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Abstract
On the basis of the far higher solubility of oxygen gas inside the hydrocarbon core of
nanomicelles, metal and peroxide free aerobic oxidation of aryl alkynes has been achieved in
=z water at room temperature. Many examples are offered that illustrate broad functional group
L tolerance. The overall process is environmentally friendly, documented by the associated low E
; Factors.
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§ Reactions in alternative media represent one approach to decreasing the huge amounts of
g- organic waste generated by use of organic solvents in organic chemistry.[X] While such
- options as ionic liquids, supercritical CO5, and fluorinated media, among others, have made
important inroads in this regard, the most likely and perhaps logical choice, following
Nature’s lead, is water.[2] Although we have investigated many processes enabled by
designer surfactants where water serves as the gross reaction medium,[3] synthetic advantage
has yet to be taken of the well established far greater solubility of gases in organic media
= than in water.[4l Since our reported cross-couplings and related reactions take place within
T the lipophilic cores of tailor-made micellar arrays, gases, as well as reactants and catalysts,
T should likewise co-exist in high concentrations and be available to participate in a given
j; transformation. Surprisingly, there appears to be limited methodology®! of synthetic utility
=1 focused on the use of gases in micellar catalysis. In this report we describe one such process
3 involving dissolved oxygen serving as the stoichiometric oxidant, along with readily
= available aryl alkynes and sulfinic acids that leads to valuable -ketosulfones under very
g mild, metal-free, and green conditions.
z
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S-Ketosulfones can be derived from a radical reaction between an arylacetylene and a
stoichiometric amount of a sulfinic acid. However, the short lifetime of the vinyl radical so
generated!(®] (Scheme 1) makes trapping with oxygen difficult and prevents the desired
reaction from having any generality in a purely aqueous or wet organic solvent. On the other
hand, by virtue of the hydrophobic effectl’] operating within the water-free lipophilic inner
core of a nanomicelle, H-atom abstraction by a reactive vinyl radical by atom transfer
radical addition (ATRA) from water or another molecule of alkyne should be minimized
(path A). Rather, trapping of the vinyl radical by molecular oxygen is highly favored and
ultimately leads to fketosulfone formation (path B). By contrast, related literature reports
on this topic are far less environmentally friendly, as they take place in dry organic solvents
at elevated temperatures with the use of metals and or peroxide initiators,[8] and offer no
opportunities to recycle the reaction mixture. f-Ketosulfones are highly desirable materials,
known to have fungicidal,[®] antibacterial, [1] as well as other biological properties.[11]
Moreover, numerous derivatives, such as olefins, disubstituted alkynes, [12] allenes, [13] and
chiral vinyl sulfones4l and ketones!13. 14] have been prepared from such intermediates.

A model reaction between phenylacetylene 1 with p-toluene-sulfinic acid sodium salt 2 was
run at ambient temperature in an aqueous medium containing 2 wt. % TPGS-750-M
(Scheme 2).[33] The acid was generated in situ by the reaction of inexpensive 2 and HCI.
Only traces of the desired product, however, were observed after 24 hours. A large amount
of unreacted phenylacetylene was recovered, along with byproducts, most likely due to rapid
autoxidation of p-tolylsulfinc acid to the sulfonic acid and quenching of the vinyl radical by
ATRA.[60.16] preventing autoxidation of a sulfinic acid to a sulfonic acid by introducing 2,6-
lutidine into the reaction medium greatly improved formation of the desired product.[7]
After stirring at room temperature for eight hours, B-ketosulfone 3a was isolated in 70%
yield, to the complete exclusion of the corresponding vinylsulfone.

Optimization of this conversion documented its dependence on several reaction variables,
including (1) the choice of surfactant; (2) source of oxygen; (3) temperature; (4) base; (5)
conditions for neutralization of the sodium arylsulfinate with HCI; (6) ratio of arylsulfinic
acid to base; (7) equivalents of sulfinic acid needed to drive the reaction to completion; (8)
surfactant concentration in water; (9) arylacetylene concentration in the surfactant; and (10)
portion-wise addition of reagents. After extensive screening (see Supporting Information),
the optimum conditions were determined to be: TPGS-750-M (2% weight percent) as
surfactant in water, 2,6-lutidine as base, 4.0 equivalents of arylsulfinic acid, 0.3 M
arylacetylene in the aqueous medium, along with ambient temperature and light.

Substrate scope was next explored (Table 1). Good-to-excellent yields were obtained with
electron-donating substituents on the aryl ring of the alkynes, leading to products 4, 5 and
18. Heteroaromatic and sensitive nitrile functional groups were all well tolerated, and 69—
78% yields were obtained for aducts 6-8. Challenging electron-withdrawing groups in the
educts, nonetheless, afforded products bearing bromo (9 and 10), acetyl (11), ethynyl (12),
cyano (7 and 8), and amide (25 and 26) residues, Similarly, a representative alkylsulfinic
acid also led to the desired sulfone 17. Electronic rather than steric effects were found to be
of greater consequence, as no reaction was observed with a substrate containing CF3 groups
in the 3- and 5-positions of the aromatic ring of an arylacetylene. It is noteworthy that only
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one ethynyl group showed reactivity in 3-ethynyl phenylacetylene to afford product 12. A
cycloalkenyl group was also well tolerated (14)[18]

Sequential reactions involving initial f~ketosulfone formation are also possible. For
example, after an initial reaction giving f-ketosulfone 10, Suzuki-Miyaura couplings with
either an arylboronic acid or MIDA boronatel®l within the same pot led to final products 15
and 20 in 62% and 55% overall yields, respectively (Scheme 3).

To gain insight regarding the location of the reaction under micellar conditions, an
arylalkyne 21 bearing a p-dimethylamino group on the aryl ring of the alkyne was subjected
to protonation (ag. HCI) under aerobic oxidation conditions (Scheme 4A). Rather than the
expected f~ketosulfone, only arylvinylsulfone 22 was obtained (89%). The water-soluble
ammonium salt is unlikely to enter the oxygen-rich nonpolar lipophilic core of the micelle
and hence, dioxygen trapping is precluded. Instead, the vinyl radical is converted to the
corresponding olefin 22 by an ATRA process. In the presence of twice the typical amount of
sulfinic acid, a second addition of arylsulfonyl to 22 ensues forming 23 in 81% vyield.
Similar results were obtained when 22 was isolated and re-subjected to the optimized
reaction conditions, leading to 23 in 84% isolated yield. Protection of the amine
functionality in 21 (X = NH) as the derived acetamide 24 (X = NHCO) negated salt
formation and led, exclusively, to f-ketosulfone 25 in 69% yield. Inverting the location of
the acetamide group from arylacetylene 24 to the arylsulfinic acid coupling partner gave
similar results (Scheme 4B): f-ketosulfone product 26 was isolated in 72% yield. Replacing
nitrogen in the arylalkyne with oxygen (i.e., 27, X = O) afforded results similar to those
from 24, again suggesting that the reaction is taking place within the micellar core. In this
case, f-ketosulfone 28 was obtained in 70% isolated yield (91% yield based on recovered
starting material; brsm).

Additional evidence regarding the likely location of these reactions could be obtained by
altering the reaction medium such that the conversion of p-dimethylaminophenylacetylene
21 to the corresponding B-ketosulfone could be realized (Scheme 5). To achieve salt-free
conditions, the stronger base N,N-diisopropyl-ethylamine (DIPEA) was used in place of 2,6-
lutidine. As postulated, DIPEA inhibited formation of salt 21a thereby allowing uncharged
21 to gain entry to the micellar core facilitating generation of the desired product 29 (path
I1). Variable yields were obtained depending upon the reaction temperature (e.g., 61% at
room temperature, 78% at 40 °C). Comparatively weaker bases such as pyridine, 2,4,6-
collidine, and 4-picoline gave the same undesirable results seen with 2,6-lutidine, where
protonation took place leading to a polar intermediate that remains in the poorly oxygenated
water and produces an olefinic product (path I).

To confirm that air, rather than water, was the source of oxygen in the products, a reaction in
2% TPGS-750-M in 180-labelled water was conducted. As expected, no incorporation

of 180 was observed in the product (Scheme 6, top). The radical nature of these reactions
was further confirmed by inclusion of catalytic amounts of inhibitors BHT or TEMPO;
product 13a was formed only to the extent of 7 and 9%, respectively (Scheme 6, bottom).
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A plausible mechanism for the overall sequence starts from in situ generation of free
arylsulfinic acid 30 from its sodium salt and HCI (Scheme 7). No aerobic oxidation reaction
occurs without this initial neutralization, followed by exposure to 2,6-lutidine as base. Thus,
generation of sulfonyl radical 31 requires a lutidinium salt under ambient light, rather than
the corresponding sodium salt. An aryl sulfonyl radical is then generated after single
electron transfer (SET) to oxygen that is highly localized within the micelle. Radical 31 then
adds to arylacetylene 1 to give vinyl radical 32 which is then trapped by oxygen to generate
intermediate 33. SET from another molecule of arylsufinate to 33 generates arylperoxide
anion 34. The newly generated arylsulfonyl radical enters the next cycle, while 34 undergoes
protonation either by water or a pyridinium cation to form arylhydroperoxide species 35.
Oxidation of arylsulfinate to arylsulfonate by 36 generates an enol that tautomerizes to final
product 36. The arylsulfonic acid generated as a byproduct remains in the aqueous phase,
while the organic product can be isolated by extraction.

An E Factor[20] of 5.3 was determined on the basis of organic solvent utilized for the model
system (Scheme 8)..12] This value compares quite favorably with those typical of the
pharma and fine chemicals industries,[22] as well as related literature.[8: 23] Moreover,
recycling of the aqueous mixture led to good-to-excellent yields being obtained over three
reaction cycles. The yield for the third cycle was noticeably lower, but this was due to
practical considerations, as buildup of the sulfonic acid salt caused thickening and, therefore,
problems with stirring on the scale at which the reaction was run.

In summary, an environmentally friendly aerobic oxidation has been developed for
converting arylalkynes and arylsulfinate salts to B-ketosulfones. This process relies on the
far greater solubility of oxygen in hydrocarbon media as found within micellar arrays than in
the surrounding water. The process, enabled by a commercially available designer
surfactant, is metal-free, takes place in water at room temperature using air as the
stoichiometric oxidant, and is amenable to recycling of the aqueous reaction medium in
which the amphiphile remains. Minimal amounts of organic solvent can be used to recover
the desired product, which leads to a low E Factor. Experiments supporting a radical-based
process are provided, along with data suggesting that the oxidation is taking place within the
lipophilic core of the nanomicelles present in aqueous solution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

References

1. a) Adams, DJ.; Dyson, PJ.; Tavener, SJ. Chemistry in Alternative Reaction Media. John Wiley &
Sons, Ltd; 2005. p. 217-235.b) Reinhardt D, llgen F, Kralisch D, Konig B, Kreisel G. Green Chem.
2008; 10:1170-1181.

2. Sheldon, RA.; Arends, IWCE.; Hanefeld, U. Green Chemistry and Catalysis. Wiley-VCH Verlag
GmbH & Co; KGaA: 2007. p. 1-47.

3. Lipshutz BH, Ghorai S. Aldrichimica Acta. 2012; 45:3-16. [PubMed: 23807816]

4. a) Battino R, Rettich TR, Tominaga T. J Phys Chem Ref Data. 1983; 12:163-178.b) Golovanov IB,
Zhenodarova SM. Russ J Gen Chem. 2005; 75:1795-1797.

5. Straub AT, Otto M, Usui I, Breit B. Adv Synth Catal. 2013; 355:2071-2075.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 March 24.

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Handa et al. Page 5

6. a) Parsons PJ, Penkett CS, Shell AJ. Chem Rev. 1996; 96:195-206. [PubMed: 11848750] b) Wille
U. Chem Rev. 2013; 113:813-853. [PubMed: 23121090] c) Gilmore K, Alabugin IV. Chem Rev.
2011; 111:6513-6556. [PubMed: 21861478]

7. Lindstrém UM, Andersson F. Angew Chem, Int Ed. 2006; 45:548-551.

8.a) Lu Q, Zhang J, Zhao G, Qi Y, Wang H, Lei A. J Am Chem Soc. 2013; 135:11481-11484.
[PubMed: 23865858] b) Markitanov Y M, Timoshenko VM, Shermolovich YG. J Sulfur Chem.
2013:1-49.f) TGB; David, J. Chemistry of Functional Groups. John Wiley & Sons, Ltd; 2009. c)
Wei W, Liu C, Yang D, Wen J, You J, Suo Y, Wang H. Chem Commun. 2013; 49:10239-10241.d)
Liu Q, Jackstell R, Beller M. Angew Chem Int Ed. 2013; 52:2-5.e) Lu Q, Zhang J, Wei F, Qi Y,
Wang H, Liu Z, Lei A. Angew Chem Int Ed. 2013; 52:7156-7159.

9. Wolf WM. J Mol Struct. 1999; 474:113-124.

10. Curti C, Laget M, Carle AO, Gellis A, Vanelle P. Eur J Med Chem. 2007; 42:880-884. [PubMed:

17320245]

11. a) Xiang J, Ipek M, Suri V, Massefski W, Pan N, Ge Y, Tam M, Xing Y, Tobin JF, Xu X. Bioorg
Med Chem Lett. 2005; 15:2865-2869. [PubMed: 15911270] b) Xiang J, Ipek M, Suri V, Tam M,
Xing Y, Huang N, Zhang Y, Tobin J, Mansour TS, McKew J. Bioorg Med Chem. 2007; 15:4396—
4405. [PubMed: 17490884]

12. a) lhara M, Suzuki S, Taniguchi T, Tokunaga Y, Fukumoto K. Tetrahedron. 1995; 51:9873—
9890.b) Mandai T, Yanagi T, Araki K, Morisaki Y, Kawada M, Otera J. J Am Chem Soc. 1984;
106:3670-3672.

13. Baldwin JE, Adlington RM, Crouch NP, Hill RL, Laffey TG. Tetrahedron Lett. 1995; 36:7925-
7928.

14. Sengupta S, Sarma DS, Mondal S. Tetrahedron: Asymmetry. 1998; 9:2311-2316.

15. Lipshutz BH, Ghorai S, Abela AR, Moser R, Nishikata T, Duplais C, Krasovskiy A, Gaston RD,
Gadwood RC. J Org Chem. 2011; 76:4379-4391. Sigma-Aldrich catalog # 733857. [PubMed:
21548658]

16. For details about ATRA processes, see; Jasperse CP, Curran DP, Fevig TL. Chem Rev. 1991;
91:1237-1286.Majumdar KC, Debnath P. Tetrahedron. 2008; 64:9799-9820.Batczewski P,
Szadowiak A, Biatas T. Heteroatom Chem. 2006; 17:22-35.

17. For detailed optimization studies and procedures, see the SI.

18. Neither terminal alkylacetylenes, nor aryl alkyl alkynes reacted under these conditions.

19. Isley NA, Gallou F, Lipshutz BH. J Am Chem Soc. 2013; 135:17707-17710. [PubMed: 24224801]

20. a) Sheldon RA. Green Chem. 2007; 9:1273-1283.b) Bonollo S, Lanari D, Longo JM, Vaccaro L.
Green Chem. 2012; 14:164-169.c) Kirchhoff MM. J Chem Educ. 2013; 90:683-684.

21. Lipshutz BH, Isley NA, Fennewald JC, Slack ED. Angew Chem, Int Ed. 2013; 52:10952-10958.

22. Sheldon, RA.; Arends, IWCE.; Hanefeld, U. Green Chemistry and Catalysis. Wiley-VCH, Verlag
GmbH & Co; KGaA: 2007.

23. Weichert A, Hoffmann HMR. J Org Chem. 1991; 56:4098-4112.

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 March 24.

DOCKET

A R M Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Nsights

Real-Time Litigation Alerts

g Keep your litigation team up-to-date with real-time
alerts and advanced team management tools built for
the enterprise, all while greatly reducing PACER spend.

Our comprehensive service means we can handle Federal,
State, and Administrative courts across the country.

Advanced Docket Research

With over 230 million records, Docket Alarm’s cloud-native
O docket research platform finds what other services can't.
‘ Coverage includes Federal, State, plus PTAB, TTAB, ITC
and NLRB decisions, all in one place.

Identify arguments that have been successful in the past
with full text, pinpoint searching. Link to case law cited
within any court document via Fastcase.

Analytics At Your Fingertips

° Learn what happened the last time a particular judge,

/ . o
Py ,0‘ opposing counsel or company faced cases similar to yours.

o ®
Advanced out-of-the-box PTAB and TTAB analytics are
always at your fingertips.

-xplore Litigation

Docket Alarm provides insights to develop a more
informed litigation strategy and the peace of mind of

knowing you're on top of things.

API

Docket Alarm offers a powerful API
(application programming inter-
face) to developers that want to
integrate case filings into their apps.

LAW FIRMS

Build custom dashboards for your
attorneys and clients with live data
direct from the court.

Automate many repetitive legal
tasks like conflict checks, document
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks
for companies and debtors.

E-DISCOVERY AND

LEGAL VENDORS

Sync your system to PACER to
automate legal marketing.

WHAT WILL YOU BUILD? @ sales@docketalarm.com 1-866-77-FASTCASE




