ANY

B(OMs), OH
H H
I,, NsOMe NaOH
ﬁ “inversion” ﬁ HyOy v
I -1
1 a
lmocn,cu,mx l-ou

NH o]
hd
H
_J v

i) . )

olve reaction of iodine at a bicycﬁc center. It was impor-
nt to establish whether inversion would occur at a secon-
ary center not involving this special structural feature. We
lected diisopinocampheyl-2-butylborane'® for study (eq
). Note that the 2-butanol produced from (—)-a-pinene
possesses the S configuration. )

HCCH, .

HB, |
BH, ~ HOCH,
— [POVEET
DG
i
{a)D —470°

{91% optical purity)

CHCH,
_ H
CH;CHB{_ : .
- %’-&*’» CHCHCH,CH,  (6)
: [« D +119° 5

(86% optical purity)

Treatment of the borane with iodine in the presence of
sodium methoxide-methanol yields 2-iodobutane {R) with
[a]?D ~26.9° (84% optical purity) (eq 7).

. CH,CHCH,CH;

— 5 .
NoOCH,, CH,0H I Q)

[a]®p —269° R
(84% optical purity)m

. a-Pinene ([a]D —47.1°) was converted to dusopmocam
pheylborane in diglyme and the latter treated with cis-2-
butene as previously described.'$-? The product, 0.200 mo!,
was divided into two equal parts. One-half was oxidized
with alkaline hydrogen peroxide, yielding 2-butanol with
[«)2°D +11.9°, whereas the second was treated with iodine

. iodobutane was obtained, [«]2°D —26. 9°. The alcohol pos-

sesses the S configuration, whereas the iodide possesses the
" Consequently, it is evident that the reaction of organobo-
ranes' with iodine, induced by sodium methoxide, proceeds
generally with inversion of the carbon-boron bond. This de-
‘velopment not only provides a new synthetlc route to endo-
‘norbornyl and similar bicyclic iodides, but it makes avail-
able a promising new route to optically active iodides.
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Application of Unreactive Analogs.of Terpenoid
Pyrophosphates to Studies of Multlstep Bnosynlhesis.
Demonstration That

“Presqualene Pyrophosphate” Is an Essenml
Intermediate on the Path to Squalene

Sir:
" Pyrophosphate monoesters play a dominating role in the

biosynthesis of terpcnoxds, especially with reference to

chain extension and ring formation.! The head-to-tail j jom-
ing of isoprene units by carbon coupling, for example, in-
volves intermolecular nucleophilic attack by a carbon-car-

bon double bond at a saturated carbon with displacement-of

a pyrophosphate leaving group:

CH, R’
S\C= CH,

N

Analogues of pyrophosphat&s in which the carbinol oxygen
(O*, above) is replaced by methylenc can reasonably be ex-
pected both to resist such enzymic C-C coupling and to
function as selective enzyme inhibitors (“‘substrate ana-
logue” type). In this communication we describe the syn-
“thesis of a series of these pyrophosphate analogues (C-sub-
stituted methylphosphonophosphates), the demonstration
that they do inhibit biosynthetic processes involving pyro-
phosphate substrates as postulated, and an illustration of
how this inhibition can be ulilized to gain new mformauon
regarding multistep biosynthetic pathways. -
Geranylmetbylphosphonophosphate trilithium salt (4, R
= geranyl) was synthesized starting with the reaction of
geranyl bromide (1, R = geranyl) with 1 -equiv of dimethyl
lithiomethylphosphonate? in tetrahydrofuran (THF) at
~78° to form phosphonic diester 2* (60-70%). Cleavage of

CH,—OP0,0 PO~
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Table I. Inhibition of Squalene Biosynthesis from Mevalonate (Sio
Liver Prapamuon}

I/MEVAL® ratio X 10°

C %

inhibiti-
on IpmMa. Lipr icer Isar Irsg
20 X 1 - 0.25 0.25 6
. 50 45 33 1 1.25 2
80 262 170 4 43 150
50 375 325 12 35 250

* Concn of MEVAL = 2 mM in all experiments.

2 to diacid 3 was accomphshed (ca. 80% yield) in two steps
(base hydrolysis to monoester and subsequent démethyl-
ation with sodium iodide in dry methyl ethyl ketone at re-
flux®): Phosphorylation-of 3 was effected via the phospho-

RBr + LiCH,PO(OCH;), — RCH,PO{OCH,), —+

1 2
RCH,PO(OH), — RCH,PO,0PO;~3Li*
.3 4
R=geranyl )

nomorpholidate,’ and . the resulting phosphonophosphate
_ was isolated and purified chromatographically5¢ as the tri-
lithium salt 4 (ca. S0% yield). In a similar way three other
isoprenoid phosphonophosphates of structure RCH,PO,0-
PO;3~ 3Li* were prepared: 5, R = farnesyl; 6, R = v,7-
. dimethylallyl; and 7, R = nsopentenyl Finally, “presqual-
ene alcohol” (8)7% was converted to the phosphonophos-
phatc 9 by a sequence starting with symheuc presqualene
alcohol® (RCH,OH) invelving: (1) RCH,OH — RCHO
(Collins oxidation at 25° for | h in CHyCl,, 88%); (2)
RCHO — RCH—*CHPO(OCH;); {2 equiv of Bu;P=CH-
PO(OCH;); in_1:1 THF-n-buty! alcohol for 3 h at 25°,
89%) Q3) dumlde reduction to RCH;CH;PO(OCH;); {ex-
cess diimide periodate, 85%); and (4) two-stage hydrolysis
(82%) and phosphorylanon to 9 (50%) as described above

HOCH,

RCH,
’ 8
CH,CH,PO,0PO;3Bu,NH*

CH;

CH,
RCH, E

9
R = geranyl

These phosphonophosphates are referred - to herein
mnemonically according to the group attached to methyl-
phosphonyl carbon; i.c., lger, Irar, Ipma, lipr 2nd lpsq
correspond to 4, 5, 6, 7 and 9, respectively. 'I'hus Iger is thc
analog of geranyl pyrophosphate
. The inhibition of squalene b:osynthes:s by the various
phosphonophosphates was ‘studied using C(5)-*H and
C(2)-'9C labeled mevalonate (MEVAL) with the rat liver
Si0 squalene synthetase preparation'® (in 0.1 M Tris-HCl

-bulfer of pH 7.5). Parallel anaerobic incubations were per-
formed!! .with and without added phosphonophosphate in-

)
100
90
80
70
5 60
£ 50
=
S 40
® 30
20F
0
i i | A 1 F I\ C-
5 10 15 20 25 / 50
Lgen / MEVAL Ratio x 103
Figure 1. Inhibition of squalene biosynthesis from mevalonate

(MEVAL) by Iggr (4) with the S,g rat liver squalene synthetase prep-
aration. [MEVAL] = 2 mM,

hibitor using an amount of enzyme sufficient to cause’1.09%
conversion of 2 pgmol of mevalonate to squaléne after 10
min at 37°.in the absence of inhibitor. The squalene pro-
duced (no mh:bxtor) increased linearly with time up to at
least 20 niin of incubation. Percent inhibition of squalene
biosynthesis in the presence of inhibitor was measured for

“variotis ratios of inhibitor to mevalonate with the results

summarized in Table L. Degree of inhibition as a function of
inhibitor-mevalonate ratio is shown for the specific case of
Igeg in Figure 1; similar curves were observed with the
other phosphonophosphates. The observed effectiveness of
inhibition follows the order Irar = lger > Ipsq > Ipma =
1ipr. In each case complete inhibition of squalene biosyn-
thesis could be effected at an appropriate ratio of 1/
MEVAL,

'I'he inhibition of kaurene biosynthesis from mevalonate’
in the cell-free kaurene synthetase from Ricinus conunu-
nis'? was studied with the inhibitors IpaR, Iger, Ipma, and
Lipr with similar results. Again, stronger inhibition was ob-
served for lpag or Iger than for Ipma or Tipy, buit kaurene
biosynthesis could be completely blocked by any of the four
inhibitors..

In both squalene and kaurene synthetase systers only ex-
tremely weak inhibition was observed by the phosphonates
corresponding to the phosphonophosphates 4-7. Further,
perhydro Iger (synthesized by hydrogenation of Iggr over
Rh/C catalyst) was a very poor inhibitor of squalene or
kaurene biosynthesis.

The fact that the biosynthesis of squalene from mevalon-
ate by the S;o preparation can be completely inhibited by
Ipso (at Ipso/MEVAL 2 ca. 0.5) provides a strong, indica-
tion that there is no other pathway than that via presqual-
ene pyrophosphate. Because of the complexity of the pre-
squalene- pyrophosphate route from farnesyl pyrophosphate
to squalene as compared with- mechanistically similar but
more direct routes, and because the formation of presqual-
ene pyrophosphate is observed in the absence of NADPH, a
cofactor for squalene biosynthesis, there has been. some

_question as to whether presqualene pyrophosphate is essen-

tial to squalene biosynthesis or is off the major biosynthetic
pathway (but still convertible to squalene).!3 It seemed to
us that this matter could be resolved by further expcnments»
using lpsq.

First it was established by experiment that the conversion
of.a mixture of C(2)-'*C labeled mevalonate and C(1)-*H
labeled presqualene pyrophosphate to '“C or *H labeled
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squalene by the S)o preparation could be completely inhib-
ed-by Ipsq. In contrast, there was no inhibition of squalene
ynthesis from presqualene pyrophosphate at compara-
1/MEVAL ratios by Iger, Irar, Ipma, or hipr, evidence
ffective inhibition requires a close correspondence of
bstrate and inhibitor carbon structure. The same results
obtained with the microsomal liver preparation'¢ (re-
'fe'n-ad_to herein as MLP) which effects squalene ‘biosynthe-
rom farnesyl or presqualene pyrophosphates but not
from-Cs or C,o precursors, both with regard to inhibition of
ualene biosynthesis from presqualene pyrophosphate by
sg.-and lack of inhibition by the other phosphonophos-

ncubauon of 50 nmol of tritiated mevalonate, 25 nmol of
labeled presqualene pyrophosphate, and 500 nmol of Ipsq
sufficient Sjg enzyme! to convert 12% of the mevalon-
ale: to squalene.in the absence of Ipsq yielded no tritiated
e but showed a 9% conversion (75% of expected
aximum) of mevalonate to tritiated presqualene pyro-
hate.. For identification the labeled presqualene pyro-
josphate was purified by thin layer chromatography (sili-
¢l,. n-propyl alcohol-11. N ammonium hydroxide 1.5:1,
identical with that of unlabeled presqualene pyrophos-
te) and reincubated separately with both Syo enzyme
and. MLP enzyme to afford in each case tritium labeled
lene, Labeled squalene was identified unambxguously
chromatograph:c data and also by conversion to the
ystalline thiourea complex which could be recrystallized
nstant specific radioactivity. Further, characterization
he trmaled presqualene pyrophosphate produced in the
‘experiment was obtained. by reduction with-lithium
minum hydride to labeled presqualene alcohol, chroma-
ically identical with authentic material (Rr 0.27 on

¢ experimental data indicate that lpgg can completely
| off squalene biosynthesis from mevalonate or presqual-
pyrophosphate and also that presqualene pyrophosphate
ormed and accumulated under normal conditions of
squalene biosynthesis from mevalonate if Ipsq is present.
n these facts and the specific inhibition of the presqual-
.pyrophosphate to squalene conversion by only .Ipsq,
seems, to be no way to avoid the conclusion that pres-
ualene pyrophosphate is an essential intermediate in
5q alene biosynthesis in liver; that is, there is no pathway
om mevalonate to squalene which does not go through this
termediate. 6

eems apparent that the study of phosphonophosphate
alogs can be helpful in the elucidation of bxosynthet:c
thways to terpenoids.!”
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Effect of Photoselection on Fluorescerice-Detected
Circular Dicbroism

Sir: . , : .
In a recent study Turner et al.! have proposed that the
circular dichroism, CD, of a fluorescent -chromophore can
be measured by detecting its flucrescence upon excitation
by right-handed and left-handed cnrcularly polanzed light.
The underlying assumption is that the excitation spectrum

of a fluorescent chromophore parallels its absorpnon spec-
trum, i.e., that the measured fluorescence intensity of the

. chromophore depends exclusively on.the amount. of . light

absorbed by it. It was pointed out that such stadies may be
advantageous for the specif' ic measurement of the CD of the

fluorescent chromophores in biopolymers, thus eliminating -

contributions from nonfluorescent chromophores with.over-
lapping absorption bands, which are often also present in
the macromolecules.!

While the proposed method for measurmg CD via emit-
ted fluorescence intensity is promising and of much interest,

" it may be in serious error when applied to chromophores

when rotatory Brownian motion is frozen (or restricted)
during the lifetime of the excited state of the chromophore.

This restriction may apply, for cxample to a variety of na-

tive chromophores in bnopolymers The physica! reason be-
hind the complication which ariscs in frozen systems is as
follows. The light absorbed by the system under study does
not cxcite equally molecules of different orientations, since
the probability of light absorption by a specific ‘molecule de-
pends on the orientations of its electric.and magnetic dipole
as well as electric quadrupole transition moments relative to

the vector potential and direction of propagation of the light'

wave.Z Tn the case of circularly polarized light, the proba-
bility of excitation of a specific molecule thus depends on
the sense of polarization. If rotatory Brownian moticn does
not randomize molecular orientations before light emission,
different anisotropic populations of excited molecules con-
tribute to the fluorescence upon’ excitation with right-hand-
cd or left-handed circularly polarized light. The observed
intensity of fluorescence depends not only on the number of
excited molecules, but also on the distribution i in space of
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