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ABSTRACT: tert-Butyl phenyl sulfoxide is employed as a
traceless precatalyst for the generation of sulfenate anions
under basic conditions and has been used to catalyze the
coupling of benzyl halides to trans-stilbenes. The advantage of
this precatalyst over previous precatalysts is that the byproduct
generated on catalyst formation is a gas, facilitating product
isolation in high purity. Using this second generation catalyst, a
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variety of trans-stilbenes were generated in 39—98% isolated yield.

ulfenate anions and their conjugate acids, sulfenic acids

(Figure 1), are highly reactive intermediates in
biochemistry' and organic synthesis.” In organic chemistry,
sulfenate anions can be trapped with alkyl halides to afford
sulfoxides. We, and others,” have recently developed methods
to arylate sulfenate anions with aryl halides under palladium
catalysis to afford aryl sulfoxides. Our approach (Scheme 1)
begins with aryl benzyl sulfoxides, which undergo an initial a-
arylation under basic conditions to generate diarylmethyl aryl
sulfoxides. The palladium catalyst next promotes the cleavage
of the C—S bond to liberate the sulfenate anion, which is
arylated in the third catalytic cycle. In this process the
sulfenate anion behaves as a leaving group in the second cycle
and as a nucleophile in the third cycle.® Inspired by the ability
of sulfenate anions to behave as both leaving groups and
nucleophiles in the tricatalytic cycle in Scheme 1, we
recognized their potential to act as organocatalysts. No
examples of sulfenate anion catalysts were previously known.
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Figure 1. Sulfenic acid and its conjugate base, sulfenate anion.

Scheme 1. Palladium Promotes the Tricatalytic Cycle with
Sulfenate Anion as the Leaving Group in the Second Cycle
and Nucleophile in the Third Cycle
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As proof of concept, benzyl phenyl sulfoxide was applied as
a precatalyst in coupling of benzyl halides to form
symmetrical trans-stilbenes under basic conditions (Scheme
2)° In this process, a variety of trans-stilbenes could be
prepared in good to excellent yields with catalyst loadings as
low as 2 mol %.

The proposed mechanism for the sulfenate anion-catalyzed
coupling of benzyl halides is illustrated in Scheme 2.
Beginning with benzyl phenyl sulfoxide (A), deprotonation
by KOBu generates the anion (B), which was demonstrated
to be the catalyst resting state. The anion B undergoes
nucleophilic substitution with benzyl halide (C) to form

Scheme 2. Proposed Mechanism for Sulfenate Anion
Catalyzed trans-Stilbene Formation from Benzyl Halides
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sulfoxide D. Deprotonation of the -position of D is followed
by elimination to generate the double bond in E with very
high trans selectivity and the sulfenate anion F. A rather
serious limitation to use of benzyl phenyl sulfoxide (A) as
precatalyst is that the first turnover installs a phenyl group on
the trans-stilbene. In cases where the benzylic halide (C) is
other than benzyl chloride or bromide, the first cycle forms an
unsymmetrical stilbene (PhCH=CHAr, E’) that is usually
difficult to separate from the desired symmetric trans-stilbene,
ArCH=CHAr (E). To make the sulfenate anion catalyzed
synthesis of trans-stilbenes more attractive, we envisioned
entry into the catalytic cycle at the sulfenate anion, F.

Herein, we report a second-generation sulfenate anion
catalyst that avoids contamination of the first cycle. The
precatalyst, tert-butyl phenyl sulfoxide, undergoes base
promoted elimination to generate phenyl sulfenate anion
and isobutylene as a gaseous byproduct (Scheme 2).

To explore the use of tert-butyl phenyl sulfoxide as
precatalyst, we initially employed conditions for our catalytic
coupling of benzyl chlorides using KO'Bu and benzyl phenyl
sulfoxide precatalyst at 80 °C for 12 h. Under these
conditions, tert-butyl phenyl sulfoxide (2.5 mol %) afforded
only 33% assay yield of trans-stilbene (Table 1, entry 1). The

Table 1. Optimization of Sulfenate Anion Catalyzed trans-
Stilbene (2a) Formation from Benzyl Chloride (1a)“

e
oL o

base, solvent
1a 2a

KO'Bu catalyst temperature time yield®
entry (equiv) (mol %) F"C) (h) (%)
1 3.0 25 380 12 33
2 3.0 25 80° 12 43
39 3.0 25 110 — 80 97
4 3.0 1.0 110 — 80 2 69
54 3.0 2.5 110 — S0 12 94
67 2.0 2.5 110 — SO 2 9%
7%e 2.0 2.5 110 — S0 12 90
8 2.0 2.5 110 — S0 6 96 (94"
99 2.0 2.5 110 — 50 4 88

“Reactions performed using 1.0 equiv of 1a on a 0.2 mmol scale in
CPME. “Crude yield determined by 'H NMR using 0.1 mmol of
CH,Br, as internal standard. “Before benzyl chloride was added, base
and precatalyst were preheated at 80 °C for 30 min. “Before benzyl
chloride was added, base and precatalyst were preheated at 110 °C for
30 min. “0.4 mmol of 1a.”Tsolated yield.

low yield was due to the reaction of benzyl chloride with
KO'Bu via a Sy2 process to generate benzyl tert-butyl ether.®
We hypothesized that the low conversion to the desired
stilbene was due to the slower E2 elimination of tert-butyl
phenyl sulfoxide. To address this issue, we conducted the
reaction in two stages. First, the precatalyst tert-butyl phenyl
sulfoxide was heated with 3 equiv of KO'Bu in CPME at 80
°C for 30 min before addition of benzyl chloride for the
coupling. The assay yield of trans-stilbene (2a) increased to
43% (entry 2). Elevating the preheating temperature to 110
°C followed by cooling the reaction mixture, addition of
benzyl chloride and heating to 80 °C for the coupling led to
97% assay yield of trans-stilbene (entry 3). Decreasing the
catalyst loading to 1 mol % under otherwise identical
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conditions yielded 69% trans-stilbene (entry 4). Lowering
the coupling temperature to 50 °C resulted in formation of
the product with 94% assay yield (entry 5). Finally, we found
that lowering the base loading to 2.0 equiv provided a slightly
higher yield (96%) of trans-stillbene under more economical
conditions (entry 6). Unfortunately, attempts to increase the
reaction concentration from 0.1 to 0.2 M led to increased tert-
butyl phenyl ether (entry 7). The assay yield remained at 96%
when the coupling time was cut to 6 h (entry 8 vs 6). Further
decreasing the coupling time to 4 h caused a drop in the assay
yield to 88% (entry 9). Therefore, the optimized reaction
conditions for tert-butyl phenyl sulfoxide catalyzed trans-
stilbene formation from benzyl halides is 2.5 mol %
precatalyst and 2.0 equiv of KO'Bu in CPME preheated at
110 °C for 30 min, followed by addition of benzyl chloride
and heating at 50 °C for 6 h.

The most surprising finding during the optimization process
is that the sulfenate anion, generated at 110 °C, seems to be
stable under these conditions in the absence of trapping
reagents, at least for short periods of time.”

With the optimized conditions in hand, we set out to
explore the substrate scope. In general, benzyl chloride
derivatives are better substrates than benzyl bromides because
the latter undergo more rapid Sy2 reactions with the base to
generate benzyl tert-butyl ethers. To compensate for the
increased reactivity of benzyl bromide derivatives, S mol %
precatalyst loading was employed with these substrates. Benzyl
chloride and bromide gave trans-stilbene (2a) in 94% and
76% vyield, respectively. Benzyl chlorides with substituents at
para position (2b, 2d, 2e, and 2f) were found to give higher
yields at 80 °C and in some cases with 3.0 equiv of base (1b
and 1d) (Scheme 3). Electron-donating groups increased the
pK, of the benzylic protons of intermediates A and D
(Scheme 2) making them more difficult substrates. For
example, only 71% of 2b was obtained. Substrates bearing
electron withdrawing groups were better coupling partners.
For example, 4,4’-difluorostilbene (2d), 4,4'-dichlorostilbene
(2e), and 4,4'-dibromostilbene (2f) were produced in 60—
97% vyield. Compounds 2e and 2f could be easily elaborated
by standard cross-coupling methods. More sterically hindered
substrates, such as 2-methyl benzyl chloride (1h) and 1-
(chloromethyl)naphthalene (1i), afforded 2h and 2i in 86%
and 85% yields, respectively. Diortho-substituted 2,6-dichlor-
obenzyl chloride was an excellent substrate, leading to trans-
stilbene 2j in 98% vyield. Benzyl halides substituted at the
meta position with Me, F, or CF; group were good substrates,
giving 2k, 2l, and 2m in 89%, 89% and 84% yield,
respectively. Heterocycle-containing stilbenes usually exhibit
interesting photochemistry properties, but are more challeng-
ing to synthesize.® Heterocyclic 2-(chloromethyl)pyridine did
not couple under our optimized conditions. Using non-
nucleophilic KH, however, generated the product 2n, but only
in 39% yield.

To demonstrate the potential utility of this approach, we
performed the coupling of 1-(chloromethyl)naphthalene (1i,
8.4 mmol, 148 g) to the trans-stilbene (2i) in 88% yield
(Scheme 4), suggesting the reaction is scalable.

In summary, trans-stilbenes are widely used as industrial
dyes, laser-dyes, and optoelectronic materials,’ and significant
effort has been devoted to their synthesis.'”"'* We have
developed an organocatalytic method for their preparation
that addresses a deficiency in our prior precatalyst, wherein a
catalytic amount of an inseparable impurity was generated in
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Scheme 3. Substrate Scope of Stilbene Formation from
Benzyl Halides Catalyzed by Sulfenate Anions

2 N

O O

\"X 2.5 mol % ©/ i .I/\\Q/\, =
K)

2.0 equiv KO'Bu

1 CPME, 110 -->50°C, 6 h 2

=

Ry
L=

/@ %\l/ " &
.
N P L |
| /©/
[ j =
A By
2a 2b 2c
X =Cl, 94% X = Cl, 71%=4
" 3 = (]
X = Br, 76%0! X = Br, 5% AmBrELE
L y< & ¥
| T sy - U.-;:,; T f = i
g G B
2d e 2f
X = Cl, 81%/°91 X = Cl, 67%F¢
X = 1] .
X = Br, 67% £rgldATH X = Br, 60%[!
b)) LY 1 W@
R I/V‘ T = - /I%

F J J g
2g 2h 2i
X=Cl,91% X = I, 8gtcd) X =Cl, 85%

1, B, ool
©/-'::_ " \@/ F\©/-‘:¢\. )‘*Q./I\F
~ Cl
A~ >
2 2k 21
X =Cl, 98% X = Cl, Bgsplcd X =Cl, 89%
OF;
= | N&"‘\l‘
S T rv‘-‘-v_-_ =
= L& N
CFa
2m 2n
X = Br, 84% X = Cl, 39%E

“Reactions were performed using 1.0 equiv of 1 and 2.0 equiv of base
on a 0.2 mmol scale. *S mol % precatalyst loading. “80 °C. 43,0 equiv
of KO'Bu used. °KH used as base and reaction run for 24 h at 110 °C.

Scheme 4. trans-1,2-Di(a-naphthyl)ethylene Formation on
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the first catalytic cycle. The precatalyst introduced herein, tert-
butyl phenyl sulfoxide, undergoes base promoted E2
elimination to generate the sulfenate anion catalyst and a
gaseous byproduct. Interestingly, the sulfenate anion gen-
erated under these conditions appears to survive the 110 °C
precatalyst activation stage,’ as judged by its ability to
generate trans-stilbenes in up to 98% yield. Current efforts are
focused on the application of sulfenate anion catalysts to
other reactions.

1166

B ASSOCIATED CONTENT
© Supporting Information

Procedures and characterization data for all new compounds.
This material is available free of charge via the Internet at
http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: pwalsh@sas.upenn.edu.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the National Science Foundation [CHE-1152488]
and National Institutes of Health (NIGMS 104349). LK.S.
and M.AP. thank the Spanish MINECO (grant CTQ2012-
38594-C02-01) and the Institute of Chemical Research of
Catalonia (ICIQ) Foundation for financial support.

B REFERENCES

(1) (a) Hall, A; Karplus, P. A;; Poole, L. B. FEBS ]. 2009, 276,
2469. (b) Paulsen, C. E.; Carroll, K. S. ACS Chem. Biol. 2010, S, 47.
(c) Poole, L. B.; Nelson, K. J. Curr. Opin. Chem. Biol. 2008, 12, 18.
(d) Griffiths, S. W.; King, J.; Cooney, C. L. J. Biol. Chem. 2002, 277,
25486.

(2) (a) Goto, K; Holler, M.; Okazaki, R. J. Am. Chem. Soc. 1997,
119, 1460. (b) Goto, K; Tokitoh, N.; Okazaki, R. Angew. Chem., Int.
Ed. 1995, 34, 1124. (c) Davis, F. A.; Jenkins, L. A; Billmers, R. L. J.
Org. Chem. 1986, 51, 1033.

(3) (a) Jia, T; Bellomo, A; Montel, S.; Zhang, M.; El Baina, K;
Zheng, B.; Walsh, P. J. Angew. Chem., Int. Ed. 2014, 53, 260. (b) Jia,
T.; Bellomo, A.; ELBaina, K.; Dreher, S. D.; Walsh, P. J. J. Am. Chem.
Soc. 2013, 13S, 3740—3743. See also: (c) Jia, T.; Zhang, M,
Sagamanova, I. K; Wang, C. Y,; Walsh, P. J. Org. Lett. 2015,
DOI: 10.1021/acs.orglett.5Sb00092.

(4) For reviews, see: (a) O'Donnell, J. S; Schwan, A. L. . Sulfur
Chem. 2004, 25, 183. (b) Maitro, G.; Prestat, G.; Madec, D.; Poli, G.
Tetrahedron: Asymmetry 2010, 21, 107S. (c) Schwan, A. L;
Soderman, S. C. Phosphorus, Sulfur Silicon, Relat. Elem. 2013, 188,
275. For recent examples, see: (d) Maitro, G.; Vogel, S.; Sadaoui,
M,; Prestat, G; Madec, D,; Poli, G. Org Lett. 2007, 9, 5493.
(e) Bernoud, E; Le Duc, G.; Bantreil, X,; Prestat, G.; Madec, D;;
Poli, G. Org. Lett. 2010, 12, 320. (f) Singh, S. P.; O'Donnell, L. S;
Schwan, A. L. Org. Biomol. Chem. 2010, 8, 1712. (g) Soderman, S.
C.; Schwan, A. L. J. Org. Chem. 2013, 78, 1638. (h) Zong, L.; Ban,
X,; Kee, C. W,; Tan, C.-H. Angew. Chem.,, Int. Ed. 2014, S3, 11849.
For a related reaction see: (i) Izquierdo, F.; Chartoire, A,; Nolan, S.
P. ACS Catalysis 2013, 2190—2193.

(5) (a) Zhang, M,; Jia, T.; Yin, H; Carroll, P. J.; Schelter, E. J;
Walsh, P. J. Angew. Chem,, Int. Ed. 2014, 53, 1075S. (b) Schwan, A.
L. ChemCatChem 2018, 7, 226.

(6) Mayeda, E. A.; Miller, L. L.; Wolf, J. F. J. Am. Chem. Soc. 1972,
94, 6812.

(7) (a) Refvik, M. D.; Schwan, A. L. Can. J. Chem. 1998, 76, 213.
(b) Soéderman, S. C; Schwan, A. L. Org. Lett. 2011, 13, 4192.

(8) Ciorba, S.; Bartocci, G.; Galiazzo, G.; Mazzucato, U.; Spalletti,
A. J. Photochem. Photobiol. A 2008, 195, 301.

(9) (a) Ciardelli, F.; Ruggeri, G.; Pucci, A. Chem. Soc. Rev. 2013,
42, 857. (b) Coe, B. J.; Foxon, S. P.; Harper, E. C,; Harris, J. A;
Helliwell, M.; Raftery, J; Asselberghs, I; Clays, K; Franz, E;
Brunschwig, B. S.; Fitch, A. G. Dyes Pigments 2009, 82, 171.

(10) Ferre-Filmon, K; Delaude, L.; Demonceau, A.; Noels, A. F.
Coord. Chem. Rev. 2004, 248, 2323.

DOI: 10.1021/acs.orglett.5b00117
Org. Lett. 2015, 17, 1164-1167



Organic Letters

(11) (a) McMurry, J. E.; Fleming, M. P. J. Am. Chem. Soc. 1974, 96,
4708. (b) McMurry, J. E. Chem. Rev. 1989, 89, 1513. (c) Idriss, H.;
Pierce, K. G.; Barteau, M. A. . Am. Chem. Soc. 1994, 116, 3063.

(12) (a) Wittig, G.; Schollkopf, U. Chem. Ber. 1954, 87, 1318.
(b) Bellucci, G.; Chiappe, C.; Moro, G. L. Tetrahedron Lett. 1996,
37, 4225. (c) Shi, M; Xu, B. J. Org. Chem. 2002, 67, 294.
(d) Palacios, F.; Alonso, C.; Aparicio, D.; Rubiales, G.; de los Santos,
J. M. Tetrahedron 2007, 63, 523.

(13) (a) Reitter, B. E; Sachdeva, Y. P.; Wolfe, J. F. Abstr. Pap. Am.
Chem. Soc. 1981, 181, 15. (b) Hauser, C. R; Brasen, W. R; Skell, P.
S.; Kantor, S. W,; Brodhag, A. E. J. Am. Chem. Soc. 1956, 78, 1653.

(14) Zhao, F,; Luo, J; Tan, Q; Liao, Y.; Peng, S; Deng, G. Adv.
Synth. Catal. 2012, 354, 1914.

1167

DOI: 10.1021/acs.orglett.5b00117
Org. Lett. 2015, 17, 1164-1167



