Dimethylethyl)dim ethylsilyl]oxy]-4,4-dimethyl-3,4-di-
hydro-2H,10H-[1,4]dioxepino[2,3-g]indole. To a stirred solution of
35 (11.6 g, 49.7 mmol, 1.0 equiv) in DMF (124 mL) at room
temperature under N, was added fert-butyldimethylsilyl chloride (15.0
g, 99.4 mmol, 2.0 equiv) immediately followed by imidazole (23.7 g,
348 mmol, 7.0 equiv). The solution was slowly heated to 40 °C, stirred
overnight, poured into a separatory funnel, and extracted with EtOAc.
The organic layer was washed with brine and dried over Na,SO,4. The
solvent was removed and the crude solid purified by column chroma-
tography (eluted with 5:1 hexanes/EtOAc) to yield 14.2 g (82%) of
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the product. An analytical sample was recrystallized from cyclohexane
to give a white solid, mp 118—119 °C.

'H NMR (300 Hz) (CDCl3): 6 TMS 0.14 (6H, s), 0.89 (9H, s),
1.12 (3H, s), 1.48 (3H, s), 3.88 (1H, dd, J = 9.2, 11.5 Hz), 3.98 (1H,
dd,J=3.2,92Hz),4,22 (1H, dd, J = 3.2, 11.5 Hz), 6.48 (1H, dd, J
=22,31Hz),6.76 (1H, d, J = 8.4 Hz), 7.14 (2H, ddd, J = 2.4, 3 4,
3.5 Hz), 8.21 (1H, s, D;O exch). IR (neat): 3412, 2936, 1500, 1438,
1234, 1093, 833 cm™!. Microanal. Caled for C19H2NOsSi: C, 65.66;
H, 8.41; N, 4.03. Found: C, 65.59; H, 8.20; N, 3.90.

(£)-3-[(1,1-Dimethylethyl)dimethylsilyl]oxy]-4,4-dimethyl-8-[(V,/V-
dimethylamino)methyl]-3,4-dihydro-2H,10H-[1,4]dioxepino|2,3-¢g]-
indole (36). To a flask charged with acetic acid (136 mL) under Ar
were added formaldehyde (3.4 mL, 45 mmol, 1.1 equiv, 37%/H,0)
and dimethylamine (20.5 mL, 163 mmol, 4.0 equiv, 40% solution in
H,0) followed by (£)-3-[[(1,1-dimethylethyl)dimethylsilylJoxy]-4,4-
dimethyl-3,4,dihydro-2H,10H-[1,4]dioxepino[2,3-g]indole obtained above
(14.2 g, 40.9 mmol, 1.0 equiv) over a 10 min period. The reaction
mixture was stirred for 1 day when 10% K,CO; was added until pH ~
8; then 2 M NaOH was added. The mixture was extracted with ether/
EtOAc, washed with brine, and dried over Na,SO,4. The solvent was
removed under reduced pressure, leaving 17.3 g (quantitative) of the
pure product 36. An analytical sample was recrystallized from toluene
to give a white flaky solid, mp 152 °C.

'H NMR (300 Hz) (CDCl3): 6 TMS 0.15 (6H, s), 0.90 (9H, s),
1.13 (3H, s), 1.48 (3H, s), 2.28 (6H, s), 3.58 (2H, s), 3.58 (2H, s), 3.88
(1H, dd, J = 9.2, 11.4 Hz), 398 (1H, dd, J = 3.2, 9.1 Hz), 4.21 (1H,
dd, J = 32, 11.5 Hz), 6.76 (1H, d, J = 8.4 Hz), 844 (1H, s, DO
exch). IR (NaCl, neat): 2932, 1502, 1458, 1360, 1251, 1218, 1093,
837, 777 ecm™!. Microanal. Calcd for C,H3N,O5Si: C, 65.31; H,
8.97; N, 6.92. Found: C, 65.09; H, 8.77; N, 6.73.

(£)-6(R)-(2E)-Methyl 3-[[3-[[(1,1-Dimethylethyl)dimethylsilyl]-
oxy]-3,4-dihydro-4,4-dimethyl-2H,10H-[1,4]dioxepino[2,3-g]ind ol-
8-yl|methyl]-8a-[4-[[(1,1-dimethylethyl)dimethylsilyl]oxy]-3-methyl-
2-butenyl]-2-[(4-methoxyphenyl)methyl]octahydro-1,4-
dioxopyrrolo[1,2-a]pyrazine-3-carboxylate (39). To a stirred solution
of 38 (23.0 mg, 0.043 mmol, 1.0 equiv) in CH;CN (0.3 mL) and PBu;
(5.4 ul, 0.022 mmol, 0.5 equiv) was added a solution of 36 (19.3 mg,
0.048 mmol, 1.1 equiv)in CH5CN (0.3 mL). The mixture was refluxed
for 5.5 h and stirred at room temperature overnight. The reaction
mixture was then diluted with ether, washed with water, dilute HCI,
and brine, and dried over MgSO,. The solvent was removed and the
crude oily solid purified by PTLC on silica gel (eluted with 1:4 EtOAc/
hexanes) to yield 19.8 mg (51%) of 39. An analytical sample was
recrystallized from cyclohexane to give a white crystalline solid, mp
168—168.5 °C.

'H NMR (300 MHz) (CDCls) (a racemic mixture of two diastere-
omers): d TMS 0.00 (6H, s), 0.01 (6H, s), 0.13 (6H, s), 0.14 (6H, s),
0.034—0.19 (2H, m), 0.43—0.52 (2H, m), 0.62—0.72 (2H, m), 0.84
(9H, s), 0.85 (9H, s), 0.86 (9H, s), 0.88 (9H, s), 1.05 (3H, s), 1.1 (3H,
s), 1.45 (3H, s), 1.49 (3H, s), 1.537 (3H, s), 1.544 (3H, s), 1.33—1.67
(2H, m), 2.14—2.25 (2H, m), 2.52—2.60 (2H, m), 2.87—3.03 (2H, m),
3.27 (6H, s), 3.36—3.52 (2H, m), 3.66 (1H, /> ABq, J = 15.0 Hz),
3.66 (1H, /2 ABq, J = 15.0 Hz), 3.75 (6H, s), 3.77—3.96 (12H, m),
4.14-4.20 (2H, m), 5.25—-5.31 (2H, m), 548 (2H, '/, ABq, J = 14.6
Hz), 6.70—6.89 (8H, m), 7.15—7.22 (6H, m), 8.29 (1H, s, D,O exch),
8.32 (1H, s, DO exch). IR (NaCl, neat): 3303, 2954, 2856, 1752,
1660, 1512, 1447, 1251, 1098, 1049, 837, 777 cm™!. Microanal. Calcd
for CysH71N3OsSiy: C, 64.76; H, 8.04; N, 4.72. Found: C, 64.95; H,
8.09; N, 4.53.

[(2)-[30,8af(F)]]-8-[[2-[(4-Methoxyphenyl)methyl|-8a-[4-[[(1,1-
dimethylethyl)dimethylsilyl]oxy]-3-methyl-2-butenyl]octahydro-1,4-
dioxopyrrolo[1,2-a]pyrazin-3-yljmethyl]-3-[[(1,1-dimethylethyl)-
dimethylsilyl]oxy]-3,4-dihydro-4,4-dimethyl-2H,10H-
[1,4]dioxepino[2,3-glindole (40). [(£)-[3f,8aa(E)]]-8-[[2-[(4-Meth-
oxyphenyl)methyl]-8a-[4-[[(1,1-dimethylethyl) dimethylsilyl]oxy]-
3-methyl-2-butenyl]octahydro-1,4-dioxopyrrolo[1,2-a]pyrazin-3-yl]-
methyl]-3-[[(1,1-dimethylethyl)dimethylsilyl]oxy]-3,4-dihydro-4,4-
dimethyl-2H,10H-[1,4]dioxepino[2,3-g]indole (41). A dry flask
containing 39 (24.4 mg, 0.027 mmol, 1.0 equiv) and lithium chloride
(11.6 mg, 0.27 mmol, 10 equiv) under N> was charged with HMPA
(0.21 mL) and water (1.5 x 1072 mL, 0.082 mmol, 3.0 equiv). This
mixture was heated to 100—105 °C for 2 h. The resulting solution

was diluted with 1:1 EtOAc/hexanes and washed with water (5 ) and
brine. The organic layer was dried over MgSO,4 and concentrated to
dryness. The product was puritied by PTLC on silica gel (eluted with
1:3 EtOAc/hexanes) to yield 8.9 mg (39%) of 40 (oil) and 2.7 mg (12%)
of 41 (oil). Total yield: 51%.

'H NMR (300 MHz) (CDCl;) (a racemic mixture of two diastere-
omers) (40): 6 0.036 (12H, s), 0.12 (6H. s), 0.13 (6H, s), 0.84 (9H., s).
0.87 (9H, s), 0.88 (9H, s), 0.882 (9H, s), 1.10 (3H, s), 1.11 (3H, s),
1.458 (9H, s), 1.463 (3H, s), 1.72—2.04 (10H, m), 2.12—2.23 (2H, m),
3.24-3.51 (8H, m), 3.72 (3H, s), 3.73 (3H, s), 3.79—3.82 (6H, m),
3.83 (2H, s), 3.86 (2H, s), 4.15—4.20 (4H, m), 5.15 (1H, '/, ABq, J =
14.2 Hz), 5.20 (1H, /> ABq, J = 14.2 Hz), 5.28 (1H, m), 545 (1H,
m), 6.67—6.71 (4H, m), 6.76 (2H, d, J = 8.5 Hz), 6.81—6.90 (6H, m),
7.16 (2H, d, J = 8.5 Hz), 8.12 (2H, s, DO exch). IR (syn) (NaCl,
neat): 2920, 1655, 1508, 1449, 1250, 1220, 1091, 838 cm™'.

'H NMR (300 MHz) (CDCl;) (a racemic mixture of two diastere-
omers) (41): 6 —0.18 (12H, s), 0.12 (6H, s), 0.13 (6H, s), 0.26—0.41
(2H, m), 0.47-0.58 (2H, m), 0.62—0.72 (2H, m), 0.84 (18H, s), 0.87
(9H, s), 0.89 (9H, s), 1.06 (3H, s), 1.10 (3H, s), 1.44 (6H, s), 1.47 (3H,
s), 1.48 (3H, s), 1.63—1.67 (2H, m), 2.10—2.17 (2H, m), 2.44-2.52
(2H, m), 2.89—3.05 (2H, m), 3.20—3.28 (2H, m), 3.40—3.52 (4H, m),
3.71-3.97 (16H, m), 4.08 (2H, br s), 4.14—4.21 (2H, m), 5.05 (2H, br
s), 5.56 (1H, Y» ABq, J = 14.2 Hz), 5.57 (1H, /> ABq, J = 14.5 Hz),
6.71 (1H, d, J = 8.6 Hz), 6.73 (1H, d, J = 8.6 Hz), 6.83—6.88 (6H,
m), 7.14 (1H, d, J = 8.6 Hz), 7.18 (1H, d, J = 8.6 Hz), 7.22—7.23
(4H, m), 8.34 (2H, s, D;O exch). IR (anti) (neat). 2932, 1649, 1508,
1455, 1250, 1220, 1103, 838 cm™!. HRMS (EI) (anti): 831.46765
(C45H59N3O7Si2 requires 8314674)

[(®)-[3a,8a0(E)]]-1,1-Dimethylethyl 8-[[3-(Methoxycarbonyl)-2-
[(4-methoxyphenyl)methyl]-8a-[4-[[(1,1-dimethylethyl)dimethylsilyl]-
oxy|-3-methyl-2-butenyl]octahydro-1,4-dioxopyrrolo[1,2-a|pyrazin-
3-yllmethyl]-3-[[(1,1-dimethylethyl)dimethylsilyl|oxy]-3,4-dihydro-
4,4-dimethyl-2H,10H-[1,4]dioxepino|2,3-g]indole-10-carboxylate (42).
To a stirred solution of 39 (260.0 mg, 0.292 mmol, 1.0 equiv) in CH,-
Clz (1.5 mL) at 0 °C under Ar were added DMAP (35.7 mg, 0.292
mmol, 1.0 equiv) and Et;N (0.041 mL, 0.29 mmol, 1.0 equiv). After
5 min (BOC),0 (191.2 mg, 0.876 mmol, 3.0 equiv) was added in one
portion. The resulting solution was stirred for 20 h, poured into water,
and extracted with EtOAc. The organic layer was washed with brine,
dried over Na,SQ,, and concentrated under reduced pressure. The crude
solid was purified by radial chromatography (eluted with 1:5 EtOAc/
hexanes) to yield 260.4 mg (90%) of 42 as a white crystalline solid,
mp 74—75 °C.

'H NMR (300 MHz) (CDCl;): 6 —0.01 (6H, s), 0.00 (6H, s), 0.113
(6H, s), 0.12 (6H, s), 0.58—0.68 (2H, m), 0.80—0.92 (38H, m), 1.06
(6H, s), 1.45—1.63 (2H, m), 1.47 (6H, s), 1.53 (6H, s), 1.60 (18H, s),
1.59—1.81 (2H, m), 2.22—2.34 (2H, m), 2.60 (2H, dd, J = 8.1, 15.0
Hz), 2.91—-3.08 (2H, m), 3.26 (6H, s), 3.26—3.42 (2H, m), 3.56 (1H,
1/ ABq, J = 14.8 Hz), 3.59 (1H, Y, ABq, J = 14.8 Hz), 3.71—3.80
(4H, m), 3.74 (6H, s), 3.83 (2H, s), 3.84 (2H, s), 3.90—3.97 (4H, m),
4.13—4.17 (2H, m), 3.32 (2H, m), 5.34 (1H, Y/, ABq, J = 14.8 Hz),
542 (1H, Y2 ABq, J = 14.8 Hz), 6.75—6.79 (4H, m), 6.88 (1H, d, J =
8.4 Hz), 6.89 (1H, d, J = 8.4 Hz), 7.03 (2H, s), 7.12—7.20 (6H, m).
IR (NaCl, neat): 2943, 1752, 1660, 1507, 1496, 1464, 1463, 1404,
1365, 1251, 1153, 1109, 1082, 837, 772 cm ™. HRMS (EI): 989.5249
(C53H79N3OUSi2 requires 9895253)

[(£)-[38,8af(E)]]-1,1-Dimethylethyl 8-[[8a-[4-[[(1,1-Dimethyleth-
yDdimethylsilyl] oxy]-3-methyl-2-butenyl]-2-[(4-methoxyphenyl)-
methyl]octahydro-1,4-dioxopyrrolo[1,2-¢]pyrazin-3-ylmethyl]-3-
[[(1,1-dimethylethyl)dimethylsilyl]oxy]-3,4-dihydro-4,4-dimethyl-
2H,10H-[1,4]dioxepino|2,3-g]indole-10-carboxylate (syn-43). [(+)-
[3a,8af(F)]]-1,1-Dimethylethyl 8-[[8a-[4-[[(1,1-Dimethylethyl)di-
methylsilyl]oxy]-3-methyl-2-butenyl]-2-[(4-methoxyphenyl)methyl] -
octahydro-1,4-dioxopyrrolo[1,2-a]pyrazin-3-yl|methyl]-3-[[(1,1-dim-
ethylethyl)dimethylsilyl]oxy]-3,4-dihydro-4,4-dimethyl-2 H,10H-[1,4]-
dioxepino[2,3-glindole-10-carboxylate (anti-43). A flask containing
42 (126.6 mg, 0.128 mmol, 1.0 equiv) and LiCl (27.1 mg, 0.64 mmol,
5.0 equiv) under N, was charged with HMPA (0.78 mL) and H,O (3.4
x 1073 mL, 1.9 x 107* mmol, 1.5 equiv). The solution was heated
(100—105 °C) for 1.25 h and then poured into water and extracted
with ether. The organic layer was washed with water and brine, dried
over MgSOy, and concentrated, leaving a crude oily solid. The product
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was purified by radial chromatography (eluted with 1:5 EtOAc/hexanes)
to yield 79.2 mg (66%) of syn-43 (an analytical sample was obtained
by PTLC, eluted with 1:5 EtOAc/hexanes, to give an oil) and 3.1 mg
(2.6%) of the anti-isomer (oil).

'H NMR (300 MHz) (CDCls) (syn-43): ¢ 0.026 (6H, s), 0.32 (6H,
s), 0.127 (6H, s), 0.14 (6H, s), 0.867 (9H, s), 0.873 (9H, s), 0.878 (9H,
s), 0.883 (9H, s), 1.10 (6H, s), 1.48 (3H, s), 1.49 (3H, s), 1.55 (3H, s),
1.57 (3H, s), 1.610 (9H, s), 1.613 (9H, s), 1.83—1.96 (6H, s), 2.22—
2.35 (4H, m), 2.46 (2H, dd, J = 6.0, 15.0 Hz), 3.11-3.21 (2H, m),
3.31-3.85 (2H, m), 3.37 (1H, Y2ABq, J = 14.5 Hz), 348 (1H, Y/,
ABq, J = 14.6 Hz), 3.71 (3H, s), 3.72 (3H, s), 3.76—3.98 (8H, m),
3.99 (2H, m), 4.02 (2H, s), 4.15—4.21 (4H, m), 5.17 (1H, '/» ABq, J
= 14.5 Hz), 5.20 (1H, Y/, ABq, J = 14.6 Hz), 5.35 (1H, m), 5.48 (1H,
m), 6.62—6.70 (6H, m), 6.79 (2H, m), 6.91 (2H, d, J = 8.3 Hz), 7.14
(1H, d, J = 8.4 Hz), 7.16 (1H, d, J = 8.3 Hz), 7.22 (1H, s), 7.23 (1H,
s). IR (NaCl, neat) (syn): 2932, 1755, 1661, 1455, 1367, 1250, 1156,
1114,1091, 838 cm™!. HRMS (EI) (sym): 931.51955 (CsiH7N306Si,
requires 931.5198). Microanal. Calcd for C5;H7~7N30sSip: C, 65.70;
H, 8.32; N, 4.51. Found: C, 65.37; H, 8.37; N, 4.54.

'H NMR (300 MHz) (CDCl3) (anti): 6 —0.02 (6H, s), —0.01 (6H,
s), 0.03—0.22 (2H, m), 0.12 (6H, s), 0.13 (6H, s), 0.146—0.62 (4H,
m), 0.84 (9H, s), 0.85 (9H, s), 0.87 (18H, s), 1.05 (3H, s), 1.07 (3H,
s), 1.43 (3H, s), 1.47 (3H, s), 1.49 (3H, s), 1.52 (3H, s), 1.55 (9H, s),
1.60 (9H, s), 1.80—1.91 (2H, m), 2.19—2.22 (2H, m), 2.50—2.61 (2H,
m), 3.09—3.23 (2H, m), 3.29-3.52 (4H, m), 3.63—3.96 (18H, m),
4.13—4.20 (4H, m), 5.04—5.10 (1H, m), 5.28—5.32 (1H, m), 5.48 (1H,
/5 ABq, J = 14.3 Hz), 5.52 (1H, Y/, ABq, J = 14.3 Hz), 6.71-6.90
(6H, m), 7.04—7.22 (8H, m). IR (NaCl, neat) (anti: 3295 (br), 1753,
1657, 1510, 1447, 1249, 1152, 1090, 1034, 836, 773 cm™ .

1,1-Dimethylethyl 8-[[8a-[4-Hydroxy-3-methyl-2-butenyl]-2-[(4-
methoxyphenyl)methyl]octahydro-1,4-dioxopyrrolo[1,2-¢]pyrazin-
3-yllmethyl]-3-hydroxy-3,4-dihydro-4,4-dimethyl-2H,10H-[1,4]di-
oxepino[2,3-glindole-10-carboxylate (44). To a stirred solution of
43 (36.3 mg, 0.04 mmol, 1.0 equiv) under N, in THF (1.0 mL) was
added n-BuyNF (0.12 mL, 0.12 mmol, 3.0 eq, l.OM/THF). The solution
was heated (~40 °C) for 3 h. At this time the solution was diluted
with water and extracted with ethyl acetate. The organic layer was
washed with brine and dried over MgSO,. The residue was purified
by PTLC on silica gel (eluted with EtOAc) to yield 24.9 mg (79%) of
44.

'H NMR (300 MHz) (CDCl;): 6 1.19 (3H, s), 1.22 (3H, s), 1.52
(3H, s), 1.53 (3H, s), 1.56 (3H, s), 1.57 (3H, s), 1.59 (94, s), 1.60 (9H,
s), 1.72—2.21 (12H, m), 2.71 (2H, br s, D,0 exch), 3.18—3.49 (4H,
m), 3.51 (2H, Y, ABq, J = 14.5 Hz), 3.56 (1H, s, D20 exch), 3.61
(1H, s, D,0 exch), 3.72 (3H, s), 3.74 (3H, s), 3.75—3.94 (6H, s), 4.18—
4.30 (4H, s), 4.26—4.27 (4H, m), 4.44 (2H, m), 5.25 (2H, /> ABq, J
= 14.5 Hz), 5.25 (2H, Y, ABq, J = 14.4 Hz), 6.70 2H, d, J = 8.7
Hz), 6.77 (2H, d, J = 8.6 Hz), 6.83 (2H, d, J = 8.6 Hz), 6.927 (1H, d,
J=284Hz), 6932 (1H, d,J =83 Hz), 7.03 (2H, d, / = 8.6 Hz), 7.12
(1H, d,J = 8.3 Hz), 7.15 (1H, d,J = 8.4 Hz), 7.21 (1H, s), 7.23 (1H,
s). IR (NaCl, neat): 3422, 2976, 1753, 1649, 1513, 1496, 1457, 1371,
1333, 1251, 1153, 1033, 733 cm™!. Mass spectrum (EI): mve (relative
intensity) 703 (M*, 8), 604 (37), 603 (100). HRMS (EI): 703.3461
(C39HaoN30y requires 703.3472).

1,1-Dimethylethyl 8-[[8a-]4-Chloro-3-methyl-2-butenyl]-2-[(4-
methoxyphenyl)methyl]octahydro-1,4-dioxopyrrolo[1,2-¢]pyrazin-
3-yllmethyl]-3-hydroxy-3,4-dihydro-4,4-dimethyl-2H,10H-[1,4]di-
oxepino|2,3-glindole-10-carboxylate (45). To 44 (24.9 mg, 0.035
mmol, 1.0 equiv) in DMF (0.35 mL) at 0 °C under Ar were added dry
LiCl (2.9 mg, 0.07 mmol, 1.9 equiv) and collidine (7 xL, 0.05 mmol,
1.5 equiv). After stirring for 10 min, methanesulfonyl chloride (4 uL,
0.05 mmol, 1.5 equiv) was added dropwise. The ice bath was removed
and the mixture stirred at room temperature for 24 h. At this time
additional collidine (2.5 equiv) and methanesulfonyl chloride (2.5 equiv)
were added, and the mixture was stirred for 2 h. It was then diluted
with water and extracted with EtOAc. The organic layer was washed
with brine, dried over MgSO,, and concentrated to dryness. The
product was purified by PTLC on silica gel (eluted with 2:1 EtOAc/
hexanes) to yield 21.9 mg (86%) of 45 as an oil.

'H NMR (300 MHz) (CDCl5): 6 TMS 1.22 (3H, s), 1.23 (3H, s),
1.57 (3H, s), 1.58 (3H, s), 1.62 (9H, s), 1.63 (9H, s), 1.66 (3H, s), 1.73
(3H, s), 1.83—1.93 (8H, m), 2.05—2.37 (4H, m), 3.06 (2H, dd, J =
3.8, 11.4 Hz), 3.35—3.42 (6H, m, 1H, D>O exch), 3.46—3.69 (4H, m),
3.75 (3H, s), 3.77 (3H, s), 3.86—3.94 (2H, m), 3.96 (2H, s), 4.02 (2H,
s), 4.21—4.29 (6H, m), 5.20—5.29 (3H, m), 5.53 (1H, m), 6.69—6.81
(6H, m), 6.94—6.99 (4H, m), 7.18—7.21 (4H, m). IR (NaCl, neat):
3433, 2976, 1752, 1654, 1513, 1496, 1453, 1371, 1251, 1153 em™L.

1,1-Dim ethylethyl 8-[[8a-[4-Hydroxy-3-methyl-2-butenyl]-2-[(4-
methoxyphenyl)methylJoctahydro-1,4-dioxopyrrolo[1,2-a]pyrazin-
3-yllmethyl]-3-[[(1,1-dimethylethyl)dimethylsilyl|oxy]-3,4-dihydro-
4,4-dimethyl-2H,10H-[1,4]dioxepino|2,3-g]indole-10-carboxylate (46).
To a solution of 45 (28.2 mg, 0.04 mmol, 1.0 equiv) in CH,Cl, (0.3
mL) at 0 °C under Ar was added fert-butyldimethylsilyl triflate (9.0
uL, 0.04 mmol, 1.2 equiv) followed immediately by 2,6-lutidine (6.0
uL, 0.047 mmol, 1.4 equiv). The mixture was stirred for 2 h, then
diluted with EtOAc, washed with water and brine, dried over MgSQ,,
and concentrated under reduced pressure. The product was purified
by radial chromatography (eluted with 1:1 EtOAc/hexanes) to yield
24.9 mg (76%) of 46 as an oil.

'H NMR (300 MHz) (CDCl3): 6 0.12 (6H, s), 0.13 (6H, s), 0.87
(9H, s), 0.88 (9H, s), 1.08 (3H, s), 1.10 (3H, s), 1.48 (6H, s), 1.61 (9H,
s), 1.63 (9H, s), 1.69 (3H, s), 1.79 (3H, s), 1.82—2.03 (8H, m), 2.16—
2.24 (4H, m), 3.19 (2H, dd, J = 7.2, 8.5 Hz), 3.25—3.39 (4H, m), 3.49
(1H, Y5 ABq, J = 14.5 Hz), 3.65 (1H, '/» ABq, J = 14.5 Hz), 3.72
(3H, s), 3.76 (3H, s), 3.79—3.99 (8H, m), 4.15-4.22 (4H, m), 5.19—
5.28 (4H, m), 549 (2H, m), 6.67—6.81 (6H, m), 6.92 (4H, dd, J =
1.9, 8.4 Hz), 7.13 (1H, d, J = 8.4 Hz), 7.14 (1H, d, / = 8.4 Hz), 7.20
(1H, s), 7.24 (1H, s). IR (NaCl, neat): 2932, 1752, 1654, 1512, 1491,
1447, 1365, 1251, 1153, 1088, 837 cm ™.

[(®)-[3c,8a0,10(R*)]]-1,1-Dimethylethyl 8-[[Tetrahydro-2-[(4-
methoxyphenyl)methyl]-10-(1-methylethenyl)-1,4-dioxo-6H-3,8a-
ethanopyrrolo[1,2-a]pyrazin-3(4H)-yllmethyl]-3-[[(1,1-dimethylethyl)-
dimethylsilyl]oxy]-3,4-dihydro-4,4-dimethyl-2H,10H-
[1,4]dioxepino|2,3-g]lindole-10-carboxylate (47). To 46 (24.0 mg,
0.028 mmol, 1.0 equiv) in a flask equipped with a magnetic stir bar
were added NaH (12.3 mg, 0.3 mmol, 10.8 equiv) and benzene (3.5
mL). The flask was fitted with a condenser and gently refluxed for 59
h (additional benzene (1.5 mL) was added during this time). The
solution was stirred at room temperature for 8 days, after which Nal
(10.8 mg, 0.072 mmol, 2.5 equiv) was added. The mixture was then
stirred at reflux temperature for an additional 2 days. The resulting
mixture was diluted with EtOAc, washed with water and brine, dried
over MgSO,, and concentrated under reduced pressure. The product
was purified by PTLC on silica gel (eluted with 1:1 hexanes/EtOAc)
to afford 2.5 mg (11% or 19% based on recovered 46) of 47 as an
amorphous yellow solid.

'H NMR (300 MHz) (CDCls): 6 0.12 (6H, s), 0.14 (6H, s), 0.882
(9H, s), 0.885 (9H, s), 1.10 (3H, s), 1.13 (3H, s), 1.48 (3H, s), 1.49
(3H, s), 1.55 (3H, s), 1.56 (3H, s), 1.59 (18H, s), 1.80 (2H, dd, J =
5.7, 13.3 Hz), 1.90 (2H, dd, J = 13.2 Hz), 2.03—2.08 (4H, m), 2.22
(2H, dd, J = 104, 13.4 Hz), 2.85—2.98 (4H, m), 3.08 (2H, '/» ABq, J
= 17.1 Hz), 3.29 (2H, /> ABq, J = 17.6 Hz), 3.56—3.62 (4H, m),
3.72 (3H, s), 3.73 (3H, s), 3.74—3.83 (2H, dd, J = 9.4, 12.5 Hz), 3.91 —
3.96 (2H, m), 4.18 (2H, dd, J = 3.6, 12.2 Hz), 4.28 (1H, /> ABq, J =
15.9 Hz), 4.37 (1H, Y> ABq, J = 15.9 Hz), 4.54—4.74 (6H, m), 6.62—
6.75 (8H, m), 6.89—6.94 (2H, m), 6.99—7.04 (2H, m), 7.25 (1H, s),
728 (1H, s). IR (NaCl, neat): 2932, 1687, 1365, 1251, 1158, 1088
cm™!. HRMS (EI): 799.4252 (C4sHe1N3OsSi requires 799.4228).

(R)-(E)-8a-[3-Methyl-4-oxo0-2-buten-yl|hexahydropyrrolo[1,2-a]-
pyrazine-1,4-dione (49). To a stirred solution of 48 (17.25 g, 48.45
mmol, 1.0 equiv) in a 2:1 solution of CH;CN (343 mL) and H,O (171
mL) was added, in one portion, CAN (93 g, 170 mmol, 3.8 equiv).
After stirring for 2 h, the orange solution was poured into a large
separatory funnel and exhaustively extracted with CHCl;. The organic
layer was washed with brine, dried over Na,SO4, and concentrated under
reduced pressure. The product was purified by column chromatography
(eluted with 95:4:1 CH,Clo/MeOH/AcOH) to yield 9.0 g (79%) of 49
as a yellow oil. An analytical sample was obtained by PTLC (silica
gel, eluted with 1:1 hexanes/EtOAc).

'H NMR (300 MHz) (CDCl;): é TMS 1.76 (3H, s), 1.99—2.10 (2H,
brs), 2.17—2.26 (2H, m), 2.78 (1H, dd, J = 7.3, 14.5 Hz), 2.90 (1H,
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dd, J = 8.0, 14.8 Hz), 3.54—3.63 (1H, m), 3.84 (1H, dt, J = 12.3, 84
Hz), 3.95 (1H, d '/, ABq, J = 3.4, 17.6 Hz), 4.10 (1H, Y/, ABq, J =
17.6 Hz), 6.55 (1H, t, J = 7.2 Hz), 7.96 (1H, br s, D,O exch), 9.45
(1H, s). IR (NaCl, neat): 3246, 1684, 1448, 1326, 1107 cm™!. [a]®p
= —1.51/1.92 x 1072)° = —=78.4° (CH,Cl,, ¢ = 0.164). Microanal.
Caled: C, 61.00; H, 6.83; N, 11.86. Found: C, 60.88; H, 6.66; N,
11.71. HRMS (EI): 236.1155 (Ci2H1¢N2O3 requires 236.11609).

(R)-(E)-8a-[4-[[(1,1-Dimethylethyl)diphenylsilyl]oxy]-3-methyl-2-
butenyl|hexahydro-2 H-pyrrolo[1,2-a]|pyrazine-1,4-dione (50). To a
stirred solution of 49 (9.0 g, 37 mmol, 1.0 equiv) in absolute ethanol
(742 mL) at room temperature was added NaBH, (2.85 g, 75.5 mmol,
2.0 equiv). After 2 h the excess hydride was quenched with water
(500 mL) and the pH adjusted to 3—4 by the slow addition of 1 M
HCI. Fifteen minutes later, the water and ethanol were removed under
reduced pressure and the crude residue was dried in vacuo overnight.
The resulting mass (10.87 g) was triturated (1:4 CH;0OH/CHCl,) and
filtered to remove the salts. The remaining solution was concentrated
to yield 9.1 g of the crude allylic alcohol, which was immediately
utilized for the next step without additional purification. The crude
allylic alcohol (9.1 g, 38 mmol, 1.0 equiv) was dissolved in DMF (191
mL) under Ar, and to this mixture was added imidazole (11.9 g, 175.3
mmol, 4.6 equiv) followed by fert-butyldiphenylsilyl chloride (12.9 mL,
49.5 mmol, 1.3 equiv). After 2 days the reaction mixture was diluted
with water (1 L) and extracted with a 1:1 solution of hexanes and
EtOAc. The organic layer was washed with brine, dried over Na,SOy,
and concentrated to dryness. The crude solid was recrystallized (ethyl
acetate, two crops) to give 10.5 g of the product. The remaining mother
liquor was chromatographed (eluted with EtOAc) to give 3.0 g of the
pure product. Total yield of 50: 13.5 g (75% from the enone, two
steps). An analytical sample was recrystallized from acetone to provide
a white crystalline solid, mp 132 °C.

'H NMR (300 MHz) (CDCl3): 6 1.03 (9H, s), 1.54 (3H, s), 1.92—
2.19 (4H, m), 2.49 (1H, dd, J = 8.6, 14.1 Hz), 2.58 (1H, dd, J = 7.5,
14.1 Hz), 3.44-3.53 (1H, m), 3.73 (1H, d '/, ABq, J = 4.1, 16.9 Hz),
3.78—3.85 (1H, m), 4.01 (2H, s), 4.06 (1H, V> ABq, J = 16.9 Hz),
5.56—5.62 (1H, m), 6.38 (1H, d, J = 3.7 Hz, D,0 exch), 7.32—7.43
(6H, m), 7.62 (4H, dd, J = 1.8, 7.6 Hz). IR (NaCl, neat): 3232 (br),
2930, 2857, 1664, 1446, 1435, 1113, 822, 733, 702 cm ™. [a]®p =
—63.3° (CDCls, ¢ = 0.0822). Microanal. Calcd for CysH36N,O5Si:
C,70.55; H, 7.61; N, 5.88. Found C, 70.60; H, 7.56; N, 5.91.

[(R)-[30/,8ap(E)]]-Methyl 8a-[4-[[(1,1-Dimethylethyl)diphenyl-
silyl]oxy]-3-methyl-2-butenyl]octahydro-2-(methoxycarbonyl)-1,4-
dioxopyrrolo[1,2-a]pyrazine-3-carboxylate (51). To a stirred solution
of 50 (8.12 g, 17.0 mmol, 1.0 equiv) in THF (208 mL) at —78 °C, was
added a solution of #-BuLi (10.65 mL, 17.03 mmol, 1.0 equiv, 1.6
M/hexanes) dropwise. After 25 min methyl chloroformate (1.45 mL,
18.7 mmol, 1.1 equiv) was added dropwise to the reaction mixture
and stirred for 25 min. The solution was then transferred via cannula
to a cold (—100 °C) flask charged with LiN[Si(CH3);]> (37.47 mL,
37.47 mmol, 2.2 equiv, 1.0 M/THF) and methyl chloroformate (1.45
mL, 18.7 mmol, 1.1 equiv). The resulting solution was stirred for 45
min, diluted with EtOAc, and washed with saturated aqueous NH,Cl
and brine. The organic layer was dried over MgSO4 and concentrated
under reduced pressure. The residue was purified by flash column
chromatography (eluted with 2:1 hexanes/EtOAc) to yield 9.4 g (93%)
of 51 (as a mixture of two diastereomers, anti/syn). An analytical
sample (oil) was obtained by PTLC (eluted with 2:1 hexanes/EtOAc).

'H NMR (300 MHz) (CDCl3): 6 1.04 (9H, s), 1.40 (3H, s), 1.86—
2.03 (2H, m), 2.12—2.31 (2H, m), 2.55 (1H, d, J = 7.4 Hz), 3.43—
3.52 (2H, m), 3.74—3.82 (1H, m), 3.83 (3H., s), 3.88 (3H, s), 4.03 (2H,
brs), 5.48—5.53 (2H, m), 7.34—7.41 (6H, m), 7.57—7.66 (4H, m). IR
(NaCl, neat): 2960, 1790, 1740, 1681, 1430, 1366, 1272, 1223, 1109,
735, 705 em~!. Microanal. Caled for C3HioN2O;Si: C, 68.06; H,
7.14; N, 4.96. Found: C, 67.87; H, 7.27; N, 4.77.

[35,8aB(E)]-Methyl 3-[[3-[[(1,1-Dimethylethyl)dimethylsilyl] oxy]-
3,4-dihydro-4,4-dimethyl-2H,10H-[1,4]dioxepino|2,3-g]indol-8-yl]
methyl]-8a-[4-[[(1,1-dimethylethyl)diphenylsilyl]oxy|-3-methyl-2-
butenyl]octahydro-1,4-dioxopyrrolo[1,2-a] pyrazine-3-carboxylate (52).
To a flask containing 51 (5.89 g, 14.56 mmol, 1.0 equiv) and 36 (8.64
g, 14.56 mmol, 1.1 equiv) were added CH;CN (291 mL) and
tributylphosphine (1.82 mL, 7.28 mmol, 0.5 equiv). The resulting
mixture was gently refluxed for 3.5 h and then stirred at room

temperature overnight. The solvent was removed in vacuo, and the
residue was purified by column chromatography (eluted with 1:2
EtOAc/hexanes) to yield 9.56 g (73%) of 52. An analytical sample
was purified by PTLC on silica gel (eluted with 1:2 EtOAc/hexanes)
to give a white crystalline solid, mp 106—108 °C.

H NMR (300 MHz) (CDCl3) (mixture of two diastereomers): o
0.10 (6H, s), 0.115 (3H, s), 0.12 (3H, s), 0.87 (9H, s), 0.88 (OH, s),
1.02 (18H, s), 1.096 (3H, s), 1.10 (3H, s), 1.45 (3H, s), 1.46 (3H, s),
1.54 (6H, s), 1.60—1.88 (6H, m), 2.02—2.11 (2H, m): 2.92 (2H, dd, J
=17.1, 144 Hz), 2.44 (2H, dd, J = 8.1, 14.5 Hz), 3.32—3.44 (4H, m),
3.60 (3H, s), 3.62 (3H, s), 3.72—3.93 (8H, m), 3.98 (4H, br s), 4.18
(2H, dd, J = 2.9, 8.4 Hz), 543 (2H, m), 6.38 (1H, s, D,O exch), 6.41
(1H, s, D,O exch), 6.74 (1H, d, J = 8.5 Hz), 6.75 (1H, d, J = 8.5 Hz),
6.89 (1H, d, J =23 Hz), 6.92 (1H, d, J/ = 2.3 Hz), 7.08 (2H, d, J =
8.5 Hz), 7.33—7.41 (12H, m), 7.61—7.63 (8H, m), 843 (1H, d, J =
2.9 Hz, D;O exch), 8.64 (1H, d, J = 1.9 Hz, D;0 exch.). *C NMR
(75.5 MHz) (CDCl;) (mixture of two diastereomers): 6 4.8, 4.2, 9.5,
179, 192, 19.3, 19.5, 20.3, 25.7, 26.8, 28.0, 28.3, 29.7, 33.7, 35.6,
46.1, 46.2, 53.3, 66.9, 68.0, 71.6, 76.3, 80.7, 80.8, 108.2, 112.9, 117.1,
117.9, 118.0, 123.5, 123.6, 125.5, 127.6, 129.1, 129.2, 129.6, 133.6,
135.5, 138.8, 141.6, 141.8, 1614, 169.7, 170.5, 170.6. IR (NaCl,
neat): 3281 (br), 2954, 2932, 2856, 1747, 1670, 1665, 1649, 1431,
1251, 1224, 1109, 1088, 733, 706 cm~!. HRMS (EI): 893.4457
(CsoHg7N303S12 requires 893.4467). Microanal. Caled for CsoHegr-
N30sSiz: C, 67.16; H, 7.55; N, 4.70. Found: C, 66.93; H, 7.36; N,
4.51.

[38,8af(E)]-8-[[8a-[4-[[(1,1-Dimethylethyl)diphenylsilyl]oxy]-3-
methyl-2-butenyl]octahydro-1,4-dioxopyrrolo[1,2-a]pyrazin-3-yl]
methyl]-3-[[(1,1-dimethylethyl)dimethylsilyl]oxy]-3,4-dihydro-4,4-
dimethyl-2H,10H-[1,4]dioxepino[2,3-glindole (33). [30,8aB(F)] 8-[[8a-
[4-[[(1,1-Dimethylethyl)diphenylsilylJoxy]-3-methyl-2-butenyl]oc-
tahydro-1,4-dioxopyrrolo[1,2-a]pyrazin-3-yl|methyl]-3-[[(1,1-
dimethylethyl)dimethylsilyl|oxy]-3,4-dihydro-4,4-dimethyl-2 H,10H-
[1,4]dioxepino[2,3-g]indole (54). A flask containing 52 (9.56 g, 10.7
mmol, 1.0 equiv) and LiCl (2.26 g, 53.45 mmol, 5.0 equiv) under Ar
was charged with HMPA (82 mL) and water (0.29 mL, 16.0 mmol,
1.5 equiv). This mixture was gently heated (100—105 °C) for 9 h and
then diluted with 1:1 hexanes/EtOAc. The resulting solution was
washed with water. The organic layer was washed with brine, dried
over Na,SO,, and evaporated to dryness. The residue was purified by
column chromatography (eluted with 1:2 EtOAc/hexanes) to yield 5.90
g (66%) of 53 (two diastereomers; an analytical sample was recrystal-
lized from CCly, mp (syn) 167—168 °C) and 2.10 g (23%) of 54 (two
diastereomers); an analytical sample was obtained by PTLC on silica
gel (eluted with 1:2 EtOAc/hexanes, mp (anti) 95—99 °C, white
crystalline solid). Total combined yield: 8.00 g (89%).

'H NMR (300 MHz) (CDCls) (53, mixture of two diastereomers):
0 TMS 0.12 (6H, s), 0.13 (6H. s), 0.90 (18H, s), 1.0 (18H, s), 1.126
(3H, s), 1.13 (3H, s), 1.48 (6H, s), 1.64 (6H, s), 1.94—2.06 (6H, m),
2.20—-2.24 (2H, m), 2.36—2.46 (2H, m), 2.60—2.72 (2H, m), 2.98 (2H,
dd, J=11.6, 14.1 Hz), 3.44—3.57 (4H, m), 3.88 (2H, dd, J = 6.7, 9.2
Hz), 3.97 (2H, dd, J = 3.1, 9.1 Hz), 4.02—4.06 (2H, m), 4.10 (4H, s),
4.17—4.25 (4H, m), 5.58 (2H, m), 5.68 (2H, br s, D,O exch), 6.75
(2H, d, J = 8.5 Hz), 6.86 (1H, d, J = 2.2 Hz), 6.88 (1H, J = 2.2 Hz),
7.14 (2H, d, J = 8.4 Hz), 7.26—7.44 (12H, m), 7.60—7.64 (8H, m),
8.04 (1H, s, DO exch), 8.06 (1H, s, D,O exch).

The analytical samples of the syn-diastereomers were separable by
PTLC.

'H NMR (300 MHz) (CDCls) (53a, less polar): 6 TMS 0.12 (3H,
s), 0.13 (3H, s), 0.88 (9H, s), 1.03 (9H, s), 1.11 (3H, s), 1.46 (3H, s),
1.63 (3H. s), 1.92—2.04 (3H, m), 2.18—2.23 (1H, m), 2.39 (1H, dd, J
= 172,142 Hz), 2.64 (1H, dd, J = 8.7, 142 Hz), 2.99 (1H, dd, J =
11.4, 142 Hz), 3.42—3.46 (1H, m), 3.51 (1H, dd, J = 2.7, 14.2 Hz),
3.85(1H, dd, J = 9.2, 11.3 Hz), 3.94 (1H, dd, J = 3.0, 9 Hz), 3.99—
4.06 (1H, m), 4.08 (2H, s), 4.11—4.15 (1H, m), 4.19 (1H, dd, J = 3.0,
11.3 Hz), 5.58 (1H, t, J = 7.8 Hz), 5.76 (1H, d, J = 2.7 Hz, DO
exch), 6.73 (1H, d, J = 8.4 Hz), 6.85 (1H, d, /= 2.1 Hz), 7.11 (lH,
d, J = 8.5 Hz), 7.26—7.42 (6H, m), 7.57—7.63 (4H, m), 8.15 (1H, s,
D0 exch).

'H NMR (300 MHz) (CDCl3) (53b, more polar): ¢ TMS 0.12 (3H,
s), 0.14 (3H, s), 0.88 (9H, s), 1.03 (9H, s), 1.11 (3H, s), 1.46 (3H, s),
1.62 (3H, s), 1.91—2.04 (3H, m), 2.18—2.22 (1H, m), 2.36 (1H, dd, J
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=173, 142 Hz), 2.60 (1H, dd, J = 8.6, 14.3 Hz), 2.97 (1H, dd, J =
11.3, 14.2 Hz), 3.41—3.44 (1H, m), 3.50 (1H, dd, J = 3.1, 14.2 Hz),
3.86 (1H, dd, J = 9.3, 11.3 Hz), 3.95 (1H, dd, / = 3.0, 9.1 Hz), 3.99—
4.03 (1H, m), 4.08 (2H, s), 4.14—4.16 (1H, m), 4.20 (1H, dd, J = 2.9,
11.6 Hz), 5.56 (1H, t, J =7.5 Hz), 5.72 (1H, d, J = 2.6 Hz, D-0O exch),
6.73 (1H, d, J =84 Hz), 6.84 (1H, d,J = 2.1 Hz), 7.11 (1H, d,J =
8.4 Hz), 7.26—7.42 (6H, m), 7.57—7.62 (4H, m), 8.07 (1H, s, DO
exch). IR (NaCl, neat) (syn): 3274 (br), 2929, 2858, 1666, 1651, 1453,
1428, 1250, 1224, 1112, 1052, 858, 838, 777 cm™!. Microanal. Caled
for CyHesN3O6Siz (syn): C, 68.94; H, 7.84; N, 5.02. Found: C, 69.06;
H, 7.76; N, 5.03.

'H NMR (300 MHz) (CDCl;) (54, mixture of two diastereomers):
0 TMS 0.14 (6H, s), 0.16 (6H, s), 0.90 (18H, s), 1.04 (9H, s), 1.045
(9H, s), 1.09 (3H, s), 1.13 (3H, s), 1.47 (6H, s), 1.53 (3H, m), 1.54
(3H, m), 1.97—2.17 (8H, m), 2.47—2.62 (4H, m), 2.78—2.88 (2H, m),
3.54—3.65 (4H, m), 3.82—3.99 (6H, m), 4.02 (4H, s), 4.21 (2H, dd, J
= 3.1, 11.0 Hz), 435—4.39 (2H, m), 5.52—5.54 (2H, m), 5.69 (2H, br
s, D,O exch), 6.60 (2H, d, J = 8.4 Hz), 6.63 (2H, d, J = 8.4 Hz), 6.89
(2H, d, J = 2.1 Hz), 6.98 (2H, d, J = 8.4 Hz), 7.36—7.42 (10H, m),
7.62—7.69 (8H, m), 8.08 (2H, br s, D,O exch). IR (NaCl, neat) (anti):
3289 (br), 2929, 2855, 1666, 1444, 1428, 1254, 1222, 1111, 857, 836,
704 cm™!. Mass spectrum (EI) (anti): mv/e (relative intensity) 833 (M,
0.1), 512 (6.4), 361 (26), 360 (100), 199 (47). Microanal. Calcd for
CusHesN3O6Si, (anti): C, 68.94; H, 7.84; N, 5.02. Found: C, 68.76;
H, 7.60; N, 4.82.

[38,8a6(F)]-1,1-Dim ethylethyl 8-[[2-[(1,1-Dimethylethoxy)carbo-
nyl]-8a-[4-[[(1,1-dimethylethyl)diphenylsilyl] oxy]-3-methyl-2-bute-
nyl]octahydro-1,4-dioxopyrrolo[1,2-a]pyrazin-3-yllmethyl]-3-[[(1,1-
dimethylethyl)dimethylsilylJoxy]-3,4-dihydro-4,4-dimethyl-2 H,10H-
[1,4]dioxepino|2,3-g]indole-10-carboxylate (58). To a stirred solution
of 53 (310 mg, 0.37 mmol, 1.0 equiv) at 0 °C under Ar in CH,Cl, (7.4
mL) were added Et;N (0.1 mL, 0.74 mmol, 2.0 equiv) and DMAP
(90.7 mg, 0.74 mmol, 2.0 equiv). After 5 min, (BOC),0 (486.2 mg,
2.2 mmol, 6.0 equiv) was added in one portion. The resulting solution
was stirred for 8.5 h, poured into water, and extracted with EtOAc.
The organic layer was washed with 10% CuSO, and brine, dried over
MgSO,, and concentrated under reduced pressure. The residue was
purified by radial chromatography (eluted with 1:2 EtOAc/hexanes) to
yield 375 mg (97%) of 58 as an amorphous solid.

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
0.12 (6H, s), 0.13 (6H, s), 0.879 (9H, s), 0.880 (9H, s), 1.01 (18H, s),
1.05 (3H, s), 1.07 (3H, s), 1.14 (9H, s), 1.18 (9H, s), 1.55 (6H, s), 1.47
(6H, s), 1.57 (18H, s), 1.88—2.16 (6H, m), 2.17—2.26 (2H, m), 2.28—
2.36 (2H, m), 2.50 (2H, dd, J = 8.1, 14.5 Hz), 3.22 (2H, m), 3.32—
3.45 (4H, m), 3.71—3.81 (2H, m), 3.84—3.96 (4H, m), 4.00 (4H, br s),
4.13—4.18 (2H, m), 5.02—5.07 (2H, m), 542 (1H, t, /= 7.3 Hz), 5.53
(1H, t, J = 7.5 Hz), 691 (2H, d, J = 83 Hz), 7.16 (1H, d, J = 8.0
Hz), 7.19 (1H, d, J = 8.2 Hz),7.22 (1H, s), 7.24 (1H, s), 7.30—7.40
(12H, m), 7.57—7.61 (8H, m). IR (NaCl, neat): 2932, 1752, 1730,
1660, 1371, 1251, 1153, 1109, 1088, 706 cm~!. HRMS (EI):
1035.5481 (CssHsiN3010S1> requires 1035.5461).

[36,8af3(E)]-1,1-Dim ethylethyl 8-[[2-[(1,1-Dimethylethoxy)carbo-
nyl]-8a-[4-hydroxy-3-methyl-2-butenyl]octahydro-1,4-dioxopyrrolo-
[1,2-a]pyrazin-3-yljmethyl]-3,4-dihydro-4,4-dimethyl-3-hydroxy-
2H,10H-[1,4]dioxepino[2,3-g]indole-10-carboxylate. To a stirred
solution of 53 (511 mg, 0.61 mmol, 1.0 equiv) at 0 °C under Ar in
CH,Cl, (12.2 mL) were added DMAP (149.4 mg, 1.2 mmol, 2.0 equiv)
and EN (0.17 mL, 1.2 mmol, 2.0 equiv). After 5 min, (BOC).0O (801.0
mg, 3.67 mmol, 6.0 equiv) was added in one portion. The resulting
solution was stirred for 2.7 h, and reaction was found to be complete
by TLC analysis; during this period, the reaction temperature slowly
reached 15 °C. The reaction flask was then charged with THF (12
mL) and the CH,Cl, removed by evaporation (until the volume of the
flask was approximately 12 mL). The solution was stirred at room
temperature and #-BuyNF (1.96 mL, 1.96 mmol, 3.2 eq, 1.0 M/THF)
added quickly. After 22 h, additional #n-BuNF (1.0 mL, 1.0 mmol,
1.6 equiv, 1.0 M/THF) was added to the reaction flask and stirred for
24 h. The reaction was complete by TLC and was poured into water
and extracted with EtOAc. The organic layer was washed with 10%
CuSOy and brine, dried over MgSO4, and concentrated under reduced
pressure. The residue was purified by radial chromatography (eluted

with EtOAc) to yield 369 mg (89%) of the diol (obtained as a pale
yellow, amorphous solid).

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
1.21 (3H, s), 1.24 (3H, s), 1.29 ((9H, s), 1.35 (9H, s), 1.47 (6H, s),
1.52 (6H, s), 1.56 (18H, s), 1.63—2.21 (14H, m), 3.21—3.38 (8H, m),
3.54 (1H, br s, D;O exch), 3.58 (1H, br s, D-O exch), 3.81—3.87 (6H,
m, 2H D>O exch), 4.22 (4H, d, J = 8.0 Hz), 4.62 (1H, t, J = 8.4 Hz),
4.96—5.01 (2H, m), 5.07 (1H, t, J = 7.2 Hz), 6.90 (1H, d, J = 8.4
Hz), 6.91 (1H, d, J = 8.4 Hz), 7.13 (1H, d, J/ = 8.4 Hz), 7.18 (1H, d,
J=84Hz), 722 (1H, s), 7.23 (1H, s). IR (NaCl, neat): 3436, 2978,
1755, 1649, 1367, 1249, 1149, 732 cm™L.

[36,8af(E)]-1,1-Dim ethylethyl 8-[[2-[(1,1-Dimethylethoxy)carbo-
nyl]-8a-[4-chloro-3-methyl-2-butenyl]octahydro-1,4-dioxopyrrolo-
[1,2-a]pyrazin-3-yljmethyl]-3,4-dihydro-4,4-dimethyl-3-hydroxy-
2H,10H-[1,4]dioxepino[2,3-g]indole-10-carboxylate. To a stirred
solution of the diol obtained above (50.0 mg, 0.0725 mmol, 1.0 equiv)
in DMF (0.73 mL) at 0 °C under Ar were added collidine (0.014 mL,
0.11 mmol, 1.5 equiv) and LiCl (5.27 mg, 0.12 mmol, 1.7 equiv). After
15 min, MsCl (84 uL, 0.11 mmol, 1.5 equiv) was added and the
reaction mixture allowed to reach room temperature in the course of
16 h. At this time an additional amount (1.0 equiv) of each reagent
was added in the same manner as above. After 8.5 h there was little
change by TLC, so a large excess of MsCl (0.06 mL, 0.775 mmol,
10.7 equiv) was added at 0 °C and stirred for ~12 h until only the
desired product was apparent by TLC. The solution was diluted with
1:1 hexanes/EtOAc, washed with water and brine, dried over MgSQ,,
and concentrated, under reduced pressure. The residue was purified
by radial chromatography, 1:1 EtOAc/hexanes, to yield 45.5 mg (91%)
of the product allylic chloride (obtained as a foamy glass).

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
1.18 (3H, s), 1.20 (3H, s), 1.24 (9H, s), 1.30 (9H, s), 1.51 (3H, s), 1.54
(3H, s), 1.58 (18H, s), 1.64 (3H, s), 1.66 (3H, s), 1.74—2.18 (10H, m),
2.27 (2H, dd, J = 8.1, 15.0 Hz), 3.02 (2H, br s, D,O exch), 3.19 (2H,
dd, J =172, 14.8 Hz), 3.27—3.44 (4H, m), 3.56 (2H, br s), 3.81—3.89
(2H, m), 3.91 (2H, s), 3.94 (2H, s), 4.18—4.30 (4H, m), 4.99—5.06
(2H, m), 5.21 (1H, t, J = 8.3 Hz), 5.38—5.43 (1H, m), 6.93 (2H, d, J
=83 Hz), 7.17 (1H, d, J = 8.3 Hz), 7.20 (1H, d, J = 8.3 Hz), 7.21
(1H, s), 7.24 (1H, s). IR (NaCl, neat): 3384, 2920, 1750, 1736, 1657,
1367, 1250, 1149 cm™L.

[36,8af3(E)]-1,1-Dim ethylethyl 8-[[2-[(1,1-Dimethylethoxy)carbo-
nyl]-8a-[4-chloro-3-methyl-2-butenyl]octahydro-1,4-dioxopyrrolo-
[1,2-a]pyrazin-3-yllmethyl]-3-[[(1,1-dimethylethyl)dimethylsilyl]-
oxy|-3,4-dihydro-4,4-dimethyl-2H,10H-[1,4]dioxepino[2,3-g]indole-
10-carboxylate (55). To a stirred solution of the allylic chloride
obtained above (96.2 mg, 0.37 mmol, 1.0 equiv) in CH2Cl, (0.5 mL)
under Ar were added 2,6-lutidine (0.016 mL, 0.14 mmol, 0.38 equiv)
and fert-butyldimethylsilyl triflate (0.03 mL, 0.14 mmol, 0.38 equiv).
After 1 h an additional amount (0.5 equiv) of the two reagents was
added. The mixture was stirred for 1 h, and another portion (0.5 equiv)
of each reagent was added. The solution was stirred for 75 min and
was then poured into water and extracted with EtOAc. The organic
layer was washed with brine, dried over MgSQO,, and concentrated under
reduced pressure. The residue was purified by radial chromatography
(eluted with 1:2 EtOAc/hexanes) to yield 106.5 mg (99%) of 55 as a
white crystalline solid, mp 70—73 °C.

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
0.10 (3H, s), 0.11 (6H, s), 0.12 (3H, s), 0.877 (18H, s), 1.04 (3H, s),
1.06 (3H, s), 1.22 (9H, s), 1.29 (9H., s), 1.44 (3H, s), 1.46 (3H, s), 1.58
(18H, s), 1.62 (3H, s), 1.65 (3H, s), 1.76—2.13 (10H, m), 2.22 (2H,
dd, J = 84, 14.8 Hz), 3.19 (2H, dd, J = 7.1, 14.7 Hz), 3.26—3.42
(4H, m), 3.68—3.78 (2H, m), 3.81—3.87 (4H, m), 3.90 (2H, s), 3.94
(2H, s), 4.10—4.17 (2H, m), 5.00—5.05 2H, m), 522 (1H, t, J = 7.6
Hz), 541 (1H, t, J = 7.6 Hz), 6.91 (2H, d, J = 8.3 Hz), 7.14 (1H, d,
J=83Hz),7.16 (1H, d,J = 8.3 Hz), 7.21 (1H, s), 7.24 (1H, s). *C
NMR (75.5 MHz) (CDCl;) (mixture of two diastereomers): & —5.0,
—4.1, —4.0, 14.3, 17.8, 18.3, 19.7, 19.8, 25.6 27.3, 274, 27.9, 28.5,
29.6, 30.1, 34.5, 34.7, 36.1, 45.2, 45.32, 51.3, 514, 60.5, 68.1, 68.2,
70.9,70.9,75.7,80.2, 83.1, 84.2,84.2, 113.6, 113.8, 114.1, 114.2, 120.0,
120.1, 122.6, 122.7, 126.9, 127.1, 127.8, 127.9, 129.0, 135.6, 135.8,
14043, 146.3, 146.4, 148.3, 148.4, 150.3, 150.5, 164.4, 164.5, 168.6,
168.7. IR (NaCl, neat): 2936, 1754, 1729, 1663, 1496, 1456, 1370,
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1248, 1152, 1086, 838 cm™!. HRMS (EI): 8153973 (C42HgN300-
SiCl requires 815.3944).

[38,8ap(E)]-1,1-Dimethylethyl 8-[[8a-[4-[[(1,1-Dimethylethyl)-
diphenylsilyl]oxy]-3-methyl-2-butenyl]octahydro-1,4-dioxopyrrolo-
[1,2-a]pyrazin-3-yllmethyl]-3-[[(1,1-dimethylethyl)dim ethylsilyl]-
oxy]-3,4-dihydro-4,4-dimethyl-2H,10H-[1,4]dioxepino[2,3-g]indole-
10-carboxylate (59). To a flask fitted with a reflux condenser was
added 58 (799 mg, 0.771 mmol, 1.0 equiv) followed by CH5CN (15.4
mL) and dimethylamine (0.53 mL, 3.85 mmol, 5.0 equiv, 40% solution
in water). The resulting solution was refluxed for 2 h and 20 min.
The solvent was removed under reduced pressure and the residue
purified by radial chromatography (eluted with 1:2 EtOAc/hexanes) to
yield 657 mg (92%) of 59. An analytical sample was obtained by
PTLC, on silica gel (eluted with 1:2 EtOAc/hexanes) (foamy oil).

'H NMR (300 MHz) (CDCI;) (mixture of two diastereomers): &
0.14 (6H, s), 0.23 (6H, s), 0.88 (18H, s), 1.01 (18H, s), 1.10 (6H, s),
1.48 (6H, d), 1.59 (18H, s), 1.62 (6H, s), 1.98—2.05 (6H, m), 2.07—
2.19 (2H, m), 2.37—-2.47 (2H, m), 2.64—2.75 (2H, m), 2.94 (2H, dd,
J =116, 14.1 Hz), 3.41—-3.47 (4H, m), 3.82 (2H, dd, J = 9.6, 12.2
Hz), 3.93—4.03 (4H, m), 4.07 (4H, br s), 4.10—4.15 (2H, m), 420
(2H, dd, J = 2.7, 12.4 Hz), 5.56—5.61 (2H, m), 5.78 (1H, d, J = 3.0
Hz, DO exch), 5.81 (1H, d, J = 2.8 Hz, D,0 exch), 6.877 (1H, d, J
=84 Hz), 6.884 (1H, d, J= 8.4 Hz), 7.09 (2H, d, J = 8.4 Hz), 7.20—
7.40 (14H, m), 7.56 — 7.61 (8H, m). *C NMR (75.5 MHz) (CDCls)
(mixture of two diastereomers): 6 —5.0, —4.1, 13.7, 14.0, 17.8, 18.6,
18.8, 19.1, 19.6, 22.5, 25.7, 26.7, 28.0, 28.4, 284, 31.4, 31.6, 31.7,
34.9, 35.8, 44.81, 57.5, 67.5, 68.2, 71.0, 75.8, 76.6, 77.0, 77.4, 80.3,
83.3,83.1,113.3,114.6, 116.6, 120.1, 126.3, 126.3, 127.5 127.6, 128.1,
128.2, 128.4, 128.4, 128.6, 133.1, 133.2, 135.4, 139.2, 140.5, 140.6,
146.4, 146.5, 148.4, 164 4, 169.6, 169.7. IR (NaCl, neat): 3246, 2960
2861, 1750, 1676, 1662, 1430, 1366, 1252, 1159, 1109, 1090 cm ™.
HRMS (EI): 935.48955 (Cs3H73N30sSi, requires 935.4936). Microanal.
Caled for Cs3H73N30sS12: C, 67.57; H, 7.96; N, 4.54. Found: C, 67.62;
H, 7.94; N, 4.32.

[36,8af(E)]-1,1-Dimethylethyl 8-[[3,4,6,7,8,8a-Hexahydro-8a-[4-
[[(1,1-dimethylethyl)diphenylsilyl]oxy]-3-m ethyl-2-butenyl]-1-meth-
oxy-4-oxopyrrolo[1,2-a]pyrazin-3-yllmethyl]-3-[[(1,1-dimethylethyl)-
dimethylsilyl]oxy]-3,4-dihydro-4,4-dimethyl-2H,10H-
[1,4]dioxepino[2,3-glindole-10-carboxylate (60). To a stirred solution
of 53 (3.87 g, 4.63 mmol, 1.0 equiv) in CH,Cl, (46 mL) under Ar at
0 °C was added Na,CO; (9.8 g, 92.6 mmol, 20.0 equiv). After 10
min, MesOBF, (3.42 g, 23.15 mmol, 5.0 equiv) was added in one
portion. The mixture was stirred for 4.0 h at room temperature, poured
into water, and extracted with EtOAc. The organic layer was washed
with brine, dried over Na,SO,, and concentrated to dryness under
reduced pressure. The residue was purified by flash column chroma-
tography (eluted with 1:2 hexanes/EtOAc; then 1:1 hexanes/EtOAc)
to yield 3.20 g (81%) of 60. An analytical sample was obtained by
PTLC on silica gel (eluted with EtOAc) (isolated as a white solid, mp
74-176 °C).

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): &
0.120 (12H, s), 0.875 (18H, s), 1.02 (18H, s), 1.06 (3H, s), 1.07 (3H,
s), 1.45 (12H, s), 1.65—2.08 (14H, m), 3.07—3.15 (2H, m), 3.26 (2H,
dd, J = 6.2, 12.6 Hz), 3.32—3.40 (2H, m), 3.61 (6H, s), 3.70—3.86
(2H, m), 3.91-3.95 (4H, m), 3.99 (2H, s), 4.15 (2H, dd, J = 3.6, 11.7
Hz), 436—4.40 (2H, m), 5.37—5.44 (2H, br m), 6.69 (2H, d, J = 8.4
Hz), 701 (2H, d, J = 1.7 Hz), 7.15 (2H, d, J = 8.4 Hz), 7.26—7.41
(12H, m), 7.58—7.62 (8H, m), 8.06 (2H, s, D,O exch). IR (NaCl,
neat): 3292, 2932, 1687, 1643, 1447, 1251, 1218, 1109, 837 cm™'.
Mass spectrum (EI): m/e (relative intensity) 849 (M*, 8.9), 361 (26),
360 (95), 167 (100). Microanal. Calcd for C4Hg7N3O6Siz: C, 69.02;
H, 7.94; N, 4.94. Found: C, 69.02; H, 7.88; N, 4.79.

[30,8a8(F)]-1,1-Dimethylethyl 8-[[3,4,6,7,8,8a-Hexahydro-8a-[4-
[[(1,1-dimethylethyl)diphenylsilyl|oxy]-3-m ethyl-2-butenyl]-1-meth-
oxy-4-oxopyrrolo[1,2-a]pyrazin-3-yljmethyl]-3-[[(1,1-dimethylethyl)-
dimethylsilyl]oxy]-3,4-dihydro-4,4-dimethyl-2H,10H-
[1,4]dioxepino|2,3-g]indole-10-carboxylate (61). To a stirred solution
of 54 (8.47 g,10.13 mmol, 1.0 equiv) in CH,Cl, (101 mL) at 0 °C
under Ar was added Na,CO5 (21.26 g, 202.6 mmol, 20.0 equiv). After
15 min Me;OBF, (7.49 g, 50.64 mmol, 5.0 equiv) was added in one
portion. The mixture was stirred for 5 min, the ice bath was removed,
and the reaction mixture was stirred for 4.5 h. The mixture was then

poured into water and extracted with EtOAc. The organic layer was
washed with brine, dried over Na,SO,, and concentrated to dryness
under reduced pressure. The residue was purified by column chro-
matography (eluted with 1:2 EtOAc/hexanes) to yield 5.30 g (62%) of
61. [The yield of 61 was 365 mg (71%) from 508 mg of 54.] An
analytical sample was obtained by PTLC on silica gel (eluted with 1:2
EtOAc/hexanes and obtained as a white crystalline solid, mp 54—58
°C).

H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
0.13 (3H, s), 0.14 (9H, s), 0.89 (18H, s), 1.03 (9H, s), 1.04 (9H, s),
1.087 (3H, s), 1.093 (3H, s), 1.28—1.43 (4H, m), 1.48 (6H, s), 1.50
(6H, s), 1.79—1.89 (4H, m), 2.24—2.38 (4H, m), 3.22—3.42 (6H, m),
3.60 (3H, s), 3.62 (3H, s), 3.68—3.76 (2H, m), 3.79—3.87 (2H, m),
3.94 (2H, d, J = 3.4 Hz), 3.97 (4H, br s), 4.15—4.20 (2H, m), 4.26—
4.32 (2H, m), 541 (2H, t, J = 7.8 Hz), 6.701 (1H, d, J = 8.5 Hz),
6.703 (1H, d, J = 8.4 Hz), 6.96 (1H, d, J= 2.6 Hz), 6.97 (1H, d, J =
2.6 Hz), 7.28 (2H, d, J = 8.5 Hz), 7.32—7.44 (12H, m), 7.60—7.64
(8H, m), 7.97 (2H, br s, D,O exch). IR (NaCl, neat): 3304, 2930,
1695, 1645, 1447, 1249, 1221, 836 cm~!. HRMS (EI): 849.4550
(C4oHg7N306S12 requires 849.4568). Microanal. Caled for CaoHer-
N306Si2: C, 69.22; H, 7.94; N, 4.94. Found: C, 59.06; H, 8.04; N,
4.89.

[36,8af(E)]-1,1-Dimethylethyl 8-[[3,4,6,7,8,8a-Hexahydro-8a-(4-
hydroxy-3-methyl-2-butenyl)-1-methoxy-4-oxopyrrolo[1,2-a|pyrazin-
3-yllmethyl]-3,4-dihydro-3-hydroxy-4,4-dimethyl-2H,10H-[1,4]di-
oxepino[2,3-glindole-10-carboxylate (62). To stirred solution of 60
(5.45 g, 6.41 mmol, 1.0 equiv) in CH,Cl, (32 mL) under Ar at 0 °C
were added Et;N (0.89 mL, 6.41 mmol, 1.0 equiv) and DMAP (783.1
mg, 641 mmol, 1.0 equiv). After 10 min (BOC),0O (4.20 g, 19.2 mmol,
3.0 equiv) was added in one portion. The reaction mixture was stirred
for 6 h and diluted with THF (45 mL). The remaining CH,Cl, was
removed by evaporation under reduced pressure (until the volume in
the flask was 45 mL). The flask was charged with #»-BusNF (19.2
mL, 19.2 mmol, 3.0 equiv, 1.0 M/THF), and the mixture was stirred at
room temperature for approximately 12 h. The solution was diluted
with water and extracted with EtOAc. The organic layer was washed
with brine, dried over Na,SQ,, and concentrated to dryness under
reduced pressure. The residue was purified by column chromatography
(eluted with 1:2 EtOAc/hexanes; then 2:1 EtOAc/hexanes) to yield 3.45
g (90%) of 62. [The yield of 62 was 243 mg (97%) from 355 mg of
60.] An analytical sample was obtained by PTLC on silica gel (eluted
with 2:1 EtOAc/hexanes) to afford a white solid, mp 72—85 °C.

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): &
1.18 (6H, s), 1.52 (3H, s), 1.53 (3H, s), 1.56 (3H, s), 1.57 (21H, s),
1.61—2.07 (10H, m), 2.14 (2H, dd, J = 8.6, 14.5 Hz), 2.85 (2H, br s,
D,0 exch), 2.92—3.01 (2H, m), 3.18—3.35 (6H, m), 3.56 (2H, br s,
D,0 exch), 3.62 (3H, s), 3.64 (3H, s), 3.88 (4H, br s), 3.91—4.00 (2H,
m), 4.25 (4H, brs), 4.30—4.39 (2H, m), 4.98—5.01 (2H, m), 6.87 (1H,
d, J =83 Hz), 6.88 (1H, d, J = 8.3 Hz), 7.16 (1H, d, J = 8.3 Hz),
7.17 (1H, d, J = 8.3 Hz), 7.34 (1H, s), 7.35 (1H, s). *C NMR (75.5
MHz) (CDCl5) (mixture of two diastereomers). 6 13.4, 19.5,19.7, 23.5,
23.6, 25.1, 25.3, 27.9, 30.3, 30.5, 344, 34.8, 35.1, 35.3, 434, 43.6,
52.6, 52.7, 62.0, 62.4, 65.3, 65.4, 67.7, 67.8, 70.6, 75.4, 82.6, 82.6,
114.5, 114.7, 116.8, 116.9, 118.2, 118.3 119.0, 119.1, 126.3, 128.0,
128.1, 129.9 130.0, 138.6, 138.7, 140.7, 146.2, 148.5, 161.32, 161.5,
168.5, 168.7 IR (NaCl, neat): 3390 (br), 2976, 1752, 1692, 1632, 1491,
1453, 1371, 1251, 1158, 733 cm™!. Microanal. Calcd for CsHys-
N;0s: C, 64.30; H, 7.25; N, 7.03. Found: C, 64.12; H, 7.41; N, 6.88.
HRMS (EI): m/e 597.3065 (Cs,H43N30s requires 597.3050).

[30,8a8(E)]-1,1-Dimethylethyl 8-[[3,4,6,7,8,8a-Hexahydro-8a-(4-
hydroxy-3-methyl-2-butenyl)-1-methoxy-4-oxopyrrolo[1,2-a|pyrazin-
3-yllmethyl]-3,4-dihydro-3-hydroxy-4,4-dimethyl-2H,10H-[1,4]di-
oxepino[2,3-glindole-10-carboxylate (63). To a stirred solution of
61 (5.30 g, 5.65 mmol, 1.0 equiv) under Ar in CH,Cl, (1.5 mL) at 0
°C were added Et3N (0.79 mL, 5.65 mmol, 1.0 equiv) and DMAP (689.7
mg, 5.65 mmol, 1.0 equiv). After 5 min (BOC),0 (3.70 g, 16.94 mmol,
3.0 equiv) was added in one portion. The reaction mixture was stirred
for 4.5 h and diluted with THF (40 mL). The remaining CH,Cl, was
removed under reduced pressure (until the reaction volume was 40 mL).
The flask was charged with #-BuyNF (17.0 mL, 17.0 mmol, 3.0 equiv,
1.0 M/THF), and the mixture was stirred at room temperature for ~12
h. The solution was diluted with water and extracted with EtOAc.
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The organic layer was washed with brine, dried over Na,SO,, and
concentrated to dryness. The residue was purified by column chro-
matography (eluted with EtOAc) to yield 3.16 g (85%) of 63 as a white,
amorphous solid, mp 72—80 °C [The yield of 63 was 179 mg (98%)
with 260 mg of 61].

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
1.16 (3H, s), 1.18 (3H, s), 1.51 (3H, s), 1.52 (3H, s), 1.55 (6H, s), 1.57
(18H, s), 1.60—2.14 (10H, m, 2H DO exch), 2.22—2.37 (4H, m), 3.06—
3.18 (3H, m, 1H D20 exch), 3.26—3.36 (5H, m, 1H D20 exch), 3.55
(3H, s), 3.56 (2H, br s), 3.60 (3H, s), 3.63—3.72 (2H, m), 3.89 (4H,
m), 4.18—4.23 (2H, m), 425 (4H, br s), 5.21-5.27 (2H, m), 6.857
(1H, d, J = 8.3 Hz), 6.861 (1H, d, /= 8.3 Hz), 7.22 (2H, d, J = 8.3
Hz), 7.24 (2H, s). IR (NaCl, neat): 3401 (br), 2976, 1747, 1692, 1632,
1496, 1436, 1371, 1251, 1158, 733 cm™!. HRMS (EI): 597.3050
(C3,Hy3N;305 requires 597.3050).

[36,8af(F)]-1,1-Dimethylethyl 8-[[3,4,6,7,8,8a-Hexahydro-8a-(4-
chloro-3-methyl-2-butenyl)-1-methoxy-4-oxopyrrolo[1,2-a] pyrazin-
3-yllmethyl]-3,4-dihydro-3-hydroxy-4,4-dimethyl-2H,10H-[1,4] di-
oxepino|[2,3-glindole-10-carboxylate (64). Dimethyl sulfide (0.67 mL,
9.13 mmol, 8.0 equiv) was added dropwise to a stirred solution of NCS
(1.22 g, 9.13 mmol, 8.0 equiv) in CH,Cl, (51 mL) at O °C under Ar.
The resulting mixture was stirred for 10 min and then cooled to —23
°C. After 10 min, 62 (682.4 mg, 1.14 mmol, 1.0 equiv) was added to
the flask in one portion and stirring continued for 6 h. At this time
the reaction flask was placed in a freezer (—35 °C) for 16 h, followed
by an additional 10 h of stirring at —23 °C. The mixture was then
diluted with EtOAc, washed with water and brine, dried over Na;SQy,
and concentrated under reduced pressure. The residue was purified
by radial chromatography (eluted with 1:2 hexanes/EtOAc) to yield
565.8 mg (81%) of 64 as a white amorphous solid. [The yield of 64
was 2.12 g (37% or 74% based on recovered 62) with 5.60 g of 62.]
An analytical sample was obtained by PTLC on silica gel (eluted with
2:1 EtOAc/hexanes).

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
1.17 (6H, s), 1.52 (6H, s), 1.57 (18H, s), 1.65 (6H, s), 1.73—2.20 (10H,
m), 2.84 (2H, dd, J = 9.0, 14.4 Hz), 3.06 (1H, br s, D,O exch), 3.10
(1H, br s, D,0O exch), 3.26—3.36 (4H, m), 3.55—3.58 (4H, m), 3.62
(3H, s), 3.63 (3H, s), 3.91 (4H, s), 3.95—4.05 (2H, m), 4.24—4.25 (4H,
m), 4.30—4.36 (2H, m), 5.28 (2H, m), 6.88 (2H, d, / = 8.3 Hz), 7.14
(1H, d, J = 8.3 Hz), 7.15 (1H, d, J = 8.3 Hz), 7.376 (1H, s), 7.384
(1H, s). IR (NaCl, neat): 3403, 2979, 1750, 1716, 1642, 1348, 1154
cm™l. HRMS (EI): 615.2709 (C3HyN30,Cl requires 615.2711).
Microanal. Caled for C3HyN30,Cl: C, 62.38; H, 6.87; N, 6.82.
Found: C, 62.53; H, 6.86; N, 6.67.

[3a,8af(E)]-1,1-Dimethylethyl 8-[[3,4,6,7,8,8a-Hexahydro-8a-(4-
chloro-3-methyl-2-butenyl)-1-methoxy-4-oxopyrrolo[1,2-a| pyrazin-
3-yllmethyl]-3,4-dihydro-3-hydroxy-4,4-dimethyl-2H,10H-[1,4]di-
oxepino[2,3-g]-indole-10-carboxylate (65). To a stirred solution of
NCS (5.67 g, 42.4 mmol, 8.0 equiv) at 0 °C under Ar in CH,Cl, (206
mL) was added dimethyl sulfide (3.12 mL, 42.4 mmol, 8.0 equiv)
dropwise. After 0.5 h the mixture was cooled (—23 °C) and stirred
for an additional 0.5 h. At this time the lactim ether—diol 63 (3.17 g,
5.30 mmol, 1.0 equiv) was added [approximately 3 g was added as a
solid; the remaining amount was added as a solution in CH,Cl, (30
mL) via cannula]. The white mixture was stirred for 12 h, diluted
with EtOAc, washed with water and brine, dried over Na,SO,, and
concentrated under reduced pressure. The residue was purified by flash
column chromatography (eluted with 2:1 hexanes/EtOAc; then 1:1
hexanes/EtOAc) to afford 2.80 g (86%) of 65 as a glass.

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
1.17 3H, s), 1.18 (3H, s), 1.52 (3H, s), 1.54 (3H, s), 1.57 (18H, s),
1.65 (6H, s), 1.71—1.92 (8H, m), 2.24—2.39 (4H, m), 3.03—3.19 (4H,
m, 2H D,0 exch), 3.28—3.37 (4H, m), 3.56 (3H, s), 3.60 (3H, s), 3.59—
3.75 (4H, m), 3.89 (4H, s), 4.21-4.29 (6H, m), 535 2H, t, J =175
Hz), 6.86 (1H, d, J = 8.3 Hz), 6.87 (1H, d, J = 8.3 Hz), 7.23 (2H, d,
J =83 Hz), 722 (1H, s), 7.27 (1H, s). IR (NaCl, neat): 3412 (br),
2976, 1752, 1698, 1638, 1365, 1251, 1158 cm~!. HRMS (EI):
615.2714 (C3,H4:N30,Cl requires 615.2711).

[38,8af(F)]-1,1-Dimethylethyl 8-[[3,4,6,7,8,8a-Hexahydro-8a-(4-
chloro-3-methyl-2-butenyl)-1-methoxy-4-oxopyrrolo[1,2-a] pyrazin-
3-yllmethyl]-3-[[(1,1-dimethylethyl)dimethylsilyl|oxy]-3,4-dihydro-
4,4-dimethyl-2H,10H-[1,4]dioxepino|2,3-g]indole-10-carboxylate (66).

To a stirred solution of 64 (3.55 g, 5.76 mmol, 1.0 equiv) in CH,Cl,
(23 mL) at 0 °C under Ar was added 2,6-lutidine (0.74 mL, 6.34 mmol,
1.1 equiv) followed by tert-butyldimethylsilyl triflate (1.08 mL, 6.34
mmol, 1.1 equiv). After 3 h an additional amount (1.1 equiv) of each
reagent was added to the reaction flask; after stirring for 2 h, an
additional amount (1.1 equiv) of each reagent was added. The mixture
was stirred for 1 h, diluted with EtOAc, washed four times with water
and once with brine, dried over Na,SO,, and concentrated under reduced
pressure. The residue was purified by column chromatography (eluted
with 1:1 hexanes/EtOAc) to yield 3.23 g (77%) of 66 as an amorphous,
white solid. An analytical sample was obtained by PTLC on silica gel
(eluted with 1:1 hexanes/EtOAc).

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): &
0.12 (6H, s), 0.13 (6H, s), 0.88 (18H, s), 1.06 (6H, s), 1.47 (6H, s),
1.59 (18H, s), 1.65 (6H, s), 1.78—1.98 (8H, s), 2.02—2.12 (2H, m),
2.86 (2H, dd, J = 9.0, 14.6 Hz), 3.31-3.34 (2H, m), 3.33 (2H, dd, J
= 4.0, 13.6 Hz), 3.62 (3H, s), 3.64 (3H, s), 3.71—3.79 (2H, m), 3.73
(1H,dd, J=4.2,98Hz), 3.77 (1H, dd, /=44, 9.7 Hz), 3.92 (4H, s),
3.94—4.01 (4H, m), 4.15 (2H, dd, J = 3.8, 12.4 Hz), 4.32—4.37 (2H,
m), 5.28—5.30 (2H, m), 6.87 (2H, d,J =83 Hz), 7.12 (1H,d,J= 8.3
Hz), 7.13 (1H, d, J = 8.3 Hz), 7.38 (2H, s). IR (NaCl, neat): 2930,
1750, 1691, 1652, 1494, 1424, 1366, 1248, 1159, 1088 cm™~!. Mass
spectrum (EI): m/e (relative intensity) 729 (M*, 4.2), 731 (M + 2,
2.1),629 (9.4), 361 (24.1), 360 (100), 167 (94.8), 57.2 (63). Microanal.
Caled for CysHs6N2O5SiCl: C, 62.49; H, 7.73; N, 5.75. Found: C,
62.57; H, 7.71; N, 5.55.

[30,8a3(E)]-1,1-Dimethylethyl 8-[[3,4,6,7,8,8a-Hexahydro-8a-(4-
chloro-3-methyl-2-butenyl)-1-methoxy-4-oxopyrrolo[1,2-a] pyrazin-
3-yllmethyl]-3-[[(1,1-dimethylethyl)dimethylsilyl] oxy]-3,4-dihydro-
4,4-dimethyl-2H,10H-[1,4]dioxepino[2,3-g]indole-10-carboxylate (67).
To a stirred solution of 65 (2.73 g, 4.43 mmol, 1.0 equiv) under Ar at
0 °C in CHoCl, (18 ml) was added 2,6-lutidine (0.57 mL, 4.87 mmol,
1.1 equiv) followed by tert-butyldimethylsilyl triflate (0.87 mL, 4.87
mmol, 1.1 equiv). After 1 h, 1.1 equiv of each reagent was added and
stirred for 3 h. The solution was diluted with EtOAc, washed with
water and brine, dried over Na,SO,4 and concentrated under reduced
pressure. The residue was purified by column chromatography (eluted
with 1:2 EtOAc/hexanes) to yield 2.76 g (85%) of 67 as a white
amorphous solid. An analytical sample was obtained by PTLC on silica
gel (eluted with 1:2 EtOAc/hexanes).

'H NMR (300 MHz) (CDCIl;) (mixture of two diastereomers): &
0.12 (6H, s), 0.13 (6H, s), 0.87 (18H, s), 1.05 (3H, s), 1.06 (3H, s),
1.47 (6H, s), 1.50—1.53 (2H, m), 1.58 (18H, s), 1.65 (6H, s), 1.72—
1.91 (6H, m), 2.21—2.37 (4H, m), 3.06—3.19 (2H, m), 3.28—3.36 (4H,
m), 3.56 (3H, s), 3.60 (3H, s), 3.63—3.87 (4H, m): 3.89 (4H, s), 3.93
(2H, dd, J = 3.9, 9.8 Hz), 4.13—4.18 (2H, m), 4.22—4.35 (2H, m),
5.30—5.40 (2H, m), 6.85 (1H, d, J = 8.3 Hz), 6.86 (1H, d, J = 8.3
Hz), 7.19—7.26 (4H, m). IR (NaCl, neat): 2949, 1751, 1693, 1652,
1493, 1424, 1369, 1250, 1156, 1086 cm~'. Microanal. Calcd for Cas-
HsN3O7SiCl: C, 62.49; H, 7.73; N, 5.75. Found: C, 62.29; H, 7.61;
N, 5.76. HRMS (EI): 729.3555 (C33sHssN3O7SiCl requires 729.3576).

1,1-Dimethylethyl 8-[[7,8-Dihydro-1-methoxy-10-(1-methylethe-
nyl)-4-0x0-6/1-3,8a-ethanopyrrolo[1,2-a]pyrazin-3(4H)-yl| Imethyl|-
3-[[(1,1-dimethylethyl)dimethylsilyl]oxy]-3,4-dihydro-4,4-dim ethyl-
2H,10H-[1,4]dioxepino[2,3-g]lindole-10-carboxylate (68). To a stirred
solution of 66 (1.43 g, 1.96 mmol, 1.0 equiv) in benzene (300 mL)
was added NaH (939 mg, 39.16 mmol, 20.0 equiv, freshly washed in
pentane). This mixture was gently stirred at reflux temperature for
8.25 h, diluted with EtOAc, and washed with water and dilute HCI.
The organic layer was isolated, washed with brine, dried over Na,SQy,
and concentrated under reduced pressure. The residue was purified
by radial chromatography (eluted with 1:3 EtOAc/hexanes) to yield
1.26 g of 68 (93%). [The yield of 68 was 2.52 g (86%) from 3.10 g
of 66.]

To a stirred solution of 67 (1.60 g, 2.19 mmol, 1.0 equiv) in benzene
(313 mL) was added NaH (1.05 g, 43.8 mmol, 20.0 equiv, freshly
washed in pentane). This mixture was gently stirred at reflux
temperature for 5.5 h and stirred at room temperature overnight. At
this time, a small sample was removed, washed with water, and
extracted with EtOAc. A crude proton NMR (in CDCls) indicated that
the reaction was complete. The remaining mixture was diluted with
EtOAc and washed with water. The organic layer was washed with
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brine, dried over Na,SQO,, and concentrated under reduced pressure.
The two samples were combined and purified by radial chromatography
(eluted with 1:3 EtOAc/hexanes) to yield 1.29 g of 68 (85%). An
analytical sample was obtained by PTLC on silica gel (eluted with 1:3
EtOAc/hexanes); the product was obtained as a white solid, mp 105—
108 °C.

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
0.12 (6H, s), 0.13 (6H, s), 0.872 (9H, s), 0.875 (9H, s), 1.06 (3H, s),
1.07 (3H, s), 1.46 (6H, s), 1.58 (18H, s), 1.61 (3H, s), 1.64 (3H, s),
1.72—2.03 (8H, m), 2.25—-2.42 (2H, m), 2.47 (2H, dd, J = 5.1, 9.7
Hz), 2.54 (2H, dd, J = 5.8, 9.7 Hz), 3.05 (1H. Y2 ABq, J = 15.0 Hz),
3.07 (1H, > ABq, J = 15.0 Hz), 3.31-3.53 (6H, m), 3.57 (3H, s).
3.64 (3H, s), 3.73—3.89 (2H, m), 3.94 (2H, dd, J = 3.7, 9.7 Hz), 4.17
(2H, dd, J = 3.1, 11.6 Hz), 4.62 (1H, s), 4.75 (1H, s), 478 (1H, s),
4.85 (1H, s), 6.82 (2H, d, J = 8.4 Hz), 7.31 (1H, d, J = 8.4 Hz), 7.38
(1H,d,J =84 Hz), 744 (1H, s), 7.52 (1H, s). IR (NaCl, neat): 2935,
1752, 1684, 1637, 1496, 1418, 1365, 1350, 1250, 1220, 1156, 1083
cm™!. HRMS (EI): m/e 693.3834 (CssHssN3O5Si requires 693.3809).
Microanal. Caled for CysHssN3;O7Si: C, 65.77, H, 7.99; N, 6.05.
Found: C, 65.85; H, 7.99; N, 591.

1,1-Dimethylethyl 3-[[(1,1-Dimethylethyl)dimethylsilyl]oxy]-3,4,8,-
12,13,14,14a,15-octahydro-4,4,15,15-tetramethyl-9,17-dioxo-
11H,16H-8a,13a-(iminomethano)-2H,9H-[1,4]dioxepino|2,3-a]in-
dolizino[6,7-k] carbazole-16-carboxylate (69). To a flask charged
with PdCl, (827.9 mg, 4.67 mmol, 3.0 equiv) and AgBF, (605.3 mg,
3.11 mmol, 2.0 equiv) was added dry CH3CN (50 mL). The mixture
was stirred for 6.5 h, when a solution of 68 (1.08 g, 1.56 mmol, 1.0
equiv) in CH;CN (5.0 mL) was syringed into the flask. The reaction
mixture was stirred for 48 h, and EtOH (55 mL) was added, followed
by small portions of NaBH,4 (590 mg, 15.6 mmol, 10.0 equiv) at 0 °C.
The addition was complete in 0.5 h, and the mixture was stirred for an
additional 0.5 h. The black mixture was filtered to remove palladium
and the solvent evaporated under reduced pressure. The residue was
dissolved in EtOAc, washed with dilute aqueous HCI (0.01 M) and
brine, dried over Na,SO,, and concentrated under reduced pressure.
The residue was purified by radial chromatography (eluted with 25:
25:1 CH,ClyEt,0/MeOH) to afford 676.3 mg (63%) of 69 as a white
amorphous solid. An analytical sample was obtained by PTLC on silica
gel (eluted with 25:25:1 CH.Cly/Et,O/MeOH).

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
0.081 (6H, s), 0.11 (6H, s), 0.87 (9H, s), 0.88 (9H, s), 1.08 (3H, s),
1.17 (3H, s), 1.26 (3H, s), 1.27 (3H, s), 1.34 (3H, s), 1.35 (3H, s), 1.44
(3H, s), 1.46 (3H, s), 1.56 (9H, s), 1.58 (9H, s), 1.81—1.90 (2H, m),
1.96—2.06 (6H, m), 2.20 (2H, dd, J = 10.3, 13.5 Hz), 2.52—2.60 (4H,
m), 2.78 2H, dt, J = 6.5, 12.9 Hz), 3.36—3.49 (2H, m), 3.51-3.57
(2H, m), 3.63—3.84 (4H, m), 3.88—3.92 (2H, m), 4.04—4.16 (2H, m),
6.24 (1H, s, DO exch), 6.26 (1H, s, D,O exch), 6.78 (1H, d, J = 8.3
Hz), 6.80 (1H, d, J = 8.5 Hz), 6.98 (1H, d, J = 8.2 Hz), 6.99 (1H, d,
J = 84 Hz). BC NMR (75.5 MHz) (CDCl;) (mixture of two
diastereomers): 6 —5.2, —5.1, —5.0, —4.5, —4.3, 17.6. 18.7, 19.3,
19.7, 19.9, 24.3,25.5, 25.6, 26.9, 26.2, 27.2, 27.8, 27.9, 283, 28.5,
29.1, 31.1, 36.2, 43.8, 50.5, 50.6, 53.3, 54.8, 55.7, 59.4, 60.2, 60.2,
66.3,67.6, 71.1,72.7,75.9, 78.0, 80.5, 84.1, 84.3, 108.3, 112.4, 112.5,
113.6, 117.9, 118.5, 124.6, 124.9, 128.7, 128.9, 129.4, 137.7, 138.3,
1394, 139.6, 143.0, 143.2, 152.9, 153.0, 168.3, 174.1. IR (neat): 3214,
2928, 2856, 1745, 1556, 1496, 1443, 1368, 1252, 1233, 1154, 1141,
1091, 1052, 994, 859, 838, 777, 733. Microanal. Caled for C37Hs3sN3O7-
Si: C, 65.36; H, 7.86; N, 6.18. Found: C, 65.18; H, 7.77; N, 6.18.
MS (EI): mv/e (relative intensity) 679 (M™, 0.3), 580 (20.4), 579 (51),
73 (100). HRMS (EI): mve 679.3661 (Cs7Hs3N50,S1 requires 679.3653).

1,1-Dimethylethyl 3-[[(1,1-Dimethylethyl)dimethylsilyl]oxy]-3,4,8,-
12,13,14,14a,15-octahydro-4,4,15,15-tetramethyl-17-methoxy-9-oxo-
11H,16H-8a,13a-(iminomethano)-2H,9H-[1,4]dioxepino|2,3-a]in-
dolizino[6,7-k]carbazole-16-carboxylate (71). To a stirred solution
of 69 (26.1 mg, 0.38 mmol, 1.0 equiv) in CH,Cl, (1 mL) under Ar at
0 °C was added Na,COs (81.0 mg, 0.76 mmol, 20.0 equiv). After 10
min Me;OBF, (28.3 mg, 0.191 mmol, 5.0 equiv) was added in one
portion. The mixture was stirred for 4 h at room temperature, poured
into water, and extracted with EtOAc. The organic layer was washed
with brine, dried over Na,SO,, and concentrated to dryness under
reduced pressure. The residue was purified by PTLC on silica gel

(eluted with 1:2 hexanes/EtOAc) to afford 19.6 mg (74%) of 71 as a
white amorphous solid.

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
TMS 0.10—0.15 (12H, m), 0.89 (9H, s), 0.90 (9H, s), 1.09 (6H, s),
1.26 (3H, s), 1.29 (3H, s), 1.33 (3H, s), 1.36 (3H, s), 1.46 (3H, s), 1.48
(3H, s), 1.58 (9H, s), 1.60 (9H, s), 1.76—2.51 (10H, m), 2.23—2.31
(2H, m), 2.60—2.70 (2H, m), 3.027 (1H, '/, ABq, J = 16.4 Hz), 3.032
(1H, Y2 ABq, J = 16.4 Hz), 3.31—3.41 (2H, m), 3.46—3.54 (2H, m),
3.68 (2H, dd, J = 9.1, 12.1 Hz), 3.77 (6H, s), 3.87—3.94 (2H, m),
3.90 (2H, '/> ABq,J = 16.3 Hz), 4.08 (2H, dd, J/ = 3.5, 11.9 Hz), 6.79
(1H, d, J = 8.3 Hz), 6.80 (1H, d, J = 8.3 Hz), 7.063 (1H, d, J = 8.3
Hz), 7.061 (1H, d, J = 8.3 Hz). IR (NaCl, neat): 2952, 2886, 1745,
1683, 1640, 1496, 1412, 1355, 1252, 1232, 1156, 1140, 1111, 1090,
1052, 992, 838, 770 cm~!. HRMS (EI): m/e 693.3810 (C3sHssN30-Si
requires 693.3810).

3-(Hydroxy)-3,4,8,12,13,14,14a,15-octahydro-4,4,15,15-tetramethyl-
9,17-dioxo-11H,16 H-8a,13a-(iminom ethano)-2H,9H-[1,4]dioxepino-
[2,3-alindolizino[6,7-/]carbazole (76). To a stirred solution of 69 (150
mg, 0.22 mmol, 1.0 equiv) in CH2Cl; (4.4 mL) under N, at 0 °C was
added TFA (1.4 mL, 17.8 mmol, 80 equiv) dropwise. The reaction
mixture was allowed to reach room temperature overnight. The solution
was concentrated and the residue taken up in EtOAc. The resulting
solution was washed with 10% Na,CO; and brine. The organic layer
was dried over Na,SO, and concentrated to dryness under reduced
pressure. The residue was purified by radial chromatography (eluted
with EtOAc) to yield 102 mg (95%) of 76. An analytical sample was
obtained by PTLC on silica gel (eluted with 1:1 EtOAc/hexanes) as a
white amorphous solid.

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
1.06 (3H, s), 1.08 (3H, s), 1.18 (3H, s), 1.20 (3H, s), 1.23 (3H, s), 1.29
(3H, s), 1.49 (3H, s), 1.55 3H, s), 1.79—2.04 (8H, m), 2.17 (2H, td, J
= 5.1, 11.9 Hz), 2.43 (1H, m), 2.43 (1H, '/ ABq, J = 15.5 Hz), 2.51
(IH, dd, J = 4.8, 10.2 Hz), 2.59 (1H, '/, ABq, J = 15.5 Hz), 2.78 (2H,
dt, J = 6.5, 12.9 Hz), 3.21 (1H, br s, D,0O exch), 3.33—3.41 (3H, m),
3.41—3.56 (3H, m), 3.60 (1H, br s, DO exch), 3.70 (1H, Y> ABq, J =
15.4 Hz), 3.78 (1H, Y/ ABq, J = 154 Hz), 412 (2H, dd, J = 8.4, 12.0
Hz), 425 (2H, td, J = 4.0, 12.2 Hz), 6.65 (2H, s, D,0O exch), 6.72
(1H, d, J =83 Hz), 6.73 (1H, d, J = 83 Hz), 7.02 (1H, d, J = 7.9
Hz), 7.05 (1H, d, J = 8.1 Hz), 7.98 (1H, s, D;O exch), 8.10 (1H, s,
DO exch). IR (NaCl, neat): 3308, 1684, 1679, 1402, 1367, 1232,
1044, 733 cm™!. HRMS (EI): m/e 4652248 (CsH31N3Os5 requires
465.2264).

14-Deoxy-29-demethyl-24,25-dihydro-25-hydroxy-12-oxo-17-nor-
paraherquamide (79). To a stirred mixture of 76 (16.5 mg, 0.035
mmol, 1.0 equiv) in CH,Cl, (0.7 mL) at 0 °C under N, was added
EtN (4.6 uL, 0.04 mmol, 1.1 equiv) followed by #~BuOCI (5.4 uL,
0.04 mmol, 1.1 equiv). After 0.5 h, the resulting clear, yellow solution
was concentrated to dryness (the flask being kept cold). The residue
was immediately subjected to a solution of MeOH/H,O/AcOH (40:20:
1) and stirred under N, at room temperature for 0.5 h. The solution
was diluted with saturated NaHCQ3, and the organic layer was washed
three times with saturated NaHCQ3, washed with brine, dried over Na,-
SO,, and concentrated to dryness under reduced pressure. The residue
was purified by PTLC on silica gel (eluted with 20:1 CH,Cl,/MeOH)
to yield 5.0 mg (29%) of 79 as an amorphous solid.

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): &
0.46 (3H, s), 0.48 (3H, s), 0.93 (6H, s), 1.22 (3H, s), 1.23 (3H, s), 1.45
(3H, s), 1.51 (3H, s), 1.65—2.09 (14H, m), 2.71—2.79 (2H, m), 2.87
(2H, td, J = 3.2, 9.3 Hz), 3.40—4.99 (2H, m), 3.56—3.66 (6H, m, 2H
D;O exch), 4.08—4.26 (4H, m), 6.56 (1H, d, J = 8.1 Hz), 6.61 (1H, d,
J=8.1Hz), 6.80 (1H, d, /= 7.7 Hz), 6.82 (1H, d, / = 7.8 Hz), 6.96
(1H, s, D;O exch), 7.09 (1H, s, D,O exch), 8.03 (1H, s, D,O exch),
8.11 (1H, s, D2O exch). IR (NaCl, neat): 3411, 3237, 1698, 1632,
1496, 1404, 1333, 1213, 728 cm™!. Mass spectrum (EI): mv/e (relative
intensity) 481 (M*, 23.9), 412 (15.2), 249 (12.7), 220 (100), 149 (60.6).
HRMS (EI): m/e 481.2194 (CyH31N3Os requires 481.2213).

1,1-Dimethylethyl 3-[[(1,1-Dimethylethyl)dimethylsilyl]oxy]-3,4,8,-
12,13,14,14a,15-octahydro-4,4,15,15-tetramethyl-17-oxo-11H,16H-
8a,13a-(iminom ethano)-2 H,9H-[1,4]dioxepino|2,3-a]ind olizino[6,7-
h]carbazole-16-carboxylate (70). To a stirred solution of 69 (164
mg, 0.24 mmol, 1.0 equiv) in THF (4.9 mL) at —78 °C under Ar was
added Et;Al (0.14 mL, 0.26 mmol, 1.1 equiv, 1.9 M in toluene)
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dropwise. After 10 min the solution was warmed to 0 °C and AlH3--
DMEA (6.0 mL, 1.20 mmol, 5.0 equiv, 0.2 M in toluene) was added
dropwise. The ice bath was removed and the solution stirred for 1 h
and 20 min at room temperature. At this time MeOH (4.7 mL) and
AcOH (0.31 mL) were syringed into the flask, followed by NaCNBH;
(179 mg, 2.85 mmol, 11.9 equiv). This mixture was stirred for 10
min, and the solvent was removed under reduced pressure and replaced
with ethyl acetate. The resulting solution was washed with NaHCO;
(saturated) and brine, dried over Na,SO4, and concentrated under
reduced pressure. The residue was purified by radial chromatography
(eluted with 1:1 hexanes/EtOAc) to yield 102 mg (65%) of 70 as a
white amorphous solid. An analytical sample was obtained by PTLC
on silica gel (eluted with 1:1 EtOAc/hexanes).

'H NMR (300 MHz) (CDCl;) (mixture of two diastereomers): o
0.085 (6H, s), 0.11 (6H, s), 0.87 (9H, s), 0.88 (9H, s), 1.12 (3H, s),
1.15 (3H, s), 1.23 (3H. s), 1.24 (3H, s), 1.36 (3H. s). 1.37 (3H., s), 1.45
(6H. s), 1.59 (9H, s). 1.61 (9H, s), 1.88—1.92 (6H, s), 1.97—2.10 (2H,
m), 2.17-2.26 (2H, m), 2.54—2.63 (2H, m), 2.70 (2H, '/» ABq, J =
15.5 Hz), 2.829 (1H, Y, ABq, J =15.4 Hz), 2.835 (1H, ¥> ABq, J =
15.6 Hz), 3.06—3.09 (2H, m), 3.45—3.49 (4H, m), 3.67—3.85 (4H, m),
3.90 (2H, dd, J = 3.4, 8.7 Hz), 4.09—4.18 (4H, m), 6.03 (2H, s, D,O
exch), 6.78 (1H, d, J = 8.3 Hz), 6.79 (1H, d, J = 8.3 Hz), 6.89 (2H,
d,J= 83 Hz). IR (NaCl, neat): 3227, 2928, 1746, 1683, 1597, 1371,
1254, 1233, 1154, 1138, 1090, 836 cm™~!. Mass spectrum (EI): m/e
(relative intensity) 665 (M1, 0.3), 565 (30.6), 521 (40.1), 164 (100).
Microanal. Calced for Ci37HssN3OgSi: C, 66.73; H, 8.32; N, 6.31.
Found: C, 66.50; H, 8.18; N, 6.33. HRMS (EI): m/e 665.38365
(C57Hs5N3068Si requires 665.3860).

1,1-Dimethylethyl 3-[[(1,1-Dimethylethyl)dimethylsilyl]oxy]-3,4,8,-
12,13,14,14a,15-octahydro-4,4,15,15,18-pentamethyl-17-oxo-11H,-
16H-8a,13a-(iminomethano)-2 H,9H-[1,4]dioxepino|2,3-a]indolizino-
[6,7-h]carbazole-16-carboxylate (72). To a stirred solution of 70
(147.5 mg, 0.22 mmol, 1.0 equiv) in DMF (2.2 mL) under Ar at 0 °C
was added NaH (13.3 mg, 0.55 mmol, 2.5 equiv). After 5 min, Mel
(27.6 uL, 0.44 mmol, 2.0 equiv) was syringed in dropwise. The mixture
was stirred for 4 h, when a small amount of water and mercaptoethanol
(21.6 uL) were added. After a few minutes, the mixture was diluted
with water and extracted with 1:1 hexanes/EtOAc. The organic layer
was washed with brine, dried over Na,SO,, and concentrated under
reduced pressure. The residue was purified by radial chromatography
(eluted with 1:2 hexanes/EtOAc) to yield 146.9 mg (98%) of 72 as a
white amorphous solid. An analytical sample was obtained by PTLC
on silica gel (eluted with 1:1 EtOAc/hexanes).

'H NMR (300 MHz) (CDCI;) (mixture of two diastereomers): &
0.089 (6H, s), 0.11 (6H, s), 0.87 (9H, s), 0.88 (9H, s), 1.13 (3H, s),
1.15 (3H, s), 1.25 (6H, s), 1.36 (3H, s), 1.37 (3H, s), 1.46 (6H, s), 1.59
(9H, s), 1.61 (9H, s), 1.86—2.06 (10H, m), 2.09—2.20 (6H, m), 2.61—
2.70 (2H, m), 2.747 (1H, Y; ABq., J = 15.4 Hz), 2.754 (1H, '/ ABq.
J =154 Hz), 2.30—3.05 (2H, m), 3.05 (6H, s), 3.14 (2H, '/» ABq, J
= 154 Hz), 3.39 (2H, d, J = 10.5 Hz), 3.74—3.85 (2H, m), 3.89—
3.93 (2H, m), 4.07—4.18 (2H, m), 6.797 (1H, d, J = 8.3 Hz), 6.804
(1H, d,J = 8.3 Hz), 6.93 (2H, d, J = 8.3 Hz). IR (NaCl, neat): 2921,
1747, 1665, 1496, 1371, 1251, 1235, 1158, 1142, 1108, 1093, 837,
755 em™!. Mass spectrum (EI): m/e (relative intensity) 679 (M, 2.1),
579 (4.2), 520 (4.2), 178 (100). Microanal. Caled for C3sHs/N3O4Si:
C,67.12; H, 8.45; N, 6.18. Found: C, 67.33; H, 827; N, 6.44. HRMS
(EI): m/e 679.4008 (C3sHs7N306Si requires 679.4017).

3-Hydroxy-3,4,8,12,13,14,14a,15-octahydro-4,4,15,15,18-penta-
methyl-17-oxo0-11H,16H-8a,13a-(iminomethano)-2H,9H-[1,4]diox-
epino|2,3-a]indolizino[6,7-%]carbazole (73). To a stirred solution of
72 (294.7 mg, 0.43 mmol, 1.0 equiv) in CH,Cl (8.7 mL) at 0 °C under
Ar was added TFA (2.77 mL, 34.7 mmol, 80.0 equiv) dropwise. The
solution was stirred for 15 h, the temperature being maintained at 15
°C. Atthis time the solution was concentrated under reduced pressure,
diluted with EtOAc, washed with saturated NaHCO; and brine, dried
over Na,SQO,, and concentrated under reduced pressure. The residue
was purified by radial chromatography (eluted with EtOAc) to yield
194.8 mg (96%) of 73 as a white amorphous solid. An analytical
sample was obtained by PTLC on silica gel (eluted with 1:1 EtOAc/
hexanes).

'H NMR (300 MHz) (CDCI;) (mixture of two diastereomers): &
1.21 (3H, s), 1.23 (3H, s), 1.29 (3H, s), 1.32 (3H, s), 1.42 (3H, s), 1.45

(3H, s), 1.54 (6H, s), 1.88—2.00 (10H, m), 2.07—2.22 (6H, m), 2.63—
2.72 (2H, m), 2.79 (1H, Y/, ABq, J = 15.1 Hz), 2.80 (1H, /> ABq, J
= 15.1 Hz), 3.01—-3.07 (4H, m, 2H D,0 exch), 3.07 (6H, s), 3.17 (1H,
1/, ABq, J = 15.1 Hz), 3.19 (1H, Y/ ABq, J = 154 Hz), 3.37-3.43
(2H, m), 3.62 (2H, br s), 420 (2H, dd, J = 4.4, 12.3 Hz), 429 (1H,
dd, J = 4.0, 12.3 Hz), 431 (1H, dd, J = 4.0, 12.3 Hz), 6.750 (1H, d,
J=84Hz),6.753 (1H, d,J =83 Hz), 7.01 (2H, d, J = 8.4 Hz), 8.01
(2H, s, D,0O exch). BC NMR (75.5 MHz) (CDCl;) (mixture of two
diastereomers): 0 14.0, 20.8, 22.6, 23.9, 24.4, 24.5, 24.7, 25.1, 27.7,
279, 30.2, 30.3, 31.3, 344, 45.9, 54.3, 57.4, 60.0, 60.2, 64.0, 71.0,
75.5,76.6,77.0,77.4,79.5,104.6, 112.2, 116.17, 116.22, 125.0, 129.2,
137.2,140.4, 141.6, 171.0, 174.3. IR (NaCl, neat): 3324, 2954, 1654,
1507, 1474, 1365, 1235, 1071, 1049, 908, 733 cm~!. Microanal. Calcd
for Co7H35N30,S1: C, 69.65; H, 7.58; N, 9.02. Found: C, 69.54; H,
7.66; N, 8.89. Mass spectrum (EI): m/e (relative intensity) 465 (M,
9.7), 406 (14.5), 287 (11.8), 178 (100). HRMS (EI): m/e 465.2625
(C27H35N3048Si requires 465.2628).

14-Deoxy-24,25-dihydro-25-hydroxy-17-norparaherquamide (80).
To a stirred solution of 73 (99 mg, 0.21 mmol, 1.0 equiv) in pyridine
(4 mL) at —15 °C under Ar was added #-BuOCl (37 L, 0.32 mmol,
1.5 equiv). After 2 h the solvent was removed under reduced pressure
to give 106 mg (quantitative) of the crude chloroindolenines (74/75 as
a mixture of epimers). The majority of the crude chloroindolenines,
74/75 (71 mg, 0.14 mmol, 1.0 equiv), was dissolved in THF (10 mL)
and water (1 mL), and p-toluenesulfonic acid monohydrate (135 mg,
0.41 mmol, 15 equiv) was added. The resulting yellow solution was
stirred at reflux temperature for 20 min and diluted with EtOAc¢ and
aqueous K,CO;. The organic layer was isolated, washed with brine,
dried over Na,SO4, and concentrated to dryness under reduced pressure.
The residue was purified by PTLC on silica gel (eluted with 20:1 CH,-
Cl’MeOH) to yield (from the chloroindolenines) 52 mg (76%) of 80
and 2.7 mg (4%) of 81.

'H NMR (300 MHz) (CDCI5) (80 mixture of two diastereomers): &
TMS 0.80 (3H, s), 0.83 (3H, s), 1.08 (3H, s), 1.10 (3H, s), 1.22 (3H,
s), 1.26 (3H, s), 1.50 (3H, s): 1.52 (3H, s), 1.40—1.60 (8H, m), 1.77—
1.93 (8H, m), 2.05—2.21 (2H, m), 2.55—2.71 (4H, m), 3.02—3.10 (4H,
m), 3.06 (6H, s), 3.63 (4H, br s, 2H D;O exch), 4.05—4.24 (4H, m),
6.60 (1H, d, J = 8.1 Hz), 6.62 (1H, d, / = 82 Hz), 6.78 (1H, d, J =
8.1 Hz), 6.79 (1H, d, J = 8.2 Hz), 742 (1H, s, D,O exch), 7.45 (1H,
s, D20 exch). IR (NaCl, neat): 3333, 2974, 2933, 1703, 1651, 1646,
1631, 1456, 1395, 1323, 1200, 1046, 903, 728 cm™~!. Mass spectrum
(EI): mv/e (relative intensity) 481 (M*, 0.7), 422 (20.7), 421 (15), 135
(48), 133 (100). HRMS (CI): m/e 481 (C2H3sN3Os requires 481.2578),
[M + H] 482.2645 (CyH36N30s5 requires 482.2655).

TH NMR (500 MHz) (CDCl;) (81 mixture of two diastereomers): o
TMS 0.53 (3H, s), 0.56 (3H, s), 0.84 (3H, s), 0.86 (3H, s), 1.22 (3H,
s), 1.25 (3H, s), 1.50 (3H, s), 1.52 (3H, s), 1.41—1.73 (8H, m), 1.83—
1.90 (8H, m), 2.09—2.13 (2H, m), 2.28—2.41 (6H, m), 2.51—-2.58 (2H,
m), 3.00 (3H. s), 3.01 (3H, s), 3.63 (2H, br s), 3.78 (1H, D,0O exch),
3.81 (1H, s D;0 exch), 4.05—4.24 (4H, m), 6.60 (2H, d, J = 8.0 Hz),
6.62 (2H, d, J = 7.4 Hz), 7.42 (2H, s, D,0O exch). IR (NaCl, neat):
3271, 2924, 2854, 1714, 1644, 1496, 1464, 1393, 1375, 1211, 1142,
1066 cm™1.

(+)-Paraherquamide B (12). To a stirred solution of 80 (22.5 mg,
0.047 mmol, 1.0 equiv) in DMPU (500 «L) under Ar at room
temperature was added MTPI (90 mg, 0.20 mmol, 4.0 equiv). After
16 h KOH (10 mL, 1 M) was added, and the mixture was stirred for
an additional 10 min. The pH was adjusted to 2 (addition of HCI) and
the mixture extracted with EtOAc. The mixture was diluted with 1:1
hexanes/EtOAc and washed with water and brine. The organic layer
was dried over Na,SO, and concentrated under reduced pressure. The
residue was purified by PTLC on silica gel (eluted with 20:1 CH,Cly/
MeOH) to afford 17.1 mg (79%) of (+)-paraherquamide B (12) as a
white, amorphous solid. This material proved to be identical to an
authentic sample of natural (—)-paraherquamide B by 'H NMR, 3C
NMR, TLC mobility, IR, mass spectrum, and UV (see text for CD
spectrum, Figure 7).

'H NMR (300 MHz) (CDCls3): 6 TMS 0.82 (3H, s), 1.09 (3H, s),
1.40 (3H, s), 1.41 (3H, s), 1.64 (1H, dd, J = 9.7, 12.4 Hz), 1.73—1.92
(4H, m), 1.82 (1H, Y2 ABq,J = 15.5 Hz), 2.16 (1H, dd, J = 8.6, 17.8
Hz), 2.54—2.59 (1H, m), 2.61 (1H, Y/, ABq, J = 11.1 Hz), 2.66 (1H,
1/, ABq, J = 15.5 Hz), 3.03—3.10 (2H, m), 3.05 (3H, s), 3.60 (1H, '/»
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ABq, J = 11.1 Hz), 487 (1H, d, J = 7.7 Hz), 6.30 (1H, d, J = 7.7
Hz), 6.64 (1H, d, J = 8.2 Hz), 6.78 (1H, d, J = 8.2 Hz), 8.5 (1H, br
s, D,O exch). *C NMR (75.5 MHz) (CDCls): 6 20.7 (q), 23.8 (q),
26.2 (q), 28.2 (q), 28.8 (1), 29.8 (1), 29.9 (q), 37.2 (), 46.1 (s), 52.8
(d), 53.8 (1), 59.5 (1), 63.0 (s), 65.2 (s), 67.4 (s), 79.7 (s), 115.0 (d),
117.2 (d), 120.3 (d), 125.3 (s), 132.5 (s), 135.3 (s), 139.0 (d), 146.0
(s), 172.9 (s), 183.1 (s). IR (NaCl, neat): 3190, 2974, 2933, 1703,
1697, 1651, 1631, 1503, 1456, 1328, 1195, 1046 728 cm™!. UV: Apax
226 nm (¢ = 30 200). [0]®p = (+0.4/7.75 x 107%)° = +51.6° (CHCl,,
¢ = 0.008). Mass spectrum (EI): m/e (relative intensity) 463 (M™,
0.5), 404 (15.6), 135 (41.5), 133 (100). HRMS (EI): m/e 463.2456
(CyH33N;30, requires 463.2471).

Spiro Product 56. 'H NMR (300 MHz) (acetone-ds) (mixture of
two diastereomers): 6 TMS 0.21 (12H, s), 0.93 (18H, s), 1.13 (6H, s),
1.41 (18H, s), 1.48 (6H, s), 1.62 (18H, s), 1.82 (6H, s), 1.88—2.15
(6H, m), 2.54 (2H, t, J = 11.3 Hz), 2.81—-2.83 (4H, m), 3.02—3.06
(4H, m), 3.36—3.42 (2H, m), 3.62—3.64 (2H, m), 3.88 (2H, dd, J =
9.3, 12.2 Hz), 3.99 (2H, dd, J = 3.5, 9.3 Hz), 4.21 (2H, dd, J = 3.5,
12.2 Hz), 4.61—4.83 (4H, m), 4.96 (2H, br s), 5.07 (2H, br s), 5.94
(2H, d, J = 8.5 Hz, D,O exch), 6.92 (2H, d, J/ = 8.3 Hz), 7.25 (2H, d,
J=83Hz), 741 (2H, s). *CNMR (75.5 MHz) (CDCls) (mixture of
two diastereomers). & —4.9 (q), —4.0 (q), 16.5 (q), 17.9 (s), 18.4 (q),
24.1 (1), 25.7 (q), 28.0 (q), 28.3 (q), 28.6 (q), 29.4 (1), 29.7 (d), 35.6
(1), 36.6 (), 47.9 (1), 51.7 (d), 66.6 (s), 70.9 (1), 75.9 (d), 76.6 (s), 79.8
(d), 80.4 (s), 83.1 (s), 113.7 (d), 113.9 (1), 114.6 (s), 120.3 (d), 1264
(d), 127.9 (s), 129.3 (s), 140.4 (s), 141.8 (s), 146.6 (s), 148.5 (5), 155.0
(s), 169.7 (s), 176.6 (s). IR (NaCl, neat): 2932, 1780, 1752, 1714,
1649, 1496, 1425, 1365, 1251, 1229, 1158, 1088 cm™ L.

Spiro Product 57. 'H NMR (300 MHz) (acetone-ds) (mixture of
two diastereomers): 6 TMS 0.21 (12H, s), 0.94 (18H, s), 1.14 (6H, s),
1.41 (18H, s), 1.47 (6H, s), 1.62 (18H, s), 1.80 (6H, s), 1.96—2.07
(6H, m), 2.58 (2H, t, J = 11.3 Hz), 2.84 (4H, br s), 2.98—3.13 (4H,
m), 3.48—3.50 (2H, m), 3.51—3.52 (2H, m), 3.88 (2H, dd, J = 9.3,
12.1 Hz), 4.00 (2H, dd, J = 3.4, 9.1 Hz), 422 (2H, dd, J = 3.4, 122
Hz), 4.72 (2H, dd, J = 6.6, 15.0 Hz), 4.84 (2H, dd, J = 6.3, 10.7 Hz),
4.96 (2H, br s), 5.08 (2H, br s), 5.95 (2H, d, J = 8.6 Hz, D,O exch),
691 (2H, d, J = 8.3 Hz), 7.23 (2H, d, J = 8.3 Hz), 7.38 (2H, s). 13C
NMR (75.5 MHz) (CDCl3) (mixture of two diastereomers): 6 —4.9
(q), —4.0 (q), 16.5 (q), 17.9 (s), 18.8 (q), 24.1 (1), 25.7 (q), 28.0 (q),

283 (q), 29.0 (1), 29.7 (d), 35.6 (t), 36.7 (t), 48.0 (1), 52.4 (d), 66.7 (s),
71.0 (t), 75.8 (d), 76.6 (5), 79.8 (d), 80.4 (s), 83.1 (5), 113.6 (d), 113.8
(t), 114.7 (s), 120.0 (d), 126.1 (d), 127.8 (s), 129.3 (s), 140.4 (s), 141.7
(s), 146.4 (s), 148.6 (s), 155.0 (s), 169.8 (s), 175.7 (s). IR (neat): 2926,
1783, 1754, 1715, 1652, 1494, 1457, 1367, 1250, 1160, 1087 cm ™.
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1, ecteinascidin 743

A formal total synthesis of the potent anticancer agent Et-743 is described. The tetrahydroisoquinoline
core is stereoselectively constructed using a novel radical cyclization of a glyoxalimine. Further elaboration
of this core rapidly accessed the pentacyclic core of Et-743, but a mixture of regiosisomers was obtained
in the key Pictet—Spengler ring closure. A known advanced intermediate in the synthesis of Et-743 was
intercepted, constituting a formal synthesis of the molecule.

Introduction

Members of the tetrahydroisoquinoline family of alkaloids
display a wide range of biological properties such as antitumor
and antimicrobial activities.! Of particular significance within
this family is Ecteinascidin 743 (Et-743, 1, Figure 1,) which
has been demonstrated to possess extremely potent cytotoxic
activity with in vitro ICsq values in the 0.1—1 ng/mL range in
several cell lines (as a measure of RNA, DNA, and protein
synthesis inhibition).? Et-743 is currently in phase I/III clinical
trials for the treatment of ovarian, endometrial, and breast
cancers and several sarcoma lines.>The scarcity of the natural
product from marine sources renders Et-743 an important target
for synthesis. Corey and co-workers reported the first total
synthesis of Et-743 in 36 steps with an overall yield of 0.72%.%

 Colorado State University.

* University of Colorado Cancer Center.

(1) Scott, J. D.; Williams, R. M. Chem. Rev. 2002, 102, 1669-1730.

(2) (a) Rinehart, K. L.; Holt, T. G.; Fregean, N. L.; Keifer, P. A.; Wilson,
G. R.; Perun, T. J.; Sakai, R.; Thompson, A. G.; Stroh, J. G.; Shield, L. S;
Seigler, D. S. J. Nat. Prod. 1990, 53, 771-792. (b) Rinehart, K. L.; Holt, T. G.;
Fregeau, N. L.; Stroh, J. G.; Keifer, P. A.; Sun, F.; Li, L. H.; Martin, D. G. J.
Org. Chem. 1990, 55, 4512-4515. (c) Wright, A. E.; Forleo, D. A.; Gunawardana,
G. P.; Gunasekera, S. P.; Koehn, F. E.; McConnell, O. J. J. Org. Chem. 1990,
55, 4508-4512. (d) Guan, Y.; Sakai, R.; Rinehart, K. L.; Wang, A, H.-I.
J. Biomol. Struct. Dyn. 1993, 10, 793-818. (e) Aune, G. J.; Furuta, T.; Pommier,
Y. Anti-Cancer Drugs 2002, 13, 545-555. (f) Rinehart, K. L. Med. Drug Rev.
2000, 1-27.
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1, ecteinascidin 743

FIGURE 1. Ecteinascidin 743 (1).

A second-generation synthesis improved the overall yield to
2.04%, but still required 36 steps.*® Fukuyama and co-workers
achieved a total synthesis of Et-743 in 50 steps and 0.56%
overall yield.” More recently, Zhu and co-workers reported a
31 step synthesis in 1.7% overall yield‘6 Most recently,
Danishefsky and co-workers reported a formal total synthesis’via
a pentacyclic compound that intercepted a late-stage intermediate
of Fukuyama’s route.” Despite the advancements in the state-
of-the-art in total synthetic approaches to Et-743, the clinical
supply of this complex drug is semisynthetically derived from
natural cyanosafracin B, obtained by fermentation as reported
by PharmaMar.?

Our laboratory has been developing methodology for the
assembly of tetrahydroisoquinoline natural products and has

10.1021/j0801159k CCC: $40.75 © 2008 American Chemical Society
Published on Web 08/08/2008
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SCHEME 1. Synthetic Plan

reported syntheses of D,L-quinocarcinamide,” (—)-tetrazomine, '°
(=)-renieramycin G,!' (—)-jorumycin,'’ and cribrostatin 4
(renieramycin H).'? As a part of this program, we have targeted
Et-743 by a convergent route that envisioned coupling of a
suitably functionalized tyrosine derivative'® with the complete
tetrahydroisoquinoline core (Scheme 1.) We have successfully
deployed this strategy, with the present objective of construction
of pentacycle A, in the synthesis of (—)-renieramycin G and
(—)-jorumycin. 1

We have previously reported a concise and highly diastereo-
selective synthesis of the tetrahydroisoquinoline core of Et-743

(3) (a) Zelek, L.; Yovine, A.; Etienne, B.; Jimeno, J.; Taamma, A.; Martin,
C.; Spielmann, M.; Cvitkovic, E.; Misset, J. L. Ecteinacidin-743 in Taxane/
Antracycline Pretreated Advanced/Metastatic Breast Cancer Patients: Prelimi-
nary Results with the 24 h Continuous Infusion Q3 Week Schedule; 36th Annual
Meeting of the American Society of Clinical Oncology, New Orleans, May 20-
23, 2000; Abstract number 592. (b) Delaloge, S.; Yovine, A.; Taamma, A.; Cottu,
P.; Riofrio, M.; Raymond, E.; Brain, E.; Marty, M.; Jimeno, J.; Cvitkovic, E,;
Misset, J. L. Preliminary Evidence of Activity Of Ecteinacidin-743 (ET-743) in
Heavily Pretreated Patients with Bone and Soft Tissue Sarcomas; 36th Annual
Meeting of the American Society of Clinical Oncology, New Orleans, May 20-
23, 2000; Abstract number 2181. (c) Le Cesne, A.; Judson, I; Blay, J. Y.;
Radford, J.; an Oosterom, A.; Lorigan, P.; Rodenhuis, E.; Donato Di Paoula,
E.; Van Glabbeke, M.; Jimeno, I.; Verweij, J. Phase II of ET-743 in Advance
Soft Tissue Sarcoma in Adult:A STBSG-EORTC Trial; 36th Annual Meeting of
the American Society of Clinical Oncology, New Orleans, May 20-23, 2000;
Abstract number 2182. (d) Aune, G. J.; Furuta, T.; Pommier, Y. Anti-Cancer
Drugs 2002, 13, 545-555.

(4) (a) Corey, E. I; Gin, D. Y.; Kania, R. S. J. Am. Chem. Soc. 1996, 118,
9202-9203. (b) Martinez, E. 1.; Corey, E. J. Org. Lert. 2000, 2, 993-996.

(5) Endo, A.; Yanagisawa, A.; Abe, M.; Tohma, S.; Kan, T.; Fukuyama, T.
J. Am. Chem. Soc. 2002, 124, 6552-6554.

(6) Chen, J.; Chen, X.; Bois-Choussy, M.; Zhu, J. J. Am. Chem. Soc. 2006,
128, 87-89.

(7) Zheng, S.; Chan, C.; Furuuchi, T.; Wright, B. J. D.; Zhou, B.; Guo, J;
Danishefsky, S. J. Angew. Chem., Int. Ed. 2006, 45, 1754-1759.

(8) Cuevas, C.; Pérez, M.; Martin, M. J.; Chicharro, J. L.; Fernandez-Rivas,
C.; Flores, M.; Francesch, A.; Gallego, P.; Zarzuelo, M.; de la Calle, F.; Garcfa,
I.; Polanco, C.; Rodriguez, L; Manzanares, 1. Org. Lert. 2000, 2, 2545-2548.

(9) Flanagan, M. E.; Williams, R. M. J. Org. Chem. 1995, 60, 6791-6797.

(10) (a) Scott, J. D.; Williams, R. M. Angew. Chem., Int. Ed. 2001, 40, 1463—
1465. (b) Scott, J. D.; Williams, R. M. J. Am. Chem. Soc. 2002, 124, 2951~
2956.

(11) (a) Lane, J. W.; Chen, Y.; Williams, R. M. J. Am. Chem. Soc. 2005,
127, 12684-12690. (b) Lane, J. W.; Estevez, A.; Mortara, K.; Callan, O.; Spencer,
J. R.; Williams, R. M. Bioorg. Med. Chem. Lett. 2006, 16, 3180-3183. (c)
Vincent, G.; Lane, J. W.; Williams, R. M. Tetrahedron Lett. 2007, 48, 3719~
3722. (d) Jin, W.; Metobo, S.; Williams, R. M. Org. Lert. 2003, 5, 2095-2098.
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(E)." This was achieved via an intramolecular 6-endo radical
closure on a glyoxalimine, and the desired 1,3-cis-diastereomer
was obtained exclusively. The synthesis of a tetrahydroiso-
quinoline such as E can be problematic because of the acid
sensitivity of the benzylic hydroxyl, particularly because it is
ortho to the phenolic hydroxyl of the aromatic ring and thus
has a high propensity for ortho-quinonemethide formation.
Herein, we report a formal total synthesis of Et-743 as part of
our ongoing efforts to devise a practical and scalable synthesis
of this potent antitumor antibiotic that would be amenable to
the construction of analogues with anticipated potent cytotoxic
activity.

Results and Discussion

The synthesis began with Borchardt’s catechol 3'° that was
regioselectively brominated to generate 4 {92% yield) (Scheme
2.) Conversion of catechol 4 to the methylenedioxy aldehyde 5
was accomplished using bromochloromethane in a sealed vessel
(69% yield). Baeyer— Villiger oxidation using m-CPBA provided
bromophenol 6 as an off-white solid following hydrolysis of
the resulting formate intermediate (73% yield). Stereoselective
aldol condensation of the titanium phenolate of 6 with (R)-
Garner’s aldehyde (7)'® using a modification of Casiraghi’s
method'” provided the anti-product 8 followed by allyl protec-
tion of the phenolic oxygen delivering 9 (65% yield, two steps).
Subsequent hydrolysis of the oxazolidine and formation of the
trans-acetonide (84% yield, two steps) provided 10 as an oil
that cleanly underwent N-Boc deprotection using Ohfune’s
protocol'® (76% yield) to afford free amine 11 as a stable
crystalline solid. From 11, the glyoxalimine intermediate 13 (see
Scheme 3) was readily obtained by condensation with ethyl
glyoxalate. Following isolation by filtration through Celite and
concentration, the radical ring closure commenced with slow
addition of BusSnH and AIBN via syringe pump to a refluxing
dilute solution of the glyoxalimine (13). Concentration and KF/
silica chromatography'? of the crude reaction mixture provided
solid 12 as a single diastereomer (58% yield, two steps). The
relative stereochemistry of 12 was secured 'H NMR data and
corroborated by X-ray crystallography. Examination of the crude
'H NMR revealed the formation of a single diastereomer in the
radical closure and exclusive 6-endo regioselectivity. In addition
to 12 and tin impurities visible in the 'H NMR spectrum, an
aromatic proton arising from hydride quenching of the aryl
radical revealed a ~6.6:1 ratio of 12 to reduced substrate. Slower
addition rates (over 18 or 36 h) did not improve the isolated
yield of 12.

(12) (a) Vincent, G.; Williams, R. M. Angew. Chem., Int. Ed. 2007, 46, 1517~
1520. (b) Vincent, G.; Chen, Y.; Lane, J. W.; Williams, R. M. Heterocycles
2007, 72, 385-398.

(13) Jin, W.; Williams, R. M. Tetrahedron Lett. 2003, 44, 4635-4639.

(14) Fishlock, D.; Williams, R. M. Org. Letr. 2006, 8, 3299-3301.

(15) Prep ared from 2,3-dimethoxytoluene according to: Shinhababu, A. K.;
Ghosh, A. K.; Borchardt, R. T. J. Med. Chem. 1985, 28, 1273-1279.

(16) (R)-Garner‘s aldehyde was synthesized from p-serine according to:
Garner, P.; Park, J. M. Org. Synth. 1992, 70, 18-28.

(17) Casiraghi, G.; Cornia, M.; Rassu, G. J. Org. Chem. 1988, 53, 4919—
4922. In our case, sonication was not required as described in the original paper.

(18) Sakaitani, M.; Ohfune, Y. J. Org. Chem. 1990, 55, 870-876.

(19) Effective removal of tin impurities from BusSnH-mediated reactions:

Harrowven, D. C.; Guy, L L. Chem. Commun. 2004, 1968-1969.

(20) (a) De Paolis, M.; Chiaroni, A.; Zhu, J. Chem. Conumun. 2003, 2896
2897. (b) Chen, X.; Chen, J.; De Paolis, M.; Zhu, J. J. Org. Chem. 2005, 70,
4397-4408.

(21) (a) Herberich, B.; Kinugawa, M.; Vazquez, A.; Williams, R. M.
Tetrahedron Lett. 2001, 42, 543-546. (b) Jin, W; Metobo, S.; Williams, R. M.
Org. Lett. 2003, 5, 2095-2098.
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SCHEME 2. Tetrahydroisoquinoline Core of Et-743
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The diastereoselectivity of this reaction stands apart from
numerous Pictet—Spengler cyclizations on related substrates that
provide tetrahydroisoquinolines exclusively as the 1,3-trans-
diastereomers.!"2*?! We qualitatively rationalize the cis-dias-
tereoselectivity of this radical process using the Beckwith—Houk
chairlike transition state model for intramolecular radical ring
closures (Figure 2).?* The lowest-energy chair conformation (A)

'(22) (a) Beckwith, A. L. J.; Schiesser, C. H. Tetrahedron 1985, 41, 3925—
3941. (b) Spellmeyer, D. C.; Houk, K. N. J. Org. Chem. 1987, 52, 959-974.
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Me OMe
\L OX o TBSO Me
+

0.72:1
72% combined yield,
2 steps

lams.

ClCHzBr

CSQCOa
MeCN, 110 °C
69 %

2. BuaSnH, AIBN
PhH, A
58% (2 steps)

adopted by the trans-acetonide of the substrate (13) results in
both the glyoxalimine and aryl substituent being in an equatorial
disposition. In this conformation, 1,3-diaxial steric effects and
allylic strain interactions are minimized in the ring-forming
transition state. To further examine the stereocontrol imparted
by the acetonide ring, the cis-acetonide substrate 14 was
prepared (using Casiraghi’s method from the magnesium
phenolate of 6).!7 Substrate 14 resulted in a 1:1 mixture of 1,3-

(23) Chen, X.; Zhu, J. Angew. Chem., Int. Ed 2007, 46, 3962-3965.
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FIGURE 2. Transition state models to rationalize the observed 1,3 relative stereochemistry in the tetrahydroisoquinoline radical ring closure.

trans- and 1,3-cis-tetrahydroisoquinolines (15 and 16, both are
known componds),”® which suggests the energy difference
between transition state conformations B and C (axial aryl group
versus axial glyoxalimine) is negligible.

As shown in Scheme 3, reduction of the tetrahydroisoquino-
line ester (12)'* with LAH, followed by immediate protection
as the benzyl ether (17), proceeded cleanly in 77% yield over
two steps. The substituted tyrosine amino acid component (18)
has been previously reported by us, utilizing the oxazinone
template technology developed in our laboratory that was
benzylated with the advanced aromatic side chain.® Thus,
acylation of the tetrahydroisoquinoline (17) was achieved via
the N-Fmoc-protected amino acid chloride (18) to give amide
19a without epimerization. The use of the N-Boc free acid with
a variety of coupling agents (DCC, HOBt, HATU) all resulted
in very sluggish reactions with poor isolated yields, as did the
atternpted use of the N-Boc acid fluoride.

Treatment of 19a with diethylamine provided the free amine,
which was not isolated in favor of immediate evaporation of
excess base and solvent and subsequent Boc protection of the
crude material. Isolation following chromatography provided
compound 19b in 90% yield. Removal of the acetonide from
19b was accomplished using the extremely mild, albeit slow,
method of stirring with Dowex 50W-X8 cationic resin in
methanol. Complete deprotection took 8—12 h, but the yield
was quantitative following simple filtration and concentration.
Instead of providing the usual diol product, this substrate
incorporated methanol at the benzylic position thus providing
the methyl ether as a ~1:1 mixture of diastereomers. Not
unexpectedly, the benzylic stereogenic center loses stereochem-
ical integrity since the methanol is incorporated via the incipient
ortho-quinonemethide species arising from the acidic depro-
tection conditions.

Alternatively, we found that the use of water/dichloromethane
with cationic resin on 19b could provide the corresponding free

diol, but oxidation of the primary alcohol (in the presence of
the free benzylic alcohol) could not, in our hands, be cleanly
accomplished. The methyl ether was thus a fortuitous selective
protection of the benzylic alcohol, ultimately simplifying the
subsequent manipulations.

Facile deprotection of the O-TBS-protected phenol using
TBAF was followed by oxidation of the primary alcohol using
Swern conditions in high yield. This oxidation product (20)
existed as an equilibrium mixture of the aldehyde and the
corresponding hemiaminal species (illustrated) as observed by
'H NMR, which was otherwise additionally complicated by
amide and carbamate rotamers. The attempted oxidation using
either Dess—Martin periodinane or TPAP/NMO both failed,
leading to extensive decomposition. Following filtration of crude
20 through a plug of silica gel, this substance was immediately
subjected to the Pictet—Spengler conditions.

The objective at this stage was to achieve the Pictet—Spengler
reaction via N-Boc deprotection, iminium ion formation, and
electrophilic aromatic substitution to provide the desired pen-
tacyclic core of Et-743, This meant that the aromatic substitution
must occur ortho to the free phenol, and the benzylic methyl
ether must survive these conditions. Unfortunately, it had already
been demonstrated above that the electron-rich aromatic ring
of the tetrahydroisoquinoline component was highly sensitive
to protic conditions, leading to ortho-quinonemethide formation.

Indeed, when substrate 20 was treated with trifluoroacetic
acid in methylene chloride, it cleanly underwent the expected
pentacycle formation furnishing 21 + 22 as a ~0.72:1 ortho:
para mixture of regioisomers in 72% combined yield. As
anticipated, the benzylic methoxy group was eliminated presum-
ably via the incipient ortho-quinonemethide species that forms
under these conditions. In a fruitless effort to circumvent the
vexing olefin formation, pentacycle formation with TFA in dry
methanol resulted in extensive decomposition of the substrate.
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As part of these synthetic investigations, the intermediate 23
was prepared (in parallel with the O-benzyl-protected synthesis)
bearing an O-allyl-protected hydroxymethyl at C1 of the THIQ
core. This substrate was used to examine the regioselectivity
of the pentacycle-forming ring closure and was utilized to
acquire detailed 'H NMR data, while the O-benzyl material 21
was carried forward in the synthesis. One interesting observation
was the behavior of compound 25 containing the O-Boc
carbonate-protected phenolic oxygen. Treatment of 25 under
the same reaction conditions provided the pentacycles 26 + 27
in a 2:3 ratio of ortho:para regioisomers. The O-Boc carbonate
would presumably be deprotected quickly under these conditions
to reveal the free phenol-containing reactive species, thus
resulting in a comparable regioselectivity as observed with
substrate 20 (beginning with a free phenol on the aryl nucleo-
phile moiety). Notably, however, when substrate 25 was treated
with K,COs/MeOH, the O-Boc carbonate was selectively
removed (28) with apparent olefin formation prior to the.
Pictet—Spengler reaction and pentacycle formation. Treatment
of 28 with TFA in dichloromethane produced the pentacycles
26 + 27 in a 1:3 ratio of ortho:para regioisomers, supporting
the hypothesis that some regioselectivity in the closure might
arise from an intramolecular H bond with a heteroatom at the
benzylic position.!!®

In their synthesis of renieramycin H, the Zhu group has
interestingly reported control of Pictet—Spengler regioselectivity
in a related system by variation of acid concentration (Scheme
4).% It was found in that case that lowering the concentration
of methanesulfonic acid to 0.01% in CH,Cl, could invert the
ortho:para selectivity from 3.4:1 to 2:3. Furthermore, the use
of acetonitrile as the solvent instead of dichloromethane favored
the undesired isomer, giving ortho:para selectivity of 1:10. Our
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attempt to reproduce the Zhu conditions on substrate 24 using
0.01% methanesulfonic acid in CH,Cl, did not affect the
regioselectivity of this reaction. The substrate was consumed
to provide some material that appeared to still contain the N-Boc
protecting group, but the 'H NMR of the crude product was
prohibitively complex. Subsequent treatment of this reaction
crude with a TFA/anisole/CH,Cl, mixture provided the penta-
cycles 26 + 27 with ~1:1 regioselectivity. The same ratio:is
obtained if the TFA/anisole conditions are used directly on
substrate 24.

In order to redeem the synthetic utility of the olefinic products
(21 or 26), our attention was captured by the recent formal
synthesis of Et-743 reported by the Danishefsky group’ in which
the olefin (29, Scheme 5) underwent facile oxidation: using
DMDO and immediate hydride reduction delivering the benzylic .
alcohol 30. With the availability of this methodology in the
literature, our efforts were briefly redirected to convert our
synthetic pentacycle 21 into compound 29 which would
constitute a formal total synthesis of Et-743 by relay through
the Danishefsky’ and then Fukuyama® syntheses, respectively.

In the event, the desired pentacycle 21 (Scheme :3) was
N-protected as the trichloroethyl carbamate (Troc), and:the
phenolic residue was protected as the corresponding O-benzyl
ether in 85% yield for the two steps (Scheme 5). Removal of
the O-allyl group under standard conditions followed: by
reprotection as the corresponding MOM ether provided com-
pound 29 (56% yield for the two steps). Compound 29 perfectly
matched Danishefsky’s substrate by 'H, *C NMR, and optical
rotation, confirming the structure of compound 29.

Since Danishefsky has previously converted’ compound 29 1
into a late-stage intermediate in Fukuyama’s total syntheSIS :
(namely, compound 30, Scheme 5), this two-stage relay of our
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Formal Synthesis of Et-743 via 21 to 29 and Danishefsky to Fukuyama Relay
OMe

MOMO
Me

D
2. NaCNBH,

synthetic 21 thus constitutes a formal total synthesis of Et-743
and provides firm structural corroboration of our synthetic
material and methods.

While the present formal synthesis reveals that our glyoxal-
imine radical cyclization technology'® holds considerable
potential for the efficient total synthesis of Et-743 and congeners,
we are currently endeavoring to improve the regioselectivity
of the key pentacycle formation (20 to 21) as well as refining
the overall synthetic efficiency of our approach. These objectives
are currently under study in our laboratory and will be reported
in due course.

Experimental Section

For general methods and considerations, see Supporting Informa-
tion.

Compound 19. The Fmoc-amino acid (410 mg, 0.727 mmol,
1.2 equiv) was dissolved in dry toluene and concentrated (x2),
and then dried under high vacuum. This oil was dissolved in dry
CH,Cl, (4 mL) to which was added oxalyl chloride (1 mL) at room
temperature, followed by dry DMF (20 uL). After stirring for 20
min, the solution was concentrated and reconcentrated from dry
toluene (x2) and then dried under high vacuum. This acid chloride
18 was dissolved in CH,Cl; (4 mL) and cooled to 0 °C. THIQ(OBn)
17 (275 mg, 0.61 mmol, 1 equiv) was dissolved in dry CH,Cl, (2
ml) and 2,6-lutidine (77 #L 0.67 mmol, 1.1 equiv). This solution
was transferred into the acid chloride solution slowly dropwise,
and the resulting mixture was warmed to 1t and stirred 7 h (TLC
showed consumption of the THIQ(OBn) starting material). The
reaction was quenched with saturated NH4Cl (aq) and then extracted
to EtOAc (x3). The combined organic fractions were dried
(NaSOy), filtered, and concentrated to provide a crude orange oil.
Purification by flash chromatography (hexanes:EtOAc 5:1, silica
gel) gave the peptide 19a as a pale yellow oil (426 mg, 70%); Ry
= (.34 (3:1 hexanes:EtOAc, UV, CAM); [a]®p —22.8 (¢ 1.14,
CH,CL,); IR (thin film) 3289, 2929, 2858, 1717, 1634 cm™!; 'H
and PC NMR spectra are extremely complex due to amide and
carbamate rotamers. See the rt (CDCl) and 373 K (DMSO-dg) 'H
spectra and rt (CDCl3) 1C spectra in the Supporting Information;
HRMS(ESVAPCI+) mi/z caled for CsgHggN,O(NaSi (M + Na)*
1019.4485, found 1019.4499. '

Compound 19b. Fmoc (OBn) peptide 19a (146 mg, 0.146 mmol)
was dissolved in a 20% v/v solution of Et,NH in CH,Cl, [CH,Cl,
(2.5 mL) and diethylamine (0.6 mL]. After stirring for 6 h, the
solution was concentrated and then reconcentrated from toluene
and dried under high vacuum. The crude material was dissolved in
EtOH:CH,Cl, (2:0.5 mL) to which was added Boc,0 (370 mg, 10

3. pyrrolidine, Pd(PPhg), Q
4) MOMBr, iPrNEt
(56%, 2 steps)

OMe

29, R =Troc

5 steps to

-

Fukuyama
intermediate

equiv). After stirring for 12 h, the reaction was concentrated and
immediately purified by flash chromatography (9:1 to 5:1 hexanes:
EtOAc, silica gel) to provide 19b as a clear colorless oil (115 mg,
90% over 2 steps): Ry = 0.43 (3:1 hexanes:EtOAc, UV, CAM);
[a]®p —26.6 (¢ 1.0, CH,Cly); IR (thin film) 3319, 2930, 2858, 1711,
1646 cm™; 'H and 3C NMR spectra are extremely complex due
to amide and carbamate rotamers; see the 'H spectra (CDCls, rt)
and (DMSO-ds, 373 K) and '3C spectrum (CDCl, rt) in the
Supporting Information; HRMS(ESI/APCI+) m/z caled for
CigHggN,011NaSi (M + Na)*™ 897.4328, found 897.4310.
Compounds 21 and 22. Boc (OBn) peptide 19b (115 mg, 0.132
mmol) was dissolved in dry MeOH (5 mL), and Dowex SO0W-X8
cationic resin (100 mg) was added (the resin was first rinsed with
dry methanol and dried under a stream of argon). After 65 h, the
reaction was complete by TLC and a single streak was observed
(during the course of the reaction, two streaks initially arise due to
a mixture of diol and methyl ether/alcohol products). The reaction
was filtered through a plug of Celite, eluting with dry MeOH, and
the filtrate was combined to provide the methyl ether as clear,
colorless oil (100 mg, 90% yield): Ry = 0 to 0.35 streak (3:1
hexanes:EtOAc, UV, CAM); HRMS(FAB+) m/z caled for
CyHesN2011S1 (M + H)* 849.4358, found 849.4354. The methyl
ether (100 mg) was dissolved in THF (3 mL), and TBAF (1 M in
THF, 125 uL, 1.06 equiv) was added in one portion. After 20 min,
the reaction was concentrated by rotary evaporation and passed
through a silica plug (eluting with 3:1 to 1:1 hexanes:EtOAc) to
provide the free phenol as a clear, colorless oil (82 mg, 95% yield):
Ry = 0 to 0.43 streak (3:1 hexanes:EtOAc, UV, CAM); HRMS-
(FAB) m/z caled for CyoHs N0y (M + H)t 735.3493, found
735.3490. Oxalyl chloride (15 uL 1.5 equiv) was added carefully
to a solution of DMSO (25 uL, 3.2 equiv) in CHyCl, (1 mL)
previously cooled to —78 °C. A solution of the above alcohol (82
mg, 0.11 mmol) in CH,Cl, (2 mL) was added dropwise, and the
resulting mixture was stirred at —78 °C for 40 min. The reaction
was quenched with Et;N (125 yL, 8 equiv) and then allowed to
warm to rt. The reaction was diluted with CH,Cl, and washed with
brine, and then the combined organic fractions were dried (Na;SOy),
filtered, and concentrated. The crude material was passed through
a silica gel plug (eluting with hexanes:EtOAc 1:1) to provide a
yellow oil/foam (82 mg, quant.) of hemiaminal 20 which was used
without further purification: Ry = 0.5 (hexanes:EtOAc 1:1, UV,
CAM). Hemiaminal 20 (232 mg, 0.32 mmol) was dissolved in
- CH,Cl; (3 mL) to which were added TFA (3 mL) and anisole (0.350
mL) at rt. The reaction was stirred for 14 h and then concentrated
to remove TFA, then redissolved in CH,Cl, and washed with
saturated aq NaHCO;. The organic fraction was dried (Na;SOy),
filtered, and concentrated. Crude '"H NMR shows 0.72:1 ortho (21)
to para (22) regioisomers. Purification by PTLC (2% MeOH in
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EtOAc) provided the ortho (63 mg) and para products (69 mg) for
a combined yield of 72%. Data for 21: Ry = 0.61 (EtOAc:MeOH
95:5, UV, CAM); [a]®p —18.0 (c 1.0, CH,Cl,); IR (thin film) 3295,
2932, 1672, 1632, 1455, 1428 cm™!; 'H NMR (400 MHz, CDCl3)
0 7.14—7.30 (m, 3H), 6.98 (s, 1H), 6.97 (s, 1H), 6.24 (s, 1H), 6.19
(s, 1H), 6.12 (dddd, J = 16.0, 11.0, 5.4, 5.4 Hz, 1H), 6.05 (dd, J
= 7.2, 5.0 Hz, 1H), 5.85 (br s, 1H), 5.82 (br s, 1H), 5.78 (v br s,
1H), 5.45 (app dd, J = 17.1, 1.1 Hz, 1H), 5.29 (app dd, J = 10.3,
0.8 Hz, 1H), 4.9 (s, 1H), 4.30 (app d of AB quartet, J = 12.3, 5.4
Hz, 2H), 4.03 (d, J = 6.1 Hz, 1H), 3.87 (AB quartet, J = 12.1 Hz,
2H), 3.63 (s, 3H), 2.95—3.2 (m, 5H), 2.11 (s, 3H), 2.09 (s, 3H);
3C NMR (100 MHz, CDCl3) 6 168.8, 147.6, 145.6 (x2), 143.4,
139.7, 138.7, 134.5, 133.9, 129.4, 128.8, 128.0 (x2), 127.1, 126.8
(x2),122.5,119.3,117.7, 117.5, 113.0, 108.7, 101.5, 100.2, 75.3,
72.6, 70.0, 60.8, 54.4, 50.0, 46.9, 33.4, 159, 9.4. HRMS(ESI/
APCI+) m/z caled for C3yHzsN,O7 (M + H)T 583.2439, found
583.2441. Data for 22: Ry= 0.5 (EtOAc:MeOH 95:5, UV, CAM);
[0]%p +47.8 (¢ 1.45, CH,Cl,); IR (thin film) 3298, 2931, 1671,
1631, 1430, 1409 cm™!; '"H NMR (400 MHz, CDCl;) 6 7.11-7.22
(m, 3H), 6.94 (s, 1H), 6.92 (s, 1H), 6.41 (s, 1H), 6.11 (dddd, J =
16.1, 10.6, 5.5, 5.5 Hz, 1H), 6.08 (s, 1H), 6.03 (dd, J = 6.6, 5.1
Hz, 1H), 5.86 (br s, 1H), 5.83 (br s, 1H), 5.45 (app dd, J = 17.1,
1.1 Hz, 1H), 5.30 (app dd, J = 104, 0.8 Hz, 1H), 4.65 (s, 1H),
4.36 (app d of A of AB quartet, J = 12.5, 5.5 Hz, 1H), 4.24 (app
d of B of AB quartet, J = 12.5, 5.5 Hz, 2H), 4.01 (d, J = 6.0 Hz,
1H), 3.91 (AB quartet, J = 12.2 Hz, 1H), 3.56 (s, 3H), 2.95—3.24
(m, 5H), 2.27 (s, 3H), 2.12 (s, 3H); 3C NMR (100 MHz, CDCls)
0 168.7, 148.0, 147.6, 145.9, 144.3, 139.7, 138.4, 134.6, 133.7,
129.6, 128.7, 128.1 (x2), 127.2, 126.9 (x2), 124.9, 117.8, 117.1,
113.8,113.0, 108.8, 101.5, 100.5, 75.4, 72.8, 70.1, 61.0, 54.3, 52.6,
46.8, 354, 12.0, 9.4; HRMS (ESVAPCI+) m/z caled for
C33H3sN,07 (M + H)*t 583.2439, found 583.2429.

Preparation of Compound 29. The desired ortho-regioisomer
21 (55 mg, 0.095 mmol) was dissolved in CH,Cl, (2 mL) and
pyridine (11 L, 0.14 mmol, 1.5 equiv) at 0 °C. TrocCl (13.5 L,
0.1 mmol, 1.0 equiv) was added and the reaction maintained at 0
°C for 2 h, and then diluted with CH,Cl, and washed with saturated
aq NH4CI. The organic layer was dried (Na,SOy), filtered, and then
concentrated. The crude oil was passed through a plug of silica gel
eluting with EtOAc, and then concentrated and dried under vacuum.
The resulting oil was dissolved in CH,Cl, (600 xL), and MeOH
(200 uL) and K,COs (52 mg, 0.38 mmol, 4 equiv) were added
followed by benzyl bromide (22 uL., 0.19 mmol, 2 equiv) and a
catalytic amount of tetrabutylammonium iodide. The resulting
mixture was stirred at rt for 13.5 h then filtered through a pad of
Celite, rinsing with CH,Cl,. Flash chromatography (5:1 hexanes:
EtOAc) provided the N-Troc/O-benzyl product as a pale yellow
oil (68 mg, 85% over 2 steps): Ry = 0.46 (hexanes:EtOAc 3:1,
UV, CAM); [a]®p +58.1 (¢ 1.7, CH,Cl); IR (thin film) 2927,
1724, 1681, 1434, 1371 cm~!; 'TH NMR (400 MHz, CDCls, mixture
of carbamate rotamers) 0 7.30—7.56 (m, 3H), 7.14—7.25 (m, 4H),
6.92—7.00 (m, 2H), 6.45 (d, J = 9.9 Hz, IH), 6.22 (d, J = 4.1 Hz,
1H), 6.12 (J/ = 16.1 Hz, 1H), 6.01—6.08 (m, 1H), 5.79—5.90 (m,
3H), 4.98—5.29 (m, 5H), 4.85 (d, J = 12.0, 2.8 Hz, 1H), 4.60 (d,
J =119, 6.5 Hz, 1H), 3.97—4.11 (m, 3H), 2.85 (app d, J/ = 12.1
Hz, 1H), 3.70 (s, 3H), 3.04—3.30 (m, 4H), 2.10 (s, 3H), 2.07 (s,
3H); 13C NMR (100 MHz, CDCl;, mixture of carbamate rotamers)
0 166.1/166.0, 151.5/151.4, 149.9, 148.9, 148.4, 148.3/148.2, 146.2,
139.6, 138.5, 137.6/137.5, 133.8/133.7, 132.6/132.5, 131.3/131.2,
128.9 (x2), 128.3, 128.1 (x2), 128.0, 127.2, 126.8, 126.6/126.5,
125.4/125.0, 117.6, 117.3, 116.9, 113.3/113.3, 108.6/108.4, 103.3,
102.9, 101.6, 95.3/95.2, 75.4/75.3, 75.2/75.0, 74.6/74.4, 72.6, 69.9/
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69.8, 60.5, 54.4/53.7, 50.9/50.1, 47.3/47.2, 32.8/32.4, 16.0,:9.5;
HRMS(ESI/APCI+) m/z caled for CyuHpN>OoCls M + H)*
847.1950, found 847.1949.

The allyl-protected pentacycle obtained above (20 mg, 0.024
mmol) was dissolved in CHyCl, (400 L), and pyrrolidine (6 iuL,
3 eq) was added, followed by Pd(PPh;), (2 mg, 0.002 mmol) under
Ar. After 16 h, the reaction was still not complete, so additional
portions of pyrrolidine and palladium catalyst were added. After
stirring an additional 4 h (20 h total), the dark green reaction was
applied directly to flash chromatography (silica gel, hexanes:EtOAc
3:1). The pure fractions were combined to provide the phenol as
yellow oil (11 mg 56%), used without characterization: Ry = 0.26
(hexanes:EtOAc 3:1, UV, CAM). Phenol (11 mg, 0.014 mmol) was
dissolved in CH,Cl, (200 uL) to which were added iPr,NEt (12
uL, 0.07 mmol, 5 equiv) and MOMBr (3.3 uL, 0.042 mmol; 3
equiv). The mixture was stirred for 30 min at rt and then quenched
with water and extracted with CH,Cl, (x3). The combined organic
fractions were dried (NaySOy), filtered, and concentrated. Flash
chromatography (hexanes:EtOAc 3:1) provided the protected pen-
tacycle 29 (11.5 mg, quant.): Ry = 0.41 (hexanes:EtOAc 3:1, UV,
CAM); [a]®p +45.4 (¢ 0.8, CHCl) [lit. +50 (¢ 1.0, CHCL)[; IR
(thin film) 2932, 1723, 1681, 1654, 1432, 1371 cm™~!. 'H and BC
NMR spectra perfectly match the data provided by the Danishefsky
group for this intermediate in their formal synthesis (copies of their
spectra included in the Supporting Information):” 'H NMR (400
MHz, CDCl3, mixture of carbamate rotamers) 6 7.56—7.31 (m, 5SH),
7.13—7.23 (m, 3H), 6.96 (app br d, J = 6.9 Hz, 2H), 6.46 (d, J =
9.4 Hz, 1H), 6.01—6.15 (m, 3H), 5.86 (app d, J = 3.0 Hz, 2H),
5.82 (br s, 1H), 4.97—5.19 (m, 4H), 4.86 (d, J = 11.9 Hz, 1H),
4.79 (A of AB quart, J = 12.0 Hz, 1H), 4.68 (B of AB quart, J =
11.9 Hz, 1H), 449—4.60 (m, 2H), 443 (app d, / = 6.1 Hz; |H),
4.01 (d of A of AB quart, J = 11.8, 4.4 Hz, [H), 3.85 (B of AB
quart, J = 12.1 Hz, 1H), 3.71 (app d, J = 10.6 Hz, 3H), 3.38
(rotomeric s, 3H), 3.03—3.29 (m, 5H), 2.11 (s, 6H); 3*C NMR (100
MHz, CDCls, mixture of carbamate rotamers) 6 166.0/165.9, 151.6/
151.4, 149.9, 148.7/148.2, 147.3, 146.2/146.1, 139.8, 138.4/138 4,
137.8/137.7, 132.6/132.5, 131.1/131.1, 128.8, 128.2, 127.9, 127.2,
126.8, 126.6/126.5, 125.2/125.0, 117.0/116.8, 113.7/113.6, 108.5/
108.4, 103.3/102.7, 101.6, 100.4/100.4, 95.3/95.2, 75.4/75.3, 74.4/
74.0, 72.6/72.6, 69.9/69.9, 60.4, 57.6/57.5, 54.4/53.7, 50.8/50.1,
47.4/47.3, 32.7/32.3, 16.0, 9.9; HRMS(ESI/APPI+) m/z caled for
Cy3HoN>01Cls (M + H)* 851.1900, found 851.1897.
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Note Added after ASAP Publication. Reference 6 contained
an incorrect publication date and the description of the condi-
tions used by Zhu et al. (below Scheme 4) was erroneous in
the version published ASAP August 8, 2008; the corrected
version was published ASAP September 17, 2008.
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procedures and spectroscopic data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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The scope of the Z2-azadiene intramolecular Diels—Alder cyclization, previously employed for
synthesis of the Daphniphyllum alkaloids, has been further investigated. Through a series of 1,5-
diol cyclization precursors the substitution pattern of both the dienophile and the 2-azadiene were
examined. From these studies it was shown that the cascade reaction is tolerant toward a variety
of alkyl-substituted dienophiles. However, it was also demonstrated that this reaction is very
sensitive to the substitution pattern of the Z-azadiene. Alterations made to the structure of the
2-azadiene cause either competing side reactions or complete failure of the reaction cascade.

The Daphniphyllum alkaloids are a group of polycyclic
natural products first isolated from the deciduous tree
Yuzuriha (Daphniphyllum macropodum) in 1909.! Since
then, over 30 Daphniphyllum alkaloids have been iso-
lated and structurally characterized.? Methyl homodaph-
niphyllate (1) and methyl homosecodaphniphyllate (2) are
representative members of this group of natural products
and illustrate two of the pentacyclic core structures that
are found.

CO,Me CO,Me

During the 1980s, we developed the biomimetic ap-
proach to these alkaloids that is illustrated in Scheme
1.34 This one-pot procedure begins with the oxidation of
a 1,5-diol (3) to a dialdehyde (4). Treatment of the crude
oxidation mixture with ammonia, followed by acetic acid
and ammonium acetate, leads to the formation of an
azadiene (6), which undergoes an intramolecular Diels—
Alder cyclization to form imine 7. Heating the acetic acid
solution of imine 7 facilitates an intramolecular aza-Prins
cyclization to provide pentacyclic amine 8. This remark-
able process, which forms three carbon—carbon bonds
and two nitrogen—carbon bonds and establishes six

T The Center for New Directions in Organic Synthesis is supported
by Bristol-Myers Squibb as Sponsoring Member.

(1) Yagim S. Kyoto Igaku Zasshi. 1909, 6, 208.

(2) For reviews on the Daphniphyllum alkaloids see: (a) Yamamura,
S.; Hirata, Y. In The Alkaloids, Manske, R. H. F., Ed.; Academic
Press: New York, 1975; Vol. 15, p 41. (b) Yamamura, S.; Hirata, Y.
Int. Rev. Sci.: Org. Chem., Ser. Two 1976, 9, 161. (c) Yamamura, S.
In The Alkaloids; Brossi, A., Ed.; Academic Press: New York, 1986;
Vol. 29, p 265.

(3) Heathcock, C. H.; Hansen, M. M.; Ruggeri, R. B.; Kath, J. C. J.
Org. Chem. 1992, 57, 2544.

(4) We have also reported a classical approach to these alkaloids:
Heathcock, C. H.; Davidsen, S. K.; Mills, S. G.; Sanner, M. A. J. Org.
Chem. 1992, 57, 2531.
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stereocenters, has been used as the key step in the
synthesis of five of the Daphniphyllum alkaloids.®>$

In this paper, we report further studies that explore
the scope and generality of the intramolecular 2-azadiene
Diels—Alder cyclization.” By studying the cyclizations of
diols 9—16 we hoped to examine the effect of both the

(5) Heathcock, C. H.; Stafford, J. J. Org. Chem. 1992, 57, 2566.

(6) Heathcock, C. H.; Rugerri, R. B.; McClure, K. F. J. Org. Chem.
1992, 57, 2585.

(7) For references on 2-aza dienes, see: (a) Eddaif, A.; Mison, P.;
Laurent, A.; Pellissier, N.; Carrupt, P.-A.; Vogel, P. J. Org. Chem. 1987,
52, 5548. (b) Cheng, Y.-S.; Ho, E.; Mariano, P. S.; Ammon, H. L. J.
Org. Chem. 1985, 50, 5678. (c) Boger, D. L.; Weinreb, S. M. In Hetero
Diels—Alder Methodology in Organic Synthesis, Academic Press: San
Diego, CA, 1987; pp 255—260. (d) Boger, D. L. Tetrahedron 1983, 39,
2869.
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substitution pattern of the 2-azadiene as well as the
pendent dienophile. In addition, the dienophile tether
was extended by one carbon, such that six-membered
rings would be formed during the Diels—Alder cycliza-
tions.
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Results and Discussion

Synthesis of Diols 9—16. The synthesis of diols 9—13
began with the three-component coupling of amides 17
and 18% with enoate 19° and iodides 20—23 (Scheme 2).%
The lithium enolate of amide 17 or 18 was treated with
enoate 19, and the corresponding Michael addition ad-
duct was trapped with iodides 20—23.° The desired
products could be isolated in good to moderate yields in
all cases except for ester-amide 28. The stereochemical
assignment of the ester-amides 24—27 is based on
literature precedent of similar Michael reactions of amide
enolates.%!!

The failure to obtain ester-amide 28 by this method
was not unexpected, in light of earlier work in these
laboratories.? Although none of the desired ester-amide
28 was isolated from the reaction of the lithium enolate
of 18 with enoate 19 followed by trapping with iodide 20,
products resulting from 1,2-addition were observed.
However, the lithium enolate of thioamide 29,'? a softer
nucleophile,*!3 reacts smoothly with enoate 19. Treat-

39: R'=R?=H, R®=Me (96%) 12: R'=R=H, R®=Me (89%)
40: R'=R2=Me, R%=H (86%) 13: R'=R2=Me, R®=H (96%)

ment of the resulting adduct with iodide 20 provided the
desired adduct 30 in 92% yield (Scheme 3).

The conversion of amides 24—27 and 30 to their
corresponding diols is shown in Scheme 4. Lithium
triethylborohydride chemoselectively reduced the ester
moiety of these substrates to provide alcohols 31—35 in
good yields. Acid-catalyzed lactonization followed by
lithium aluminum hydride reduction efficiently provided
the desired diols 9—13.

Attempts to prepare diols 14—16 through the three-
component-coupling method described above lead to
intractable mixtures of products. Rather than pursue this
method, we developed the alternate approaches to these
diols shown in Schemes 5 and 6. The synthesis of diols
14 and 15 began with the alkylation of the lithium
enolate of tert-butylpropionate (41) with iodide 20 to
provide ester 42 in high yield. Subsequent allylation of
the lithium enolate of ester 42 with either 2-methylallyl
bromide or allyl bromide provided esters 45 and 46,
respectively. Selective hydroboration of the terminal
olefins in esters 45 and 46, followed by oxidation lead to

(8) Oare, D. A.; Henderson, M. A.; Sanner, M. A.; Heathcock, C. H.
J. Org. Chem. 1990, 55, 132—157.

(9) Ruggeri, R. B.; Hansen, M. M.; Heathcock, C. H. J. Am. Chem.
Soc. 1988, 110, 8734.

(10) Millar, J. G.; Underhill, E. W. J. Org. Chem. 1986, 51, 4726.

(11) Yamaguchi, M. Yuki Gosei Kagaka. 1986, 44, 405.

(12) (a) Oare, D. A. Doctoral Thesis, University of California at
Berkeley, 1988. (b) Thomsen, I.; Clausen, K.; Scheibye, S.; Lawesson,
S. O. Org. Synth. 1984, 62, 158.

(13) (a) Pearson, R. G. J. Chem. Educ. 1968, 45, 581, 643. (b)
Pearson, R. G. J. Am. Chem. Soc. 1963, 85, 3533. (c) Deschamps, B.;
Anh, N. T.; Seyden-Penne, J. Tetrahedron Lett. 1973, 14, 527.
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the primary alcohols 47 and 48. Reduction of the ester
function in 47 and 48 gave access to the desired diols 14
and 15.

The synthesis of diol 16 was carried out in two steps
as shown in Scheme 6. Alkylation of the lithium enolate
of 6-valerolactone with iodide 20 provided lactone 50 in
low and variable yields (25—50%). We believe that ring-
opening of the lactone 50 and oligomerization to polyester
51 was responsible for the low and variable yields of 50.
Support for this hypothesis came from the observation
that reduction of the crude reaction mixture with LAH
provided the desired diol 16 in a reproducible 69% yield.

Exploration of the Azadiene Diels—Alder Cyliza-
tion. With diols 9—16 in hand, we were prepared to
commence with our studies of the scope and generality
of the Daphniphyllum alkaloid azadiene Diels—Alder
cyclization. From the onset of this project, we planned
to use the biomimetic reaction protocol developed during
the Daphniphyllum alkaloid synthesis, rather than at-
tempting to optimize the reaction conditions for each
substrate. This protocol involves Moffatt—Swern'* oxida-
tion of the 1,5-diol to the dialdehyde, treatment of the
crude methylene chloride solution with ammonia followed
by solvent exchange from methylene chloride to a buff-
ered acetic acid solution. Following an aqueous workup,

(14) Mancusco, A. J.; Swern, D. Synthesis 1981, 165.
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the imine products were isolated by column chromatog-
raphy on silica gel. The cyclization sequences of diols
9—12 are shown in Scheme 7.

Oxidation of diols 9—12 led smoothly to the 1,5-
dialdehydes 52—55. These delicate molecules can be
observed in the crude form by 'H NMR, following an
aqueous workup of the Moffatt—Swern oxidation. How-
ever, as noted above, the reaction mixtures were more
routinely treated directly with ammonia, followed by
solvent exchange to acetic acid. Following an aqueous
workup, imines 60—63 were isolated in yields ranging
from 69 to 81% by column chromatography on silica gel
that had been pretreated with triethylamine. The struc-
tures of imines 60—63 were determined through 'H
NMR, #C NMR, ¥C DEPT, IR, and elemental analysis.
In addition to the spectral and analytical evidence that
supported the assigned structures of tetracyclic imines
60—63, the structure of 62 was further confirmed by
conversion into derivative 64, the structure of which was
rigorously determined by X-ray crystallography (Scheme
8).15

In the course of performing the cyclizations of diols
9—12, we noted a definite trend in the reaction rates of
these substrates (imines 60 and 61 can be formed at room
temperature, whereas imines 62 and 63 require heating
at 80 °C). Qualitatively, the rates of these azadiene

(15) Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos. CCDC
147538. Copies of the data can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K. (fax:
+44 1223 336033 or e-mail: deposit@ccdc.cam.ac.uk).
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cyclizations follow the order 56 > 57 > 38 > 59. This
observation supports a rate-limiting inverse-electron-
demand Diels—Alder reaction mechanism in which the
more electron-rich dienophiles provide faster reaction
rates. However, it was also noted that azadiene 57
cyclizes at a faster rate than azadiene 58, even though
both substrates have disubstituted dienophiles. We be-
lieve the steric congestion associated with cyclizing the
Z-olefin of azadiene 58 is the cause of this marked
decrease in reaction rate. In addition, it was noted that
the olefin geometry of diols 10 and 11 is conserved during
the reaction providing imines 61 and 62 respectively,
further supporting a concerted mechanism for the Diels—
Alder step of the cascade. These experiments also dem-
onstrate that the cascade cyclization works well when
the tether length is such that a six-membered ring is
formed (the examples previously demonstrated in our
Daphniphyllum alkaloid syntheses all give rise to five-
membered rings). These cyclizations also show that the
cascade succeeds with substrates having various alkyl
substitution patterns on the dienophile, ranging from
mono- to trisubstituted. At this point we turned our
attention to the structure of the aza-diene intermediate.

The cyclization sequence of diol 13 is shown in Scheme
9. Treatment of diol 13 under the standard cyclization
conditions provided imine 67 in a rather disappointing
23% yield. This was intriguing because the only differ-
ence between diol 13 and previous diols is the methyl
stereocenter alpha to one of the aldehydes. At this point
attempts were then made to determine at which stage
the reaction cascade was faltering. Oxidation of diol 13
under Moffatt-Swern conditions followed by an aqueous
work up provided the crude 1,5-dialdehyde 65, verifying
the efficiency of this step of the cascade. Repeating the
cyclization protocol and stopping after treatment of
dialdehyde 65 with ammonia provided a complex mixture
of products that has been assigned as the various
bisaminal and bishemiaminal structural isomers related
to compound 66. Treatment of this mixture with acetic
acid and ammonium acetate again provided imine 67 in
low yield, along with intractable polymeric material. To
check the stability of imine 67 to the reaction conditions
it was taken up in D-4 acetic acid and heated for 50 h at
80 °C, at which time there was no sign of decomposition
as judged by 'H NMR. From these data we believe
inefficient azadiene formation is responsible for the low
yield in the cyclization of diol 13.
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We next turned our attention to the cyclization of diols
14—16, in which the five-membered ring of diols 9—13
is absent. Treatment of diol 14 under the standard
cyclization conditions provided the desired tricyclic imine
69 in 51% yield along with bicyclic imine-hydroperoxide
70 in 10—20% yield (Scheme 10). The structure of imine-
hydroperoxide 70 was tentatively assigned on the basis
of 'H NMR, IR, and mass spectroscopy. This compound
was very sensitive; partially decomposing when exposed
to silica gel chromatography as well as on storage at 0
°C under a nitrogen atmosphere. We believe that imine-
hydroperoxide 70 arises from autoxidation of the corre-
sponding imine on exposure to air during the workup of
the reaction.'® This cyclization was particularly interest-
ing because we had not previously been able to isolate
and identify any side products from the reaction cascade.

Because of the sensitive nature of imine-hydroperoxide
70 we decided to modify the cyclization protocol in order
to produce a more stable product. Attempts to treat 70
with reducing agents such as trimethyl phosphite or
triphenylphosphine in order to reduce the peroxide
moiety were unsuccessful, resulting in either no reaction
or decomposition of the starting material. Based on these
results, we decided to investigate the alternative ap-
proach shown in Scheme 11. The idea was that it may
be possible to intercept the precursor to 70 by acylation
of the imine nitrogen,!” thus producing an enamide that
would be less prone to autoxidation. In the event,
treatment of the crude cyclization reaction mixture with

(16) Kleinman, E. F. Doctoral Thesis, University of California at
Berkeley, 1980.

(17) Meth-Cohn, O.; Westwood, K. T. J. Chem. Soc., Perkin Trans.
11984, 6, 1173—-1182.
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an excess of acetic anhydride provided a mixture of
amides 72 (40%) and 73 (13%). As expected, enamide 73
was not prone to autoxidation and was fully character-
ized. The relative stereochemistry of 73 was established
by 1D and 2D (NOESY) 'H NMR spectroscopy. In
addition, amide 72 is a crystalline solid and its structure
was unambiguously determined by X-ray crystallogra-
phy.18

With the structures of 72 and 73 firmly established
we considered the factors governing their competing
formation. Initial experiments were performed to deter-
mine whether imines 69 and 71 can be interconverted.
Because imine 69 was isolable it was easily resubjected
to the reaction conditions and shown to be stable. As
noted above, imine 71 was not easily isolable. To circum-
vent this difficulty the cyclization reaction was carried
out for various times and the ratio of amides 72 and 73
was measured. Extending the reaction time had little
effect on either the yield or ratio of amides 72 and 73.
From these data we conclude that imines 69 and 71 are
both kinetic products of this reaction. Interestingly,
removal of the five-membered ring of diol 9 generates a
system in which the aza-Diels—Alder cyclization is only
slightly more favorable than the aza-Prins cyclization.
Through our efforts it has been possible to observe the
1,5-dialdehyde 68, but we have been unable to observe
the corresponding azadiene intermediate in this reaction.
Therefore, it is presently unclear at which point in the
cyclization cascade the paths leading to imines 69 and
71 diverge.

We also attempted the cascade cyclization with diols
15 and 16 (Scheme 12). Both of these substrates failed
to produce any tractable products. This was not unex-
pected based on the results gained from diol 13. Again,
aldehydes 74 and 75 could be observed in their crude
form, confirming the efficiency of the oxidation step in
the cascade reaction. As previously discussed, we believe

(18) Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos. CCDC
147539. Copies of the data can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K. (fax:
+44 1223 336033 or e-mail: deposit@ccdc.cam.ac.uk).
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that inefficient aza-diene formation is responsible for the
failure of these reactions.

Conclusion

From the above studies we have been able to expand
the scope of the Daphniphyllum alkaloids cyclization,
while defining some of the limitations of this cascade
reaction. The cyclization is very permissive to various
alkyl substitution patterns of the dienophile, but a
marked decrease in rate is noted when relatively electron
deficient dienophiles are employed. In addition, it has
been demonstrated that the structure of the Z2-azadiene
is crucial. The cyclopentyl ring, quaternary carbon and
tertiary carbon centers in the diol starting material all
play a role in providing a selective and high-yielding
cyclization.
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General. Unless otherwise noted, all reactions were carried out in a flame dried
round bottom flask equipped with a magnetic stirring bar, under an atmosphere of N .
Unless otherwise noted all reagents where purchased from commercial suppliers and
used without purification. Ether and tetrahydrofuran (THF) were distilled under N,
from Na/benzophenone immediately prior to use. Methylene chloride (CH,Cl,),

triethylamine (Et3N), diisopropylamine (i-Pr,NH) and Hiinig's base (i

-PryEtN) were

distilled under Nj from CaH; immediately prior to use. Dimethyl sulfoxide (DMSO)
and 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) were distilled under
N, from CaH, and stored over 3-A molecular sieves. Silica gel chromatography was
carried out using INC silitech 32-62 D 60-A silica gel according to the procedure
described by Still.1  Thin layer chromatography (TLC) was performed with Merck Silica
Gel 60 plates. When necessary, the density of compounds that were oils were
determined by weighing, three separate times, from 50 to 100 uL of the oil in a 100-uL
syringe, averaging the results. In this manner the density of the following frequently
used compounds were determined (g/mL): enoate 19, 1.03 and iodide, 20, 1.43. The

concentration of commercially available n-butyllithium in hexanes wa

s checked

periodically by titration with diphenylacetic acid.2 Unless otherwise noted, extracts
were dried over MgS0, and solvents were removed with a rotary evaporator at

aspirator pressure. Unless otherwise noted, IR spectra were recorded

as films on NaCl

plates and NMR spectra were measured in CDCl;. Unless otherwise noted 1H NMR
were recorded on a 500 MHz spectrometer and 13C NMR were recorded on a 100 MHz
spectrometer. | values are in Hertz. In some cases distortionless enhancement by
polarization transfer (DEPT)3 was used to assign the 13C NMR resonances as CHj, CHj,
CH or C. Elemental analysis was performed by the Microanalytical Laboratory

operated by the UCB College of Chemistry.

5-Methyl-4-hexenal. Following the procedure of Saucey,4 5-Methyl-
4-hexenal was provided in 52% yield after distillation (71-76 °C, 50
torr), IR: 2952, 2857, 1715, 1630, 1436, 1355, 1297, 1266, 1090, 741 cm-1.

)\/\/CHO

The 1H and 13C NMR spectral data obtained for this compound was consistent with that

reported in the literature.5

5-Methyl-4-hexen-1-ol. A stirring suspension of LiAlHj (7.32 g, 193
mmol) in 190 mL of EtO was cooled to 0 °C. To this suspension was
added a solution of the 5-Methyl-4-hexenal (21.66 g, 193 mmol) in 325

)\/\/\OH

mL of Et;O dropwise via teflon cannula. The flask containing the aldehyde solution and

teflon cannula were rinsed through with 30 mL of Et;O. The gray rea

ction mixture was

allowed to slowly warm to room temperature (3 h). Stirring continued at rt for an

additional 10 h. The reaction mixture was cooled to 0 °C and 7.32 mL
15% NaOH and 22 mL of water were added sequentially.¢ Following
the reaction mixture was allowed to warm to rt at which time a white
formed. The reaction mixture was dried, filtered and the solvent was

of water, 7.32 mL
these additions
precipitate
removed.

Distillation of the crude product provided 22.78 g (99%) of the desired alcohol.7 IR:

4
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3337, 2965, 2929, 2867, 1449, 1376, 1059 cm-1. The 1H and 13C NMR spectral data
obtained for this compound was consistent with that reported in the literature 8

5-Iodo-2-methyl-2-hexene (20). A dry 250 mL round bottom flask was /|\/\/\
charged with 5-methyl-4-hexen-1-o0l (3.0 g, 26.3 mmol) and 55 mL of . !
CHxCl,. To this stirring solution was added triphenylphosphine (7.13

g, 27.2 mmol) and imidazole (2.15 g, 31.5 mmol). After complete dissolution the
reaction mixture was cooled to 0 °C and iodine (9.0 g, 35.5 mmol) was added in small
portions (approx 2 g). A dark brown color developed along with a precipitate during
the iodine addition. Stirring of the solution continued for a total of 4 h at 0 °C. To the
dark brown solution was added 25 mL of saturated sodium thiosulfate. After the
reaction mixture turned clear it was extracted with CH,Cl, (3 x 25 mL). The combined
extracts were dried and concentrated to afford a slightly yellow oil. The crude product
was purified by flash chromatography on silica gel eluting with pet ether/ether (4 : 1) to
provide 5.21 g (88%) of the pure iodide 20 . The iodide was stored under an
atmosphere of nitrogen and over copper wire and 3 A molecular sieves. Immediately
prior to use the iodide was passed through basic alumina. The IR and 1H NMR spectral
data obtained for this compound was consistent with that reported in the literature.9
13C NMR (100 MHz): 8 6.8, 17.9, 25.7, 28.7, 33.6, 122.3, 133.1.

4-Hydroxymethyl-9-methyl-8-decene-1-ol (16). To a stirring /l\/\/\(;
solution of diisopropyl amine (1.20 mL, 8.56 mmol) in 15 mL of OH
THEF at -78 °C was added dropwise a solution of n-butyllithium OH
(3.60 mL, 8.46 mmol). The resulting mixture was warmed to 0
°C for 10 min and cooled to -78 °C. A solution of §valerolactone 49 (826 uL, 8.90 mmol)
in 15 mL of THF was added via teflon cannula over 90 min and stirred for an additional
15 min. The iodide 20 (140 uL, 0.89 mmol) was added slowly followed by 15 mL of
DMPU. The resulting yellow solution was stirred at -78 °C for 1 h and -45 °C for 3 h.
The reaction flask was removed from the cold bath and 10 mL of saturated ammonium
chloride and 10 mL water were added. After warming to room temperature the
mixture was extracted with ether (3 x 30 mL). The combined organic layers were
washed with water (3 x 10 mL) and brine (10 mL), dried and the solvent was removed
to afford 700 mg of a yellow oil. Without further purification the yellow oil was
dissolved in 2 mL ether and added via teflon cannula to a solution of LiAIHy, (133 mg,
3.5 mmol) in 7 mL of ether at 0 °C. An exothermic reaction occurred as evidenced by
rapid bubbling of the solvent. The addition flask and cannula were rinsed with ether (2
x 2mL). After 1 h the reaction mixture was allowed to warm to 25 °C. After 2 h 133 pL.
of water, 133 pL of a 15% aqueous solution of NaOH and 330 pL of water were added
sequentially.6 After 5 min a scupula of MgSO4 was added to the fine white suspension
and the mixture was filtered through a fine glass frit and concentrated. Silica gel
chromatography eluting with EtOAc/hexanes (9:1) afforded 123 mg (69%) of the
desired diol 16. IR: 3550-3400, 1673 cm -1. 1TH NMR (500 MHz): § 1.23-1.36 (m, 6),
1.39-1.49 (m, 2), 1.52-1.58 (m, 1), 1.56 (d, 3, J=0.7), 1.65 (d, 3, J=1.0), 1.93 (m, 2), 2.17 (bs,
1),2.22 (bs, 1), 3.46-3.49 (m, 1), 3.54-3.56 (m, 1), 3.61 (m, 2), 5.07 (m, 1). 13C NMR (100
MHz): & 17.7 (CHa), 25.7 (CH3), 26.9 (CHy), 27.1 (CH,), 28.3 (CHy), 29.7 (CH,), 30.6
(CHp), 40.1 (CH), 63.1 (CHy), 65.3 (CH>), 124.5 (CH), 131.5 (C). Anal. Calcd for
Ci12H405: C, 71.95; H, 12.08. Found: C, 71.59; H, 12.20.
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t-Butyl 2,7-dimethyl-6-octenoate (42). To a solution of
diisopropylamine (900 pL, 6.42 mmol) in 13.5 mL THF at-78 °C : ?
was added 2.73 mL (6.41 mmol) of a 2.34 M solution of th-Bu
n-butyllithium in hexanes dropwise. The resulting mixture was
warmed to 0 °C for 10 min and then cooled to -78 °C. A solution
of t-butyl propionate (1.02 uL, 6.75 mmol) in 6.75 mL THF was added slowly (15 min)
via teflon cannula. The resulting mixture was stirred for 45 min following the addition.
The jodide 20 (702 pL, 4.5 mmol) was added via syringe followed by 5 mL of DMPU.
After 1h of stirring at -78 °C the reaction mixture was warmed to -45 °C. After 1.5 h, 15
mL of satd ammonium chloride and 5 mL of water were added and the reaction
mixture was allowed to warm to room temperature. The mixture was extracted with
ether (4 x 20 mL). The combined extracts were washed with water (2 x 30 mL), brine
(30 mL), dried and concentrated. Silica gel chromatography of the crude product with
EtOAc/hexanes (1 : 19) provided 953 mg (94%) of the pure ester 42. IR: 2974, 2932,
2876, 1730, 1456, 1366, 1256, 1217, 1148, 1068, 848. TH NMR (500 MHz): § 1.07 (d, 3,
J=7.0), 1.28-1.35 (m, 4), 1.42 (s, 9), 1.57 (s, 3), 1.67 (d, 3, J=1.1), 1.94 (m, 2), 2.26-2.30 (m, 1),
5.06-5.09 (m, 1). 13C NMR (100 MHz): § 17.2 (CHa), 17.7 (CH3), 25.7 (CHg), 27.4 (CHy),
27.9 (CHy), 28.1 (CHj), 33.5 (CHy), 40.4 (CH), 79.7 (C), 124.4 (CH), 131.5 (C), 176.3 (C).
Anal. Caled for C14Hp¢O0,: C, 74.29; H, 11.58. Found: C, 73.91; H, 11.58.

t-Butyl 2,7-dimethyl-2-(2-allyl)-6-octenoate (46). To a solution ?

of diisopropylamine (594 1L, 4.24 mmol) in 9.0 mL THF at 0 °C X otBu
was added dropwise 1.75 mL (4.12 mmol) of a 2.35 M solution of

n-butyllithium in hexanes. The mixture was stirred at 0 °C for 30 \

min then was cooled to -78 °C and a solution of the ester 42 (622

mg, 2.75 mmol) in 2.75 mL THF was added slowly via teflon cannula. The flask and
cannula were rinsed with 2 mL of THF. Stirring was continued for 2 h, at which time
allyl bromide (476 pL, 5.5 mmol) was added dropwise. The slightly yellow solution was
stirred at -78 °C for 1.5 h, warmed to 25 °C and poured onto 20 mL of saturated
NHCl and 10 mL of water. This mixture was extracted with ether (3 x 30 mL). The
combined organic extracts were washed with brine (30 mL), dried and the solvents
were removed to afford 879 mg of a yellow oil. Silica gel chromatography
ether/hexanes (1:99) provided 658 mg (90%) of the desired ester 46. IR: 3074, 2974,
2932, 2364, 1725 cm-1. TH NMR(500 MHz): & 1.05 (s, 3), 1.18-1.24 (m, 1), 1.27-1.43 (m, 2),
1.42 (s,9), 1.48-1.59 (m, 1), 1.58 (s, 3), 1.67 (5, 3), 1.94 (m, 2), 2.11 (dd, 1, J=7.71, 13.67), 2.33
(dd, 1, J=7.06, 13.63), 5.01 (s, 1), 5.03-5.04 (m, 1), 5.07-5.10 (m, 1), 5.67-5.76 (m, 1). 13C
NMR (100 MHz): §17.7, 21.2,24.9,25.7,28.1, 28.4, 38.8, 43.6, 46.1, 79.8, 117.5, 124.4,
131.4,134.4,176.2. Anal. Calcd for C17H300,: C, 76.64; H, 11.35. Found: C, 76.46, H;
11.33. '

t-Butyl 2,7-dimethyl-2-(2-methyl-2-propenyl)-6-octenoate (45). 2
The foregoing procedure was followed with 334 pL (2.38 mmol)
of diisopropyl amine, 959 pL (2.32 mmol) of a 2.42 M solution of
n-butyllithium in hexanes, 263 mg (1.16 mmol) of ester 42 and
352 pL (3.49 mmol) of 1-bromo-2-methyl-2-propene. The crude
product was purified by flash chromatography on silica gel eluting with a gradient of
benzene/pet. ether (from 3:1 to 1:1) to provide 279 mg (86 %) of the desired ester 45 as
a clear slightly yellow oil. IR: 3074, 2974, 2932, 2364, 1723 cm-1. 1H NMR(00 MHz): &
1.03 (s, 3), 1.13-1.21 (m, 1), 1.26-1.38 (m, 2), 1.42 (s, 9), 1.45-1.67 (m, 10), 1.91 (q, 2, J=7.1),

Ot-Bu
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2.04(d, 1,]=13.8),2.46 (d, 1, J= 13.7), 4.64 (s, 1), 4.76-4.77 (m, 1), 5.06-5.09 (m, 1). 13C
NMR (100 MHz): 6 17.7, 20.8, 23.9, 24.8, 25.7, 28.0, 28.4, 40.5,45.9,47.5,79.9,114.0, 124 .4,
131.6, 142.8, 176.6. Anal. Calcd for C1gH3,0;: C, 77.09; H, 11.50. Found: C, 76.98, H;

11.64.

t-Butyl 2,7-dimethyl-2-(3-hydroxypropyl)-6- octenoate (48). To 9

a solution of 9-borabicyclo[3.3.1]nonane (9-BBN) (43 mg, 0.35 N Ot-Bu
mmol) in 450 pL of THF at 25 °C was added a solution of 46 (60

mg, 0.23 mmol) in 500 uL of THF, via syringe. The flask OH

containing the solution of the ester and the syringe were rinsed
through with 2 x 500 uL. THF. After stirring for 1.75 h, water (2.3 mL), sodium
perborate (120 mg, 0.78 mmol) and 130 uL (0.26 mmol) of a 2N aqueous solution of
NaOH was added. After 2 h the suspension was diluted with 5 mL of water and 10 mL
ether. The layers were separated and the aqueous layer was extracted with ether (3 x
10 mL). The combined organic layers were washed with brine (10 mL), dried and
concentrated to afford 126 mg of an oil. Silica gel chromatography eluting with
EtOAc/hexanes (1:4) provided 53.6 mg (82 %) of the desired alcohol 48. IR: 3350, 2973,
2931, 2863, 1723 cm-1. 1TH NMR (500 MHz): § 1.05 (s, 3), 1.17-1.21 (m, 2), 1.25-1.46 (m, 4),
1.41 (s, 9), 1.51-1.56 (m, 2), 1.56 (s, 3), 1.63 (dd, 1, J=3.5, 11.7), 1.65 (d, 3, J=1.0), 1.91 (m,
2), 3.56-3.59 (m, 2), 5.05-5.08 (m, 1). 13C NMR (100 MHz): § 17.6, 21.1, 24.7, 25.6, 27.8,
27.9,28.3,35.2,39.2,45.8,63.0,79.8,124.3,131.5,176.7. Anal. Calcd for C17H3,05: C,
71.79; H, 11.34. Found: C, 71.98, H, 11.52.

t-Butyl 2,7-dimethyl-2-(2-methyl-3-hydroxypropyl)-6-octenoate '
(47). The foregoing procedure was followed with 161 mg (1.32 x OtBu
mmol) of 9-BBN, and 295 mg (1.05 mmol) of ester 45. The crude

product was purified by flash chromatography on silica gel OH

eluting with EtOAc/hexanes (3:1) to provide 300 mg of the

desired ester 47 contaminated by a small amount of an unidentified 9-BBN by product.
IR: 3437,2974,2932,2873,1722 cm-1. 1TH NMR (500 MHz): 8 0.89 (d, 1.2, J=6.8), 0.93 (d,
1.8 J=6.8), 1.00-1.09 (m, 1), 1.05 (s, 1.2), 1.09 (s, 1.8), 1.10-1.80 (m, 6), 1.42 (s, 9), 1.56 (s,
3), 1.65 (s, 3), 1.82-1.91 (m, 2.4), 2.18 (bs, 0.6), 3.34-3.41 (m, 2), 5.02-5.11 (m, 1). 13C NMR
(100 MHz): $17.7,17.9,19.3, 21.3, 21.5, 24.6, 25.7, 28.0, 28.4, 32.4, 32.6, 40.0, 41.4, 41.6,
42.2,45.6,46.0, 67.4, 68.8,80.1, 80.5, 124.3, 124.4, 131.7, 176.6. Anal. Calcd for C1gH3405:
C,7244;H, 11.48. Found: C,72.17, H, 11.66.

4,9-Dimethyl-4-(hydroxymethyl)-8-decen-1-ol (15). To a

solution of the ester 48 (691 mg, 2.43 mmol) in 5.0 mL ether at 0 x OH
°C was added LiAlHy (182 mg, 4.8 mmol) slowly. The flask was

flushed with N5 and stirred at 0 °C for 30 min then allowed to OH

warm to 25 °C while stirring continued for 12 h. The reaction

mixture was cooled to 0 °C and 182 uL of water, 182 uL of a 15 % aqueous solution of
NaOH and 540 uL. of water were added sequentially. After 5 min. MgSO4 (0.3 g) and
celite (1 g) were added to the fine white suspension and the mixture was filtered
through a fine glass frit and concentrated to provide 565 mg of a clear oil. Silica gel
chromatography, eluting with 500 mL of EtOAc/hexanes (8 : 1) followed by 500 mL of
EtOAc/hexanes (9 : 1) provided 484 mg (93 %) of the desired diol 15. IR: 3337, 2927,
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2873, 1671, 1451, 1376, 1037 cm-1. 1H NMR (500 MHz): § 0.82 (s, 3), 1.18-1.32 (m, 6),
1.47-1.53 (m, 4), 1.58 (s, 3), 1.67 (d, 3, J=1.0), 1.92 (m, 2), 3.33-3.36 (m, 2), 3.61 (m, 2),
5.07-5.10 (m, 1). 13C NMR (100 MHz): § 17.7, 21.8, 23.7, 25.7, 26.5, 28.8, 32.1, 36.2, 37.1,
63.6,69.3,124.6, 131.5.

4-Hydroxymethyl-2,4,9-Trimethyl-8-decen-1-ol (14). The

foregoing procedure was followed with 300 mg (1.0 mmol) of N OH
ester 47 and 56.1 mg (1.5 mmol) of LAH. The crude product was oH
purified by flash chromatography on silica gel, eluting with a

gradient of EtOAc/hexanes (from 3:1 to 1:1) to provide 198 mg

(87%) of the desired diol 15 as a colorless oil. IR: 3324, 2928, 2872, 1454 cm-1. 1H NMR
(500 MHz): 6 0.75 (s, 1.8), 0.86 (s, 1.2), 0.89 (d, 3, J=6.2), 0.90-1.39 (m, 5), 1.48-1.54 (m, 1),
1.57 (s, 3), 1.58-1.76 (m , 1), 1.66 (s, 3), 1.83-1.92 (m, 2), 3.15-3.24 (m, 2), 3.39-3.80 (m, 2),
3.52 (bs, 2),5.10-5.18 (m, 1). 13C NMR (100 MHz): § 17.5, 17.6, 19.6, 19.9, 20.4, 23.4, 23.5,
23.8,25.6,28.7,28.8,30.1, 30.2, 35.5, 37.7, 37.9, 38.8, 39.3, 40.3, 67.6, 68.8, 69.0, 124.5, 124.7,
131.0, 131.3.

Methyl 1-(5-methyl-4-hexenyl)-2-[1-(1-pyrrolidinylcarbonyl)-
ethyll- cyclopentanecarboxylate (24). To a solution of the
diisopropylamine (230 pL, 1.64 mmol) in 1.6 mL THF at 0 °C was
added 641 pL (1.59 mmol) of a 2.48 M solution of n-butyllithium in
hexanes dropwise. The mixture was stirred at 0 °C for 30 min
cooled to -78 °C and a solution of the N-propionylpyrrolidine (17)
(200 pnL,1.59 mmol) in 0.8 mL THF was added slowly via teflon
cannula. This solution was stirred at -78 °C for 0.5 h at which time a
solution of enoate 19 (200 mg, 1.59 mmol) in 1.6 mL THF was added
slowly via teflon cannula. After 15 min the iodide 20 (167 uL, 1.06
mmol) was added. The yellow solution was allowed to warm slowly to 25 °C over 15 h.
To the reaction mixture was added 10 mL of saturated NH,Cl and 5 mL of saturated
Nay5,03. The resulting mixture was extracted with ether (3 x 15 mL). The organic
extracts were combined and washed with brine (40 mL). The aqueous wash was back
extracted with ether (50 mL). The combined organic extracts were dried and
concentrated to afford 516 mg of a yellow oil. Repeated silica gel chromatography with
EtOAc/hexanes (1:1) provided 256 mg (69 %) of the desired amide-ester 24 as a clear
colorless oil. IR: 2951, 2872, 1721, 1641, 1430, 1161 cm-1. 1H NMR (500 MHz): 6 1.00 (d,
3,]=6.91), 1.03-1.12 (m, 1), 1.18-1.30 (m, 2), 1.35-1.61 (m, 4), 1.55 (s, 3), 1.64 (s, 3), 1.71-1.99
(m, 8), 2.13-2.18 (m, 1), 2.28-2.33 (m, 1), 2.51-2.56 (m, 1), 3.31-3.48 (m, 3), 3.62-3.67 (m, 1),
3.62 (s, 3), 5.02-5.05 (m, 1). 13C NMR (100 MHz): § 16.7, 17.7, 21.6, 24.6, 25.7, 26.2, 26.6,
28.3,28.6,34.6,37.8,38.2,45.8, 46.1,51.3,51.7, 57.0, 124.6, 131.3, 174.8, 177.0. Anal.
Caled for Cx1H3sNO3: C, 72.17; H, 10.09; N, 4.01. Found: C, 72.07; H,
10.16; N, 4.10.

Methyl 1-(4-pentenyl)-2-[1-(1-pyrrolidinylcarbonyl)-ethyl]-
cyclopentane-carboxylate (27): The foregoing procedure was
followed with 1.11 ml (7.91 mmol) of diisopropylamine, 3.28 ml of a
2.33M solution of n-butyllithium in hexanes, 1.15g (8.93 mmol) of
N-propionylpyrrolidine (17), 942 uL (7.65 mmol) of enoate 19, and 1.0
g (5.1 mmol) of iodide 23. The crude product was purified by flash
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chromatography on silica gel (25% EtOAc/Hex) to provide 1.17 g (71%) of the desired
ester 27 as a clear colorless o0il. IR: 2965, 2872, 1721, 1640, 1430 cm-1. 1H NMR (500
MHz): § 1.00 (d, 3, J=7.0), 1.13-1.25 (m, 2), 1.32-1.61 (m, 5), 1.73-2.00 (m, 8), 2.14-2.19 (m,
1), 2.30-2.36 (m, 1), 2.50-2.56 (m, 1), 3.33 (ddd, 1, J=6.2, 6.2, 9.9), 3.38-3.47 (m, 2), 3.63-3.67
(m, 1), 3.63 (s, 3), 4.88-4.90 (m, 1), 4.93-4.97 (m, 1), 5.74 (dddd, 1, J=6.6, 6.6, 10.2, 17.0).
13C NMR (100 MHz): 8 16.7, 21.6, 24.4, 25.5, 36.1, 28.3, 34.2, 34.5, 37.4, 38.2, 45.7, 46.0,
51.3,51.7,56.9, 114.3, 138.8, 174.8, 177.0. Anal. Calcd for C19H3NOs: C, 70.99; H, 9.72;
N, 4.36. Found: C, 70.78; H, 10.09; N, 4.18.

Methyl 1-(E-4-hexenyl)-2-[1-(1-pyrrolidinylcarbonyl)-ethyl]-
cyclo-pentanecarboxylate (25). The foregoing procedure was
followed with 1.03 ml (7.38 mmol) of diisopropylamine, 3.05 ml of a
2.34M solution of n-butyllithium in hexanes, 899 uL (7.14 mmol) of
N-propionylpyrrolidine (17), 879 uL (7.14 mmol) of enoate 19, and
1.0 g (4.76 mmol) of iodide 21. The crude product was purified by
flash chromatography on silica gel (30-40% EtOAc/Hex) to provide
1.09 g (68%) of the desired ester 25 as a clear colorless oil. IR: 2950,
1721, 1641, 1431 cm-1. 1H NMR (500 MHz): & 0.99 (d, 3, J=7.0),
1.08-1.12 (m, 1), 1.17-1.29 (m, 2), 1.36-1.43 (m, 1), 1.45-1.49 (m, 1), 1.52-1.59 (m, 1), 1.59 (d,
3,]=4.0), 1.71-1.76 (m, 1), 1.79-1.98 (m, 8), 2.15 (ddd, 1, J=5.1, 9.2, 13.1), 2.30 (ddd, 1, J=8.6,
8.6,12.0),2.53 (dq, 1, ]=6.9, 6.9),3.31 (ddd, 1, J=6.7, 9.9, 13.6), 3.36-3.46 (m, 2), 3.61 (s, 3),
3.63-3.66 (m, 1), 5.30-5.39 (m, 2). 13C NMR (100 MHz): § 16.7, 17.9, 21.6, 24.4, 26.1, 26.3,
28.3,33.1,34.5,37.5,38.2,45.7,46.0, 51.3, 51.7, 56.9, 124.7, 131.3, 174.8, 177.0. Anal. Calcd
for CooH33NO3: C, 71.60; H, 9.91; N, 4.17. Found: C, 71.47; H, 10.04; N, 4.17.

Methyl 1-(Z-4-hexenyl)-2-[1-(1-pyrrolidinylcarbonyl)-ethyll-cyclo-
pentanecarboxylate (26). The foregoing procedure was followed
with 1.03 ml (7.38 mmol) of diisopropylamine, 3.05 ml of a 2.34 M
solution of n-butyllithium in hexanes, 899 uL (7.14 mmol) of
N-propionylpyrrolidine (17), 879 pL (7.14 mmol) of enoate 19, and 1.0
g (4.76 mmol) of iodide 22. The crude product was purified by flash
chromatography on silica gel (30-40% EtOAc/Hex) to provide 681 mg
(43%) of the desired ester 26 as a clear colorless oil. IR: 2951, 2871,
1721, 1641, 1431 cm-1. 1TH NMR (500 MHz): 3 1.00 (d, 3, ]=6.9),
1.10-1.16 (m, 1), 1.21-1.32 (m, 2), 1.37-1.46 (m, 1), 1.48-1.62 (m, 2), 1.57 (d, 3, J=5.4), 1.74-
1.78 (m, 1), 1.82-1.89 (m, 4), 1.91-2.00 (m, 4), 2.17 (dddd, 1, ]=4.8, 4.8, 8.7, 8.7), 2.33 (ddd,
1,]=8.6,7.2,12.0), 2.52-2.58 (m, 1), 3.32-3.37 (m, 1), 3.39-3.48 (m, 2), 3.63-3.68 (m, 1), 3.64
(s, 3),5.29-5.34 (m, 1), 5.37-5.42 (m, 1). 13C NMR (100 MHz): § 12.8, 16.7, 21.6, 24.4, 26.2,
26.2,27.4,28.3,34.5,37.6, 38.2, 45.8, 46.1, 51.3, 51.7, 57.0, 123.8, 130.5, 174.8, 177.0. Anal.
Calcd for CyoH33NO3: C, 71.60; H, 9.91; N, 4.17. Found: C, 71.49; H, 10.09; N, 4.25.

1-(5-Methyl-hex-4-enyl)-2-(2-pyrrolidin-1-yl-2-thioxo-ethyl)-
cyclopentanecarboxylic acid methyl ester (30): The foregoing
procedure was followed with 1.28 ml (9.15 mmol) of
diisopropylamine, 3.83 ml of a 2.33M solution of n-butyllithium in
hexanes, 1.15g (8.93 mmol) of N-pyrrolidine-thioacetamide (29),10
1.10 ml (8.93 mmol) of enoate 19, and 702 uL (4.46 mmol) of iodide
20. The crude product was purified by flash chromatography on
silica gel (20-30% EtOAc/hexanes) to provide 1.44 g (92%) of the

UTC_REM_II_000001680



© 20002513 11daVOFIIIROSOLRE), POHNE dird WHRERTIOI(LEL 4BASuF b IREgPEEO65 -

desired thioamide 30 as a clear colorless oil. IR: 2964, 2872, 1722, 1471, 1446 cm-1. 1H
NMR (500 MHz): § 1.13-1.22 (m, 1), 1.25-1.40 (m, 3), 1.46-1.52 (m, 1), 1.55 (s, 3), 1.56-1.62
(m, 1), 1.64 (s, 3), 1.72-1.80 (m, 1), 1.89-2.05 (m, 8), 2.19 (ddd, 1, J=5.2, 9.13, 14.2), 2.40-2.49
(m, 2),2.79 (d, 1, J=11.5), 3.55-3.67 (m, 2), 3.62 (s, 3), 3.77-3.87 (m, 2), 5.05 (dd, 1, J=7.1,
7.1). BC NMR (100 MHz): 6 17.7,21.9,24.2,25.7,26.2, 26.3,28.5,30.2,33.4,37.5,44.8,
49.8, 50.6, 51.3, 54.0, 56.9, 124.3, 131.6, 176.5, 199.7. Anal. Calcd for CooH33NO,S: C,
68.33; H, 9.46; N, 3.98. Found: C, 68.60; H, 9.68; N, 4.04.

1-Hydroxymethyl-1-(5-methyl-4-hexenyl)-2-[1-(1-pyrrolidinyl-
carbonyl)-ethyl]-cyclopentane (31). To a solution of the
ester-amide 24 (137 mg, 0.39 mmol) in 3.9 mL of THF at 0 °C was
added 2.34 mL (2.34 mmol) of a 1.0 M solution of lithium
triethylborohydride in THF. The reaction mixture was stirred at 25
°C for 1 h and returned to 0 °C at which time 10 mL of water and 5
mL of brine were added slowly. The mixture was extracted with
ether (3 x 20 mL). The combined organic extracts were washed with
brine (20 mL), dried with K,CQOj3 and the solvents and
triethylborane were removed with heating (30-40 °C) using a N flushed rotary
evaporator at aspirator pressure for 0.5 h to provide 130 mg of a clear oil. Silica gel
chromatography with EtOAc/hexanes (1:1) provided 109 mg (87 %) of the desired
alcohol 31 as a white solid, mp 68-69 °C. IR: 3387, 2947, 2872, 1618, 1439, 1047 cm -1. 1H
NMR (500 MHz): 6 1.03 (d, 3, /=6.9), 1.10-1.19 (m, 1), 1.20-1.52 (m, 9), 1.53 (s, 3), 1.62 (s,
3), 1.77-1.92 (m, 6), 2.10 (m, 1), 2.32 (bs, 1), 2.55-2.61 (m, 1), 3.51-3.56 (m, 1), 3.26- 3.41 (m,
5),5.05-5.13 (m, 1). 13C NMR (100 MHz): § 17.5, 17.6, 21.7, 24.2, 24.7, 25.6, 26.1, 28.9,
29.3,33.5,35.9, 38.3, 45.8, 46.3, 48.4, 48.8, 66.1, 125.0, 131.0, 176.1. Anal. Calcd for
CooH3sNOs: C,74.72; H,10.97; N, 4.36. Found: C, 74.74; H, 11.21; N, 4.57.

E-1-Hydroxymethyl-1-(4-hexenyl)-2-[1-(1-pyrrolidinylcarbonyl)-
ethyl]- cyclopentane (32). The foregoing procedure was followed
with 454 mg (1.35 mmol) of amide 25 and 4.1 ml of a 1.0 M solution
of lithium triethylborohydride in THF. The crude product was
purified by flash chromatography on silica gel (50% EtOAc/ Hex) to
provide 378 mg (91%) of the desired alcohol 32 was a clear colorless
solid, mp 121-131°C. IR: 3428, 2946, 2871, 1616 cm -1. 1H NMR (500
MHz): 8 1.07 (d, 3, J=6.9), 1.14-1.20 (m, 1), 1.26-1.41 (m, 4), 1.47-1.54
(m, 4), 1.61 (d, 3, ]=4.4), 1.81-1.97 (m, 7), 1.99-2.02 (m, 1), 2.12-2.18
(m, 1), 2.59 (dddd, 1, J=7.0, 7.0, 7.0, 10.0), 3.29-3.41 (m, 3), 3.44 (dd, 2, J=7.0, 7.0), 3.53-3.57
(m, 1), 5.39-5.41 (m, 2). 13C NMR (100 MHz): § 17.5, 17.9, 21.7, 24.2, 24.5, 26.1, 29.4, 33 .4,
33.6,35.8,38.4,45.8, 46.3, 48.4, 48.8, 66.1, 124.5, 131.7, 176.1. Anal. Calcd for C19H33NO»:
C,74.23; H, 10.82; N, 4.56. Found: C, 73.93; H, 10.80; N, 4.51.

Z-1-Hydroxymethyl-1-(4-hexenyl)-2-[1-(1-pyrrolidinylcarbo
nyl)-ethyll- cyclopentane (33). The foregoing procedure was
followed with 680 mg (2.0 mmol) of amide 26 and 6.1 mlof a 1.0 M
solution of lithium triethylborohydride in THF. The crude product
was purified by flash chromatography on silica gel, eluting with
EtOAc/hexanes (1:1) to provide 512 mg (83%) of the desired alcohol
33 as a clear colorless oil. IR: 3401, 2948, 2872, 1719, 1618 cm -1. 1H
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NMR (500 MHz): 6 1.06 (d, 3, J=6.9), 1.18-1.22 (m, 1), 1.24-1.41 (m, 5), 1.41-1.58 (m, 7),
1.79-2.02 (m, 6), 2.05-2.18 (m, 2), 2.57 (dq, 1, J=6.9, 9.9), 3.27-3.43 (m, 5), 3.54 (ddd, 1,
J=6.9,6.9,9.9), 5.35-5.42 (m, 2). Anal. Calcd for C;0H33NO,: C, 74.23; H, 10.82; N, 4.56.
Found: C, 74.26; H, 11.07; N, 4.34.

1-Hydroxymethyl-1-(4-pentenyl)-2-[1-(1-pyrrolidinylcarbonyl)-
ethyl]- cyclopentane (34). The foregoing procedure was followed
with 1.17g (3.64 mmol) of amide 27 and 10.9 ml of a 1.0 M solution of
lithium triethylborohydride in THF. The crude product was purified
by flash chromatography on silica gel, eluting with a gradient of
EtOAc/hexanes (from 1:1 to 3:5) to provide 960 mg (90%) of the
desired alcohol 34 as a clear colorless solid, mp 56-58°C. IR: 3331,
2951, 2864, 1609 cm -1. 1H NMR (500 MHz): § 1.05 (d, 3, ]=6.9), 1.15
(ddd, 1,]=4.7,12.8,12.8 Hz), 1.27-1.53 (m, 8), 1.77-2.00 (m, 7), 2.13 (g, 1, ]=9.31), 2.55-2.61
(m, 1), 3.27-3.43 (m, 6), 3.52-3.56 (m, 1), 4.88 (d, 1, J=10.2), 4.95 (dd, 1, J=1.5, 17.1), 5.78
(dddd, 1, J=6.7, 6.7, 10.2, 16.9). 13C NMR (100 MHz): § 17.6, 21.7, 23.8, 24.3, 26.2, 29.4,
33.6,34.6,35.7,38.5,45.9, 46.4, 48.3, 48.9, 66.2, 114.2, 139.3, 176.2. Anal. Calcd for
C18H31NOy: C, 73.67; H, 10.65; N, 4.77. Found: C, 73.73; H, 10.46; N, 4.80.

2-[2-Hydroxymethyl-2-(5-methyl-hex-4-enyl)-cyclopentyl]-1-
pyrrolidin-1-yl-ethanethione (35). The foregoing procedure was
followed with 254.3 mg (0.723 mmol) of thioamide 30 and 1.81 ml of
a 1.0 M solution of lithium triethylborohydride in THE. The crude
product was purified by flash chromatography on silica gel eluting
with EtOAc/hexanes (2:5) to provide 186.3 mg (80%) of the desired
alcohol 35 as a clear colorless oil. IR: 3407, 2942, 2871, 1487, 1448 cm
-1. 1TH NMR (500 MHz): $ 1.21 (ddd, 1, J=4.2, 12.8, 16.9 Hz), 1.28-1.51
(m, 8), 1.56 (s, 3), 1.56-1.61 (m, 1), 1.64 (s, 3), 1.74 (bs, 1), 1.91-1.96 (m, 4), 2.02 (ddd, 2,
J=6.8, 6.8, 6.8), 2.22-2.28 (m, 1), 2.70 (dd, 1, J=10.5, 13.8), 2.87 (dd, 1, J=3.9, 13.7), 3.44 (q, 2,
J=11.1), 3.64 (t, 2, ]=6.9), 3.83 (t, 2, ]=7.0), 5.07-5.10 (m, 1). 13C NMR (100 MHz): §17.7,
22.1,24.2,24.9,25.7,26.3, 28.8, 31.1, 33.6, 36.0, 44.4, 47.3, 48.2, 50.8, 53.9, 66.0, 124.6, 131.5,
200.9. Anal. Calcd for C1gH33NOS: C, 70.53; H, 10.28; N, 4.33. Found: C, 70.13; H,
10.23; N, 4.51.

[5-Methyl-4-hexenyl]-hexahydro-4-(methyl)cyclopentalclpyran-3
(1H)- one (36). To a solution of the amide alcohol 31 (117 mg, 0.363
mmol) in 3.6 mL MeOH was added 726 uL of a 5.0 M aqueous solution
of HCI. This solution was stirred at 25 °C, under an air atmosphere,
for 4 h. The reaction mixture was diluted with 20 mL ether and 20 mL
brine. The organic layer was separated and the aqueous layer was nY ©
extracted with ether (2 x 20 mL). The combined organic layers were
washed with brine (20 mL), dried and concentrated to provide a
colorless oil. Silica gel chromatography, eluting with EtOAc/hexanes (1:4) provided 84
mg (93 %) of the desired lactone 36, as a colorless oil. IR: 2933, 2862, 1746 cm-1. 1H
NMR (500 MHz): 4 1.17 (d, 3, ]=6.52), 1.19-1.35 (m, 4), 1.43-1.57 (m, 4), 1.55 (s, 3),
1.59-1.68 (m, 2), 1.64 (s, 3), 1.90-2.01 (m, 3), 2.19-2.25 (m, 1), 3.85(d, 1, J=11.39), 4.07 (d, 1,
J=11.41), 5.03-5.06 (m, 1). 13C NMR (100 MHz): & 14.6 (CHj), 17.7 (CHa), 24.7 (CHp),
25.3 (CHp), 25.7 (CH3), 28.4 (CHy), 33.6 (CHy), 35.1 (CHy), 38.4 (CH, CH,), 45.7 (C), 50.0
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(CH), 71.5 (CHy), 124.1 (CH), 131.7 (C), 176.0 (C). Anal. Calcd for C14H¢00: C, 76.75;
H, 10.47. Found: C, 76.68; H, 10.79.

[E-4-hexenyl]-hexahydro-4-(methyl)cyclopenta[c]lpyran-3(1H)-one
(37). The foregoing procedure was followed with 378 mg (1.23 mmol) |
of alcohol 32 and 2.46 ml of a 5 M aqueous HCl solution. The crude
product was purified by flash chromatography on silica gel, eluting
with a gradient of EtOAc/hexanes (from 1:10 to 1:5) to provide 284 mg
(98%) of the desired lactone 37 as a clear colorless oil. IR: 2935, 1745
cm-1. TH NMR (500 MHz): 6 1.18 (d, 3, J=6.5), 1.20-1.29 (m, 3), 1.31-1.40 nY ©
(m, 1), 1.40-1.58 (m, 5), 1.59-1.68 (m, 4), 1.88-2.02 (m, 3), 2.23 (dq,
1,]=6.6, 10.4), 3.86 (d, 1, J=11.4), 4.08 (d, 1, J=11.4), 5.33-5.43 (m, 2). 13C
NMR (100 MHz): 6 14.6, 17.9, 24.5, 25.3, 33.0, 33.6, 35.1, 38.3, 38.5, 45.7, 50.0, 71.6, 125.3,
130.9, 175.5. Anal. Calcd for C15H405: C, 76.23; H, 10.24. Found: C, 76.51; H, 10.51.

[Z-4-hexenyl]-hexahydro-4-(methyl)cyclopenta[cjpyran-S(1H)-one (38). |
The foregoing procedure was followed with 510 mg (1.66 mmol) of

alcohol 33 and 3.3 ml of a 5 M aqueous HCl solution. The crude product
was purified by flash chromatography on silica gel, eluting with a
gradient of EtOAc/hexanes (from 1:10 to 1:5) to provide 385 mg (98%) of
the desired lactone 38 as a clear colorless oil. IR: 2936, 1745, 1453, 1265
cm-1l. THNMR (500 MHz): & 1.19 (d, 3, ]=6.7), 1.21-1.29 (m, 3), 1.33-1.40
(m, 1), 1.43-1.58 (m, 4), 1.56 (d, 3, J=7.7), 1.61-1.69 (m, 2), 1.94-2.01 (m, 3),
2.23(dq, 1,]=6.5,10.5), 3.86 (d, 1, ]=11.4), 4.08 (d, 1, J=11.4), 5.29-5.34 (m, 1), 5.39-5.45 (m,
1). 13C NMR (100 MHz): 6 12.7, 14.6, 24.3, 25.3, 27.1, 33.6, 35.1, 38.3, 38.4, 45.7, 50.0, 71.5,
124.2,130.0, 176.0. Anal. Calcd for C15Hp40,: C, 76.23; H, 10.24. Found: C, 76.45; H,
10.47.

[4-pentenyl]-hexahydro-4-(methyl)cyclopentalc]pyran-3(1H)-one (39). |
The foregoing procedure was followed with 960 mg (3.27 mmol) of

alcohol 34 and 6.5 ml of a 5 M aqueous HCl solution. The crude product
was purified by flash chromatography on silica gel eluting with
EtOAc/hexanes (1:5) to provide 700 mg (96%) of the desired lactone 39
as a clear colorless oil. IR: 2935, 1745 cm-1. 1TH NMR (500 MHz): 6 1.18
(d, 3, J=6.5), 1.24-1.35 (m, 3), 1.37-1.57 (m, 6), 1.60-1.70 (m, 2), 1.93-2.12
(m, 2),2.20-2.29 (m, 1), 3.85 (d, 1, J=11.2), 4.11 (d, 1, J=11.3), 4.90 (d, 1, ]=10.2), 5.01 (dd, 1,
}—1 5,17.0),5.78 (dddd, 1, J=6.7, 6.7, 10.2, 16.8). 15C NMR (100 MHz): 6 14.2,23.3,24.9,
33.1, 33.7, 34.6, 37.8, 37.9,45 .2, 49.6, 71.0, 114.3, 137.9, 175.5. Anal. Calcd for C14H2202
C, 75.63; H, 9.97. Found: C, 75.58; H, 10.32.

[5-Methyl-4-hexenyl]-hexahydro-cyclopentalc]pyran-3(1H)- one (40).
To a stirring solution of alcohol 35 (407 mg, 1.26 mmol) in MeOH (12.6 .

ml) was added a 5 M aqueous solution of NaOH (2.5 ml, 12.6 mmol).
The resulting mixture was heated to 80 °C for 2 h and cooled to rt. To
the mixture was added a 5 M aqueous solution of HCI (3.8 ml, 18.9
mmol). The resulting mixture was stirred for 15 min, diluted with H,O
(10 ml) and extracted with Et;O (3 x 20 ml). The combined extracts

were dried, filtered and concentrated. The crude material was purified by flash
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chromatography on silica gel eluting with EtOAc/hexanes (1:5) to provide 255 mg
(86%) of the desired lactone 40 as a clear colorless oil. IR: 2933, 2861, 1753 cm-1. 1H
NMR (500 MHz): § 1.23-1.29 (m, 4), 1.35-1.41 (m, 1), 1.46-1.62 (m, 4), 1.56 (s, 3), 1.64 (s, 3),
1.87-1.93 (m, 3), 2.01 (ddd, 1, ]=6.7, 6.7, 6.7), 2.26 (dd, 1, ]=6.8, 15.1), 2.49 (dd, 1, ]=6.6,
15.1),3.88 (d, 1, J=11.4), 3.99 (d, 1, J=11.5), 5.02-5.05 (m, 1). 13C NMR (100 MHz): § 17.6,
24.6,24.7,25.6,28.4,34.3,34.5,35.2, 38.4, 41.3, 44.5,73.5,123.9, 131.9, 173.7. Anal. Calcd
for C15Hp409: C, 76.23; H, 10.24. Found: C, 76.57; H, 10.36.

1-Hydroxymethyl-1-(5-methyl-4-hexenyl)-2-(1-methyl-2-hydroxy-
ethyl)-cyclopentane (9). To a solution of the lactone 36 (65.1 mg, 0.26
mmol) in 2.6 mL ether at 0 °C was slowly added LiAIH, (10 mg, 0.26
mmol). The flask was flushed with N; and stirred at 0 °C for 10 min,
then allowed to warm to rt and stirred for another 12 h. The reaction
mixture was cooled to 0 °C and 10 pL of water, 10 uL of a 15 % H OH
aqueous solution of NaOH and 30 uL of water were added
sequentially. After 5 min. a scupula of MgSOy and a scupula of celite
was added to the fine white suspension and the mixture was filtered through a fine
glass frit and concentrated to provide 63 mg of a clear oil. Silica gel chromatography,
eluting with EtOAc/hexanes (1:1) provided 59 mg (89 %) of the desired diol 9 as a
colorless oil. IR: 3355, 2930, 2873, 1450, 1375, 1036 cm-1. 1H NIMR (500 MHz): § 0.87 (d,
3, ]=6.8 Hz), 1.15-1.48 (m, 8), 1.51-1.73 (m, 3), 1.56 (s, 3), 1.61 (s, 3), 1.78-1.82 (m, 1), 1.90-
1.92 (m, 2), 2.56 (bs, 2), 3.34 (dd, 1, J=6.3, 10.4), 3.41 (d, 1, J=11.0), 3.51 (d, 1, J=11.0), 3.54
(dd, 1,]=4.5,10.4), 5.07-5.10 (m, 1). 13C NMR (100 MHz): § 16.1, 17.7, 22.2, 24.9, 25. 6,
28.6,28.9,34.8,35.6, 36.7, 48.4, 48.6, 65.9, 68.4, 124.7, 131.4. Anal. Calcd for C16H3005:
C, 75.54; H, 11.89. Found: C, 75.40; H, 12.10.

OH

E-1-(4-Hexenyl)-1-hydroxymethyl- 2-(1-methyl-2-hydroxy-ethyl)- |
cyclopentane (10). The foregoing procedure was followed with 284
mg (1.20 mmol) of lactone 37 and 67 mg (1.77 mmol) of LiAlHy. The
crude product was purified by flash chromatography on silica gel,
eluting with EtOAc/hexanes (2:5) to provide 282 mg (98%) of the pure
diol 10 as a colorless oil. IR: 3351, 2934, 2873, 1452 cm-1. 1TH NMR H OH
(500 MHz): 6 0.85 (d, 3, J=6.8), 1.20 (ddd, 1, J=4.8, 12.0, 12.0), 1.28-1.42
(m, 6), 1.50-1.61 (m, 3), 1.60 (d, 3, J=6.5), 1.69-1.72 (m, 1), 1.78-1.82 (m,
1), 1.90-1.92 (m, 2), 2.93 (bs, 2), 3.30 (dd, 1, J=6.4, 10.5), 3.39 (d, 1, J=11.0), 3.49 (d, 1,
J=11.0), 3.53 (dd, 1, J=6.0, 10.5), 5.34-5.42 (m, 2). 13C NMR (100 MHz): § 16.1, 17.8, 22.2,
24.7,28.5,33.4,34.8, 35.6, 36.6, 48.4, 48.6, 65.8, 68.3, 124.7, 131.4. Anal. Calcd for
C15H80,: C, 74.95; H, 11.74. Found: C, 74.84; H, 12.07.

OH
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Z-1-(4-Hexenyl)-1-hydroxymethyl-2-(1-methyl-2-hydroxyethyl)-
cyclopentane (11). The foregoing procedure was followed with 345 mg
(1.46 mmol) of lactone 38 and 82 mg (2.92 mmol) of LiAlH,. The crude
product was purified by flash chromatography on silica gel, eluting with oH
EtOAc/hexanes (2:5) to provide 311 mg (89%) of the pure diol 11 as a

colorless oil. IR: 3359, 2937, 2872, 1454 cm-1. 1TH NMR (500 MHz): 6 0.89 H OH
(d, 3, J=6.8), 1.23-1.28 (m, 2), 1.31-1.48 (m, 7), 1.58 (d, 3, ]=6.1), 1.54-1.66
(m, 2), 1.68-1.75 (m, 1), 1.85 (dq, 1, J=6.6, 6.6), 1.94 (bs, 2), 2.01 (ddd, 1,
J=7.2,7.2,7.2),3.39 (dd, 1, ]=6.3, 10.4), 3.44 (d, 1, ]=11.0), 3.54 (d, 1, J=11.0), 3.57 (dd, 1,
J=5.9,10.4), 5.34-5.46 (m, 2). 13C NMR (100 MHz): § 12.7, 16.1,22.2, 24.5, 27.6, 28.5, 34.7,
35.7, 36.6, 48.3, 48.6, 65.6, 68.2, 123.7, 130.6. Anal. Calcd for C15H30,: C, 74.95; H,
11.74. Found: C, 75.14; H, 11.58.

1-(4-Pentenyl)-1-hydroxymethyl-2-(1-methy1-2-hydroxyethyl)- |
cyclopentane (12). The foregoing procedure was followed with 700 mg
(3.15 mmol) of lactone 39 and 219 mg (5.77 mmol) of LiAlH,. The crude

product was purified by flash chromatography on silica gel, eluting with OH
EtOAc/hexanes (1:1) to provide 635 mg (89%) of the pure diol 12 as a OH
colorless oil. IR: 3348, 2941, 1640, 1458 cm-1. 1H NMR (400 MHz): & H

0.87 (d, 3, J=6.8), 1.20-1.28 (m, 1), 1.34-1.72 (m, 10), 1.84 (dddd, 1, J=6.4,
6.4,12.9,12.9), 1.99-2.04 (m, 2), 2.57 (bs, 2), 3.36 (dd, 1, J=6.3, 10.5), 3.42 (d, 1, J=11.0), 3.53
(d, 1,J=10.9), 3.55 (dd, 1, J=6.0, 10.5), 4.90-4.93 (m, 1), 4.95-5.00 (m, 1), 5.78 (dddd, 1,
J=6.7,6.7,10.2,17.0). 13C NMR (100 MHz): § 16.04, 22.25, 24.02, 28.47, 34.60, 34.78, 35.56,
36.51, 48.34, 48.61, 65.97, 68.46, 114.40, 138.99. Anal. Calcd for C14HogOp: C, 74.29; H,
11.58. Found: C, 74.16; H, 11.69.

1-Hydroxymethyl-1-(5-methyl-4-hexenyl)-2-(2-hydroxyethy
1)-cyclopentane (13). The foregoing procedure was followed with
153.5 mg (0.64 mmol) of lactone 40 and 54 mg (1.42 mmol) of LiAlH,.
The crude product was purified by flash chromatography on silica gel,
eluting with EtOAc/Hex (1:1) to provide 147.8 mg (96%) of the pure
diol 13 as a colorless o0il. IR: 3349, 2932, 2869, 1451 cm-1. 1H NMR H OH
(500 MHz): § 1.15-1.36 (m, 4), 1.36-1.59 (m, 7), 1.55 (s, 3), 1.64 (s, 3),
1.74-1.84 (m, 2), 1.91(q, 2, J=7.2), 2.29 (bs, 1), 2.50 (bs, 1), 3.37 (d, 1, J=11.0), 3.43 (4, 1,
J=11.0), 3.48-3.53 (m, 1), 3.62-3.67 (m, 1), 5.06-5.09 (m, 1). 13C NMR (100 MHz): § 17.7,
224,249,25.6,289,31.6,33.1,33.8,36.3,44.1,47.8,62.7, 65.8, 124.7, 131.4. Anal. Calcd
for Cy5Hpg00: C,74.95; H, 11.74. Found: C, 75.02; H, 11.99.

OH

1,14,14-Trimethyl-12-azatricyclo[8.3.1.02.6.06,11]tetradec-12-ene (60). A
stirring solution of oxalyl chloride (94 pL, 1.05 mmol) in 2.1 mL CH,Cl, was A
cooled to -78°C. To this solution was added a solution of dimethyl sulfoxide 1
(DMSO) (149 uL, 2.10 mmol) in 1.3 mL CH,Cl, via teflon cannula. After 5
min a solution of the diol 9 (88.7 mg, 0.35 mmol) in 0.7 mL CH,Cl, was
added via teflon cannula. The flask containing the diol and the telfon cannula were
rinsed through with 0.5 mL CHxCl,. After 15 min a solution of diisopropylethylamine
(Hiinig's base) (304 pL, 1.75 mmol) in 1.1 mL of CH,Cl, was added via teflon cannula.
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After 10 min the clear solution was warmed to 0 °C and stirring continued for 1 h. The
Ny atmosphere was replaced with NHj for five min. The solution turned cloudy as a
white precipitate formed during the first min. The NH3 atmosphere was replaced by
N3 and the reaction mixture was warmed to 25 °C, allowing the excess ammonia to
escape. After 0.5 h the stirring bar was removed rinsing it with several mL of benzene
and the solvent was removed with a rotary evaporator under aspirator pressure (0.5 h)
and high vacuum (10 min). The white solid / oil was placed under a N; atmosphere
and to it was added a magnetic stirring bar, NH4OAc (269 mg, 3.49 mmol) and 3.5 mL
of HOAc. The white precipitate was dissolved by swirling the solution around the sides
of the flask. After 15 h the reaction mixture was diluted with CH,Cl, (20 mL) and
poured onto water (20 mL). The layers were separated and the aqueous layer was
extracted with CHCl3 (2 x 20 mL). The combined organic layers were washed with 2 N
NaOH (20 mL), dried with KoCO3 and concentrated to provide 65 mg of a colorless oil.
Flash chromatography on silica gel (which was rinsed with 200 mL of a 5% solution of
triethylamine in EtOAc) eluting with EtOAc/hexanes/ triethylamine (50:49:1) provided
61 mg (75%) of the desired imine 60 as a colorless solid, mp 43.5-48 °C. IR: 2950, 1623,
1463, 1448 cm-1. TH NMR (500 MHz): 6 0.76 (s, 3), 0.97 (s, 3), 1.04-1.08 (m, 2), 1.08 (s, 3),
1.13-1.16 (m, 1), 1.19-1.28 (m, 8), 1.73 (m, 3), 3.78 (d, 1, J=3.7), 8.01 (s, 1). 13C NMR (100
MHz): & 14.0 (CH3), 18.0 (CHz), 19.4 (CHy), 24.3 (CHy), 25.6 (CHy), 31.4 (CH3), 33.1
(CHy), 36.9 (CHy), 37.7 (CHy), 38.7 (C), 40.4 (CH), 45.6 (CH), 45.7 (C), 47.7 (C), 66.2
(CH), 179.5 (CH). Anal. Calcd for C1¢HpsN: C, 83.06; H, 10.89; N, 6.05. Found: C,
83.11; H, 11.20; N, 6.01.

(15,145)-1,14-Dimethyl-12-azatricyclo[8.3.1.02,6.0611]tetradec-12-ene (61).
The foregoing procedure was followed with 103 mg (0.43 mmol) of diol 10, EN
117 pL (1.31 mmol) of oxalyl chloride, 187 pL (2.63 mmol) of DMSO, 382 pL f
(2.19 mmol) of Hiinig's base and 338 mg (4.38 mmol) of NH;OAc. After
addition of HOAC the reaction mixture was stirred at rt for 15 hrs. The crude
product was purified by flash chromatography on silica gel (47:48:5 EtOAc/Hex/Et;N)
to provide 70.0 mg (75%) of the desired imine 61 as a yellow oil. IR: 2927, 1618, 1453
cm-l. TH NMR (500 MHz): 6 0.71 (d, 3, J=7.0), 0.93-1.02 (m, 1), 1.10-1.29 (m, 5), 1.14 (s, 3),
1.32-1.45 (m, 6), 1.53-1.56 (m, 2), 1.77-1.83 (m, 1), 3.70 (d, 1, ]=3.2), 7.93 (s, 1). 13C NMR
(100 MHz): 6 17.4, 17.5,19.3, 24.1, 27.1, 33.0, 36.4, 38.0, 40.2, 40.7, 43.4, 47.3, 52.2, 65.4,
177.2. Anal. Caled for CisHpsN: C, 82.89; H, 10.67; N, 6.44. Found: C, 82.56; H, 10.57;
N, 6.42.

(15,14R)-1,14-Dimethyl-12-azatricyclo[8.3.1.02.6.06,11]tetradec-12-ene (62).
The foregoing procedure was followed with 120 mg (0.50 mmol) of diol 11,
135 uL (1.51 mmol) of oxalyl chloride, 214 pL (3.02 mmol) of DMSO, 438 uL f
(2.51 mmol) of Hiinig's base and 388 mg (5.03 mmol) of NH4OAc. After
addition of HOAC the reaction mixture was stirred at rt for 100 h. The crude
product was purified by flash chromatography on silica gel, eluting with
EtOAc/hexanes/triethylamine (20:79.5:0.5) to provide 75.2 mg (69%) of the desired
imine 62 as a slightly yellow solid, mp 44-49°C. IR: 2927, 1618, 1453 cm-1. 1H NMR (500
MHz): § 0.95 (d, 3, ]=7.5), 1.00-1.10 (m, 1), 1.07 (s, 3), 1.12-1.60 (m, 10), 1.68-1.83 (m, 4),
3.77(d, 1,]=3.7), 8.04 (s, 1). 13C NMR (100 MHz): § 8.29, 17.8, 20.3, 23.7, 25.4, 31.6, 32.6,
35.8,36.8, 37.7, 41.8, 43.3, 47.3, 65.3, 179.4. Anal. Calcd for C1sHyN: C, 82.89; H, 10.67;
N, 6.44. Found: C, 82.72; H, 10.97; N, 6.31. '
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1-Methyl-12-azatricyclo[8.3.1.026.0611]tetradec-12-ene (63). The foregoing
procedure was followed with 120 mg (0.53 mmol) of diol 12, 142 pL (1.59
mmol) of oxalyl chloride, 226 pL (3.18 mmol) of DMSO, 462 pL (2.65 mmol) ]
of Hiinig's base and 409 mg (5.31 mmol) of NH4OAc. After addition of
HOAC the reaction mixture was heated to 80°C for 50h. The crude product
was purified by flash chromatography on silica gel, eluting with
EtOAc/hexanes/ triethylamine (20:79.5:0.5) to provide 86.6 mg (80.4%) of the desired
imine 63 as a yellow oil. IR: 2925, 1618, 1449 cm-1. TH NMR (500 MHz): & 0.89-0.98 (m,
2), 1.08-1.25 (m, 4), 1.11 (s, 3), 1.31-1.52 (m, 8), 1.72-1.79 (m, 2), 3.69 (d, 1, J=3.3), 7.97 (s,
1). 13C NMR (100 MHz): § 16.5, 20.3, 23.4, 28.2, 30.9, 32.7, 35.2, 36.2, 37.9, 39.2, 47.2, 51.5,
65.1, 177.5. HRMS calc for Cy4H1N: 203.167400. Found: 203.166969.

14,14-Trimethyl-12-azatricyclo[8.3.1.026.0611]tetradec-12-ene (67). The
foregoing procedure was followed with 91 mg (0.379 mmol) of diol 13, 101 A
nL (1.13 mmol) of oxalyl chloride, 161 pL (2.27 mmol) of DMSO, 330 uL. (1.89 1
~ mmol) of Hiinig's base and 292 mg (3.79 mmol) of NH4OAc. After addition
of HOAC the reaction mixture was heated to 80°C for 15h. The crude
product was purified by flash chromatography on silica gel, eluting with a gradient of
EtOAc/hexanes/triethylamine (from 9:90:1 to 49:50:1) to provide 19.3 mg (23%) of the
desired imine 67 as a yellow oil. IR: 2967, 1622, 1461 cm-1. 1H NMR (500 MHz): 8 0.81
(s, 3), 1.08 (s, 3), 1.09-1.17 (m, 2), 1.23-1.52 (m, 8), 1.65-1.74 (m, 2), 1.85-1.89 (m, 1), 1.99
(dd, 1,]=7.3,7.3),2.10 (dd, 1, J=2.2, 4.3), 3.81 (d, 1, J=3.7), 8.39 (d, 1, J=4.0). 13C NMR
(100 MHz): § 19.9, 21.8,24.7, 25.1, 34.1, 34.3, 36.4, 36.9, 37.9, 39.1, 40.6, 46.5,51.4, 67.3,

175.9.

1,3,11,11-Tetramethyl-9-azatricyclo[5.3.1.038lundec-9-ene (69). The

foregoing procedure was followed with 102 mg (0.45 mmol) of diol 14, 120 AN
L (1.34 mmol) of oxalyl chloride, 190 uL. (2.68 mmol) of DMSO, 389 puL (2.24 |

mmol) of Hiinig's base and 345 mg (4.47 mmol) of NH;OAc. After addition
of HOAC the reaction mixture was stirred for 15h at rt. The crude product
was purified by flash chromatography on silica gel, eluting with
EtOAc/hexanes/ triethylamine (20:79:1) to provide 47.1 mg (51%) of the desired imine
69 as a yellow oil. IR: 2924, 1622, 1453 cm-1. 1H NMR (500 MHz): 6 0.60 (d, 1, J=13.6),
0.76 (s, 3), 0.79 (s, 3), 0.96 (s, 3), 1.05 (s, 3), 1.17-1.51 (m, 6), 1.53 (d, 1, J=14.1), 1.73-1.78 (m,
1),3.49 (d, 1, J=3.8), 8.00 (s, 1). 13C NMR (100 MHz): 6 17.1,17.5, 19.4, 25.5, 29.6, 31.1,
35.3, 37.6, 37.8,37.9, 39.8, 42.1, 68.7, 177.7. Anal. Calcd for C14Hz3N: C, 81.89; H, 11.29;
N, 6.82. Found: C, 81.72; H, 11.36; N, 7.02.

(15,10R)-9-Acetyl-10-hydroxy-1,3,11,11-tetramethyl-9- Ac
azatricyclo[5.3.1.038]lundecane (72) and (4aS,8R,8aS)-1-(8- % Ac )
N-AC | |
| OH

Isopropenyl-3,4a-dimethyl-4a,5,6,7,8,8a-hexahydro-4H-
quinolin-I-yl)-ethanone (73). The foregoing procedure was
followed with 149 mg (0.65 mmol) of diol 14, 175 pL (1.96
mmol) of oxalyl chloride, 279 pL (3.93 mmol) of DMSO, 570 pL (3.27 mmol) of Hiinig's
base and 504 mg (6.54 mmol) of NHsOAc. After addition of HOAC the reaction mixture
was stirred at rt for 3 hrs at which time acetic anhydride (3.1 ml, 32.7 mmol) was added.
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The resulting mixture was stirred for an additional 15 hrs. The reaction mixture was
cooled to 0 °C and H,O (10 ml) was added slowly. After 0.5 h the mixture was
extracted with CHCl3 (3 x 20 ml). The combined organic layers were washed with 2 N
NaOH (60 ml), Brine, dried (K»COj3), filtered and concentrated. The crude product was
purified by flash chromatography on silica gel, eluting with MeOH/CHCl, (1:100) to
provide 20.6 mg (13%) of the faster eluting enamide 73 as a yellow oil followed by 69.0
mg (40%) amide 72 as a colorless solid.
1-(8-Isopropenyl-3,4a-dimethyl-4a,5,6,7,8,8a-hexahydro-4H-quinolin-1-yl)-ethanone
(73). IR: 2928, 1651, 1402 cm-1. 1TH NMR (400 MHz): § 0.85 (s, 3), 1.20-1.38 (m, 2), 1.43-
1.64 (m, 5), 1.66 (s, 3), 1.69 (s, 3), 2.00-2.10 (m, 1), 2.05 (s, 3),2.29 (d, 1, ]=18.3),4.17 (d, 1,
J=11.3), 446 (d, 1, J=2.7), 457 (dd, 1, J=1.4, 2.7), 6.14 (s, 1). 13C NMR (125 MHz): 5 18.8,
20.8,21.3,21.6,28.2,30.3,32.8, 35.1, 37.8, 44.7, 57.0, 111.5, 116.0, 118.2, 147 .4, 168.1.
LRMS cald. for C15H5INO, 247. Found 247.

9-Acetyl-10-hydroxy-1,3,11,11-tetramethyl-9-azatricyclo[5.3.1.038]undecane (72). mp
97-100°C IR: 3414, 2962, 1634, 1436 cm-1. 1H NMR (500 MHz): 6 0.86 (s, 3), 0.87 (s, 3),
0.98 (s, 3), 1.07 (s, 3), 1.10-1.54 (m, 7), 1.65 (q, 1, J]=4.1), 1.81-1.84 (m, 1), 2.05 (s, 3), 2.97 (d,
1,]=4.1), 4.05 (d, 1, ]=3.0), 5.23 (d, 1, J=1.9). 13C NMR (125 MHz): § 16.5, 19.0, 19.3, 24.5,
26.9,28.5,29.2, 32.9, 33.6, 35.5, 39.0, 39.3, 43.9, 61.9, 79.1, 171.3. ‘Anal. Calcd for
C16Ho7NO,: C, 72.41; H, 10.25; N, 5.28. Found: C, 82.25; H, 10.19; N, 5.47.

(15,13R,14R)-1,14-Dimethyl-13-hydroxy-12-azatricyclo[8.3.1.026.0611]
tetradec-12-ene (64). Imine 62 (15.2 mg, 0.070 mmol) was treated with Ac-
»O (1 ml) at rt for 15 h. The reaction mixture was poured onto Et,O (20 1
ml) and HyO (20 ml).- The organic layer was separated, washed with 2N
NaOH (20 ml), brine (20 ml), dried and concentrated. The crude product
was purified by flash chromatography on silica gel, eluting with EtOAc/hexanes (2:5) to
provide 9.3 mg (48%) on the desired amide 64 as a colorless crystiline solid, mp 126-
127°C (hexanes). IR: 3449, 2952, 1636 cm-L. 1H NMR (400 MHz): § 0.87 (s, 3), 0.97 (d, 3,
J=7.7), 1.21-1.23 (m, 2), 1.30-1.64 (m, 10), 1.81-1.87 (m, 2), 2.06 (s, 3), 2.33 (dddd, 1, J=3.7,
3.7,3.7,11.0), 2.51 (dq, 1, J=7.7, 11.1), 3.19(d, 1, ]=3.8), 5.13 (s, 1). 13C NMR (125 MHz):
8.9,17.8,20.0,21.8,23.5,26.8,26.9,29.0, 36.0, 37.0, 37.2, 38.5, 41.7, 45.3, 59.5, 79.2, 172.3.
HRMS cald. for C17H7NO, (+ Li+), 284.220184. found: 284.219670.

Ac
NoH

1.Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.
2.Kofron, W. G.; Baclawski, L. M. J. Org. Chem. 1976, 41, 1879.

3.Derome, A. E. Modern NMR Techniques for Chemical Research; Pergamon:
New York, 1987; p143.

4 Marbet, R.; Saucey, G. Helv. Chim. Acta. 1967, 50, 2095.

5.Dulcere, J-P.; Rodriguez, J. Synthesis 1993, 36, 2440.
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6.Fieser, L. F.; Fieser, M. Reagents for Organic Synthesis, Vol. 1; Wiley: New
York, 1967; p 584.

7.LeBel, N. A. J. Org. Chem. 1971, 36, 2440.

8.Corey, E. J.; Cheng, H.; Baker, C. H.; Matsuda, S. P. T,; Li, D.; Song, X. J.
Am. Chem. Soc. 1997, 119, 1277.

9.Curran, D. P.; Yu, H.; Hongtao, L. Tetrahedron 1994, 50, 7343.

10.Lawesson, S.-O.; Thompson, |.; Clausen, K.; Scheibye, S. Organic
Syntheses. Wiley: New York, 1990; Vol. 7, p372.
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Daphniphyllum Alkaloids. 12. A Proposed Biosynthesis of the Pentacyclic
Skeleton. proto-Daphniphylline!

Clayton H. Heathcock,* Serge Piettre,” Roger B. Ruggeri,?® John A. Ragan, and John C. Kath
Department of Chemistry, University of California, Berkeley, California 94720

Received August 6, 1991

A biosynthetic proposal for the pentacyclic skeleton of the Daphniphy!lum alkaloids is put forth (Scheme
I) and various ramifications are examined experimentally. proto-Daphniphylline (11), the putative product of
this hypothetical biogenesis, has been prepared by a convergent synthesis that starts with amide 14, o,8-unsaturated
ester 15, and homogeranyl iodide (Scheme II) and employs a highly efficient tetracyclization process previously
used for the synthesis of (£)-methyl homosecodaphniphyllate (30) (Scheme III). The structure of proto-
daphniphylline was confirmed by converting it into 30. The mechanism of the first stage of the tetracyclization
process was investigated with the bis-homoneryl analogues 36/37. Treatment of these aldehydes successively
with ammonia and acetic acid provided tetracyclic imine 38, suggesting that the cyclization reaction is a concerted
Diels-Alder reaction rather than a stepwise process. Dialdehydes 27/28 were converted into 1,2-dihydro-pro-
to-daphniphylline (29) by a version of the tetracyclization process wherein methylamine (or glycine) is substituted
for ammonia. proto-Daphniphylline has also been prepared in a one-pot, two-stage process from the acyclic
dialdehydes 51 and 55. Several versions of this pentacyclization process have been worked out. In the simplest,
51 or 55 is treated successively with ammonia and hot acetic acid to afford 11 in 15 + 2% yield. A slightly more
elaborate protocol, a three-stage process that utilizes NaOH in benzene, ammonia in DMSO, and hot acetic acid,
provided 11 in 49.4% overall yield. However, the most efficient pentacyclization process discovered employs
successive reactions with methylamine (or glycine) and hot acetic acid. Under these conditions, 17,18-di-
hydro-proto-daphniphylline (29) is produced in 65% yield. The latter process is one of the most efficient reaction
cascades ever discovered,; it results in the formation of five rings, four carbon-carbon bonds, two carbon-nitrogen
bonds, and concludes with the selective saturation of one of the three double bonds in proto-daphniphylline!

In the preceding paper in this series,! we described a
simple protocol wherein the monocyclic dialdehyde 1 is
converted into the pentacyclic unsaturated amine 2 by
successive treatment with ammonia and acetic acid. Be-
cause of the exceptional ease with which the “tetra-
cyclization reaction™ occurs, it was speculated that the
process may actually be biomimetic.® A possible biosyn-
thesis is put forth in Scheme I. The rough outlines of this
proposal are as follows: Step 1 is an oxidative transfor-
mation of squalene into a dialdehyde, 4.* In step 2 it is
proposed that some primary amine, perhaps pyridoxamine®
or an amino acid, condenses with one of the carbonyl
groups of 4, giving imine 5. Step 3 is the prototopic re-
arrangement of a 1-aza diene to a 2-aza diene, a process
that is well-precedented for the imines formed from «,3-
unsaturated carbonyl compounds and benzylamine.®
Although potassium tert-butoxide was used for the pro-

(1) For part 11, see: (a) Heathcock, C. H.; Hansen, M. M.; Ruggeri,
R. B,; Kath, J. C. J. Org. Chem., preceding paper in this issue.

(2) (a) Present address: Marion Merrel Dow Research Institute; 16,
rue d Ankara; B.P. 447 R/9; 67009 Strasbourg, France. (b) Present
address: Department of Chemistry, Yale University, New Haven, CT
06511,

(3) Ruggeri, R. B.; Heathcock, C. H. Pure Appl. Chem. 1989, 61, 289.

(4) Terpenoids have been described in which two methyl groups are
in the aldehyde oxidation state. Petrodial (i) is one example. Isoe, S.;
Ge, Y.; Yamamoto, K.; Katsumura, S. Tetrahedron Lett. 1988, 29, 4591.

A~

i H

OHC™
OHC
I ~OMe

(5) Pyridoxamine is a well-known nitrogen donor in alkaloid biosyn-
thesis: (a) Dalton, D. R. The Alkaloids, A Biogenetic Approach; Marcel
Dekker: New York, 1976. (b) Akhtar, M.; Emery, V. C.; Robinson, J. A.
In The Chemistry of Enzyme Action; Page, M. 1., Ed.; Elsevier: Am-
sterdam, 1984; p 303.

(6) Malhotra, S. K.; Moakley, D. F.; Johnson, F. J. Am. Chem. Soc.
1967, 89, 2794.

totopic rearrangement of benzylimines, one can imagine
that an imine derived from pyridoxamine or an amino acid
would rearrange under much milder conditions. Because
the 2-aza diene that would result from the foregoing pro-
totopic rearrangement is an enimine, its double bond is
not especially nucleophilic. However, if some nucleophilic
species adds to the imine double bond, as in step 4, the
product 7 is a nucleophilic enamine. The subsequent cy-
clization to give 8 has an exact in vitro precedent in the
work of Schreiber, Meyers, and Wiberg.” In steps 6-9 the
resulting bicyclic dihydropyran derivative 8 is transformed
into a dihydropyridine derivative (9) similar to the in-
termediate in the in vitro conversion of 1 into 2. Other
possible scenarios can be envisioned for the metamorphosis
of 8 into 9. According to our biosynthetic supposition, 9
would then be converted into 10 by a catalyzed Diels-Alder
process and the final ring would result from an ene-like
cyclization, giving 11, the putative primordial Daphni-
phyllum alkaloid. Because of the likelihood that 11 is the
first pentacyclic substance to occur in the biosynthesis of
the Daphniphyllum alkaloids, we have named it proto-
daphniphylline.?

OBn OBn

i. NH,
ii. HOAc

(7) Schreiber, S. L.; Meyers, H. V.; Wiberg, K. B. J. Am. Chem. Soc.
1986, 108, 8274.

(8) For a preliminary account of the synthesis of proto-daphniphylline,
see: Piettre, S.; Heathcock, C. H. Science (Washington D.C.) 1990, 248,
1532.

0022-3263/92/1957-2554$03.00/0 © 1992 American Chemical Society
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Scheme 1

With regard to the proposed biosynthetic scheme, an
interesting problem arises with regard to the final ene-type
cyclization of 10 to 11. In this step there are two nucleo-
philic sites that might interact with the immonium ion,
leading to cations 12 or 13. Closure model “a” gives a
six-membered ring and leads to proto-daphniphylline.
There are no known Daphniphyllum alkaloids with the
skeleton that would result from the alternative closure
mode “b”, which would produce a five-membered ring.
The selection of closure mode “a” over the alternative “b”
might be due to an intrinsic chemical preference of the
system, or it might reflect a conformational bias that is
imposed by an enzyme. We thought it would be worth-
while to apply the tetracyclization process to an appro-
priate substrate containing two geranyl units to address
this interesting question.

Our first synthesis of proto-daphniphylline began with
the synthesis of amide 14 by alkylation of the lithium
enolate of N-acetylpyrrolidine with homogeranyl iodide
(16)* at ~78 °C; compound 14 was obtained in 87% yield.
Amide 14 was deprotonated with LDA and the resulting
enolate treated successively with enoate 15 and halide 16
(Scheme II). There was obtained in a total yield of 94%

(9) There is a subset of Daphniphyllum alkaloids in which the final
ene-like cyclization has not occurred. One example of this group is
daphnigracine (ii): Yamamura, S.; Lamberton, J. A.; Irikawa, H.; Oku-
mura, Y.; Hirata, Y. Chem. Lett. 1975, 923. Yamamura, S.; Lamberton,
J. A,; Irikawa, H.; Okumurs, Y.; Toda, M.; Hirata, Y. Bull. Chem. Soc.
Jpn. 1977, 50, 1836. Thus, the proposed biosynthetic intermediate imine
10 is proto-daphnigracine.

COMe

H
\%,w'*o

(10) (a) Leopold, E. J. Org. Synth. 1988, 64, 164. (b) Kocienski, P.;
Wadman, S. J. Org. Chem. 1989, 54, 1215,

OHC.__R

n

13

a mixture of the four diastereomeric ester-amides 17-20
in an isomer ratio of 85:10:3:2. The major isomer 17 was
isolated in 80% yield after chromatography on silica gel.
The results of this convergent assembly of the entire
proto-daphniphyline skeleton were quite analogous to
those obtained in the previously reported synthesis of
methyl homosecodaphniphyllate, except that the minor
isomer corresponding to 20 was not observed in that re-
action.!

As shown in Scheme III, amide-ester 17 was reduced
with DIBAL in toluene at -78 °C to give hydroxy amide
21 in 86% yield, accompanied by 8% of amino alcohol 22.
The amide function was hydrolyzed with KOH in aqueous
ethanol. Acidification of the alkaline hydrolysis mixture
provided lactones 23 and 24 as a 1:1 mixture in a total
isolated yield of 93%. The lactones were separately re-
duced to diols 25 and 26, which were subjected to Swern
oxidation conditions to obtain dialdehydes 27 and 28.
Because compounds 27 and 28 are quite fragile and de-
compose readily, they were always cyclized immediately
after their preparation. The two dialdehydes were each
subjected to the tetracyclization protocol® to obtain pro-
to-daphniphylline in 78% yield. Careful examination of
the reaction product revealed no trace of a product that
would have resulted from closure mode “b”.
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Scheme II

Scheme I1I

o}
GN)]\WW
14
i. LDA, 14
ii. 18
iit. 16
CO,Me
94%
18 (94%)
/K/\/k/\/l
16
i. KOH, HeO,
EtOH, 70 °C
ii. H3O*
17

21: X= 0 (86%)
22: X=H2( 8%)

i. (COCI),, DMSO
ii. EtaN OHC

OHC

»
27: o-H (96%)
28: B-H (92%)

The structure of proto-daphniphylline was confirmed
by converting it into (x)-methyl homosecodaphniphyllate
(30). Careful hydrogenation of 11 with Wilkinson’s cata-
lyst!! provided 29. Ozonolysis of the sulfuric acid salt of
this unsaturated amine, Jones oxidation of the resulting
aldehyde,'? and Fischer esterification gave 30 in 78%

(11) Young, J. F,; Osborn, J. A,; Jardine, F. H.; Wilkinson, G. J. Chem.
Soc., Chem, Commun. 1968, 131.

(12) Bowden K.; Heibron, I. M.; Jones, E. R. H.; Weedon, B. C. L. J.
Chem. Soc. 1946, 39. (b) Bowers, A.; Halsall, T. G.; Jones, E. R. H,;
Lemin, A. J. J. Chem. Soc. 1953, 2548.

25: o-H (96%)
26: B-H (92%)

23: a-H (47%)
24:B-H (46%)

i. NHg,

ii. HOAc,

76°C,2h

(78%) i

overall yield. Compound 30 was identified by comparison
of its TLC mobility and NMR spectra with a sample
prepared by the previously reported method.}
proto-Daphnigracine (31) was produced in 70% yield by
passing gaseous ammonia through a CH,Cl, solution of
aldehydes 27 or 28, removal of the solvent, and dissolution
in acetic acid at room temperature. Treatment of 31 with
acetic acid at 57 °C for 4 h gave proto-daphniphylline (11)
in 90% yield. Careful examination of the crude product
in the formation of 31 permitted the isolation of 4% of the
isomeric tetracyclic imine 32. The presence of this by-
product was later traced to a small amount of contami-
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1. HaSO,
2.0,,-78°C

3. Jones

4. MeOH, H,SO,

(88%) . (78%)

Hy
(PhaP)sRhCI

1

CO.Me

J
HN.

30

nating nerol in the geraniol used for the preparation of
iodide 16 (vide infra).

1.NH,
2. HOAC, 25 °C
2728 —

(70%)

HOAc,
§7°C,4h

(90%)

11
32

Our failure to observe any of the five-membered ring
closure product in cyclization of immonium ion 10-H*
shows only that closure mode “a” has a lower activation
energy than closure mode “b” by about 3.3 kcal/mol (as-
suming that we would have found as little as 3% of isom-
eric product). In order to examine the feasibility of five-
membered ring closure more closely, we prepared di-
aldehyde 33 along the same lines as were used for the
preparation of 27/28.1% Successive treatment of 33 with
ammonia and acetic acid at room temperature gave tet-
racyclic imine 34. However, under no conditions were we

(13) Details for this synthesis are given in the supplementary material.

Scheme 1V
U R.
H
7 stepwise R
NQ |
H/ N, H'
Ay 35
U
concerted R a
H'N

able to induce 34 to undergo a further cyclization. The
material was recovered unchanged in 84% yield after being
refluxed in acetic acid for 47 h.

The cyclizations of dialdehydes 1, 27/28, and 33 proceed
through intermediate dihydropyridines.! As shown in
Scheme IV, the initial cyclization might be two-step,
passing through an intermediate tricyclic enamino cation
35, or concerted. Information on this point can be gained
by investigating the stereochemistry of the reaction. To
this end, the bis-neryl analogues 36 and 37 were prepared
by the same method as has been previously described,
starting with nerol instead of geraniol.’> Because the nerol
used was only 97% Z, the dialdehydes should be 94% Z,Z,
3% Z,E, and 3% E,Z. Treatment of 36 or 37 successively
with ammonia and acetic acid at room temperature gave
tetracyclic imine 38 in 79% yield, accompanied by 3.5%
of isomer 39. Isomer 39 presumably results from cycliza-
tion of the E,Z contaminant. Imine 38 was unchanged
after being heated with ammonium acetate in acetic acid
at 80 °C for 15 h, but imine 39 was smoothly converted
into the pentacyclic product 40 by this treatment.* Thus,
the cyclization process appears to be concerted and may
be viewed as an inverse-electron-demand Diels-Alder re-
action of the trisubstituted double bond with the proton-
ated 2-aza diene.

Tetracyclization of dialdehydes 27/28 was readily
achieved by the methylamine cyclization previously re-
ported in connection with the total synthesis of methyl
homosecodaphniphyllate.! Thus, treatment of dialdehydes
27 and 28 successively with methylamine at room tem-
perature and acetic acid at 80 °C for 11 h provided di-
hydro-proto-daphniphylline (29) in 66% yield. This re-
markable reductive cyclization also occurred when glycine
was substituted for methylamine as a nitrogen source,
providing 29 in 53% yield. Because the reaction with
glycine can proceed through intermediates having no net
charge (Scheme V, compounds 41, 42, 43, and 44), we had
anticipated that cyclization might occur under even milder
conditions than with ammonia or methylamine. However,
subjection of dialdehydes 27 and 28 to several sets of no-
nacidic conditions (10 equiv of glycine in CHCl;, EtOH,
or aqueous EtOH, as well as 0.67 N H,NCH,CO,Na in
aqueous EtOH) led only to recovered starting material or
decomposition.

(14) Capillary GLC analysis of our synthetic proto-daphniphylline (11)
revealed the presence of 2% of a compound having the same retention
time as 40. Like imine 32, this isomer probably derives from a small
amount (2-4%) of nerol in our starting geraniol.
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Scheme V
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Because of the extraordinary efficiency of the tetra- 4“4
cyclization process, we wondered if we could apply the
procedure to an acyclic dialdehyde similar to 4 and thereby R= )\/\/K/\i’
form all five of proto-daphniphylline’s rings in one grand,
biomimetic operation. To simplify the process somewhat,
Scheme VI
1. LDA
o ; . |1.°DA 2. B N\ CH(OMe); CO,tBu HO*
Jk - - M\N\'rOFBU )\/\/KNK/\,CH(OMO)E _3_,
+BUO (83%) (85%) (96%
fo) o o)
45 46
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W e coa'.Bu 4 P e
X CHO N N
(70%) 87%)
47 48 CO,tBu

1. DIBAL ’
2. Swern
(85%)
50: R =CH,OH
51: R=CHO
Scheme VII
1.LDA . 1.LDA
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J\/SiMea - . x x Ot-Bu
+BuO’ (84%) 3 (73%)
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53 54: R = CH,OH
55. R = CHO
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1. CH3NH, # Z
2. HOAc
27,28
(66%) HN.
29

we decided to synthesize a dialdehyde in which one double
bond has already been reduced. That is, we elected to
intersect with the biosynthesis suggested in Scheme I at
step 5. To this end, we prepared the E and Z isomers of
10,11-dihydrosqualene-27,28-dialdehyde (51 and 55) as
shown in Schemes VI and VII. Alkylation of the lithium
enolate of tert-butyl acetate with homogeranyl iodide (16)
afforded ester 45, which was alkylated with the dimethyl
acetal of 4-bromobutanal’’ to obtain 46. Hydrolysis of the
acetal gave aldehyde 47, which was condensed with the
lithium enolate of 45 to obtain S-hydroxy esters 48 as a
mixture of diastereomers. Elimination was accomplished
by treatment of the methanesulfonate of 48 with DBU in
toluene at 80 °C. Diester 49 was obtained in excellent
yield, accompanied by approximately 10% of the Z isomer.
After chromatographic separation of the stereoisomeric
diesters, 49 was converted into the E dialdehyde 51 as
shown in Scheme VI. To obtain the Z isomer in quantity,
tert-butyl (trimethylsilyl)acetate was alkylated with iodide
16 to obtain the a-trimethylsilyl ester 52. Treatment of
the lithium enolate of 52 with aldehyde 47 afforded mainly
the Z diester 53 (Z:E ratio = 7:3). The pure Z stereoisomer,
obtained by silica gel chromatography of the mixture, was
transformed into the Z dialdehyde 55 as shown in Scheme
VII. Dialdehydes 51 and 55 are readily available by the
routes shown; the overall yields are 35-45% from homo-
geranyl iodide. Both dialdehydes are somewhat labile and
were partially destroyed by chromatography on silica gel.
In addition, 55 is readily isomerized to 51. Although we
have carried out polycyclization experiments with both
isomers, in most of our work we have used the E isomer
51, which is more conveniently available in a pure form.

The pentacyclization process was first investigated using
the conditions that had served for the tetracyclization of
27/28 to 11. Thus, treatment of a CH,Cl, solution of either
51 or 55 with ammonia and triethylamine hydrochloride
at room temperature for 16 h resulted in disappearance
in starting material, as shown by TLC. At this point the
solvent was evaporated under vacuum and the resulting
residue taken up in acetic acid and heated at 80 °C for 2
h. Workup gave proto-daphniphylline (11) in 15 £ 2%
yield. A large amount of less polar material was also iso-
lated in the chromatographic purification of 11. This
material was shown by NMR to be a complex mixture of
compounds containing homogeranyl units; it is believed
to consist of oligomers of the starting dialdehydes resulting
from Michael or aldol reactions. Although the yield was
low, this first pentacyclization was nevertheless very en-
couraging, as it represented the formation of six ¢ bonds
and five rings in a single, simple process starting with acylic
dialdehydes.

The difference in the yield of 11 obtained in the pen-
tacyclization of 51/55 (15%) and the tetracyclization of
27/28 (78%) obviously reflects poor selectivity in forma-
tion of the first carbon-carbon bond. In an attempt to
improve the yield of this part of the cyclization, we in-
vestigated various conditions that might accomplish the

(15) (a) Vedejs, E.; Amost, M. J.; Hagen, J. P. J. Org. Chém. 1979, 44,
3234. (b) Petersen, J. S.; Tteberg-Kaulen, S.; Rapoport, H. J. Org. Chem.
;984, 489, 2948. (c) Kuehne, M. E.; Bohnert, J. C. J. Org. Chem. 1981, 46,

443,

Scheme VIII
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intramolecular Michael cyclization of 81/55. Substituted
oct-2-ene-1,8-dials are known to react with secondary
amines to give enamines that undergo an overall [4 + 2]
cycloaddition reaction to give aminodihydropyrans:”

R R R
OHC’% PhNHMe | OHC™ &
——— —— o
OHC o
N N H
Ph” “Me Ph” “Me
56 57

This precedent appears to offer an attractive way to form
the first bond in the pentacyclization process, as di-
aldehyde 86 is but a simple analogue of 51 or 55; upon
treatment with ammonia, aminodihydropyran 59 might
enter the pentacyclization manifold leading to 11. To this
end, we investigated the reactions of 51 and 55 with N-
methylaniline and pyrrolidine. Under the conditions
recommended by Schreiber and co-workers, aldehyde 55
was observed to isomerize to its E stereoisomer and en-
amines (E)- and (Z)-58 were obtained in low yield (Scheme
VIII). However, no aminodihydropyran was obtained.
The fact that the enamine is formed but does not cyclize
is presumably the result of steric hindrance; in our system
the nucleophilic carbon of the enamine is fully substituted.
More forcing conditions (p-toluenesulfonic acid, refluxing
benzene, Dean-Stark trap) afforded aminodihydropyran
59 in an unoptimized yield of 33%. Treatment of di-
aldehyde 51 with pyrrolidine under similar conditions
provided aminodihydropyran 60 in 94% yield. Both 59
and 60 were formed as an approximate 2:1 mixture at the
anomeric center. Unfortunately, neither 59 nor 60 turned
out to be a viable intermediate for the synthesis of pro-
to-daphniphylline. ‘Neither compound gave the tetra-
cyclization reaction when treated successively with am-
monia and acetic acid and neither could be hydrolyzed to
dialdehydes 27/28.1¢

(16) More details on the hydrolytic chemistry of these compounds are
given in the supplementary material.
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While attempting to optimize the foregoing aminodi-
hydropyran synthesis, one run in ether at room tempera-
ture unexpectedly gave a 2:1 mixture of hydroxydihydro-
pyrans 61. These compounds could be isolated by rapid
chromatography on silica gel. Two-stage reduction with
LiAlH, provided a mixture of diols 25 and 26, identical
with the compounds prepared from reduction of lactones
23 and 24. The cis stereochemistry of the 6-5 ring fusion
was confirmed by conversion of the diol mixture into
proto-daphniphylline (Scheme IX). Optimization of this
propitious discovery eventually led to a two-phase protocol
wherein a benzene solution of the dialdehyde is stirred for
10 min at room temperature with 50% aqueous KOH in
the presence of a catalytic amount of tetra-n-butyl-
ammonium bisulfate. Under these conditions, compounds
61 were obtained in 50-57% yield.

Treatment of a DMSO solution of 61 with NH; and
NH,OAc at 80 °C for 3 h and then with acetic acid at the
same temperature for 3 h gave proto-daphniphylline in
86% yield. The three steps from 51 or 55 to proto-daph-
niphylline were most effectively carried out as a two-stage
process, without purification of intermediates. Thus, the
heterogeneous transformation to 61 was carried out as
described in the previous paragraph. After removal of the
benzene, a DMSO solution of the crude hydroxydihydro-
pyrans was placed in a pressure bottle and saturated with
ammonia. The solution was heated at 80 °C for 3 h. After
brief cooling, acetic acid was added and the solution was
heated at 80 °C for an additional 3 h. In this manner,
proto-daphniphylline was obtained in 49.4% overall yield.
The process can also be carried out in “one pot.” Thus,
a solution of 51 or 55 in DMSO was treated sequentially
with (1) 1 molar equiv of powdered NaOH at 25 °C for 3.5
h, (2) saturated NH; at 80 °C for 3 h, and (3) acetic acid
at 80 °C for 3 h; proto-daphniphylline was produced in
44% yield on a scale of 132 mg. It is important that the
foregoing process be carried out under strictly anhydrous
conditions, as the presence of water seems to have a dis-
tinctly adverse effect on yield. For example, use of 1 molar
equiv of tetra-n-butylammonium hydroxide (10% w/w in
water) for the first step gave 11 in only 17% yield, and
powdered 85% KOH gave an overall yield of only 85%.

Based on the reductive cyclization of dialdehydes 27 and
28 to dihydro-proto-daphniphylline (29) with methylamine,
we next investigated the pentacyclization of dialdehyde

Scheme X
1. Swern
OH 2. MeNH,
y OH 3 AcOH,80°C
R (65%)
R
50
1. Swern ggfg '
2. MeNH,
HOAc,
Me<y 25°C R
I —_—
Z N .Me
R |
L CI _ L 63 i

51 with methylamine. Because the low yield in the pen-
tacyclization of 51 and 55 with ammonia was presumably
due to poor selectivity in the formation of the first car-
bon-carbon bond, we reasoned that the more nucleophilic
N-methyl enamine derived from methylamine might im-
prove upon the 15% yield observed with ammonia. In-
deed, we were gratified to find that subjection of diol 50
to the sequence (i) Swern oxidation, (ii) treatment of the
Swern reaction mixture with methylamine for 2-3 h, and
(iii) concentration followed by treatment of the residue
thus obtained with acetic acid at 80 °C for 11 h provided
dihydro-proto-daphniphylline (29) in 65% yield. Since the
tetracyclization of 27 and 28 with methylamine proceeds
in essentially the same yield (66%), it would seem that
cyclization to form the first five-membered ring is highly
efficient in this case.

Although the reductive pentacyclization of 51 was gen-
erally performed as described above, an early experiment
involved isolation of two of the intermediates (Scheme X).
If the residue obtained following Swern oxidation and
methylamine treatment was triturated with ether and
filtered, concentration of the filtrate provided a clear, pale
yellow oil, spectral analysis of which (IR, 'H and 3C NMR)
showed it to be bis(N-methylimine) 62. Treatment of this
material with acetic acid at room temperature for 5 h
followed by concentration from several portions of toluene
provided an oily yellow solid, the 'H NMR of which was
consistent with the N-methylimmonium ion 63, presum-
ably as its acetate salt. Finally, treatment of this material
with acetic acid at 80 °C provided dihydro-proto-daph-
niphylline (29).

As discussed earlier, we had hoped that amino acids
would cause the reductive cyclization to occur under even
milder conditions, as the cationic nitrogen would be bal-
anced by a carboxylate anion within the same molecule,
providing an overall neutral species (Scheme V). While
we were unable to discover neutral or basic conditions
which led to cyclization, we did find that glycine is a
suitable nitrogen source under the same conditions used
with methylamine (i.e. acetic acid, 80 °C). Thus, subjection
of diol 50 to the sequence (i) Swern oxidation, (ii) con-
centration of the Swern reaction mixture, followed by
treatment of the residue thus obtained with glycine (10
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equivalents) in acetic acid at room temperature, and (iii)
warming to 80 °C for 6-8 h provided dihydro-proto-
daphniphylline (29) in 38% isolated yield. The lower yield
relative to methylamine (65%) is presumably due to the
more hindered nature of glycine, which probably renders
several steps in the sequence less selective (especially the
final intramolecular hydride transfer).

We also investigated several chiral amines to see what
magnitude of asymmetric induction could be realized. Two
a-amino acids were used in the sequence described above
for glycine: (S)-(+)-alanine led to a 32% yield of di-
hydro-proto-daphniphylline (29) with only minimal optical
activity (1-2% ee) and (S)-(+)-valine provided a 13% yield
of 29 with moderate optical activity (20-25% ee). (R)-
(+)-a-Phenylethylamine was also investigated, and al-
though the corresponding bis-N-phenylethylimine was
formed cleanly, treatment of this material with acetic acid
at 80 °C led to no characterizable products. Apparently
this amine is simply too sterically hindered to undergo the
cyclization sequence.

Finally, an aspect of the temperature dependence of the
reductive cyclization warrents mentioning. As described
above (Scheme X), treatment of the bis(N-methylimine)
with acetic acid at room temperature leads to the N-
methylimmonium ion 63; the subsequent ene reaction/
hydride migration occurs upon heating to 80 °C. It was
found that running the sequence in the fashion just de-
scribed or subjecting the bis(N-methylimine) 62 imme-
diately to 80 °C acetic acid had no measurable effect on
the yield of dihydro-proto-daphniphylline (29) with me-
thylamine. However, in the tetracyclization of aldehydes
27 and 28 with glycine, a significant temperature depen-
dence was observed: direct treatment with 80 °C acetic
acid gave 29 in 32% yield, whereas treatment with room
temperature acetic acid for 6-8 h followed by heating to
80 °C for another 6-8 h gave 29 in 53% yield. This ob-
servation suggests that at least one of the intermediates
derived from glycine is more prone to destructive side
reactions in hot acetic acid than are the analogous inter-
mediates derived from methylamine.

Experimental Section

General. Unless otherwise noted, starting materials were
obtained from commercial suppliers and used without further
purification. Benzene, diethyl ether, and THF were distilled from
Na/benzophenone immediately prior to use. Triethylamine
(Et3N) was distilled from CaH, prior to use. Dimethyl sulfoxide
(DMSO) and hexamethylphosphoric triamide (HMPA) were se-
quentially dried!” and stored over 4-A molecular sieves. All
reactions involving oxygen- or moisture-sensitive compounds were
performed under a dry N, atmosphere. THF /hexane solutions
of lithium diisopropylamide (LDA) were prepared at 0 °C from
diisopropylamine (1 mmol), THF (2 mL), and a 1.5 M solution
of butyllithium in hexane (1 mmol, 0.667 mL). Unless indicated
organic extracts were dried with MgS0O,. Unless otherwise stated
all chromatography was carried out with E. Merck silica gel 60
(230400 mesh ASTM) using a described procedure!® and all
products were isolated as colorless oils. Thin layer chromatog-
raphy (TLC) was performed with Analtech silica gel (SiO,;) GF
(250 um) or Macherey-Nagel Plygram Al,O, (200 um) TLC plates.
'H NMR and 13C NMR spectra were measured using CDCl; as
solvent. J values are in hertz. Infrared spectra were measured
in CH,Cl,. All mass spectra (MS) were measured using the
electron-impact method; data are reported as m/z (relative in-
tensity).

1-[(5E)-6,10-Dimethyl-1-0x¢-5,9-undecadienyl)pyrrolidine
(14). N-Acetylpyrrolidine (113.5 mg, 1.0 mmol) was added
dropwise to a solution of LDA (1 mmol) in THF (1.5 mL) at -78

(17) Burfield, D. R.; Smithers, R. H. J. Org. Chem. 1978, 43, 3966.
(18) Still, W. C.; Kahn, M,; Mitra, A. J. Org. Chem. 1978, 43, 2923.

°C and the mixture was stirred for 45 min. Homogeranyl iodide
(278.3 mg, 1.0 mmol) in 0.5 mL of THF was added dropwise and
stirring was continued for 8 h at -78 °C. The resulting mixture
was warmed to room temperature, stirred for 12 h, and poured
into brine (15 mL). Extraction with CH,Cl,, drying of the com-
bined organic layers, and evaporation of the solvents gave a crude
material that was chromatographed using a 7:3 mixture of hex-
anes—EtOAc as eluent to afford 231 mg (88%) of 14 as a colorless
liquid, bp 135-140 °C (0.05 Torr). IR: 1645 cm™. 'H NMR (400
MHz): 6 1.59 (s, 3), 1.60 (s, 3), 1.67 (s, 3), 1.67-2.07 (m, 12), 2.25
(t,2,J =17.8),3.40 (t,2,J = 6.8), 3.46 (t,2, J = 6.9), 5.08 (br t,
1,J = 1.4), 5.09 (brt, 1,J = 1.4). 13C NMR (125 MHz): § 15.86,
17.51, 24.27, 24.83, 25.51, 25.98, 26.54, 27.34, 33.95, 36.56, 45.38,
46.41, 123.71, 124.15, 131.12, 135.60, 171.54. HMRS: calcd for
C17HNO 263.2249, found 263.2254.

Tandem Michael Addition-Alkylation of Enoate 15. A
solution of amide 14 (263.3 mg, 1.0 mmol) in 0.5 mL of THF was
added dropwise to a stirring solution of LDA (1.0 mmol) at -78
°C. After 30 min a solution of ester 15 (126.15 mg, 1.0 mmol)
in 1 mL of THF was added and stirring was continued for another
15 min. Homogeranyl iodide (278.3 mg, 1.0 mmol) in 1.0 mL of
THF was then added slowly and the resulting mixture was stirred
for 1 h at =78 °C, at 0 °C for 3 h, and at room temperature for
12 h. The solution was poured into water (15 mL), extracted with
CH,C], (3 X 10 mL), and dried. Evaporation of the solvents
yielded the crude products as a yellowish oil. Chromatography
and elution with a 4:1 mixture of hexane-EtOAc gave 14 mg
(2.6%) of an isomer of 17 having a neryl group in place of one
of the geranyl groups. IR: 1742, 1630 cm™. 'H NMR (400 MHz):
5 1.2-2.26 (m, 27), 1.56 (s, 3), 1.60 (s, 6), 1.66 (s, 3), 1.68 (s, 6),
2.59-2.64 (m, 1), 3.36-3.74 (m, 4), 3.67 (s, 3), 5.03~5.08 (m, 4). 13C
NMR (125 MHz): 6 15.83, 17.59, 17.63, 21.58, 23.39, 24.32, 24.72,
25.46, 25.65, 25.68, 26.18, 26.51, 26.68, 27.80, 31.45, 31.95, 34.21,
38.00, 39.65, 42.97, 45.70, 46.26, 51.31, 52.08, 56.75, 124.11, 124.21,
124.30, 124.96, 131.26, 131.50, 135.06, 135.44, 173.94, 176.81.
HRMS: caled for Cy5Hy;NO; 539.4338, found 539.4356.

Further elution gave 432 mg (80%) of ester 17. IR: 1744, 1629
cml, 'TH NMR (400 MHz): § 1.2-2.24 (m, 27), 1.55 (s, 3), 1.56
(s, 3), 1.59 (s, 6), 1.67 (s, 6), 2.61-2.66 (m, 1), 3.38-3.72 (m, 4), 3.67
(s, 3), 5.04-5.10 (m, 4). 3C NMR (125 MHz): 6 15.78, 15.96, 17.58,
21.56, 24.28, 24.66, 25.59, 26.15, 26.60, 26.62, 27.72, 31.10, 34.17,
317.99, 39.60, 42.88, 45.66, 46.22, 51.25, 52.10, 56.65, 124.06, 124.10,
124,25, 131.17, 131.25, 135.00, 135.27, 173.95, 176.73. HRMS: caled
for Ca5H57N03 539.4338, found 539.4329.

Finally there was isolated 75 mg (14%) of a 2:1 mixture of
diastereomeric esters 19 and 20. IR: 1740, 1632 cm™. 'H NMR
(400 MHz): § (major isomer) 1.38-2.28 (m, 45), 2.45-2.55 (m, 1),
3.32-3.50 (m, 4), 3.65 (s, 3), 5.05-5.12 (m, 4); 6 (minor isomer)
1.15-2.28 (m, 45), 2.58-2.64 (m, 1), 3.32-3.55 (m, 4), 3.65 (s, 3),
5.06-5.17 (m, 4). HRMS: calcd for C33H5;NO, 539.4338, found
539.4343. Anal. Caled for C43;H;;NOg: C, 77.86; H, 10.64; N, 2.59.
Found: C, 77.25; H, 10.55; N, 2.56.

DIBAL Reduction of Amide 17. Diisobutylaluminum hy-
dride (DIBAL) (4.0 mmol, 2.67 mL of a 1.5 M solution in toluene)
was added dropwise to a stirring solution of amides 17 (1 mmol)
in toluene (2 mL) at -78 °C. Stirring was continued for 60 min
and 2 M NaOH (7 mL) was then slowly added. The mixture was
warmed to room temperature and poured into brine (256 mL).
Extraction with CH,Cl, (3 X 15 mL), drying of the extract, and
evaporation of the solvents furnished the crude material, which
was chromatographed. Elution with a 4:1 mixture of hexane-
EtOAc gave 428 mg (86%) of hydroxy amide 21. IR: 3619, 1639
cm™t, 'H NMR (400 MHz): § 1.20-2.14 (m, 28), 1.56 (s, 3), 1.61
(s, 3), 1.60 (s, 6), 1.68 (s, 6), 2.63-2.69 (m, 1), 3.40~3.59 (m, 6),
5.06-5.14 (m, 4). *C NMR (125 MHz): 5 15.87, 15.94, 17.54, 21.51,
22.99, 24.16, 25.26, 25.56, 26.16, 26.56, 26.65, 29.14, 32.29, 36.37,
39.56, 39.62, 45.73, 46.58, 48.26, 48.90, 53.32, 65.83, 124.13, 124.17,
124.32, 125.08, 131.07, 131.19, 131.50, 135.29, 175.00. HRMS: caled
for Ca4H57N02 511.4515, found 511.4517.

Further elution gave 40 mg (8%) of amino alcohol 22, resulting
from overreduction. IR 3400-2500 cm™. 'H NMR (400 MHz):
8 1.17-2.19 (m, 30), 1.60 (s, 9), 1.62 (s, 3), 1.68 (s, 6), 2.38-2.44
(m, 2), 2.60-2.66 (m, 2), 2.82 (dd, 1,J =6.9,12.7),3.29(d, 1, J
=11.5),3.65 (d, 1, J = 11.4), 5.07-5.11 (m, 3), 5.17 (t, 1, J = 6.8).
13C NMR (125 MHz): 6 15.16, 15.77, 15.95, 17.56, 20.80, 23.08,
23.46, 23.87, 25.58, 26.62, 26.65, 30.75, 35.01, 37.57, 38.37, 38.73,
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39.60, 39.61, 49.28, 52.28, 53.77, 60.59, 64.61, 65.73, 124.20, 124.34,
124.41, 131.00, 131.15, 134.41, 134.95. Anal. Calcd for C3HgNO:
C, 82.03; H, 11.95; N, 2.81. Found: C, 81.73; H, 11.97; N, 2.81.

Preparation of Lactones 23 and 24. A mixture of hydroxy
amide 21 and 3.2 mL of 5 M KOH in 12 mL of ethanol was heated
at 80 °C for 100 min. After cooling to 0 °C, CH,Cl, (20 mL) was
added followed by 2 M HCl until pH = 1. The mixture was stirred
for 5 min at 25 °C, poured into brine (40 mL), and extracted with
CH,CI, (3 X 20 mL). Drying of the organic extracts, evaporation
of the solvents, and medium-pressure chromatography (MPLC)
on silica gel using a 7:3 mixture of hexanes-EtOAc as eluent
afforded 207 mg (47%) of lactone 23 and 203 mg (46%) of lactone
24,

[4a,4ac(E),7a8(E)])-(+)-4,7a-Bis(4,8-dimethyl-3,7-nona-
dienyl)hexahydrocyclopenta[c]pyran-3(1H)-one (23). IR:
1745 cm™. 'H NMR (400 MHz): (400 MHz): ¢ 1.25~2.23 (m,
24), 1.59 (s, 6), 1.60 (s, 6), 1.68 (s, 6), 3.90 (d, 1, J = 11.4), 4.13
(d, 1,J = 11.4), 5.06-5.14 (m, 4). '3C NMR (125 MHz): é 15.87,
15.97, 17.55, 22.99, 25.25, 25.56, 25.88, 26.54, 26.65, 29.54, 33.82,
34.84, 38.48, 39.06, 39.59, 42.96, 45.77, 48.34, 71.04, 123.63, 124.14,
124.18, 124.48, 131.17, 135.27, 136.05, 175.10. Anal. Caled for
CyH0y: C, 81.76; H, 10.98. Found: C, 81.62; H, 10.82.

[4a,da0(E),7Tac(E)]-(+)-4,7a-Bis(4,8-dimethyl-3,7-nona-
dienyl)hexahydrocyclopenta[c ]pyran-3(1H)-one (24). IR:
1744 cm™. 'H NMR (400 MHz): § 1.03-1.10 (m, 1), 1.33-1.44
(m, 4), 1.60-2.15 (m, 18), 1.60 (s, 9), 1.61 (s, 3), 1.68 (s, 6), 2.47-2.52
(m, 1), 3.97-4.03 (m, 2), 5.07-5.14 (m, 4). 3C NMR (125 MHz):
4 15.84, 15.94, 17.51, 22.75, 24.17, 25.07, 25.53, 26.47, 26.57, 27.58,
30.58, 35.38, 38.89, 39.01, 39.48, 39.55, 40.93, 44.77, 45.69, 73.73,
123.34, 123.60, 124.08, 131.14, 131.20, 135.52, 135.96, 175.54. Anal.
Caled for CyH 505 C, 81.76; H, 10.98. Found: C, 81.72; H, 10.96.

Preparation of Diols 25 and 26. To a solution of 440.7 mg
(1 mmol) of lactone 23 or 24 in 12 mL of ether was added 114
mg (3 mmol) of LiAlH,. The solution was stirred for 3 h, cooled
to 0 °C, and quenched by the dropwise addition of water (0.153
mL), 15% w/w aqueous NaOH (0.153 mL), and water (0.460 mL).
The slurry was stirred at 0 °C for 30 min and MgSO, (1 g) was
added. Filtration and evaporation of the solvent furnished the
pure diol. The analytical sample was further purified by rapid
chromatography and elution with CH,Cl,-EtOAc (95:5).

[1a(S*),1a(E),2a(E)]-8,2-Bis(4,8-dimethyl-3,7-nonadi-
enyl)-2-(hydroxymethyl)cyclopentanemethanol (25) (1,281
mg, 96%). IR: 3680-3080, 3625, 30502750 cm™. *H NMR (400
MHz): §1.16-1.23 (m, 1), 1.24-1.34 (m, 1), 1.44~1.79 (m, 10), 1.60
(s, 12), 1.68 (s, 6), 1.96-2.11 (m, 12), 3.49, 3.58 (d, 1 each, J = 11.0),
3.58 (dd, 1, J = 6.0, 10.7), 3.70 (dd, 1, J = 4.0, 10.7), 5.07-5.17
(m, 4). 3C NMR (125 MHz): § 15.88, 15.92, 17.56, 22.05, 23.24,
25.24, 25.57, 26.65, 28.65, 30.19, 35.16, 37.05, 39.63, 40.34, 48.13,
48.46, 656.37, 65.59, 124.26, 124.29, 124.46, 124.88, 131.14, 131.186,
134,70, 135.03. HRMS: calcd for CyHg00, 444.3967, found
444.,3984.

[la(R*),1a(E),2a(E)]-8,2-Bis(4,8-dimethyl-3,7-nonadi-
enyl)-2-(hydroxymethyl)cyclopentanemethanol (26) (1,227
mg, 92%). IR: 3700-3080, 3621, 3055-2785 cm™.. 'H NMR (400
MHz): § 1.13-1.22 (m, 1), 1.30-1.38 (m, 1), 1.39-1.47 (m, 1),
1.48-1.76 (m, 10), 1.60 (s, 12), 1.68 (s, 6), 1.88-1.94 (m, 1), 1.97-2.10
(m, 12), 3.46, 3.58 (d, 1, J = 11.5), 3.59 (dd, 1, J = 4.6, 10.5), 3.70
(dd, 1, J = 7.0, 10.5), 5.07-5.16 (m, 4). 3C NMR (125 MHz): §
15.90, 16.00, 17.59, 22.08, 23.41, 25.61, 25.71, 26.66, 26.82, 34.18,
34.45, 37.36, 37.63, 39.66, 47.89, 51.00, 64.92, 65.75, 124.88, 124.32,
124.90, 131.18, 134.61, 135.11. HRMS: caled for CyHg0,
444.3967, found 444.3961.

General Procedure for Swern Oxidation of Diols. A so-
lution of 381 mg (3 mmol) of oxalyl chloride in 6 mL of dry CH,Cl,
was cooled to =78 °C and 469 mg (6 mmol) of DMSO in 2 mL
of CH,Cl, was added dropwise. After 5 min a solution of 444.7
mg (1 mmol) of the diol in 2 mL of CH,Cl, was added over a 3-min
period. After 15 min, 506 mg (5 mmol) of triethylamine in 3 mL
of CH,Cl, was added slowly and stirring continued at -78 °C for
10 min. The clear solution was warmed to 0 °C, stirred for 1 h,
and poured into 30 mL of water. Rapid extraction with CH,Cl,
(3 X 16 mL), drying of the extract (K;CO;), and evaporation of
the solvent gave the pure dialdehyde in yields varying from 95
to 99%.

[1a(S*),1a(E),2a(E)]-8,2-Bis(4,8-dimethyl-3,7-nonadi-
enyl)-2-formylcyclopentaneacetaldehyde (27). IR: 2725, 1725

cm™l. 'H NMR (400 MHz): § 1.25-2.25 (m, 23), 1.56, 1.60, 1.68
(s, 6 each), 2.40-2.52 (m, 1), 5.01-5.10 (m, 4), 9.65 (d, 1), 9.65 (s,
1)

[la(R*),la(E),2a(E)]-8,2-Bis(4,8-dimethyl-3,7-nonadi-
enyl)-2-formylcyclopentaneacetaldehyde (28). IR: 2738, 1728
cm™!, 'H NMR (400 MHz): 4 1.40-2.12 (m, 23), 1.57, 1.58 (s, 3
each), 1.60, 1.68 (s, 6 each), 2.48-2.53 (m, 1), 5.05 (1, 1, J = 6.5),
5.06-5.10 (m, 3), 9.53 (d, 1, J = 3.5), 9.66 (s, 1). 3C NMR (125
MHz): §16.01, 16.09, 17.66, 23.41, 23.95, 25.67, 25.71, 26.60, 29.44,
31.78, 36.57, 39.61, 39.64, 50.30, 51.36, 59.01, 122,76, 123.48, 124,16,
124.18, 131.42, 135,99, 136.65, 203.99, 205.68.

[2E,2(E),7(E)]-2,7-Bis(4,8-dimethyl-3,7-nonadienyl)-2-
octenedial (51). IR: 2725, 1726, 1685, 1646 cm™.. 'H NMR (400
MHz): 5 1.48-1.76 (m, 6), 1.57 (s, 6), 1.58 (s, 6), 1.60 (s, 3), 1.68
(s, 3), 1.93-2.08 (m, 12), 2.24~2.39 (m, 5), 5.04-5.12 (m, 4), 5.41
(t,1,J="174),937(,1),959(d, 1,J = 2.7). *C NMR (125 MHz):
6 15.91, 15.97, 17.61, 24.17, 25.26, 25.62, 26.15, 26.50, 25.60, 25.86,
28.34, 39.60, 39.64, 51.16, 123.03, 123.18, 124.10, 124.18, 131.27,
131.34, 135.99, 136.40, 143.61, 154.01, 194.92, 204.56. Anal. Calcd
for C5H30,: C, 81.76; H, 10.98. Found: C, 81.24; H, 11.27.

[2Z 2(E)]-,7(E)}-2,7-Bis(4,8-dimethyl-3,7-nonadienyl)-2-
octenedial (55). IR: 2725, 1725, 1675 ecm™, 'H NMR (400 MHz):
6 1.43-1.75 (m, 6), 1.57 (s, 3), 1.58 (s, 3), 1.60 (s, 6), 1.68 (8, 6),
1.94-2.29 (m, 15), 2.556-2.61 (m, 2), 5.05-5.10 (m, 4), 6.41 (t, 1, J
=8.1),9.58 (d, 1, J = 2.7), 10.10 (s, 1). 13C NMR (125 MHz): é
15.86, 15.92, 17.56, 24.12, 25.20, 25.58, 26.10, 26.45, 26.55, 26.81,
28.29, 28.87, 28.89, 39.55, 39.59, 51.09, 122.98, 123.13, 124.06, 124.14,
131.20, 131.27, 135.92, 136.33, 143.54, 154.00, 194.27, 204.51. Anal.
Caled for CoH 40, C, 81.76; H, 10.98. Found: C, 81.26; H, 10.68.

Tricyclization Process. Preparation of Imines 31 and 39.
Ammonia gas was bubbled through a mixture of 220.4 mg (0.5
mmol) dialdehydes 27/28 or 36/37 and 137.5 mg (1 mmol) of
triethylammonium hydrochloride in 12 mL of CH,Cl, at 0 °C for
3 min. The mixture was allowed to warm to 25 °C and stirred
for 1 h. The solvent was then evaporated and 77 mg (1 mmol)
of NH,OAc and 10 mL of acetic acid were added. The solution
was stirred at 25 °C for 30 min, poured into 756 mL of water, and
extracted with CH,Cl, (3 X 25 mL). The combined organic
extracts were washed with 50 mL of 2 M NaOH. After separation
of the two layers, the basic aqueous phase was extracted with
another 15 mL of CH,Cl,. The combined extracts were dried over
K;CO;. Filtration, evaporation of the solvent, and chromatography
using hexane-EtOAc (8:2) as eluent afforded the colorless, oily
imine. Application of this procedure to dialdehydes 27/28 gave
148 mg (70%) of imine 31 and 9 mg (4%) of the isomeric imine
32.

[8a,3a8,6a(E),bac,9aR *,108 *]-(£)-2,3,3a,6,64,7,8,9-Octa-
hydro-10-methyl-10-(4-methyl-3-pentenyl)-6-(4,8-dimethyl-
3,7-nonadienyl)-3,6-methano-1 H-dicyclopenta[ b,c Jpyridine
(31). IR: 1625 cm™. 'H NMR (400 MHz): 6 0.86 (s, 3), 1.56 (s,
3), 1.61 (s, 3), 1.63 (s, 3), 1.64 (s, 3), 1.69 (s, 3), 0.88-0.96 (m, 1),
1.04-1.18 (m, 1), 1.22-1.91 (m, 16), 1.98-2.03 (m, 2), 2.06-2.11 (m,
2), 2.17-2.26 (m, 2),4.11 (d, 1, J = 4.6), 4.99 (t, 1, J = 7.0), 5.10,
5.15 (t, 1 each,J = 6.9), 8.10 (s,1). *C NMR (125 MHz): § 16.02,
16.87, 17.57, 22.03, 23.11, 24.68, 25.53, 25.57, 26.57, 31.16, 32.61,
36.96, 38.49, 39.01, 39.55, 43.02, 43.76, 48.31, 53.81, 54.15, 69.10,
124,14, 124.65, 124.83, 130.97, 131.19, 134.87, 178.39. Anal. Caled
for C3o)H;N: C, 85.44; H, 11.23; N, 3.32. Found: C, 85.33; H,
11.02; N, 3.22.

[32,3a8,6a(E),6ac,9aR*10R*]-(+)-2,3,3a,6,6a,7,8,9-Octa-
hydro-10-methyl-10-(4-methyl-3-pentenyl)-6-(4,8-dimethyl-
3,7-nonadienyl)-3,6-methano-1 H-dicyclopenta[ b,c ]Jpyridine
(32). 'H NMR (400 MHz): 4 0.78 (s, 3), 0.79-2.12 (m, 24), 1.55,
1.59, 1.63 (s, 3 each), 1.69 (s, 6), 4.12 (d, 1, J = 4.9), 5.05-5.18 (m,
3),8.17 (8,1). HRMS: caled for CyoH ;N 421.3708, found 421.3698.

Application of the procedure to dialdehydes 36/37 gave 167
mg (79%) of imine 38 and 7 mg (3%) of imine 39.

[8a,3a8,60(Z),6ac,9a R *,10R*]-(+)-2,3,3a,6,64,7,8,9-Octa-
hydro-10-methyl-10-(4-methyl-3-pentenyl)-6-(4,8-dimethyl-
3,7-nonadienyl)-3,6-methano-1 H-dicyclopenta[b,c Jpyridine
(38)., IR: 1625 cm™. 'H NMR (400 MHz): 4 0.77 (s, 3), 1.00-1.07
(m, 1), 1.20-1.41 (m, 4), 1.45-1.83 (m, 11), 1.60 (s, 3), 1.61 (s, 3),
1.71 (s, 3), 1.68 (s, 6), 1.98-2.10 (m, 6), 2.17-2.30 (m, 2), 4.12 (d,
1, J = 4.9), 5.06-5.18 (m, 3), 8.16 (s, 1). 13C NMR (125 MHz):
8 17.56, 17.68, 23.30, 23.53, 24.05, 24.78, 24.97, 25.67, 25.56, 31.77,
31.92, 32.03, 33.05, 36.20, 37.53, 44.04, 45.82, 48.63, 52.36, 54.88,
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68.39, 124.09, 124.77, 125.72, 131.05, 131.55, 135.16, 178.57. Anal.
Caled for C3oHyN: C, 85.44; H, 11.23; N, 3.32. Found: C, 85.05;
H, 10.97; N, 3.27.

[32,3a8,6a(Z),6a0,9a R*,108*]-(£)-2,3,3a,6,6a,7,8,9-Octa-
hydro-10-methyl-10-(4-methyl-3-pentenyl)-6-(4,8-dimethyl-
3,7-nonadienyl)-3,6-methano-1 H-dicyclopenta[ b,c Jpyridine
(39). 'H NMR (400 MHz): 5 0.85 (s, 3), 0.86-0.97 (m, 1), 1.04-1.11
(m, 1), 1.19-1.88 (m, 14), 1.56, 1.61 (s, 3), 1.64 (s, 3), 1.68 (8, 3),
1.71 (s, 3), 1.99-2.10 (m, 6), 2.18-2.24 (m, 2), 4.11 (d, 1, J = 4.7),
4.96-5.00 (m, 1), 5.10~5.18 (m, 2), 8.10 (s, 1).

proto-Daphniphylline (11). Method A. The foregoing
procedure was followed except that the acetic acid solution of the
imine 31 was heated at 75 °C for 2 h prior to the workup. There
was thus isolated 329 mg (78%) of proto-daphniphylline. IR: 1648
cml. TH NMR (400 MHz): 4 0.81 (s, 3), 1.16-1.22 (m, 1), 1.25~2.12
(m, 26), 1.60 (s, 6), 1.68 (s, 6), 1.78 (s, 6), 2.54 (d, 1, J = 4.5), 2.74
(brs, 1), 4.74 (s, 1), 4.86, (s, 1), 5.06-5.12 (m, 2). *C NMR (125
MHz): 5 16.07, 17.68, 20.19, 21.35, 22.59, 22.81, 23.61, 25.63, 26.64,
26.69, 29.76, 33.11, 36.29, 36.62, 36.87, 38.43, 39.52, 39.64, 42.35,
47.76, 49.22, 50.76, 53.76, 60.07, 110.16, 124.28, 125.30, 131.17,
134.30, 147.65. Anal. Calcd for C3H,;N: C, 85.44; H, 11.23; N,
3.32. Found: C, 85.08; H, 10.85; N, 3.40.

Method B. Compound 11 was also obtained by heating a
solution of 172 mg (0.41 mmol) of imine 31 and 314 mg (4.1 mmol)
of NH,OAc in 8 mL of acetic acid at 75 °C for 2 h. Application
of the foregoing workup procedure gave 155 mg (90%) of pro-
to-daphniphylline.

Method C. Ammonia gas was bubbled for 3 min through a
solution of dialdehyde 55 (110 mg, 0.25 mmol), NH,OAc (19.3 mg,
0.25 mmol), and triethylamine hydrochloride (34.4 mg, 0.25 mmol)
in CH,Cl, (5 mL) at room temperature and the resulting mixture
was stirred for 16 h. The solvent was then evaporated and
NH,OAc (193 mg, 2.5 mmol) and AcOH (5 mL) were added. The
mixture was heated at 80 °C for 3 h, cooled, and poured into water
(25 mL). The aqueous phase was extracted with CH,Cl, (3 X 15
mL) and the combined organic extracts were washed with 2 M
NaOH. The layers were separated and the aqueous phase was
extracted with additional CH,Cl, (10 mL). The CH,Cl, extract
was dried and evaporated and the residue chromatographed to
give 18 mg (17%) of proto-daphniphylline (11). The same pro-
cedure when applied to dialdehyde 51 gave 12.5 mg (13%) of 11.

Method D. Dialdehyde 55 (132 mg, 0.31 mmol) in dry DMSO
(0.5 mL) was added at 25 °C to a suspension of finely powdered
NaOH (98% grade, 12.4 mg, 0.31 mmol) in DMSO (2mL) in a
pressure bottle equipped with a rubber ring and a Teflon
screw-cap. The resulting mixture was stirred for 3.5 h, NH,OAc
(48 mg, 0.62 mmol) was added, and ammonia was bubbled through
the mixture for 3 min. The bottle was closed and heated at 80
°C in an oil bath for 3 h. Acetic acid (5 mL) was added and the
solution heated at 80 °C for 2.5 h. Workup and purification as
above gave 58 mg (44%) of proto-daphniphylline. Use of KOH
instead of NaOH gave the product in only 35% yield.

Method E. Tetra-n-butylammonium bisulfate (3.3 mg, 0.0096
mmol) was added to a vigorously stirring mixture of 50% KOH
(0.193 mL), dieldehyde 51 or 55 (85 mg, 0.193 mmol), and benzene
(3 mL) at 25 °C. After 10 min® the mixture was poured into water
(3 mL) and extracted with ether (3 X 2 mL). The extract was
dried over K,CO4, the solvents were evaporated, and the residue
was placed in a pressure bottle along with NH,OAc (92 mg, 1.193
mmol) and DMSO (6 mL). Ammonia gas was bubbled through
the solution for 3 min and the flask was closed with a Teflon
screw-cap and heated at 80 °C for 3 h. Acetic acid (8 mL) was
then added and heating continued for 3 h. Workup and puri-
fication as above furnished 40.2 mg (49.4%) of pure 11.

1,2-Dihydro-proto-daphniphylline (29). Method A.
Tris(triphenylphosphine)rhodium(I) chloride (160 mg, 0.173
mmol) was suspended in 12 mL of dry benzene that had been
degassed (freeze-pump-thaw cycle). The suspension was stirred
at 25 °C for 45 min under an atmosphere of H, (the catalyst
dissolved). proto-Daphniphylline (243 mg, 0.576 mmol) in CgHg
(1 mL) was added with a syringe and stirring was continued for
8 h. The solvent was evaporated and the residue chromatographed

{19) The reaction can be monitored by TLC on Al,O; plates with a 9:1
mixture of hexane~EtOAc as eluent.

on silica gel using 9:1 hexane~EtOAc as eluent to give 213 mg
(88%) of amine 29, contaminated with a small amount of di-
hydrogenated product. 'H NMR (400 MHz): § 0.78 (s, 3), 0.89
, 3,J =6.7),091 (d, 3, J =6.7), 0.90-0.97 (m, 1), 1.13-1.18 (m,
1), 1.21-1.78 (m, 19), 1.59 (s, 3), 1.61 (s, 3), 1.68 (s, 3), 1.86-1.91
(m, 2), 1.93-2.00 (m, 2), 2.03-2.10 (m, 2), 2.52 (d, 1, J = 4.5), 3.02
(s, 1), 5.03-5.11 (m, 2). *C NMR (125 MHz): 6 16.05, 17.62, 20.75,
21.00, 21.03, 21.33, 22.89, 23.55, 25.63, 26.65, 26.75, 28.75, 28.91,
33.20, 36.37, 36.49, 36.67, 39.13, 39.65, 39.77, 42.87, 47.75, 48.34,
50.42, 53.49, 60.12, 124.30, 125.46, 131.11, 134.09. Anal. Calecd
for CgH,N: C, 85.04; H, 11.66; N, 3.31. Found: C, 84.74; H,
11.79; N, 3.31.

Method B. To a-78 °C solution of DMSO (66 xL, 0.93 mmol)
in 0.8 mL of CH;Cl, was added 206 uL of a 2.0 M solution of oxalyl
chloride in CH,Cl,.(0.412 mmol). After 15 min, diols 25 and 26
(45.8 mg, 0.103 mmol) were added via cannula as a solution in
0.8 mL of CH,Cl,, followed by a 0.8-mL rinse. The resulting
cloudy solution was stirred at -78 °C for 15 min and then treated
with triethylamine (0.10 mL, 0.72 mmol). The dry ice bath was
replaced with an ice water bath, and the solution was allowed to
warm to 0 °C over a period of 80 min. A stream of anhydrous
methylamine was then passed over the solution for 3 min. The
flask was sealed tightly and allowed to warm to ambient tem-
perature over a period of 2 h. The clear solution was concentrated
by passing a stream of dry nitrogen over it for a period of 10 min.
The resulting white, oily solid was then placed on a vacuum pump
for 4 h. The resulting solid was taken up in 5 mL of acetic acid
and stirred at room temperature for 5 h and then placed in an
80 °C oil bath for 11 h. After cooling to 0 °C, the mixture was
partitioned between CH,Cl, and 15 mL of 6 N NaOH and stirred
vigorously for 15 min. The layers were separated, and the aqueous
phase was extracted with three portions of CH,Cl;. The combined
organic phases were than washed with brine and dried over
MgS0,. Filtration and concentration provided 57.5 mg of a brown
oil, which was purifed by flash chromatography (gradient elution
with 10:1 to 5:1 hexanes/ethyl acetate) to provide the desired
product as a clear, pale yellow oil (28.7 mg, 65.8%).

Method C. To a-78 °C solution of DMSQ (45 uL, 0.63 mmol)
in 1 mL of CH,Cl, was added 140 uL of a 2.0 M solution of oxalyl
chloride in CH,Cl; (0.280 mmol). After 10 min, diols 25 and 26
(31.1 mg, 0.0699 mmol) were added via cannula as a solution in
1 mL of CH,Cl,, followed by two 0.5-mL rinses. The resulting
cloudy solution was stirred at ~78 °C for 15 min and then treated
with triethylamine (0.070 mL, 0.50 mmol). The dry ice bath was
replaced with an ice water bath, and the solution was allowed to
warm to 0 °C over a period of 60 min. The solvent was then
removed under a stream of dry nitrogen to provide a white, oily
solid, which was triturated with ether and filtered through a plug
of cotton. Concentration of the resulting colorless solution pro-
vided 40.8 mg of a clear, pale yellow oil. The crude bisaldehyde
was then treated with 1.5 mL of acetic acid and 51 mg of glycine
(0.68 mmol) and stirred for 10 h at room temperature, followed
by 16 h in an 80 °C oil bath. After being cooled to room tem-
perature, the solution was partitioned between 5 mL each of
CH,Cl, and 2 N NaOH and stirred vigorously for 2 h. The layers
were separated, the aqueous phase was extracted with two portions
of CH,Cl,, and the combined organic phases were dried over
K,CO,. Filtration and concentration provided 27.3 mg of a pale,
orange-brown oil. Flash chromatography of this material (gradient
elution with 10:1 to 5:1 hexanes/ethyl acetate) provided the
desired product as a clear, pale yellow oil (15.8 mg, 53.4%).

Method D. To a =78 °C solution of DMSO (88 uL,, 1.2 mmol)
in 1 mL of CH,Cl, was added 276 uL of a 2.0 M solution of oxalyl
chloride in CH,Cl; (0.552 mmol). After 20 min, diol 50 (61.3 mg,
0.138 mmol) was added via cannula as a solution in 1 mL of
CH,Cl,, followed by a 1-mL rinse. The resulting cloudy solution
was stirred at -78 °C for 20 min and then treated with tri-
ethylamine (0.14 mL, 1.0 mmol). The dry ice bath was removed,
and the solution was allowed to warm to ambient temperature
over a period of 50 min. After cooling to 0 °C, a stream of
anhydrous methylamine was passed over the solution for 3 min.
The flask was then sealed tightly and allowed to warm to ambient
temperature over a period of 5 h. The clear solution was con-
centrated by passing a stream of dry nitrogen over it for a period
of 10 min. The resulting white, oily solid was triturated with ether,
filtered, and concentrated (high vacuum for 4 h) to provide 84.0
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mg of a clear, pale yellow oil. Although generally utilized im-
mediately in the next reaction, spectral analysis of this material
was consistent with the bis(N-methylimine) 62. IR (thin film):
2960, 2920, 2840, 1665, 1640, 1450, 1395, 1345. 'H NMR (400 MHz,
selected signals listed): 6 7.72 (s, 1), 7.43 (d, 1), 5.77 (t, 1), 5.15-5.05
(m, 4), 3.35 (s, 3), 3.26 (s, 3). *C NMR (100 MHz): § 15.91, 15.95,
16.00, 17.58, 25.41, 25.60, 25.98, 26.70, 26.80, 26.93, 27.09, 28.43,
31.69, 32.40, 39.65, 44.62, 47.82, 47.86, 123.99, 124.23, 124.35, 124.43,
131.10, 131.17, 135.08, 135.31, 139.85, 141.34, 166.12, 169.63.

The crude bisimine was taken up in 1 mL of acetic acid and
placed in an 80 °C oil bath for 11 h. After being cooled to 0 °C,
the mixture was partitioned between 5 mL each of CH,Cl, and
2 N NaOH and stirred vigorously for 15 min. The layers were
separated, and the aqueous phase was extracted with three
portions of CH,Cl,. The combined organic phases were then
washed with brine and dried over MgSO,. Filtration and con-
centration provided 68.0 mg of a brown oil. Purification by flash
chromatography (gradient elution with 10:1 to 5:1 hexanes/ethyl
acetate) provided the desired product as a clear, pale yellow oil
(38.2 mg, 65.4%).

Method E. To a 78 °C solution of DMSO (60 uL,, 0.85 mmol)
in 1 mL of CH,Cl, was added 190 xL of a 2.0 M solution of oxalyl
chloride in CH,Cl, (0.380 mmol). After 20 min, diol 50 (41.9 mg,
0.0942 mmol) was added via cannula as a solution in 1 mL of
CH,Cl,, followed by two 0.5-mL rinses. The resulting cloudy
solution was stirred at -78 °C for 20 min and then treated with
triethylamine (0.10 mL, 0.72 mmol). The dry ice bath was re-
moved, and the solution was allowed to warm to room temperature
over a period of 60 min. The solvent was then removed under
a stream of dry nitrogen to provide a white, oily solid, which was
triturated with ether and filtered through a plug of cotton.
Concentration of the resulting colorless solution provided 47.5
mg of a clear, pale yellow oil. The crude bisaldehyde was then
treated with 1.5 mL of acetic acid and 70 mg of glycine (0.93 mmol)
and stirred for 9 h at room temperature, followed by 9 h in an
80 °C oil bath. After being cooled to room temperature, the
solution was partitioned between 15 mL each of CH,Cl, and 2
N NaOH and stirred vigorously for 90 min. The layers were
separated, the aqueous phase was extracted with two portions
of CH,Cl,, and the combined organic phases were dried over
K,CO;. Filtration and concentration provided 72 mg of a brown,
cloudy oil. Flash chromatography of this material (gradient elution
with 10:1 to 5:1 hexanes/ethyl acetate) provided the desired
product as a clear, colorless oil (15.0 mg, 37.6%).

Attempted Cyclization of Imines 31 and 38. A solution of
4.2 mg (0.01 mmol) of imine 31 or 38 and 7.7 mg (0.1 mmol) of
NH,OAc in 0.2 mL of acetic acid was heated at 80 °C for 15 h.
Workup as usual gave a brown oil. Analysis by TLC (SiO,,
hexane-EtOAc (7:3)), GC, or 'H NMR spectrometry indicated
no change.

[7(Z)]-17,18-Didehydro-7-(4,8-dimethyl-3,7-nonadienyl)-
12,16-cyclo-21,22,23-trinor-1,12-secodaphnane (40). A solution
of 172 mg (0.41 mmol) of imine 39 and 314 mg (4.1 mmol) of
NH,0OAc in 8 mL of acetic acid was heated at 80 °C for 2h. The
normal workup gave 155 mg (90%) of amine 40. 'H NMR (400
MHz): §0.80 (s, 3), 0.81-0.90 (m, 1), 1.16-2.10 (m, 25), 1.55 (s,
3), 1.61 (s, 3), 1.68 (s, 3), 1.77 (s, 3), 2.53 (d, 1, J = 4.5), 3.02 (s,
1), 4.74 (s, 1), 4.86 (s, 1), 5.05-5.12 (m, 2). HRMS: calcd for
CsoH7N 421.3708, found 421.3707.

(%£)-Methy! Homosecodaphniphyllate (30). Ozone was
bubbled for 3 min through a solution of 150 mg (0.354 mmol) of
amine 29, 69.4 mg (0.71 mmol) of concd H,SO,, 4 mL of CH,Cl,,
and 4 mL of MeOH, cooled to —78 °C. The blue solution was
discolored by bubbling N, through it and warmed to 25 °C. The
solvents were evaporated and the residue placed under high
vacuum for 10 min. Acetone (8 mL) was added followed by 1.59
mL of a 2.67 M solution of CrO; in concd H,SO, at 0 °C. The
mixture was stirred for 30 min at 0 °C and for 10 min at 25 °C.
Filtration through a plug of Celite and washing with acetone (15
mL) afforded a clear solution. Evaporation of the solvent gave
an oily residue that was dissolved in 25 mL of methanol and
treated with 0.5 mL of concd H,SO,. The solution was stirred
at 25 °C for 40 h, poured into 50 mL of water, and extracted with
CH,Cl, (3 X 20 mL). The organic extracts were washed with
saturated NaHCO; and dried, and the solvents were evaporated.
The residue was purified by chromatography and eluted with a

8:2 mixture of hexane-EtOAc to furnish 99 mg (78%) of 30,
identical by 'H NMR, 13C NMR, and TLC with an authentic
sample.!

tert-Butyl (5E)-6,10-Dimethylundeca-5,9-dienoate (45).
A solution of 116.2 mg (1 mmol) of tert-butyl acetate in 0.8 mL
of dry THF was added dropwise to a stirring solution of 1 mmol
of LDA at 78 °C. After 45 min, a mixture of 179.2 mg (1 mmol)
of HMPA and 0.2 mL of THF (0.2 mL) was added followed
immediately by a solution of 250 mg (0.9 mmol) of homogeranyl
iodide in 1 mL of THF. After 4 h at —78 °C the mixture was
warmed to 25 °C, poured into 20 mL of brine, and extracted with
CH,Cl; (3 X 10 mL). Drying of the extracts, filtration, and
evaporation of the solvents left a residue that was chromato-
graphed. Elution with hexane-EtOAc (99:1) afforded 213 mg
(83%) of ester 45, bp 74-78 °C (0.1 Torr). IR: 1725 cm™. 'H
NMR (400 MHz): § 1.42 (s, 9), 1.56 (s, 3), 1.57 (s, 3), 1.56-1.62
(m, 2), 1.65 (s, 3), 1.94-2.07 (m, 6), 2.17 (t, 2, J = 7.5), 5.04-5.08
(m, 2). 3C NMR (125 MHz): § 15.85, 17.58, 25.10, 25.60, 26.53,
27.10, 28.02, 34.83, 39.65, 79.77, 123.56, 124.23, 131.20, 135.73,
173.16. Anal. Calcd for C"Hy0,: C, 76.64; H, 11.35. Found:
C, 76.25; H, 11.32.

Further elution gave 28 mg (9%) of a byproduct resulting from
Claisen condensation of 45 with tert-butyl acetate. IR: 1735, 1714
cml, 'H NMR (400 MHz): 4 1.47 (s, 9), 1.59 (s, 3), 1.60 (s, 3),
1.68 (s, 3), 1.60-1.67 (m, 2), 1.96-2.15 (m, 6), 2.51 (t, 1, J = 7.4),
3.33 (s, 2), 5.06-5.10 (m, 2). 3C NMR (125 MHz): § 15.71,17.37,
23.29, 25.41, 26.39, 26.79, 27.65, 39.45, 41.90, 50.34, 81.33, 123.23,
124.03, 130.91, 135.74, 166.19, 202.94. Anal. Caled for C;gHy0y
C, 73.98; H, 10.46. Found: C, 74.09; H, 10.59.

(5E)-tert-Butyl 2-(4,4-Dimethoxybutyl)-6,10-dimethy]l-
5,9-undecadienoate (46). A solution of 266.4 mg (1 mmol) of
ester 45 in 0.8 mL of THF was added dropwise to a stirring
solution of LDA (1.2 mmol) at —78 °C. After 45 min of stirring,
a solution of 236.5 mg (1.2 mmol) of 1,1-dimethoxy-4-bromobutane
in 1 mL of THF was added dropwise, followed by a mixture of
179.2 mg (1 mmol) of HMPA and 0.2 mL of THF. Stirring was
continued for 3 h at ~78 °C and the mixture was warmed to 25
°C overnight, poured into 20 mL of water, and extracted with
CH,Cl,. The combined extracts were dried over K;CO, and the
solvents evaporated. The residue was chromatographed and eluted
with a 97:3 mixture of hexane-EtOAc and finally distilled under
reduced pressure to afford 327 mg (85%) of acetal 46, bp 119-121
°C (0.01 Torr). TR: 1725 cm™. 'H NMR (400 MHz): 5 1.13-1.64
(m, 8), 1.46 (s, 9), 1.59 (s, 3), 1.60 (s, 3), 1.68 (s, 3), 1.94-2.10 (m,
6), 2.19-2.27 (m, 1), 3.29 (s, 3), 3.30 (s, 3), 4.34 (t, 1, J = 5.8),
5.06-5.10 (m, 2). ¥C NMR (125 MHz): § 15.82, 17.55, 22.32, 25.57,
25.65, 26.54, 28.00, 32.27, 32,53, 39.59, 45.88, 52.37, 52.47, 79.75,
104.17, 123.65, 124.20, 131.10, 135.37, 175.45. Anal. Calcd for
Cy3HyOp C, 72.21; H, 11.07. Found: C, 72.40; H, 11.22.

(5E)-tert-Butyl 6,10-Dimethyl-2-(4-0xobutyl)-5,9-
undecadienoate (47). A mixture of 3.826 g (10 mmol) of acetal
46, 380 mg (2 mmol) of p-toluenesulfonic acid, and 3.5 mL of water
(3.5 mL) in 24 mL of acetone was stirred for 16 h at 25 °C. The
solution was poured into 50 mL of brine and extracted with CH,Cl,
(3 X 25 mL). Drying of the extract, filtration, and evaporation
of the solvent gave a residue that was purified by chromatography
(eluant: CH,Cl,) and bulb-to-bulb distillation (117-119 °C at 0.02
Torr) to furnish 3.31 g (38%) of aldehyde 47. IR: 2726, 1724 cm™.
'H NMR (400 MHz): 6 1.37-1.47 (m, 2), 1.46 (s, 9), 1.58-1.66 (m,
4), 1.59, 1.60 (s, 3), 1.68 (s, 3), 1.93-2.02 (m, 4), 2.05-2.10 (m, 2),
2.23-2.27 (m, 1), 2.42-2.46 (m, 2), 5.06-5.11 (m, 2), 9.75 (t, 1, J
= 1.6). 13C NMR (125 MHz): § 15.86, 17.56, 19.81, 25.59, 26.55,
28.02, 31.79, 32.52, 39.60, 43.60, 45.72, 80.06, 123.49, 124.18, 131.19,
135.57, 175,17, 202.01. Anal. Caled for CyHy04 C, 74.95; H,
10.78. Found: C, 74.60; H, 10.53.

[2(E),7(E)]-Di-tert-butyl 2,7-Bis(4,8-dimethyl-3,7-nona-
dienyl)-3-hydroxyoctanedioate (48). To a solution of diiso-
propylamine (0.46 mL, 3.3 mmol) in 3 mL of THF at 0 °C was
added 1.39 mL of a 2.33 M n-butyllithium solution. After 20 min,
the solution was cooled to 78 °C, and ester 45 (785 mg, 2.95 mmol)
was added via cannula in 3 mL of THF, followed by a 2-mL rinse.
The solution was stirred at —78 °C for 50 min and then treated
with aldehyde 47 (815 mg, 2.42 mmol), which was added via
cannula in 3 mL of THF, followed by a 2-mL rinse. The solution
was stirred for an additional 50 min and then quenched at —78
°C by the addition of approximately 5 mL of agqueous NH,Cl
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solution. After being warmed to room temperature, the solution
was extracted with three portions of ether. The combined organic
phases were washed with brine and dried over MgSO,. Filtration
and concentration provided 1.783 g of a clear, colorless oil. Pu-
rification by flash chromatography (gradient elution with 100 to
50 to 20 to 10:1 hexanes/ethyl acetate) provided recovered ester
45 (204 mg, 0.766 mmol), followed by the desired g-hydroxy ester
48 as a clear, colorless oil (1.199 g, 1.989 mmol, 82%). Anal. Caled
for CgsHgO5: C, 75.70; H, 11.08. Found: C, 75.90; H, 10.78.

[2E,2(E),7(E)]-Di-tert-butyl 2,7-Bis(4,8-dimethyl-3,7-no-
nadienyl)-2-octenedioate (49). To a 0 °C solution of 8-hydroxy
esters 48 (1,643 g, 2.725 mmol) and triethylamine (1.52 mL, 10.9
mmol) in 8 mL of CH,Cl, was added 0.42 mL (5.5 mmol) of
methanesulfonyl chloride. The ice bath was removed, and the
solution was allowed to stir at room temperature for 3 h. After
dilution with 20 mL of CH,Cl,, the solution was washed with
aqueous NaHCO; (2X), 0.1 N HC], and brine. The aqueous phases
were extracted once with CH,Cl,, and the combined organic phases
were dried over MgSO,. Filtration and concentration provided
a granular, orange-brown oil, which was taken up in 8 mL of
toluene, treated with 1,8-diazabicyclo[5.4.0lundecene (DBU) (1.2
mL, 8.2 mmol), and heated in an 80 °C oil bath for 12 h. After
being cooled to room temperature, the solution was diluted with
ether, washed with 0.1 N HCI (2X), aqueous NaHCO;, and brine,
and dried over MgS0O,. Filtration and concentration provided
1.701 g of a clear pale yellow oil. Purification by flash chroma-
tography (gradient elution with 40 to 30:1 hexanes/ethyl acetate)
provided the 14Z isomer 53 (0.134 g, 0.23 mmol, 8.4%) and the
14F isomer 49 (1.402 g, 2.397 mmol, 88.0%), both as clear, colorless
oils. IR: 1725, 1710 cm™. 'H NMR (400 MHz): § 1.40-1.68 (m,
4), 1.45 (s, 9), 1.49 (s, 9), 1.58 (s, 3), 1.59 (s, 3), 1.60 (s, 6), 1.68
(s, 6), 1.96-2.46 (m, 19), 5.07-5.10 (m, 3), 5.11-5.16 (m, 1), 6.62
(t,1,J = 7.5). 13C NMR (125 MHz): § 15.90, 15.91, 17.62, 25.64,
25.71, 26.61, 26.66, 26.97, 27.71, 28.09, 28.10, 28.21, 28.47, 32.31,
32.60, 39.66, 39.69, 45.92, 79.82, 79.90, 123.58, 123.66, 124.25, 124.30,
131.22, 133.65, 135.51, 141.01, 167.21, 175.43. Anal. Calcd for
CaHg O C, 78.03; H, 11.03. Found: C, 78.20; H, 11.06.

(6E,14Z,18E)-10,11-Dihydrosqualene-27,28-diol (50). A 1.0
M solution of DIBAL in toluene (30 mL, 30 mmol) was added
dropwise to a solution of 1.939 g (3.315 mmol) of diester 49 in
16 mL of CH,Cl, at —78 °C. After 3 h, the reaction was quenched
by slow addition of 2 mL of methanol. After warming to room
temperature, 50 mL each of ether and saturated aqueous sodium
potassium tartrate were added, and the resulting solution was
stirred vigorously until two clear phases resulted. The layers were
then separated, and the aqueous phase was extracted with three
portions of ether. The combined organic phases were washed with
brine and dried. Filtration and evaporation of the solvents gave
a crude mixture of compounds that was resubjected to further
reduction by being dissolved in 16 mL of CH,Cl,, cooled to —78
°C, and treated with another 30-mL portion of 1.0 M DIBAL in
toluene (30 mmol) for 3 h at -78 °C. Workup as before provided
a clear, pale yellow oil, which was purified by flash chromatography
(gradient elution with 3 to 2:1 hexanes/ethyl acetate) to provide
diol 50 as a clear, colorless oil (1.413 g, 96%). IR: 3700-3250,
3615 cm™!. 'H NMR (400 MHz): 6 1.24-1.58 (m, 7), 1.59 (s, 12),
1.68 (s, 6), 1.95~2.14 (m, 16), 3.45 (dd, 1, J = 5.9, 10.5), 4.06 (d,
1,J=11.8),413(d, 1, J = 11.8), 5.06-5.13 (m, 4), 529 (t, 1, J
=6.3). C NMR (125 MHz): 6 15.83, 15.88, 17.50, 25.13, 25.52,
26.57, 26.59, 26.71, 26.81, 27.50, 30.11, 30.81, 34.91, 39.58, 59.68,
65.09, 123.97, 124.21, 124.40, 128.37, 131.03, 134.83, 135.02, 138.24.
Anal. Caled for C4H5,0,: C, 81.02; H, 11.78. Found: C, 80.86;
H, 11.90.

tert-Butyl (5E)-2-(Trimethylsilyl)-6,10-dimethylundeca-
5,9-dienoate (52). A solution of 188.4 mg (1 mmol) of tert-butyl
(trimethylsilyl)acetate? in 0.5 mL of THF was added slowly into
a stirring solution of 1.1 mmol of LDA in THF/hexane at —78
°C. The resulting mixture was stirred for 30 min at -78 °C and
15 min at —42 °C. The solution was cooled to —78 °C, a solution
of 278.3 mg (1 mmol) of iodide 16 in 1 mL of THF was added
dropwise, and the solution was stirred for 3 h. The mixture was
then warmed to room temperature and stirring continued for 16
h. The crude solution was poured into 25 mL of brine, extracted

(20) Rathke, M. W,; Sullivan, D. F. Synth. Commun. 1973, 3, 67.

with CH,Cl; (3 X 15 mL), and dried. Filtration, evaporation of
the solvent, and chromatography (95:5 hexane-EtOAc) furnished
286 mg (84%) of 52. IR: 1705 cm™. 'H NMR (400 MHz): 4 0.006
(s,9), 1.29-1.67 (m, 2), 1.44 (s, 9), 1.60 (s, 6), 1.68 (s, 3), 1.76-2.12
(m, 7), 5.04-5.12 (m, 2). *C NMR (125 MHz): 4 -2.67, 15.88,
17.59, 25.62, 26.61, 26.96, 28.26, 28.44, 38.07, 39.70, 79.20, 123.83,
124.31, 131.10, 135.61, 174.50. Anal. Caled for CyoH3sSi0,: C,
70.94; H, 11.31. Found: C, 71.03; H, 11.25.

[2Z,2(E),7(E))-Di-tert-butyl 2,7-Bis(4,8-dimethyl-3,7-no-
nadienyl)-2-octenedioate (53). A solution of 2.71 g (8 mmol)
of ester 52 in 8 mL, of THF was added dropwise to a solution of
8 mmol of LDA in THF /hexane at —78 °C. After 3.5 h, 2.69 g
(8 mmol) of aldehyde 47 was added over a 5-min period and
stirring was continued for 15 min. The solution was warmed to
0 °C, stirred for an additional 10 min, and quenched with 100
mL of water. Extraction with CH,Cl,, drying of the combined
organic extracts, filtration, and evaporation of the solvents gave
a crude oil. Chromatographic purification, eluting with 95:5
hexane-EtOAc, gave 2.42 g of 14Z isomer 53, followed by 1.39
g of 14E isomer 49 (total yield, 73%). IR: 1720 cm™. 'H NMR
(400 MHz): 6 1.37-1.68 (m, 6), 1.45 (s, 9), 1.50 (s, 9), 1.58 (s, 3),
1.59 (s, 3), 1.60 (s, 6), 1.68 (s, 6), 1.93-2.23 (m, 15), 2.35-2.39 (m,
2), 5.07-5.14 (m, 4), 5.70 (t, 1, J = 7.4). ¥C NMR (125 MHz):
6 15.86, 15.92, 17.59, 25.61, 25.71, 26.58, 26.66, 27.21, 27.58, 28.05,
28.17, 29.30, 32.19, 32.59, 34.96, 39.64, 45.94, 79.73, 80.16, 123.46,
127.71, 124.26, 131.12, 133.53, 135.38, 135.44, 139.30, 167.49, 175.51.
Anal. Calcd for C3eHg Oy C, 78.03; H, 11.03. Found: C, 78.13;
H, 11.21.

(6E,14E,18E)-10,11-Dihydrosqualene-27,28-diol (54). The
procedure described for the preparation of diol 50 was followed
with 935 mg (1.6 mmol) of diester 53 to obtain 700 mg (87%) of
diol 54. IR: 3720-3240, 3620 cm™’. 'H NMR (400 MHz):
1.28-1.75 (m, 7), 1.60 (s, 12), 1.68 (s, 6), 1.95-2.16 (m, 16), 3.51-3.57
(m, 2), 4.08 (s, 2), 5.06-5.17 (m, 4), 543 (1, 1, J = 6.6). 3C NMR
(125 MHz): § 15.95, 17.63, 25.20, 25.64, 26.62, 26.65, 26.92, 26.98,
217.79, 28.14, 30.53, 30.91, 39.66, 40.00, 65.32, 67.14, 123.87, 124.25,
124.28, 124.43, 127.08, 131.27, 131.32, 135.08, 135.47, 138.98. Anal.
Caled for CgoHz,04: C, 81.02; H, 11.78. Found: C, 80.76; H, 11.76.

1,5-Bis(4,8-dimethylnona-3,7-dieriyl)-2-hydroxy-3-oxabi-
cyclo[4.3.0]-4-nonenes (61). Tetra-n-butylammonium bisulfate
(8.5 mg, 0.025 mmol) was added to a vigorously stirring mixture
of dialdehyde 55 (220 mg, 0.5 mmol), CgHg (7.75 mL), and 50%
w/w aqueous KOH (0.5 mL) at room temperature. The reaction
was monitored by TLC (Al,03; 9:1 mixture of hexane-EtOAc).
After about 10 min the mixture was quenched with water (25 mL)
and extracted with ether (3 X 15 mL). Drying over K,CO; and
evaporation of the solvents gave a residue containing about 57%
of the desired products. Chromatography on Al,O; and elution
with 93:7 hexane-EtOAc afforded 48 mg (22%) of hydroxydi-
hydropyran 61 as a 2:1 mixture of epimers (extensive decompo-
sition occured upon chromatography). IR: 3585, 1727, 1667 cm™..
'H NMR (400 MHz): 6 (major isomer) 1.31-1.68 (m, 6), 1.60 (s,
12), 1.68 (s, 6), 1.86-2.18 (m, 17), 4.75 (d, 1, J = 6.6), 5.06-5.15
(m, 4), 6.06 (s, 1); 5 (minor isomer) 4.98 (d, 1, J = 6.7), 86.02 (s,
1). 3C NMR (125 MHz): 6 15.95, 15.96, 16.08, 17.65, 22.35, 23.03,
23.33, 23.42, 25.65, 26.53, 26.63, 26.70, 30.81, 30.93, 30.98, 31.11,
31.76, 32.27, 32.38, 38.16, 39.66, 43.47, 43.51, 46.45, 47.68, 96.55,
96.81, 117.09, 117.64, 123.89, 123.92, 124.29, 124.33, 124.49, 124.75,
131.27, 131.29, 133.88, 134.94, 134.97, 135.05, 135.21, 135.31. Anal.
Caled for C3H g0, C, 81.76; H, 10.98. Found: C, 81.50; H, 11.00.

(E,E)-1,5-Bis(4,8-dimethylnona-3,7-dienyl)-2-(methyl-
phenylamino)-3-oxabicyclo[4.3.0]-4-nonenes (59). A mixture
of N-methylaniline (32.4 mg, 0.302 mmol), dialdehyde 51 (133 mg,
0.302 mmol), and 3 mg of p-toluenesulfonic acid in benzene (3
mL) was refluxed for 35 min in a flask equipped with a Dean-
Stark apparatus containing molecular sieves. The solvent was
evaporated and the oily residue was chromatographed on Al,0,.
Elution with a 9:1 mixture of hexane and ether delivered 53 mg
(83%) of colorless products. 'H NMR (CD,Cly): § (major isomer)
1.39-2.26 (m), 2.70-2.71 (m, 1), 2.96 (s, 3), 5.00~5.18 (m, 5), 6.21
(s, 1),6.82 (t,1,J = 17.2),6.95 (d, 2, J = 8.0), 7.21-7.26 (m, 2);
6 (minor isomer) 2.30-2.33 (m, 1), 3.01 (s, 1), 6.27 (s, 1). °C NMR
(125 MHz, CD,Cly): § (major isomer) 151.73, 138.94, 135.59, 135.42,
131.63, 131.55, 129.29, 124.73, 124.70, 124.68, 124.50, 119.56, 116.63,
116.02, 90.02, 49.98, 45.70, 40.16, 40.03, 37.08, 35.43, 34.62, 31.26,
30.32, 27.26, 27.05, 26.94, 25.80, 22.89, 22.85, 17.78, 16.27 15.72;
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§ (minor isomer) 152.02, 138.76, 135.57, 135.24, 131.60, 131.58,
125.13, 124.54, 119.28, 116.41, 115.53, 89.12, 47.94, 44.53, 40.09,
35.14, 34.19, 32.29, 31.59, 27.11, 27.08, 25.54, 22.95, 22.54, 17.75,
16.20, 15.96.

(E,E)-1,5-Bis(4,8-dimethylnona-3,7-dienyl)-2-
pyrrolidino-3-oxabicyclo(4.3.0]-4-nonenes (60). A 10-mL
round-bottom flask equipped with a Dean-Stark trap and reflux
condenser was charged with bisaldehyde 51 (31.2 mg, 0.071 mmol),
pyrrolidine hydrochloride (20 mg, 0.186 mmol), and 1 mL of
benzene. The solution was treated with 3 drops of triethylamine
and heated to reflux for 2 h. After being cooled to room tem-
perature, the solution was diluted with ether and washed with
aqueous NH,Cl. The layers were separated, and the organic phase
was washed with brine. The aqueous phases were then back-
extracted with two portions of ether, and the combined organic
phases were dried over MgSO,. Filtration and concentration
provided 33.1 mg of a clear, yellow oil, which 'H NMR showed
to be the desired aminodihydropyrans (0.067 mmol, 94%). An
analytical sample was obtained by filtration through a plug of
basic alumina in 10:1 hexanes/ethyl acetate. IR (thin film): 3045,
2960, 2925, 2910, 2870, 2845, 1660, 1450, 1440, 1140 cm™. 'H NMR
(400 MHz, CDCl,) (signals for the minor isomer are in par-
entheses): 6 6.17 (6.24) (s, 1), 5.15-5.09 (m, 4), 4.52 (4.23) (s, 1),
2.94-2.87 (m, 4), 2.53 (br d, J = 5.7, 1), 2.15-1.90 (m, 14), 1.69
(s, 6), 1.61 (s, 12), 1.80-1.20 (m, 12).-*C NMR (100 MHz, CDCly):
5 (major isomer) 138.89, 135.04, 134.90, 134.59, 131.28, 125.16,
124.91, 124.41, 124.37, 115.48, 90.84, 49.06, 47.98, 44.23, 39.75, 39.71,
37.61, 34.34, 30.61, 30.16, 26.81, 26.76, 26.72, 26.68, 25.69, 24.70,
22.56, 22.47, 17.67, 16.10, 15.84, 15.66; 6 (minor isomer) 138.58,
185.02, 124.39, 124,27, 124.25, 92.2, 49.71, 46.60, 43.82, 39.69, 34.65,
31.40, 25.95, 24.66, 22.50. Anal. Calcd for C3H;;NO: C, 82.70;
H, 11.23; N, 2.84. Found: C, 82.88; H, 11.55; N, 2.85.
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Daphniphyllum Alkaloids. 13. Asymmetric Total Synthesis of
(-)-Secodaphniphylline!

Clayton H. Heathcock* and Jeffrey A. Stafford?
Department of Chemistry, University of California, Berkeley, California 94720
Received August 6, 1991

(-)-Secodaphniphyliine (1) has been prepared by total synthesis. The early stages of the synthesis were an
asymmetric version of the previously published synthesis of methyl homosecodaphniphyllate (2). The necessary
chirality was secured by an asymmetric Michael addition reaction of the lithium enolate of the C,-symmetric
amide 9 to a,8-unsaturated ester 10 to give ester amide 12. The conversion of 12 into (-)-2 was modelled after
the previously reported synthesis in the analogous racemic series, although there were quantitative differences
in the reaction conditions required for some of the succeeding transformations of the relatively hindered 2,5-
dimethylpyrrolidine amides. The (-)-2 produced in this synthesis was of 84% ee, which represents the enan-
tioselectivity of the initial Michael addition. Recrystallization of this material provided (-)-2 of 90% ee. The
required 2,8-dioxabicyclo[3.2.1]octanecarboxylic acid chloride 5 was assembled in an eight-step synthesis starting
with acid 18. The necessary chirality was acquired by an asymmetric reduction of acetylenic ketone 19 with
the LiAlH ~Darvon alcohol complex. Alcohol 20, of 92% ee, was obtained and was isomerized to isomer 21 without
loss of enantiomeric purity. Concomitant hydration of the triple bond, hydrolysis of the ketal, and cyclization
of the resulting keto triol provided a 5:1 mixture of alcohols 23 and 24. After conversion to a similar mixture
of methyl esters 25 and 26, the isomers were separated and the major carboxylic acid 27 was converted into acid
chloride 5. Ester (~)-2 and acid chloride 5 were joined by a mixzed Claisen condensation and the resulting
diastereomeric 8-keto esters demethylated and decarboxylated by treatment with NaCN in hot DMSO to obtain
(-)-secodaphniphylline (1). Although the two components in the Claisen reaction were enantiomerically enriched
only to a modest extent (90% ee and 92% ee), the product alkaloid was >99% ee.

loids, a family of secondary metabolites that now has 87

Secodaphniphylline (1) is the parent member of one of
known members.® First described in 1969, secodaphni-

the five major structural classes of Daphniphyllum alka-
0022-3263/92/1957-2566$03.00/0 © 1992 American Chemical Society
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An Air-Stable Catalyst System for the Conversion of Esters to Alcohols

Scott C. Berk! and Stephen L. Buchwald*

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Received April 29, 1992

Summary: The combination of 5 mol % of Ti(O-i-Pr),
with 2.5-3.0 equiv of (EtO);SiH cleanly hydrosilylates
esters to silyl ethers at 40-55 °C, which can be converted
to the corresponding primary alcohols via aqueous alkaline
hydrolysis in excellent overall yield. The reaction can be
carried out in the air, without solvent, and displays & high
level of functional group compatibility.

We recently reported the conversion of esters to alco-
hols?® using a novel titanocene-based catalyst system in
which a silane served as the stoichiometric reductant.?
The active catalyst system was generated by the addition
of 2 equiv of n-BuLi to Cp,TiCl, under an inert atmo-
sphere. We now report a second-generation catalyst sys-
tem for ester hydrosilylation which is self-activating, needs
no added solvent, and can be generated and utilized in
the air. Moreover, this system displays an enhanced level
of functional group compatibility.

A key step in the proposed catalytic cycle described in
our initial report was the conversion of a titanium alkoxide
into a titanium hydride by a silane via a s-bond metathesis
process.* We reasoned that an active titanium hydride

(1) National Science Foundation Predoctoral Fellow, 1989-92.

(2) (a) Berk, 8. C.; Kreutzer, K. A,; Buchwald, S. L. J. Am. Chem. Soc.
1991, 113, 5093. (b) Esters can be reduced using catalytic Cp,TiCl; and
stoichiometric i-PrMgBr: Sato, F.; Jinbo, T.; Sato, M. Tetrahedron Lett.
1980, 21, 2175. (c) For other methods to convert esters to alcohols, see:
LaRock, R. C. Comprehensive Organic Transformations: A Guide To
Functional Group Preparations; VCH Publishers: New York, 1989 and
references cited therein.

(3) For other methods to effect the hydrosilylation of esters, see: (a)
Calas, R. Pure Appl. Chem. 1966, 13, 61 and references cited therein. (b)
Corriu, R. J. P.; Perz, R.; Reyé, C. Tetrahedron 1988, 39, 996. (c) For a
recent review of the hydrosilylation reaction, see: Ojima, I. In The
Chemistry of Organic Silicon Compounds; Patai, S., Rappoport, Z., Eds.;
John Wiley & Sons: New York, 1989.

(4) (a) Woo, H.-G.; Tilley, T. D. J. Am. Chem. Soc. 1989, 111, 3757.
Woo, H.-G.; Tilley, T. D. J. Am. Chem. Soc. 1989, 111, 8043. (b) We note
that Nicolaou has recently described the reduction of an oxime O-benzyl
ether to a hydroxylamine O-benzyl ether using an excess of both Ti(O-
i-Pr), and Ph;SiH,;: Nicolaou, K. C.; Screiner, E. P.; Stahl, W. Angew.
Chem., Int. Ed. Engl. 1991, 30, 585,

Scheme 1
*
L,TI—OR H. - SI(OY) L,Ti—H
+ — M — +
H— SI(OEt); LyTi--OR RO — SI(OEt),

species might be generated directly from an appropriate
titanium alkoxide and the silane used in the reduction,
eliminating the need for the n-BuLi activation step
(Scheme I). Indeed, we have found that the combination
of a catalytic amount of Ti(O-i-Pr),, an extremely inex-
pensive, air-stable liquid, and (EtO);SiH generates an
effective and mild system for the reduction of a variety
of esters (Scheme II). Our results to date are shown in
Table I. Except where noted, these reactions were carried
out by simply mixing the ester with 2.5-3.0 equiv of
(Et0);SiH in a test tube, adding 5 mol % of Ti(0-i-Pr),,
and then heating the reaction mixture to 40-55 °C for
4-22 h.5* Product isolation can be accomplished simply

(5) (a) Typical Procedure. Triethoxysilane (1.7 mL, 9 mmol) and
methyl 10-undecenoate (594 mg, 3 mmol) were added to a test tube.
Titanium(IV) isopropoxide (45 uL, 0.15 mmol) was then added, and the
test tube was fitted with a drying tube packed with DrieRite to exclude
excess moisture. The vessel was then heated in an oil bath at 50 °C.
After being stirred for 16 h, the reaction mixture was washed into a
100-mL round-bottom flask with 10 mL of THF. Then, 20 mL of 1 N
NaOH was added slowly with stirring. NOTE: Vigorous bubbling was
observed. After 4 h, the mixture was added to 50 mL each of ether and
water. After shaking, the layers were separated, and the aqueous layer
was extracted with an additional 50 mL of ether. The combined organic
extracts were then washed with two 50-mL portions of 1 N HC), dried
over MgSO,, filtered, and concentrated in vacuo to afford 443 mg (87%
yield) of 10-undecen-1-ol as a clear oil. The product was >95% pure as
determined by GC and *H NMR analysis. CAUTION!! Suitable eye
protection is required for handling triethoxysilane (vapors can cause
blindness); cf. Silicon Compounds: Register and Review; Anderson, R.,
Larson, G. L., Smith, C., Eds.; Hiils America, Inc.; Piscataway, NJ, 1991;
pp 5, 190. In the absence of substrate and under an inert atmosphere,
(Et0),SiH is disproportionated by Ti(0-i-Pr), to form SiH,, a pyrophoric
gas. For a discussion of another titanium-catalyzed disproportionation
of (Et0),SiH, see: Xin, S.; Aikten, C.; Harrod, J. F.; My, Y.; Samuel, E.
Can. J.dChem. 1990, 68, 471. (b) An extra equivalent of (Et0);SiH is
required.

0022-3263/92/1957-3751$03.00/0 © 1992 American Chemical Society
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Table 1. Ti(0-i-Pr), Catalyzed Reduction of Esters

entry ester

time (h)

alcohol yield® (%)

. Mo~y -COsEL 1

2 &co Et
s 2 4

O/\ CO,Et
3 4

4 Br\/\/\/COzEt 6

5 S coMe 18

6 Me M CO,Me 5
A 8

7 I come 21

8 Me M CO,Me 18
6

\\%

s CO,Me 18
10 HO\,k%,COzMe 7
CO,Me
1 Cf 16
Me
12 O/[”*M‘ 14
COz Me
CO,Et
14 O 20
O,N
Me
15 Me CO; Et 22
Me

Me\’(a)s\/CH,OH o

[}\,cuzon o3°
O/\cuzon
89

Br -~ CH.0H 88
x 87
AT

Mo (A CHIOH 92
s 6
&> enyom 83°

Me MCHZOH 87¢
(3 6

o
Al 70°
HO __{~)_-CH,OH sgd
9
CH,0H
O °
Me
O/[cuzou o7
CH,OH
o
CH,OH
19
O,N
Me
Me CH,OH go®!

ﬁvj

¢All products were >85% pure and were characterized by GLC, 'H NMR, and IR spectroscopy. They are all known compounds. ?50
mmol scale. ¢Purified by flash chromatography or recrystallization. ¢Using 3.75 equiv of HSi(OEt);. ¢37 mmol scale, distilled yield. /1.3
equiv of HSi(OEt); and 1.4 equiv of H,;SiPh are required for complete conversion.

Scheme II

o 5% TI(OIPY),

)k 2.8-3.0 oq (Et0):SiH
'

R OR 40-66°C,4-22h

1N NsOH, THF
- N
11, 245h R OH

by adding the reaction mixture to a small amount of THF
and 1 N NaOH and stirring (2-4.5 h). Conventional
workup generally provides the alcohol in >95% purity; the
bulk of the silicon- and titanium-containing species go into
the aqueous layer or remain at the boundary between the
aqueous and organic layers and are easily separated from
the product. In the case of epoxides, flash chromatography
or recrystallization may be employed to remove traces (less

than 5%) of ring-opened products.®

The tolerance to other functional groups exhibited by
this catalyst system is noteworthy. Halides, olefins, ep-
oxides, alcohols,’ and an alkyne (about 5% triple-bond
reduction is observed) all survive the reduction protocol
In particular, for entries 4, 5, and 7, the yields are 10-25%
better than realized with our previous catalyst system.2*

While the simple protocol described above works in
many instances, the reduction of aromatic and cyclopropyl

(6) The reaction with methyl 10,11-epoxyundecanoate gave 1% iso-
lated yield of a product whose 'H NMR spectrum is consistent with its
formulation as 1,2,11-undecanetriol.

UTC_REM_Il_000001649
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esters stops short of completion. Since methyl cyclo-
hexanecarboxylate (entry 11) and methyl 2-phenylbutyrate
(entry 12) react smoothly under the given conditions, this
effect cannot be adequately explained by steric factors.
However, for these substrates, complete conversion is
achieved by the addition of PhSiHj, presumably due to
its smaller size and more reactive Si~-H bonds.” Several
other limitations of this method have been discovered to
date. For instance, a,8-unsaturated esters react to give
mixtures of 1,2 reduction and fully saturated products. In
addition, a-bromo esters and w-cyano esters have not been
successfully converted to the desired products.

We are at present unsure as to the nature of the active
catalyst in this system. One possibility is that this is a
simple Lewis acid-catalyzed hydrosilylation.’ However,
we have determined that the conversion of ethyl decanoate
to decanol is unaffected, in terms of either rate of forma-
tion or yield of product, by the addition of 20 equiv (rel-
ative to catalyst) of Lewis bases such as pyridine, THF,
or PMe;. A radical mechanism is unlikely since no rear-
rangement products are found in the reduction of a vi-
nylcyclopropyl ester (Table I, entry 15).2 An alternate
scenario is that the active species in this system is an
anionic pentavalent silicon hydride.® These species are
also known to be electron donors toward organic halides,
forming reductive coupling products. However, under our
described conditions, ethyl 6-bromohexanoate is converted
cleanly to the alcohol with no traces of reductive dimeri-

(7) Ojima, L; Kogure, T.; Nihonyanagi, M.; Nagai, Y. Bull. Chem. Soc.
Jpn. 1972, 45, 3506.

(8) Kochi, J.; Krusic, P. J.; Eaton, D. R. J. Am. Chem. Soc. 1969, 91,
18717.
(9) Corriu, J. P.; Guérin, C.; Henner, B.; Wang, Q. Organometallics
1991, 10, 2297, 3200, and 3574.

zation (Table I, entry 4). Also, in a control experiment
where 1 equiv each of Ti(0-i-Pr),, (EtO);SiH, and benzyl
bromide were combined, and the mixture was heated at
45 °C, no bibenzyl was detected after 2 days. Finally, our
working hypothesis involves the initial formation of a ti-
tanium hydride species, as we believe occurs in the
Cp,TiCly/2 n-BuLi system. Yet we have found that car-
rying out the reduction procedure in the presence of 20
equiv of Mel has no effect on the rate or yield of the
reaction.’® A detailed mechanistic study of this intriguing
new process is clearly necessary.

In summary, we have developed a new, air-stable cata-
lyst system for the conversion of esters into primary al-
cohols. The experimental simplicity and mild reaction
conditions of this procedure should make it useful to
synthetic chemists. We are currently investigating the
mechanism of this novel catalyst system and its action on
other carbonyl groups and related functionality.
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Sloan Foundation and as a Camille & Henry Dreyfus
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Kristina A. Kreutzer for helpful suggestions.

Supplementary Material Available: Detailed experimental
procedures for the preparation of and spectroscopic characteri-
zation of the products given in Table I (5 pages). This material
is contained in many libraries on microfiche, immediately follows
this article in the microfilm version of the journal, and can be
ordered from the ACS; see any current masthead page for ordering
information.

(10) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, J. E,
J. Am. Chem. Soc. 1978, 100, 2716.

Why Are Isoxazoles Unreactive in Diels—Alder Reactions? An ab Initioc Computational Study

Javier Gonzélez,' E. C. Taylor,! and K. N. Houk*#

Department of Chemistry and Biochemistry, University of California, Los Angeles, California 90024-1569, and Department of

Chemistry, Princeton University, Princeton, New Jersey 08544
Received April 7, 1992

Summary: Ab initio calculations show why isoxazole
Diels—Alder reactions have high activation energies and
are generally not observed.

One of the most intriguing unsolved problems in het-
erocyclic chemistry is the different ability of oxazole and
isoxazole rings to participate in Diels-Alder reactions.
Diels—Alder reactions of oxazoles, 1, have been widely
exploited because of their synthetic versatility. Reactions
with alkenes lead to pyridines, including Vitamin Bg, py-
ridoxine analogs, and condensed pyridines such as ellip-
ticine,! while acetylenic dienophiles give furans.'? Oxazoles
also react readily with a variety of heterodienophiles.’
Amazingly, however, there are no reports on Diels—Alder
reactions of simple isoxazoles, 2.4

We report here the results of a theoretical study of the
Diels—Alder reactions of both oxazole and isoxazole, using
ab initio molecular orbital theory. The geometries of the

t University of California, Los Angeles. Permanent address: De-
partmento de Quimica Organometélica, Universidad de Oviedo,
33071-Oviedo, Spain.

{ Princeton University.

¥ University of California, Los Angeles.

0022-3263/92/1957-3753$03.00/0

N:/\)*H—TST’N/

1 5
0]

e A

2 6

reactants, oxazole, 1, and isoxazole, 2, the transition
structures for the parent reactions of 1 and 2 with ethylene,

(1) For a recent review, see: Maryanoff, B. E. In Oxazoles; Turchi, I.
J., Ed.; The Chemistry of Heterocyclic Compounds series; Weissberger,
19\6;3 Taylor, E. C., Eds.; Wiley-Interscience: New York, 1986; Vol. 45, p

('2) (a) Jacobi, P. A,; Blum, C. A,; DeSimone, R. W.; Udodong, U. E.
S. Tetrahedron Lett. 1989, 30, 7173 and references cited therein. (b)
Whitney, S. C.; Rickborn, B. J. Org. Chem. 1988, 53, §595.
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A Practical Titanium-Catalyzed Synthesis of Bicyclic
Cyclopentenones and Allylic Amines

Frederick A. Hicks,' Scott C. Berk,* and Stephen L. Buchwald*
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Received September 26, 1995

A practical titanium-catalyzed synthesis of bicyclic cyclopentenones and allylic amines is described.
The process converts enyne substrates to iminocyclopentenes using 10 mol % of the air- and
moisture-stable precatalyst Cp,;TiCl; in the presence of n-Buli and triethylsilyl cyanide. The
resulting iminocyclopentenes can be hydrolyzed to cyclopentenones in good yields or reduced to
allylic silylamines with Red-Al or DIBALH. Treatment of the crude silylamines with acetyl chloride
allows isolation of allylic amides in excellent yields.

In recent years, group IV metallocene-mediated reduc-
tive cyclizations of enynes,! diynes,? and dienes® have
become an important methodology in organic synthesis
(Scheme 1). The metallacycles formed (1) can be hydro-
lyzed, carbonylated, iminylated,* halogenated, and con-
verted into a wide range of main group heterocycles® and
highly substituted benzene derivatives.® These trans-
formations have as a limitation their requirement for a
stoichiometric quantity of metal.

On the basis of the observation? that the product of
the reaction of tert-butyl isocyanide with titanacycle 2 is
converted to iminocyclopentene 4 with loss of “titanocene”
(Scheme 2), the catalytic cycle in Scheme 3 was proposed.
Initial efforts with tert-butyl isocyanide failed due to
catalyst deactivation in the presence of excess isocyanide.
This problem was overcome’ by keeping the concentration
of isocyanide low in solution with trialkylsilyl cyanides
(R’ = Et3Si, +Bu(Me);Si),? which exist in equilibria with
minor amounts of the isocyanides (99:1 for trimethylsilyl
cyanide). Scheme 4 outlines the course of the catalytic
procedure.’

Although this process, as the first early transition
metal catalyzed cyclopentenone synthesis, represents an
advance in methodology, there are a number of areas
where improvements can be made. A major problem is

! National Science Foundation Predoctoral Fellow 1994—97.

* Current address: Merck & Co., Inc., P.O. Box 2000, Rahway, NJ
07065.

® Abstract published in Advance ACS Abstracts, February 15, 1996.

(1) (@) For an extensive review, see: Negishi, E.-i. In Comprehensive
Organic Synthesis; Trost, B. M., Fleming, 1., Eds.; Pergamon: Oxford,
1991; Vol. 5, pp 1163—-1184. (b) Urabe, H.; Hata, T., Sato, F.
1etrahedron Lett. 1995, 36, 4261.

(2) Nugent, W. A.; Calabrese, J. C. J. Am. Chem. Soc. 1984, 106,
6422.

(3) (@) Nugent, W. A.; Taber, D. F. J Am. Chem. Soc. 1989, 111,
6435. (b) Negishi, E.-i.; Swanson, D. R.; Lamaty, F.; Rousset, C. J.
Tetrahedron Lett. 1989, 30, 5105.

(4) Buchwald, S. L.; Grossman, R. B. J. Org. Chem. 1992, 57, 5803.

(5) Fagan, P. J.; Nugent, W. A,; Calabrese, J. C. J. Am. Chem. Soc.
1994, 116, 1880.

(6) Takahashi, T.; Kotora, M.; Xi, Z. J. Chem. Soc., Chem. Commun.
1995, 361.

(7) (a) Berk, S. C.; Grossman, R. B.; Buchwald, S. L. J. Am. Chem.
Soc. 1993, 115, 4912. (b) Berk, S. C.; Grossman, R. B.; Buchwald, S.
L. J Am. Chem. Soc. 1994, 116, 8593.

(8) Rasmussen, J. K.; Heilmann, S. M.; Krepski, L. R. In Advances
in Silicon Chemistry; Larson, G. L., Ed.; JAI Press: Greenwich, CT,
1991; pp 65—187.

(9) For other examples of catalytic reactions involving group IV
metallacycles, see: (a) Kabaloui, N. M.; Buchwald, S. L. J. Am. Chem.
Soc. 1995, 117, 6785. (b) Crowe, W. E.; Rachita, M. J. J. Am. Chem.
Soc. 1995, 117, 6787. (c) Knight, K. S.; Waymouth, R. M. Tetrahedron
Lett. 1992, 33, 7735. (d) Knight, K. S.; Waymouth, R. M. Organome-
tallics 1994, 13, 4542.
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that the precatalyst Cp;Ti(PMeg);'? is extremely air- and
moisture-sensitive and must be handled and stored in a

(10) Rausch, M. D.; Alt, H. G.; Kool, L. B.; Herberhold, M.; Thewalt,
U.; Wolf, B. Angew. Chem., Int. Ed. Engl 1985, 24, 394.
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Scheme 5
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glovebox under argon. In addition, it would be advanta-
geous to develop a catalyst system that did not require
PMe; due to concerns about its stench and toxicity. A
method to generate the catalytically active species in situ
from Cp;TiCl;, which is air- and moisture-stable and
inexpensive, would greatly increase the practicality of
this methodology. The yields of cyclopentenones 8 (43—
80%),” while comparable to related syntheses,!'! are
disappointing considering that iminocyclopentene forma-
tion is quantitative ('H NMR). This led to the search
for alternative transformations that could give products
in higher yields and exploit the silylimine functionality.

Titanacyclopentenes 5 are intermediates in the cata-
lytic cycle depicted in Scheme 2. We have previously
shown? that these metallacycles can be prepared from
enynes by treatment with a mixture of Cp,TiCl; and 2
equiv of EtMgBr or n-BuLi (Scheme 5). We decided,
therefore, to see if the combination Cp;TiCly/2 n-Buli
could serve as a catalyst in lieu of Cp;Ti(PMes)..

Our initial attempts, employing THF as solvent, were
unsuccessful. Although metallacycle formation was nearly
quantitative ('H NMR), the catalyst was rapidly decom-
posed under the reaction conditions. Attempts to run the
reaction in the noncoordinating solvent toluene were
hampered by the extremely low solubility of Cp,TiCl,.
We found, however, that by using n-Buli with finely
ground Cp,TiCl; in toluene (Scheme 6), the titanacycle
5 (X = O, R = Ph) was produced in 92% yield ({H NMR)
and was catalytically active at 10 mol %, the same level
as with Cp;Ti(PMej3),.

To compare the two catalysts, a number of cyclopen-
tenones were synthesized using the new system (Table
1). The yields indicate the processes employing Cp,TiCl;
and Cp;Ti(PMej3); are equally effective. In addition, we
found that a bicyclic enyne (Table 1, entry 5), using the
new catalyst system, produces the tricyclic cyclopenten-
one in good yields.!?

After developing the new in situ method of catalyst
generation, we decided to explore other reactions of the
silylimine intermediates. The chemistry of silylimines
has developed rapidly in the past decade due in large part

(11) (a) Schore, N. E. In Comprehensive Organic Synthesis; Trost,
B. M., Fleming, ., Eds.; Pergamon: Oxford, 1991; Vol. 5, pp 1037—
1064. (b) Jeony, N.; Hwang, S. H.; Lee, Y.; Chung, Y. K. J. Am. Chem.
Soc. 1994, 116, 3159. (c) Tamao, K.; Kobayashi, K.; Ito, Y. J. Am. Chem.
Soc. 1988, 110, 1286. (d) Oppolzer, W. Pure Appl. Chem. 1990, 62, 1941.
(e) Pearson, A. J.; Dubbert, R. A. Organometallics 1994, 13, 1656.

(12) See ref 11c for a related iminocyclopentene.

Table 1. Comparison of Cyclopentenone Formation
from Precatalysts Cp,Ti(PMe3), and Cp,TiCl,

Cp,TiPMe3),  CpyTiCl,

enfry  starting material product :
yield (%)2 yield (%)
_ Ph
1 Ph—=—— o/\/ 80 82

<o

Ph
H

Meg(H)Si:ﬂ/\/
Et0,C” COLE © ggzg e “
3 2 2!
n-Bu
L
o Ph
anBuU=—\As Oz@i? o Ny
o pn (127 (12:1)
o~ Cr o K
ye; 5 - e
=
Ph N

2 See Ref 7. ° Only one diastereomer formed.

to the fact that the silyl group is easily removed from
the products formed. Thus, silylimines serve as synthetic
equivalents to unsubstituted imines. Hart initiated work
in this area!® by studying reductions of silylimines with
LiAlH,4, addition reactions with alkyllithium and Grig-
nard reagents, and condensations with ester enolates to
form fS-lactams.!* The reactions of silylimines have since
been expanded to include the synthesis of aziridines,!®
1,2-amino alcohols,'® and a-amino phosphonic acids.!”
Due to the importance of allylic amines!® both as syn-
thetic intermediates!® and as biologically active com-
pounds themselves,?’ we chose to explore hydride reduc-
tions of the silylimines produced by our methodology.?!

After a range of reducing agents were surveyed, Red-
Al (sodium bis(2-methoxyethoxy)aluminum hydride) and
DIBALH were found to give high yields of the corre-
sponding silylamines 8 (Scheme 7). In the one reported
example of silylimine reduction we are aware of, the
amine which was isolated had been desilylated.’® Since
silyl groups can be utilized to protect amines, the
development of reaction protocols which retain them is
significant.?? Although the crude silylamines could be
utilized for further transformations, their isolation proved

(13) Hart, D. J.; Kanai, K.-i.; Thomas, D. G.; Yang, T.-K. J. Org.
Chem. 1983, 48, 289.

(14) Hart D. J.; Ha, D.-C. Chem. Rev. 1989, 89, 1447.

(15) Cainelli, G.; Panunzio, M.; Giacomini, D. {etrahedron Lett.
1991, 32, 121.

(16) Cainelli, G.; Mezzina, E.; Panunzio, M. Tetrahedron Lett. 1990,
31, 3481.

(17) Bongini, A.; Camerini, R.; Hofman, S.; Panunzio, M. Tetrahe-
dron Lett. 1994, 35, 8045.

(18) For a review on the synthesis of allylic amines, see: Chaabouni,
R.; Cheikh, R. D.; Laurent, A.; Mison, P.; Nafti, A. Synthesis 1983,
685. For a related synthesis of allylic amines with stoichiometric
zirconium, see: Whitby, R. J.; Probert, G. D.; Coote, S. J. Tetrahedron
Lett 1995, 36, 4113.

(19) For recent examples see: (a) Burgess, K.; Ohlmeyer. M. J. J.
Org. Chem. 1991, 56,1027. (b) Jung, M.; Rhee, H. J. Org. Chem. 1994,
59, 4719. (c) Brunker, H.-G.; Adam, W. J. Am. Chem. Soc. 1995, 117,
3976.

(20) (a) Stutz, A. Angew. Chem., Int. Ed. Engl 19817, 26, 320. (b)
Delaris, G.; Dunogues, J.; Gadras, A. Tetrahedron 1988, 44, 4293 and
references therein.

(21) For a review on hydride reductions of C=N, see: Hutchins, R.
O.; Hutchins, M. K. In Comprehensive Organic Chemistry; Trost, B.
M., Fleming, I., Eds.; Pergamon: Oxford, 1991; Vol. 1, pp 25—78.

(22) Overman, L. E.; Okazaki, M. E.; Mishra, P. Tetrahedron Lett.
1986, 27, 4391.
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Scheme 7
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Table 2. Conversion of Enynes to Bicyclic Allylic

Amides
entry starting material red. agent product® vield(%) cyclopentenone
’ yield (%)?
Ph
H
1 = A/ Red-Al  H-N" &
A H ®
O Me
Ph
Ph—— H
2 = Az Red-Al o] ®© &
4 H
O Me
Me
Mo —= H
3 e—= N/\/ Red-Al N-Ph 61 “
Ph A H
O Me
Ph
o H
4 Phﬁo/\/ Red-Al N 0 b 58
Me A Me
O Me
o)
0\/\ O H
5 o Red-Al 208 &7
\\Ph
P
H \ﬂ,Me
o]
Me H Ph  Me
6 =-A A/  Reaa H_N.?<jjo ® 7
A (5:1)
O Me
Me. H nBu
N
o 3 ©
7 oTIPS H R ;?;33.5)
n-Bu:ﬁN Red-Al H oTIPs
H nBu OTIPS
OTIPS Me -
8 Bu—— DIBAL N
- ?\/\/ 0 8° i
H @1y (161
H n-BuOTIPS
OTIPS Me N
9 WBU%K/\/\ DIBAL 57 65 5
H (16:16:2:1)

& Major diastereomer pictured. ° Required 20 mol% catalyst for complete conversion.
¢ Required 15 mol% catalyst for complete conversion. 9 See Ref 7. € Only
diastereomer isolated.

difficult. Attempts to desilylate and isolate the free
amines led to deamination and to complex mixtures of
cyclopentadiene and allylic alcohol derivatives. For this
reason, the silylamines were converted to amides 9 for
their isolation.?

For most substrates (Table 2, entries 1—6), Red-Al
reduction was completely diastereoselective. Reduction
with DIBALH (substrate from Table 2, entry 1), however,
produced a mixture of two diastereomers (3:2), with the
same predominant product as from Red-Al reduction.?

(23) Ojima, 1.; Kogure, T.; Nagai, Y. Tetrahedron Lett. 1973, 2475.

The substrate with an allylic TIPS (triisopropylsilyl)
ether (Table 2, entry 7) was reduced by Red-Al, but
reaction occurred only slowly at elevated temperatures
to give a mixture of three diastereomers.?> With sub-
strates containing propargylic TIPS ethers (Table 2,
entries 8 and 9), reaction with Red-Al gave only low yields
of products. However, DIBALH cleanly reduces the
silylimines from entries 8 and 9 to give products in high
yields with varying levels of diastereocontrol.

Acetylation of the reduction products with TIPS pro-
tecting groups required the addition of 4 equiv of NEt;
to prevent decomposition. A substrate with an allylic
benzyl ether (Table 1, entry 4) was cleanly reduced with
Red-Al, but it decomposed upon attempted acetylation,
even in the presence of NEt;. Presumably, reaction of
the benzyl group leads to decomposition, since the
substrate with an allylic TIPS ether (Table 2, entry 8)
was acetylated without problem. For all substrates,
reduction and acetylation of the silylimines produces
allylic amides in higher yields than hydrolysis to the
corresponding cyclopentenones.

In conclusion, we have developed a practical, PMe;-
free catalytic system for synthesizing bicyclic iminocy-
clopentenes from the air- and moisture-stable precatalyst
Cp2TiClz. The yields of cyclopentenones from hydrolysis
are the same as previously reported for the air- and
moisture-sensitive precatalyst Cp;Ti(PMes)z. In addition,
we have developed a reduction to give allylic amides in
yields which are consistently higher than hydrolysis to
the cyclopentenones. Future work will include the
development both of intermolecular and asymmetric
versions of these and related cyclizations.

Experimental Section

All reactions involving organometallic reagents were con-
ducted under an atmosphere of purified argon using standard
Schlenk techniques. All organic reactions were performed
under an atmosphere of argon or nitrogen. Nuclear magnetic
resonance (NMR) spectra were accumulated at 300 MHz.
Toluene and tetrahydrofuran were dried and deoxygenated by
continuous refluxing over sodium/benzophenone ketyl followed
by distillation. Methylene chloride was dried by continuous
refluxing over CaH; followed by distillation. Diethyl ether was
used with no preparative drying. All enynes used for cycliza-
tion reactions, unless stated otherwise, were prepared as in
Berk et al.” trans-1-(allyloxy)-2-(phenylethynyl)cyclohexane
(Table 1, entry 5, and Table 2, entry 6) was prepared by ring
opening of cyclohexene oxide with (phenylethynyl)lithium and
BF3-OEt,% followed by protection of the alcohol with allyl
bromide.?” Et;SiCN was prepared by the procedure of Becu.?®
All other reagents were either prepared according to published
procedures or were available from commercial sources and
used without further purification. For all products, the
stereochemistry at the ring carbon a to the acetamido group
was assigned on the basis of the characteristic 'H NMR shifts.
For the endo acetamido groups, the amide NH peak occurs at
around 7 ppm in CDCls. For the exo acetamido groups, the
amide NH peak occurs at around 5.1 ppm in CDCl;. NOE data

(24) The origins of the diastereoselectivites are unclear at the
present time as the reduction of imines has received little mechanistic
investigation.

(25) The cyclization reaction itself results in two diastereomers at
the TIPS ether carbon (Table 2, entries 7—9). For diastereoselectivities
of entries 8 and 9, see ref 7b (also contains discussion on origins of
selectivities). NMR experiments have shown the selectivity for entry
7 to be 2.2:1 in favor of the exo TIPS ether.

(26) Yamaguchi, M.; Hirao, 1. Tetrahedron Lett. 1983, 24, 391.

(27) Bartlett, A. J.; Laird, T.; Ollis, W. D. J. Chem. Soc., Perkin
Trans. 11975, 1315.

(28) Becu, C.; Anteunis, M. J. O. Bull. Soc. Chem. Belg. 1987, 96,
115.
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for one set of diastereomers from DIBALH reduction of an
iminocyclopentene (Table 2, entry 5) were utilized to establish
the relative stereochemistry. All other stereocenters on
products were assigned by X-ray or NOE studies. Yields refer
to isolated yields of compounds estimated to be >95% pure
(unless otherwise noted) as determined by 'H NMR and either
capillary GC (known compounds) or combustion analysis (new
compounds). Elemental analyses were performed by E + R
Microanalytical Laboratory, Corona, NY.

General Procedure for the Conversion of Enynes to
Iminocyclopentenes. A flame-dried Schlenk flask was at-
tached to a Schlenk line and allowed to cool. Cp,TiCl, (0.1
mmol, 26 mg) ground with a mortar and pestal and toluene
(2—3 mL) were added to the flask, which was cooled to —78
°C. n-BuLi (80 uL of 2.5 M in hexanes) was added dropwise,
with care to ensure that none of it touched the sides of the
flask. After 1 h at —78 °C, the enyne (1.0 mmol) was added.
‘T'he reaction mixture was stirred for another 1 h at =78 °C
and was allowed to warm to rt over 1 h. After 3—5 h at rt,
Et3SiCN (1.15 mmol) was added. The flask was then heated
overnight in an oil bath at 45—55 °C.

Conversion of Iminocyclopentenes to Allylic Silyl-
amines. General Procedure A. The reaction was cooled
to rt, and Red-Al (6 mmol equiv of “H”, 840 uL.) was added.
After 1 h at rt, the reaction was quenched into 50 mL each of
5% NaOH and ether, and the aqueous layer was extracted with
2 x 50 mL of ether. The combined organic extracts were
washed with brine and dried over MgSQ,, and the crude
product mixture was concentrated to 15 mL.

General Procedure B. The reaction was cooled to rt, and
DIBALH (4 mL of 1 M in THF) was added. After the reaction
was heated to 50 °C overnight, it was quenched into 50 mL
each of 5% NaOH and ether. The aqueous layer was extracted
with 2 x 50 mL of ether, and the combined organic extracts
were washed with brine and dried over MgSO,. 'I'he crude
product mixture was concentrated to 15 mL.

General Procedure for the Conversion of Silylamines
to Amides. Acetyl chloride (2 mmol, 143 ul)) was added to
the crude silylamine. After 1 h at rt, the reaction was
quenched with 50 mL each of 5% NaOH and ether. The
aqueous layer was extracted with 2 x 50 mL of ether, and the
combined organic extracts were washed with brine, dried over
MgSOQ,, filtered, and concentrated to produce the crude
product.

3-((Triisopropylsilyl)oxy)-1-undecen-6-yne (Table 2,
Entry 8). Undec-1-en-6-yn-3-01” (30 mmol) was protected by
the procedure of Corey.?® The product was purified by flash
chromatography (hexane) to yield 2.8 g (30%) of a pale yellow
liquid. 'H NMR (300MHz, CDCl3): 6 5.76 (m, 1 H), 5.14 (m,
1 H), 5.03 (m, 1 H), 4.32 (quart, J = 3.0 Hz, 1 H), 2.15 (m, 4
H), 1.74 (m, 1 H), 1.64 (m, 1 H), 1.40 (m, 4 H), 1.04 (m, 21 H),
0.88 (t, /= 7.0Hz, 3H). 3C NMR (75 MHz, CDCl3): 6 141.1,
114.4, 80.4, 79.7, 73.0, 37.4, 31.2, 21.9, 18.4, 18.1, 14.3, 13.6,
12.4. IR (neat, cm™!): 2943, 2866, 1464, 1382, 1093, 1067, 991,
922, 837, 681. Anal. Calcd for C0H3s0Si: C, 74.46; H, 11.87.
Found: C, 74.64; H, 12.03.

Tricyclic Cyclopentenone (Table 1, Entry 5). 'lhe
silylimine from trans-1-(allyloxy)-2-(phenylethynyl)cyclohex-
ane (240 mg, 1.0 mmol) was obtained using a modification of
the general procedure with 0.15 mmol of Cp2TiClz, 0.30 mmol
of n-Buli, and 5 mL of toluene. 'The toluene was removed from
the Schlenk flask in vacuo, and the crude silylimine was
cannula transferred with 30 mL of THF to a 250 mL Schlenk
flask under argon. Three mL of saturated aqueous CuSQO4 was
added dropwise followed by vigorous stirring of the mixture
for 4 hatrt. The reaction mixture was extracted with 50 mL
each of 0.5 N HCI and ether, and the aqueous layer was
reextracted with 2 x 50 mL ether. The combined organic
layers were washed with 0.5 N NaOH and brine and dried
over MgS0y to afford the crude product. Purification by flash
chromatography (ether:hexane = 4:1) afforded 180 mg (67%)
of an off-white solid. Mp: 118—120 °C. 'H NMR (300 MHz,
CDClg): 6 7.24 (m, 3 H), 7.01 (m, 2 H), 4.27 (dd, /= 6.2, 10.2

(29) Corey, E. J.; Cho, H.; Rucker, C.; Hua, D. H. Tetrahedron Lett
1981, 22, 3455.

Hz, 1 H), 3.18 (t, /= 11.0 Hz, 1 H), 3.0 (m, 2 H), 2.50 (dd, J
= 7.0, 18.6 Hz, 1 H), 2.31 (m, 1 H), 1.90 (m, 2 H), 1.62 (m, 1
H), 1.40 (m, 3 H), 1.06 (m, 2 H), 0.77 (m, 1 H). BC NMR (75
MHz, CDCls): 6 206.6, 174.2, 138.7, 133.1, 129.9, 127.7, 127.6,
81.9, 73.6, 48.7, 41.0, 36.2, 33.2, 28.1, 25.6, 24.2. IR (KBr,
cm™Y): 2920, 2858, 1692, 1643, 1443, 1108, 1092, 1003, 707.
Anal. Calcd for CisH2002: C, 80.56; H, 7.51. Found: C, 80.66;
H, 7.72. The relative stereochemistry for the product was
determined by X-ray crystallographic analysis.
3-Acetamido-2-phenylbicyclo[3.3.0]oct-1-ene (Table 2,
Entry 1). 1-Phenyl-6-hepten-1-yne (170 mg, 1.0 mmol) was
converted to the iminocyclopentene by the general procedure.
The reduction was accomplished with procedure A. The crude
amide was purified by filtering and washing several times with
cold pentane to yield 195 mg (83%) of a white solid. Mp: 141—
143 °C. 'H NMR (300 MHz, CDCl3): 6 7.36 (t, J= 7.5 Hz, 3
H), 7.24 (d, /= 7.5Hz, 2 H), 7.02 (s, 1 H), 3.46 (m, 1 H), 3.15
(dd, J= 9.6, 16.8 Hz, 1 H), 3.00 (m, 1 H), 2.72 (m, 1 H), 1.94
(s, 3H), 1.78 (m, 1 H), 1.50 (m, 4 H), 1.33 (m, 1 H). BC NMR
(75 MHz, CDCls): 6 167.9, 136.4, 132.8, 128.9, 127.9, 126.8,
125.0, 50.6, 41.2, 38.2, 35.4, 31.5, 25.4, 24.1. IR (KBr, cm™):
3282, 2945, 2858, 1664, 1517, 1492, 1356, 1267, 764, 693.
Anal. Calcd for CigHosNO: C, 79.63; H, 7.94. Found: C, 79.75;
H, 8.15. If reduction was accomplished with procedure B, two
diastereomers (3:2) were obtained. The two crude amides were
separated and purified by flash chromatography (ethyl acetate:
hexane = 1:1). The minor diastereomer was isolated as 70
mg (30%) of a white solid. Mp: 147—149 °C. 'H NMR (300
MHz, CDCls): 6 7.30 (m, 3 H), 7.15 (m, 2 H), 5.80 (m, 1 H),
5.37 (m, 1 H), 3.20 (m, 3 H), 2.37 (m, 1 H), 2.13 (m, 1 H), 1.95
(m, 2 H), 1.86 (s, 3 H), 1.15 (m, 2 H). C NMR (75 MHz,
CDCls): 6 169.2,153.6, 135.8, 128.4, 128.3, 126.6, 126.1, 60.9,
50.8, 40.0, 32.3, 28.7, 25.5, 23.4. IR (KBr, cm™1): 3307, 2956,
2859, 1644, 1538, 1497, 1443, 1372, 1303, 1152, 768, 693.
Anal. Calcd for CigHosNO: C, 79.63; H, 7.94. Found: C, 79.50;
H, 8.12.
3-Acetamido-2-phenyl-7-oxabicyclo[3.3.0]oct-1-ene
(Table 2, Entry 2). 3-(Allyloxy)-1-phenyl-1-propyne (170 mg,
1.0 mmol) was converted to the iminocyclopentene by the
general procedure. 'The reduction was accomplished with
procedure A. The crude amide was purified by filtration and
washing several times with cold pentane to yield 215 mg (89%)
of a white solid. Mp: 120—-122 °C. 'H NMR (300 MHz,
CDClg): 6737 (t, J=72Hz 3H),7.22(d, J=T7.2Hz, 2H),
7.10 (s, 1 H), 3.87 (t, /= 8.1 Hz, 1 H), 3.64 (m, 3 H), 3.52 (m,
1 H), 3.18 (m, 2 H), 2.94 (m, 1 H), 1.94 (s, 3H). 3C NMR (75
MHz, CDCl3): 6 168.1, 135.6, 133.6, 129.1, 127.7, 127.1, 122.6,
75.7,72.1,51.8, 39.2, 39.0, 24.0. IR (KBr, cm™!): 3292, 2963,
2833, 1665, 1515, 1490, 1366, 1268, 1088, 1044, 766, 693.
Anal. Calcd for CsH;yNO,: C, 74.04; H, 7.04. Found: C,
73.99; H, 7.05.
3-Acetamido-2-methyl-7-phenyl-7-azabicyclo[3.3.0]oct-
1-ene (Table 2, Entry 3). N-(2-Butynyl)-N-allylaniline (247
mg, 1.0 mmol) was converted to the iminocyclopentene by the
general procedure. The reduction was accomplished with
procedure A. The product was purified by flash chromatog-
raphy (ethyl acetate:hexane = 7:3) to afford 156 mg (61%) of
a light orange solid. Mp: 174—176 °C. 'H NMR (300 MHz,
CDClg): 6 7.20 (t, J= 8.1 Hz, 2 H), 6.67 (t, J=7.5Hz, 1 H),
6.59 (d, /= 7.8 Hz, 2 H), 6.55 (s, 1 H), 3.46 (t, /= 9.0 Hz, 1
H), 3.28 (m, 3 H), 3.15 (m, 1 H), 3.00 (m, 2 H), 2.70 (d, J =
16.0 Hz, 1 H), 2.03 (s, 3 H), 1.60 (s, 3 H). 3C NMR (75 MHz,
CDCly): 6 168.3,148.4,130.9,129.1, 122.4, 116.5, 112.9, 55.7,
51.2, 50.8, 39.2, 37.9, 23.8, 11.8. IR (KBr, cm™1): 3321, 2940,
1661, 1600, 1505, 1476, 1369, 1338, 1274, 1187, 746, 690.
Anal. Calcd for CisHooN2O: C, 74.96; H, 7.76. Found: C,
74.79; H, 7.75.
3-Acetamido-5-methyl-2-phenyl-7-oxabicyclo[3.3.0]oct-
l-ene (Table 2, Entry 4). 3-((2-Methyl-2-propenyl)oxy)-1-
phenyl-1-propyne (372 mg, 2.0 mmol) was converted to the
iminocyclopentene by the general procedure with the modifica-
tion of 0.20 mmol of Cp,TiClz, 0.40 mmol of n-Buli, and 6 mL
of toluene. The reduction was accomplished with procedure
A. The product was purified by flash chromatography (ethyl
acetate:hexane = 3:2) to give 370 mg (75%) of a white solid.
Mp: 127—-129°C. 'H NMR (300 MHz, CDCl3): 6 7.37 (t, J =
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7.3Hz, 3H), 721 (d, /= T7.0Hz, 2 H), 7.11 (s, 1 H) 3.82 (dd,
J=172,87Hz 1H),3.72 (d, J= 8.4 Hz, 1 H), 3.51 (d, J= 8.7
Hz, 2 H), 3.33(d, /= 17.7Hz, 1 H), 3.14 (m, 1 H), 2.93 (d, J
= 17.7 Hz, 1 H), 1.96 (s, 3 H), 1.30 (s, 3 H). 3C NMR (75
MHz, CDCls): 6 167.6, 135.1, 132.1, 128.5, 127.2, 126.6, 121.9,
80.5, 72.0, 58.2, 46.6, 45.6, 24.8, 23.5. IR (KBr, cm™): 3233,
2959, 2846, 1662, 1638, 1520, 1496, 1352, 1274, 1062, 922, 768,
695. Anal. Caled for CigH1sNO2: C, 74.68; H, 7.44. Found:
C, 74.65; H, 7.44. To determine the relative stereochemistry
at the ring carbon o to the acetamido group, the iminocyclo-
pentene was also reduced by procedure B to yield a mixture
of two diastereomers (3:2). The major diastereomer was the
same one obtained exclusively with procedure A. A nuclear
Overhauser enhancement study was undertaken to determine
the relative configuration of each diastereomer. Irradiation
of the C-5 methyl group at é 1.4 (CsDg) of the major diaste-
reomer gave no enhancement of the amide NH at § 6.85, while
the same experiment produced a 2% enhancement in the minor
diastereomer. 'I'he stereochemistry for the two diastereomers
was therefore assigned as shown:

Ph 2%

H
N X o ) X
H-N

0%

Red-Al product minor DIBALH product
major DIBALH product

Table 2, Entry 5. trans-1-(Allyloxy)-2-(phenylethynyl)-
cyclohexane (240 mg, 1.0 mmol) was converted to the iminocy-
clopentene by the general procedure with the modification of
0.15 mmol of Cp;TiClz, 0.30 mmol of n- Buli, and 5 mL of
toluene. The reduction was effected by procedure A with the
modification that the reaction was heated for 2 h at 50 °C.
The product was purified by flash chromatography (ether:
hexane = 9:1) to give 224 mg (72%) of a pale orange solid. The
product exists as approximately a 3:2 mixture of amide
rotamers by NMR. Although the product is unstable at room
temperature for extended periods, it can be stored in the
freezer with little decomposition. Mp: 50-53 °C. It proved
difficult to assign 'H peaks to the individual rotamers, so a
list of peaks without assignments or integrations is given. 'H
NMR (300 MHz, CDCls): 6 7.39—7.26 (m), 7.12 (d), 6.64 (s),
6.18 (s), 5.92 (s), 4.00 (dd), 3.81 (m), 3.50 (t), 3.28 (m), 3.13
(m), 2.89 (m), 2.77 (m), 2.68 (m), 1.94 (m), 1.85 (s), 1.81 (s),
1.71-0.87 (m), 0.35 (m). *C NMR (75 MHz, CDCly): 6 168.4,
167.6, 141.7, 138.7, 137.7, 136.4, 129.2, 128.9, 128.5, 127.5,
127.2,122.9,112.8, 77.5, 77.1, 70.8, 68.0, 50.6, 48.3, 47.5, 44.0,
43.0, 42.5, 36.2, 34.6, 33.0, 32.6, 30.6, 26.6, 26.2, 24.9, 24.6,
24.2,24.0. Ir (neat, cm™!): 3288, 2932, 2857, 1682, 1514, 1450,
1367, 1260, 1100, 1012, 867, 751, 700. The relative stereo-
chemistry of the tricyclic ring system was assigned based upon
analogy to the related tricyclic ketone (Table 1, entry 5).

3-Acetamido-8-methyl-2-phenyl-7-oxabicyclo[3.3.0]oct-
1-ene (Table 2, Entry 6). 3-(Allyloxy)-1-phenyl-1-butyne (186
mg, 1 mmol) was converted to the iminocyclopentene by the
general procedure. The reduction was accomplished with
procedure A. The product was purified by flash chromatog-
raphy (ethyl acetate:hexane = 4:1) to give 210 mg (82%) of a
95:5 mixture of diastereomers as a white solid. Recrystalli-
zation from ether yields 185 mg (73%) of a single diastereomer
as a white solid. Mp: 118—120 °C. 'H NMR (300 MHz,
CDCL3): 6 740 (t, J= 7.2 Hz, 3H), 7.25 (m, 2 H), 7.05 (s, 1
H), 4.18 (t, /= 7.8 Hz, 1 H), 3.60 (quin, J= 5.5 Hz, 1 H), 3.43
(t, J=8.4Hz, 1 H), 3.26 (m, 1 H), 3.06 (m, 3 H), 1.96 (s, 3 H),
1.11(d, J=6.6 Hz, 3H). 3C NMR (75 MHz, CDCls): ¢ 187.9,
135.4, 132.8, 129.2, 127.8, 127.3, 122.4, 80.3, 74.2, 58.6, 39.9,
38.9,24.2,21.0. IR (KBr, cm™!): 3296, 2966, 2849, 1665, 1516,
1493, 1355, 1254, 1056, 758, 696. Anal. Caled for CigHio-
NO,: C, 74.68; H, 7.44. Found: C, 74.51; H, 7.51.

3-Acetamido-2-butyl-6-((triisopropylsilyl) oxy)bicyclo-
[3.3.0]oct-1-ene (Table 2, Entry 7). 3-((Triisopropylsilyl)-

oxy)-1-undecen-6-yne (324mg, 1.0 mmol) was converted to the
iminocyclopentene by the general procedure with the modifica-
tion of 0.15 mmol of Cp2TiClz, 0.30 mmol of n-Buli, and 5 mL
of toluene. The reduction was accomplished by procedure A
with the modification of heating the reaction overnight at 50
°C. To prevent product decomposition, the acetylation was
carried out by the general procedure with the addition of 4
equiv of NEts. The product was purified by flash chromatog-
raphy (ether:hexane = 3:2) to afford 236 mg (63%) of a mixture
of three diastereomers (1:1:3.5) as a light yellow oil. A second
chromatography allowed the first diastereomer to be isolated
as a light yellow solid, but the other two diastereomers could
not be separated. First diastereomer. Mp: 88-90 °C. 'H
NMR (300 MHz, CDCls): ¢ 5.23 (m, 2 H), 4.14 (t, J= 3.2 Hz,
1 H), 2.66 (m, 1 H), 2.25 (m, 2 H), 2.03 (m, 4 H), 1.95 (s, 3 H),
1.42 (m, 3 H), 1.28 (m, 3 H), 1.03 (m, 21 H), 0.85 (t, J=T7.2
Hz, 3 H). 3C NMR (75 MHz, CDCls): 6 169.0, 146.0, 131.2,
71.1, 61.1, 54.8, 38.3, 30.2, 25.9, 23.6, 22.6, 20.9, 18.2, 18.1,
13.9, 12.4. IR (KBr, cm™): 3252, 3068, 2956, 2865, 1639, 1557,
1463, 1376, 1297, 1152, 1063, 1012, 882, 803, 682. Anal.
Calcd for Ca3H43NO,Si: C, 70.17; H, 11.01. Found: C, 70.32;
H, 10.99. To determine the relative stereochemistry of the
OTIPS group for the major diastereomeric product from Table
2, entry 7, an NOE study was undertaken. Irradiation of the
C-5 proton at é 3.83 (C¢l)s) of the major diastereomer gave no
enhancement of the C-6 proton at ¢ 2.70, while the same
experiment produced an 8.5% enhancement in the first minor
diastereomer. The stereochemistry for the two diastereomers
was therefore assigned as shown:

H,G H rnBu Hic H mBu
N N
o)— o>—
H £0TIPS H £H
H 4 OTIPS
N A
0% 8.5 %

Major Diastereomer Minor Diastereomer

3-Acetamido-2-butyl-8-((triisopropylsilyl)oxy)bicyclo-
[3.3.0]oct-1-ene (Table 2, Entry 8). 5-((Triisopropylsilyl)-
oxy)-1-undecen-6-yne (324 mg, 1.0 mmol) was converted to the
iminocyclopentene by the general procedure with the modifica-
tion of 0.15 mmol of Cp,TiCl,, 0.30 mmol of n-Buli, and 5 mL
of toluene. The reduction was accomplished with procedure
B, and acetylation was carried out by the general procedure
with the addition of 4 equiv of NEts. The product was purified
by flash chromatography (ether:hexane = 3:2) to afford 300
mg (80%) of a 4:1 mixture of diastereomers as a light yellow
oil. A pure sample of the major diastereomer was obtained
by a second chromatography. Major diastereomer: 'H NMR
(300 MHz, CDCl3) é 5.52 (quart, /=9 Hz, 1 H), 4.8 (s, 1 H),
4.56 (d, J=9Hz, 1 H), 2.87 (m, 1 H), 2.43 (m, 1 H), 2.22 (m,
1 H), 1.97 (mm, 4 H), 1.75 (m, 1 H), 1.57 (s, 3 H), 1.40 (m, 4 H),
1.14 (m, 21 H), 0.95 (t, J= 7.0 Hz, 3 H), 0.75 (m, 1 H). ¥C
NMR (75 MHz, CDCl3): 6 189.0, 148.8, 133.9, 68.2, 60.0, 44.4,
41.9, 38.8, 30.5,29.8, 28.4, 23.4,23.1, 18.1, 13.8, 12.5. IR (neat,
cm™Y): 3275, 2956, 2865, 1650, 1556, 1464, 1373, 1296, 1052,
883, 681. Anal. Calcd for C»3H4sNO,Si: C, 70.17; H, 11.01.
Found: C, 70.29; H, 11.10. The stereochemistry of the TIPS
ether was assigned on the basis of NOE studies on the
corresponding cyclopentenone.”

3-Acetamido-2-butyl-9-((triisopropylsilyl)oxy)bicyclo-
[3.4.0]lnon-1-ene (Table 2, Entry 9). 6-((Triisopropylsilyl)-
oxy)-1-dodecen-7-yne (336 mg, 1.0 mmol) was converted to the
iminocyclopentene by the general procedure with the modifica-
tion of 0.15 mmol of Cp2TiClz, 0.30 mmol n-Buli, and 5 mL of
toluene. In addition, the reaction time at rt was increased to
overnight. The reduction was affected by procedure B, while
acetylation was carried out by the general procedure with the
addition of 4 equiv of NEt;. The product was purified by flash
chromatography (ether:hexane = 7:3) to give 253 mg (65%) of
a mixture of four diastereomers (16:16:2:1) as a yellow oil. The
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first diastereomer was isolated by a second chromatography
as a light yellow solid. First diastereomer. Mp: 74-76 °C.
'H NMR (300 MHz, CDCly): 6 5.20 (d, J = 9 Hz, 1 H), 4.92
(m, 1H), 4.62 (t, /= 2.8 Hz, 1 H), 2.8 (m, 1 H), 2.05 (m, 1 H),
1.9 (s, 3H), 1.82 (m, 6H), 1.77 (m, 1 H), 1.39 (m, 1 H), 1.20
(m, 4 H), 0.99 (m, 21 H), 0.83 (m, 4 H). 3C NMR (75 MHz,
CDCls): 6 189.2, 144.6, 132.3, 64.8, 55.8, 40.4, 37.9, 36.3, 35.7,
30.0, 24.9, 23.5, 22.4, 19.9, 18.1, 13.8, 12.3. IR (neat, cm™Y):
3273, 2932, 2864, 1644, 1556, 1463, 1372, 1078, 1031, 883, 785,
680. Anal. Calcd for CyHysNO,Si: C, 70.70; H, 11.13.
Found: C, 70.98; H, 11.12. The stereochemistry of the TIPS

ether was assigned on the basis of NOE studies on the
corresponding cyclopentenone.”
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ALKYL 34

alkyl. A paraffinic hydrocarbon group which may alkyldimethylbenzylammonium chioride.
be derived from an alkane by dropping one hydro- General name for a quaternary detergent.
gen from the formula. Examples are methyl CH,’, See benzalkonium chloride.
ethyl CH;, propyl CHCHCHS, isopropyl
(CH,),CH,*. Such groups are often represented in alkylene. A phosphated long-chain alcohol.
formulas by the letter R and have the generic formu-
la CH,,,, alkyl fluorophosphate.  See diisopropy!
See aryl. fiuorophosphate.

alkylary!l polyethyleneglycol ether. alkylolamine,  Sec alkanolamine.

Use: In surface-active agents. alky! sulfonate, (linear alkylate sulfonate;
See _1io}outylphelnox¥pt(}31§yoxlyethy§enz ethano(li for a LAS). A straight-chain alkylbenzene sulfonate, a
typical cxample Of this class 01 COMPOURC. detergent specially tailored for biodegradability.
The linear alkylates may be normal or iso (branched
alkylaryl sulfonate.  An organic sulfonate of at the end only), but ate C,, or longer.
combined aliphatic and aromatic structure, e.g., al-  See. sodium dodecylbenzene sulfonate.

kyibenzene sulfonate.
alkyne.  See acetylene hydrocarbon.

alkylate. (1) A product of atkylation. (2) A term
psed in the petroleum industry fo designate a
branched-chain paraffin derived from an isoparaffin
and an olefin, e.g., isobutane reacts with ethylene
(with catalyst) to form 2,2-dimethylbutane (neohex-
ane). The product is used as a high-octane blending
component of aviation and civilian gasolines. (3) In
the detergent industry; the term is applied to the
reaction product of benzene or its homologs with a
long-chain olefin to form an intermediate, e.g., do-
decylbenzene, used in the manufacture of deter-
gents. Italso designates a product made froma long-
chain normal paraffin that is chlorinated to permit
combination with benzene to yield a biodegradable
alkylate. The adjectives hard and saft applied to
detergents refer to their ease of decomposition by
microorganisms.

See biodegradability; detergent.

Allan-Robinson reaction.  Preparation of fla-
vores or isoflavones by condensing o-hydroxyaryl
ketones with anhydrides of aromatic acids and their
sodium salts.

allantein. glyoxyldiureide; 5-ureidohydan-

toin). C,HN,O,. The end product of purine metabo-
Hsm in mammals other than humans and other pri-
mates; it results from the oxidation of nric acid.

Preperties: White to colorless powder or crystals;
odorless; tasteless. Mp 230C (decomposes). 1 g is
soluble in 190 cc water or 500 cc alcohol; readily
soluble in alkalies. Optically active forms are
known. :

Derivation: Produced by oxidation of uric acid. Also
present in tobacco seeds, sugar beets, wheat sprouts.

Use: Biochemica} research, medicine.

allele.  Oneof two or more types of genes that may
alkylation. (1) The introduction of an alkyl radi- occur at a given position on a strand of DNA.
cal into an organic molecule. This was one of the
early chemical processes used in Germany to furnish  allelopathic chemical.  Anyof a wide range of

intermediates for improved dyes, e.g., dimethylani- natural herbicides of varying toxicity produced by
line. Other alkylation products are cumene, dode- many species of plants, as well as by soil microorga-
cylbenzene, ethylbenzene, and nonylphenol. (2) A nisms (bacteria, fungi). These compounds adversely
process whereby a high-octane blending component affect other plants in the vicinity, either inhibiting
for gasolines is derived from catalytic combination germination and growth or killing them outright,
of an isoparaffin and an olefin. They ate extracted from the growing plant by leach-
See alkylate (2); neohexane. ing of its leaves, root exudates, and decomposition

of dead tissue. Examples of plants found to be
sources of these toxic compounds are sunflowers,
oats, and soybeans. Among the products that have
been identified are amygdalin, caffeine, gallic acid,
and arbutin. Many types of chemical structure are
represented. Research is directed toward breeding
and cultivation of allelopathic plants to utilize their
weed-killing ability.

alkylbenzene sulfonate.  (ABS). A branched-
chain sulfonate type of synthetic detergent, usually a
dodecylbenzene or tridecylbenzene sulfonate. Such
compounds are known as “hard” detergents because
of their resistance to breakdown by microorganisms,
They are being replaced by linear suifonates.
See alkyl sulfonate; linear molecule; detergent; sodi-

um dodecylbenzene sulfonate. allene,  (propadiene; dimethylenemethane).

H,C.C:CH,.
alkyl diaryl phosphate ester.  See Properties: Colotless gas. Unstable. Fp—136.5C, bp
“Santicizer 1417 [Solutia]. 34.5C. Can be readily liquefied.
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ability of a catalyst to discriminate among molecules
on the basis of their shapes is of great value in the
cracking of straight-chain hydrocarbons and has at-
tractive possibilities in other types of catalytic reac-
tions,

See zeolite; cage zeolite,

catalyst, stereospecific. An organometallic
catalyst that permits control of the molecualar geom-
etry of polymeric molecules, Examples are Ziegler
and Natta catalysts derived from a transition metal
halide and a metal alkyl or similar substances, There
are many patented catalysts of this general type,
most of them developed in connection with the pro-
duction of polypropylene, polyethylene, or other
polyolefins,
See polymer, stereospecific; Natta catalyst; Ziegler
catalyst.

catalyst, thermonuclear.  See carbon cycle
2

cataphoresis.  The migration of colloidal parti-
cles toward an electrode under the influence of an
electric. current.

catechol.  See pyrocatechol.

catecholborane. (1,3,2-benzodioxaborole). A
monofunctional hydroborating agent.

Properties: A liquid, Mw 119.92, mp 12C, bp 50C
(50 mam Hg), optical rotation 1.5070 degrees (200).
Use: Preparation of alkaneboronic acid and esters
from olefins.

catenane. A compound with interlocking rings
that are not chemically bonded but that cannot be
separated without breaking at least one valence
bond. The model would resemble the links of a
chain.

catenyl.  An ester that has been reacted with an
alkylene oxide or its polymer.

“Cat-Floc” [Nalco], (diallyldimethylammoni-
um  chloride). TM for a quaternary ammonium
polymer.,

Derivation: Monomer in water solution is mixed
with a catalytic amount of butylhydroperoxide and
keptat 50-75C for 48 h. The solid formed is taken up
in water, precipitated, and washed with acetone.

Use: Flocculating agent, textile spinning aid, antistat-
ic agent, wet-strength improvers in paper, rubber
accelerators, curing €poxy resins, surfactants, bac-
teriostatic and fungistatic agents.

catharemeter.  Device for determining rate of
flow or change in composition of gases,

cathetometer, A device for exact measurement
or observation of short vertical distances, which

CAUSTICIZED ASH

consists of a horizontal-reading telescope or micro-
scope movable along a vertical scale.

cathode.  Thenegative electrode of anelectrolytic
cell, to which positively charged ions migrate when
a current is passed as in electroplating baths. The
cathode is the source of free electrons {cathode rays)
in & vacuum tube. In a primary cell (battery), the
cathode is the positive electrode,

Sec anode; electrode.
cathode sputtering.  See sputtered coating.
cathodic protection.  The reduction or preven-

tion of corrosion of a metallic surface by making it
cathodic, e.g. by the use. of sacrificial anodes for
impressed currents bringing a metal, by an external
cutrent, to a potential where it is thermodynamically
stable.

catholyte.  The solution surrounding the cathode
in an electrolytic cell.

cation.,  Anion having a positive charge. Cations
in a liquid subjected fo electric potential collect at
the negative pole, or cathode.

cation exchange.  See ion exchange.

cationic reagent.  One of several surface-active
substances in which the active constituent 1s the
positive ion. Used to flocculate and collect minerals
that are not flocculated by oleic acid or soaps (in
which the surface-active ingredient is the negative
ion). Reagents used are chiefly quaternary ammo-
nium compounds, e.g., cetyltrimethylammonium
bromide.

catlinite, (pipestone). A fine-grained silicate
mineral velated to pyrophyllite, which is easily com-
pressible, has high surface friction, and is used for
gaskets in very high-pressure equipment.

caulking compound.  See sealant.

caustic. (1) Unqualified, this term usually refers
to caustic soda (NaOH). (2) As an adjective, it refers
to any compound chemically similar to NaOH, e.g.,
caustic alcohol (C,H,ONa). (3) Any strongly aika-
line material that has a corrosive or irritating effect
on living tissue,

caustic baryta.  See barium hydroxide.

caustic embrittlement.  The corrosion result-
ing in cracking of steel stressed beyond. its yield
point, due to localized concentration of hydroxide
ions breaking down the cohesion between the ferrite
grains,

causticized ash.  Combinations of soda ash and

caustic soda in definite proportions and marketed for
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454 Chapter 10 Chemistry of Alcohols, Glycols, and Thinls

The E2 reactions of sulfonate esters, like the analogous reactions of alkyl halide;,

can be used to prepare alkenes:

{3is
Oi + K+ (CH3)CO™ 5 somn™ O FKF 0T + (CHy),COM (i

4
(83% yield)

This reaction is especially useful for cases in which the acidic conditions of alcoho]
dehydration lead to rearrangements or other side reactions, or for primary alcohols in

which dehydration is not an option. v
To summarize: An alcohol can be made to undergo substitution and elimination

reactions typical of the corresponding alkyl halides by converting it into a sulfonate ester,

{

19.1¢  Design a preparation of each of the following compounds from an alcohol using
sulfonate ester methodology. :

*(a) (b) I
CH2CH2(:H2 - OCH3

10.11  Give the product of each of the following sequences of reactions.

*(a) OH CH380,CL pyridine __ K*(CH3),C—0~
(CHz);C—OH

{b) (|)H
TsCl, pyridine __ NaCN
CH 3CHCH2CH 3 —DW

As you've learned, alkyl halides, alkyl tosylates, and other sulfonate esters are reactive
in nucleophilic substitution reactions. In a nucleophilic substitution, an alkyl group is

transferred from the leaving group to the nucleophile.

leaving group such as
nucleophile a halide or sulfonate ester

i

_ ¥
Nuc: §—X —> Nuc—R +X~

I—— alkyl group (R) ’——I

transferred from X to Nuc

The nucleophile is said to be alkylated by the alkyl halide or the sulfonate ester in the
same sense that a Bronsted base is protonated by a strong acid. For this reason, alkyl
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10.3 Sulfonate and ¥norganic Ester Derivatives of Alcobols 455

halides, sulfonate esters, and related compounds are sometimes referred to as alkylating
agents. To say that a compound is a good alkylating agent usually means that it reacts
rapidly with nucleophiles in substitution reactions—that is, in Sx2 and Syl reactions.

i Ester Derivatives of Sirong Inorganic Acids

Esters of strong inorganic acids are well known compounds. The structure of such an
ester is derived conceptually by replacing the acidic hydrogen(s} of a strong acid with
alkyl or aryl group(s). For example, dimethyl sulfate is an ester in which the acidic
hydrogens of sulfuric acid are replaced by methyl groups.

acidic hydrgens
£ \\

.,
FYVSIRVE

sulfuric acid diresthy! sulfate

Because dimethyl sulfate can be prepared from methanol, it can also be viewed as
a methanol derivative.

i 1
2CH,—OH + H{=—8—0H —> CH,—O0—S—O0—CH, + ZH,Q  (10.19)
0 0

Alkyl esters of strong inorganic acids are typically very potent alkylating agents,
because they contain leaving groups that are very weak bases. For example, dimethyl
sulfate is a very effective methylating agent, as shown in the following example.
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(CI—I3)2CH——Q=CWCI-£5EO—S—Q——CH3 —> (CH;),CH—OQ—CH, + ~:0—S—0—CHj,

isopropoxide 0O isopropyl methyl 0O
amion ether Kb
, weak base;
dimethyl suifate good leaving group

(10.20)

Dimethyl sulfate and diethyl sulfate are available commercially. These reagents, like
other reactive alkylating agents, are toxic because they react with nucleophilic functional
groups on proteins and nucleic acids.

Certain monoalkyl esters of phosphoric acid are utilized in nature as alkylating agents
(Sec. 17.6B). DNA and RNA themselves are polymerized dialkyl esters of phosphoric acid
(Sec. 27.11B).

Along the same line, alkyl halides can be thought of as alkyl esters of the halogen acids.
Methyl bromide, for example, is conceptually derived by replacing the acidic hydrogen of
HBr with a methyl group. As you have learned, this “ester” is an effective alkylating agent.
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