
University of Pennsylvania
ScholarlyCommons

Master of Chemical Sciences Capstone Projects Department of Chemistry

8-2017

The Study of Sulfenate and Sterically Hindered
Chalcogenide Anions as Organocatalysts for the
Construction of C-C Bonds
Christopher M. Annunziato
University of Pennsylvania, cannunz@sas.upenn.edu

Follow this and additional works at: https://repository.upenn.edu/mcs_capstones

Part of the Chemistry Commons

This paper is posted at ScholarlyCommons. https://repository.upenn.edu/mcs_capstones/6
For more information, please contact repository@pobox.upenn.edu.

Annunziato, Christopher M., "The Study of Sulfenate and Sterically Hindered Chalcogenide Anions as Organocatalysts for the
Construction of C-C Bonds" (2017). Master of Chemical Sciences Capstone Projects. 6.
https://repository.upenn.edu/mcs_capstones/6

https://repository.upenn.edu?utm_source=repository.upenn.edu%2Fmcs_capstones%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.upenn.edu/mcs_capstones?utm_source=repository.upenn.edu%2Fmcs_capstones%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.upenn.edu/chemistry?utm_source=repository.upenn.edu%2Fmcs_capstones%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.upenn.edu/mcs_capstones?utm_source=repository.upenn.edu%2Fmcs_capstones%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=repository.upenn.edu%2Fmcs_capstones%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.upenn.edu/mcs_capstones/6?utm_source=repository.upenn.edu%2Fmcs_capstones%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.upenn.edu/mcs_capstones/6
mailto:repository@pobox.upenn.edu


The Study of Sulfenate and Sterically Hindered Chalcogenide Anions as
Organocatalysts for the Construction of C-C Bonds

Abstract
Chalcogenides are highly redox active and biologically potent nucleophiles with significant unexplored
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forming sp2-sp3 C-C bonds is in development. In this two-part study, part one focuses on screening
conditions suitable for both cleavage of a precatalyst and subsequent BH reaction. Whereas part two focuses
on the proclivity of chalcogenide oxyanions to disproportionate. Sterically hindered analogs were investigated,
to prevent catalyst decomposition. The sulfenate anion catalyzed (20 mol %) BH reaction was conducted in
the presence of α,β-unsaturated nitriles, ketones and esters to generate allylic alcohols in yields up to 37%.
Precatalyst cleavage studies were an integral part to the realization of smooth sulfenate anion generation.
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Introduction 
 
Chalcogenides are ubiquitous in biological processes.1,2,3 They often act as 
highly nucleophilic and redox active species.4 Sulfur and selenium possess 
biologically important antioxidant properties that suppress oxidative stress, which 
likely plays a significant role in many neurodegenerative diseases.5,6,7,8 The 
polarizability of these atoms, not only allows for the stabilization of  free radicals, 
but also for ease of bond making and breaking, which are essential properties of 
any catalyst. For the present work, a sulfenate anion mediated Baylis-Hillman 
(BH) reaction is in development as an important step toward the utilization these 
reactive organocatalysts. Complimentary to sulfenate anions, seleneolate anions 
(Se-, Figure 1), specifically bulky ortho-ortho di-substituted variants; are 
investigated herein for their ability to function as organocatalysts.  
 
Organocatalysis has emerged in the past several decades as a powerful method 
for the construction of C-C bonds.9 Generally, organocatalysts offer good air and 
water stability, low manufacturing costs, ease of use, ease of functionalization 
and low toxicity in exchange for moderately higher loadings.9 The sulfenate anion 
is not air stable, preventing isolation and storage.10,11 Sulfenate anions tend to 
undergo irreversible disproportionation (dimerization); however, it is not well 
understood how this process occurs. It is well known that sulfenic (RSOH) and 
related selenic acids (RSeOH) disproportionate readily, losing water to form 
oxidized disulfide and diselenide bonds. 8,12,13 Typically large bowl-shaped 
structures are required to prevent disproportionation, thus making it an ongoing 
challenge in the scientific community to study these transient species. 12,14,15  
 
Researchers in the Walsh lab are exploring the use of selenium based catalysts 
1,2 (without hinderance) shown in Figure 1, for their applications as 
organocatalysts; hence the study of selenium based catalysts in this work. To 
study steric effects on the rate of disproportionation, 1,3 in Figure 1 were 
synthesized. It was hypothesized that adding steric bulk around the chalcogenide 
center could result in increased catalyst efficiency (higher turnover number), 
while allowing the necessary chemistry to occur a few atoms removed from the 
center. 
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Figure 1. 2,6-Hindered variants of seleneolate, selenenate and sulfenate anions 

Typically, 2.5 mol % – 20 mol % precatalyst (since it is not air stable) is used in 
sulfenate anion organocatalysis to produce stilbenes and alkynes (Scheme 
1).16,17,18 In Scheme 1, the sulfenate anion is introduced via precatalyst benzyl 
sulfoxide C, which is deprotonated by base affording D. In the absence of 
aldehyde, D will undergo a benzylation with benzyl chloride B via an SN2 reaction 
pathway, generating intermediate E. Under basic conditions E will undergo E2 
elimination from the β-hydrogens to afford stilbene F and regenerate sulfenate A. 
In the presence of aldehyde G, a competition of rates ensues, with D preferring 
addition to aldehyde G over benzyl chloride B to afford β-hydroxy sulfoxide H. 
Under basic conditions, H is deprotonated in the α-position to afford vinyl 
sulfoxide I. Subsequent elimination of the β-hydrogens of I affords alkyne J and 
regenerates sulfenate A. 
 
It is advantageous to increase efficiency and decrease loadings, so sulfenate 
(RSO-) and selenenate (RSeO-) anions become attractive options to the broader 
scientific community. It is possible that high precatalyst loadings are due to out of 
cycle processes that destroy the catalyst, not involving disproportionation; 
however, given the propensity for such processes it is a likely contributor. 
 
While increasing catalyst efficiency, it is necessary that the steric bulk does not 
increase the activation energy (Ea) of the rate-determining step (RDS), because 
the reaction will likely stop. In the stilbene synthesis shown in Cycle A of Scheme 
1, the RDS is known to be the benzylation from intermediate D to E.17  Bonding, 
Not Hydrophobic Effects, Is Implicated.19  There may be a delicate balance 
between blocking disproportionation and attenuating catalytic activity, which 
directed the experimental design to the following approach. Instead of randomly 
adding different bulky groups and testing results, the experiments were designed 
to hone in on the solution from established boundaries. Catalysts 1,3 in Scheme 
1 were designed to test small (methyl) and large (mesityl) groups effects in the 
stilbene reaction.  
 
Depending on the results, either one of three conclusions can be drawn. 1. If 3 
completely shuts down reactivity with small methyl groups then steric protection 
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is unlikely to yield desired results. 2. If 1 completely shuts down reactivity with the 
large mesityl groups, substituent size must be decreased. 3. If mesityl does not 
significantly impact reaction yield, the boundary can be increased to include even 
larger substituents and the process is repeated until an ideal candidate is found. 
Even though 1 is not an oxide, and does not undergo disproportionation, it can 
provide valuable information being sterically similar to 2 and still being able to 
catalyze the stilbene reaction. Experiments show that 1 completely fails to 
catalyze the reaction and 3 suffers reduced yields at higher loadings, prompting 
further investigations.  
 
The objectives are as follows: To determine if either of the species in Figure 1 
show comparable activity in catalyzing the well-established stilbene reaction at 
decreased loadings. 
 

Scheme 1. Previous work using sulfenate anions as organocatalysts by 
Walsh and co-workers18  

 
 
There are two ways one can envision the sulfenate and selenenate anion 
disproportionation’s occurring as shown in Figure 2 and Figure 3. In the 
presence of a proton source (Figure 2), the sulfenate could protonate and 
undergo nucleophilic attack by a second sulfenate to form a thiosulfinate. In the 
absence of a proton source (Figure 3), the two nucleophilic sites, oxygen and 



4 
 

chalcogen combine and disproportionate. Reported sulfenic acid pKa values cast 
doubt upon Figure 2 as a dominant mechanism; however, there is some 
literature evidence for such processes.16,20 The pKa of triptycene (alkyl) sulfenic 
acids are reported to be 12.5 in 4:1 (v:v) CH3CN/H2O, compared to tert-butyl 
hydroperoxide ~ 14 under the same conditions.20 Considering a 4:1 (v:v) 
CH3CN/H2O is likely increasing the pKa in relation to pure H2O and aromatic 
sulfenic acids are expected to several orders of magnitude more acidic than alkyl 
analogues; it is highly unlikely that there will be an acid-base equilibrium between 
H2O and an aromatic sulfenate as shown in Figure 2.20 
 

 
Figure 2. Sulfenate anion disproportionation in the presence of a proton source 

 
Figure 3. Proposed disproportionation mechanism between two chalcogenide 
oxyanions 

The sulfenate anion possess a plethora of unique and desirable properties for C-
C bond formation shown in Figure 4. These include a soft nucleophilic sulfur 
center which readily alkylates and in this work, undergoes conjugate additions. 
The sulfenate anion possess a strong dipole, often drawn as a zwitterion that 
enhances its leaving group ability and allows the oxygen to function as proton 
acceptor and donor. The organic fragment (R) offers steric protection and 
controls solubility in organic media. Unique features include prochiral lone pairs 
that offer great potential for stereoselective catalysis, and vicinal heteroatoms 
that enhance reactivity due to an α-effect.21 The history of such species has been 
regarded as esoteric and thus the catalytic potential has largely been overlooked 
by the broader scientific community. 16,19 This may be, in part, due to the focus on 
the biologically important sulfenic acids that are used in redox singling 
processes; however, in recent years there has been a resurgence of sulfenate 
anion research.16,17,18,22,23,24,25 
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Figure 4. General properties of a sulfenate anion 

The combination of sulfenate anion and BH chemistry provides a unique 
opportunity to explore a prochiral chalcogenide in conjugate addition reactions. 
Chalcogenides have been utilized with strong Lewis acids to afford BH products 
with limited success.26 The first example of a sulfenate anion being utilized as an 
organocatalyst for stilbene formation was developed by the Walsh lab at the 
University of Pennsylvania.17  Walsh and co-workers have shown the sulfenate 
anion has a dualistic nature, behaving as a good nucleophile and leaving group, 
similar to an N-heterocyclic carbene.17,27  
 
The objectives aimed to identify ideal conditions of the BH reactions are as 
follows: 1. Find a precatalyst that can introduce the sulfenate anion in a way that 
diminishes side-reactions and permits straightforward testing of conditions 
(solvent, temperature and concentration). 2. Use the identified conditions in the 
reactions of α, β-unsaturated nitriles, ketones and esters with neutral unhindered 
aldehydes (benzaldehyde). 3. Complete High-Throughput screening using 
optimized conditions to develop substrate scope. Developing substrate scope 
encompasses the possible combinations of activated alkenes and substituted 
aldehydes that the sulfenate can catalyze.  
 
The optimization of this process was expected to be rather difficult, because it 
represents a new application of an understudied species on a notoriously difficult 
reaction that typically takes days to afford products (due to the reversibility of the 
processes), while introducing extra variables in the form of a precatalyst and any 
additives that are required for cleavage.  
 
There are a several examples of sulfenate anions generated as reagents to 
prepare enantioenriched aryl and alkyl-sulfoxides.23,24,28,29 However, there are 
only two examples of the sulfenate anion used as an organocatalyst to construct 
sp and sp2 C-C bonds as shown in Scheme 1. Using inspiration from previous 
works in Scheme 1, it is proposed that either fluoride or strong base mediated 
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cleavage of sulfoxide precatalyst shown in 5 yields sulfenate anion A.11 The 
sulfenate anion A performs a reversible conjugate addition onto the β-carbon of 
the activated alkene B. The anionic A-B adduct performs an reversible aldol 
addition to the aldehyde E to generate adduct C. A reversible proton transfer 
from a product molecule 4, to adduct C ensues, followed by irreversible E2 
elimination of adduct D to generate sulfenate A and allylic alcohol 4.30 
 

   
Figure 5. Proposed sulfenate anion catalyzed Baylis-Hillman mechanism 
 

In recent literature Singleton and Plata have shown that deuterium incorporation 
(Scheme 2) to unreacted methyl acrylate in d4-methanol was “extensive”. When 
product 6 reached in  18% yield, 85% of adduct 5’s α-protons were deuterated 
(followed by 1H NMR).31 This is notable when considering a sulfenate anion 
catalyzed BH reaction, because the sulfenate-acrylic adduct A-B in Figure 3 is 
not zwitterionic and therefore may be protonated irreversibly; consuming the 
catalyst.  
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Scheme 2. Singleton and Plata show significant deuterium incorporation in 
intermediate 5 before product 6 is formed 

 
 
It was important to investigate whether entering the BH cycle mid-cycle from 
precatalysts 7.1, 7.2 is a viable way to introduce the sulfenate anion Figure 6. 
Understanding the proper base and temperature conditions required to cleave 
7.1, 7.2 is integral to being able to complete full BH cycle. The pKa of the α-
hydrogens of 7.1 in Figure 6 are ~ 35 (DMSO) compared to ~ 32.5 (DMSO) for 
the β-hydrogens.32 A strong base such as a tert-butoixde or hexamethyldisilazne 
would be expected to deprotonate the β-hydrogens first, leading to E2 elimination 
and generation of the sulfenate anion. However, sulfoxides are known to be good 
alpha directing groups and therefore may play a factor into what conditions are 
necessary to achieve full deprotonation.33  
 

 
Figure 6. Two types of sulfenate anion precatalysts tested in BH reaction 

Milder methods, such as introduction by fluoride cleavage using precatalyst 8 in 
Figure 6 , are preferable to strong base with 7.1, 7.2. Fluoride cleavage studies 
are subsequently designed to optimize the fluoride source and conditions to 
cleave precatalyst 8. Substrates including substituted aldehydes and activated 
alkenes are tested with the improved conditions generating yield in the BH 
reaction. Further testing of conditions including temperature, equivalents, solvent 
and concentration were altered to achieve optimal conditions. These conditions 
will be used in future experiments to develop a substrate scope and mechanistic 
study.  
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Materials and Methods 
 

General Methods: All reactions were carried out under dry nitrogen. Anhydrous 
grade tetrahydrofuran, dichloromethane, n-hexane, dimethylformamide, 
methanol, and cyclopentyl methyl ether were purchased from Sigma-Aldrich and 
directly used without purification. Reagents were commercially available and 
used as purchased without purification unless otherwise noted. Chemicals were 
purchased from Sigma-Aldrich, Acros, Alfa-Aesar or Matrix Scientific.   
Benzaldehyde (Simga-Aldrich, > 99%) and vinyl electrophiles, including methyl 
acrylate (Simga-Aldrich, 99%), acrylonitrile (Sigma Aldrich, > 99%) and methyl 
vinyl ketone (Sigma Aldrich, 99%) were purified by simple distillation prior to use. 
p-Bromobenzaldehyde (Simga Aldrich, 99%) and m-nitrobenzaldehyde (Simga 
Aldrich, 99%) were checked for purity by 1H NMR and used without further 
purification. The progress of reactions was monitored using thin-layer 
chomatography using Whatman Partisil K6F 250 µm precoated 60 Å silica gel 
plates and visualized by short-wave ultraviolet light as well as by treatment with 
iodine. Flash chromatography was performed with silica gel (230-400 mesh, 
Silicycle). The NMR spectra were obtained using a Brüker 500 MHz Fourier-
transform NMR spectrometer. All 1H NMR and 13C NMR were taken in CDCl3. 
Chemical shifts are reported in units of parts per million (ppm) downfield from 
tetramethylsilane (TMS), and all coupling constants are reported in hertz. The 
infrared spectra were taken with a Perkin Elmer spectra two FT-IR. High 
resolution mass spectrometry (HMS) data were obtained on a Waters LC-TOF 
mass spectrometer (model LCT-XE Premier) using chemical ionization (CI) or 
electrospray ionization (ESI) in positive or negative mode, depending on the 
analyte. Melting points were determined on a Unimelt Thomas-Hoover melting 
point apparatus and were uncorrected.  
 
Determination of crude 1H NMR allylic alcohol product yields: 
Allylic alcohol product yields were determined by integration of the two sp2 acrylic 
protons (doublets) and the sp3 methine (singlet) around 6 ppm against CH2Br2 
internal standard. Vinyl electrophiles including acrylonitrile, methyl acrylate and 
methyl vinyl ketone are evaporated under reduced pressure during normal 
workup procedures and therefore do not appear in the crude 1H NMR. 
 
General procedure for catalysis using precatalysts 7.1 or 7.2 for products 9, 
10 and 11: This Procedure was adapted from the literature.34 To an oven dried 
microwave vial equipped with a stir bar was added 2-cyanoethyl phenyl sulfoxide 
(7.0 mg, 0.033 mmol, 10 mol %), in a nitrogen filled dry box. The microwave vial 
was sealed with a vial cap with a rubber insert and the sealed vial removed from 
the dry box. The vial was cooled to -78 oC and stirred. In a separate oven dried 
microwave vial equipped with a stir bar, base (0.036 mmol) and THF (0.2 mL) 
were mixed at RT for 5-10 min. The base and THF solution was added dropwise 
to the sulfoxide at -78 oC and stirred for 20-45 min. To the mixture at -78 oC, 
benzaldehyde (34.0 uL 0.34 mmol) and acrylonitrile (43.7 uL 0.67 mmol) were 
added sequentially and stirred for 1.5 h. The mixture was warmed RT and 
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allowed to stir for 18 h. After 18 h the mixture was diluted in CH2Cl2 (2 mL) and 
H2O (2 mL), shaken and the bottom organic layer was pipetted out of the vial. 
The volatiles were removed under reduced pressure before acquiring the 1H 
NMR spectrum.   
 
General procedure for catalysis using precatalyst 8 for products 12, 13 or 
14: To an oven dried microwave vial equipped with a stir bar was added phenyl 
2-(trimethylsilyl)ethyl sulfoxide (9.0 mg, 0.04 mmol, 20 mol %), tetra-n-
butylammonium fluoride (0.12 mL, 0.12 mmol, 1 M in THF) and THF (0.38 mL) in 
a nitrogen filled dry box. The microwave vial was sealed with a vial cap with a 
rubber insert and the sealed vial removed from the dry box followed by stirring at 
40 oC for 30 min. The solution was cooled to RT and transferred via 1 mL plastic 
syringe into an oven dried microwave vial equipped with a stir bar containing 
activated alkene (3 equiv., 0.6 mmol) and aldehyde (1 eq, 0.2 mmol). The 
solution was stirred at RT for 18 h. The sealed vial was opened to air and the 
reaction mixture was passed through a short pad of silica gel. The pad was then 
rinsed with 10 mL of a  9:1 dichloromethane:methanol mixture. The volatiles were 
removed under reduced pressure before acquiring the 1H NMR spectrum.   

 
2-[Hydroxy-(3-nitro-phenyl)-methyl]-acrylonitrile 13: The crude oil was 
purified by column chromatography to yield 2-[hydroxy-(3-nitro-phenyl)-methyl]-
acrylonitrile as a yellow oil (106.0 mg, 0.52 mmol, 47%). The spectroscopic data 
match the previously reported data.48 

 
2-[Hydroxy-(3-nitro-phenyl)-methyl]-methyl acrylate 14: The crude oil was 
purified by column chromatography to yield 2-[hydroxy-(3-nitro-phenyl)-methyl]-
methyl acrylate as a light-yellow oil (96.0 mg, 0.40 mmol, 37.0% yield). The 
spectroscopic data match the previously reported data.50 
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Sulfide preparation 
 
Scheme 3. General sulfide preparation 

 
 
This Procedure was adapted from the literature.35 To an oven-dried 8 mL vial 
equipped with a stir bar, was added tetrahydrofuran (1 mL), acrylonitrile (196.5 
uL, 3.0 mmol), and thiol (3.0 mmol). The mixture was stirred and cooled to 0 oC. 
To the mixture at 0 oC, triethylamine (12.5 uL, 0.09 mmol) was added. The 
solution was warmed to RT and stirred for 36 h. After 36 h, the solution was 
diluted in EtOAc (30 mL) and extracted with 5% aqueous NaOH (1x 30 mL), H2O 
(2x 30 mL), and brine (1x 30 mL). The organic phase was dried over MgSO4 and 
concentrated under reduced pressure. 

 
 
 
 

2-Cyanoethyl phenyl sulfide 7.1 a:  The product, 2-cyanoethyl phenyl sulfide 
was obtained as a colorless oil (570.0 mg, 116.5% yield*) and did not require 
further purification. The spectroscopic data match the previously reported data.36 
* The product is > 99% pure by 1H NMR. Excess yield resulted from using a 
plastic mL syringe to measure several hundred uL amounts. After realizing the 
accuracy was not ideal, the 100 uL syringe was utilized successively thereafter 
for amounts over 100 uL. This error was an isolated incident.    
 

 
 
 
 

2-Cyanoethyl p-methoxyphenyl sulfide 7.2 a: The crude oil was purified by 
column chromatography to yield 2-cyanoethyl p-methoxyphenyl sulfide as a 

colorless oil (450.0 mg, 77.7% yield). 1H-NMR (CDCl3): δ= 7.40 (d, 2H, J=8.75 

Hz) 6.87 (d, 2H, J=8.75Hz) 3.79 (s, 3H) 2.98 (t, 2H J=7.31, 6.8 Hz) 2.51 (t, 2H 

J=7.31, 6.8 Hz) ppm. 13C-NMR (CDCl3): δ= 160.01, 135.03, 123.28, 118.21, 

115.01, 55.41, 31.84, 18.21 ppm. IR (cm-1): 2939, 2250 1590 1570 1592 1243. 
MS (EI) m/z = Calculated for C10H11NOS, 194.1 Found: 194.1.  
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Sulfoxide precatalyst preparation  
 
Scheme 4. General sulfide oxidation preparation 

 
 
This Procedure was adapted from the literature.37 To an oven-dried 20 mL vial 
equipped with a stir bar was added sulfide (1.0 mmol) and CH2Cl2 (10 mL). The 
mixture was stirred and cooled to 0 oC in air. Meta-chloroperoxybenzoic acid 
72.5% in H2O (241.0 mg, 1.39 mmol) was added over the course of 2 min. After 
the addition was complete, the solution was allowed to warm to RT over the 
course of 45 min. After 45 min mixing, the solution was diluted with 30 mL CH2Cl2 
and extracted with 30 mL NaOH (0.5 M). The organic layer was separated and 
set aside. The aqueous layer was extracted twice more with CH2Cl2 (30 mL) 
before combining the organic layers. The organic layers were dried over MgSO4 
and evaporated to dryness. 

 
 
 
 
 

2-Cyanoethyl phenyl sulfoxide 7.1: The crude oil was purified by column 
chromatography to yield 2-cyanoethyl phenyl sulfoxide as a white solid (100.0 
mg, 0.56 mmol, 56% yield). The spectroscopic data match the previously 
reported data.38 
 
 

 
 
 
 
 

2-Cyanoethyl p-methoxyphenyl sulfoxide 7.2: The crude oil was purified by 
column chromatography to yield 2-cyanoethyl p-methoxyphenyl sulfoxide as a 

colorless oil (145.0 mg, 0.69 mmol, 69% yield). 1H-NMR (CDCl3): δ= 7.53 (d, 2H, 

J=8.74 Hz), 7.07 (d, 2H, J=8.79 Hz) 3.86 (s, 3H) 3.15 (m, 1H) 2.87 (m, 2H) 2.52 

(m, 1H) ppm. 13C-NMR (CDCl3): δ= 162.55, 132.13, 125.83, 117.32 115.21, 

55.62, 50.56, 9.75 ppm. MS (EI) m/z = Calculated for C10H11NO2S, 210.0 Found: 
210.0. 
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2-(Trimethylsilyl)ethyl sulfide 8 a: This Procedure was adapted from the 
literature.39 To an oven-dried 20 mL vial equipped with a stir bar, 
azobisisobutyronitrile (57.0 mg, 0.35 mmol) was added in a nitrogen filled dry 
box. To the vial under nitrogen a RT was added vinyl trimethylsilane (4.77 mL, 
32.8 mmol), and thiophenol (3.0 mL, 29.3 mmol). The neat mixture was heated to 
reflux at 65 oC under nitrogen for 18 h. The mixture was cooled to RT, exposed 
to air and transferred into a 25 mL RBF. Excess vinyl trimethylsilane was distilled 
off by short path distillation at 65 oC. A colorless oil was recovered (6.15 g, 29.3 
mmol) and was used without further purification. The spectroscopic data match 
the previously reported data.39 

 
 
 
 
 
 

2-(Trimethylsilyl)ethyl sulfoxide 8:  In an oven-dried 250 mL round bottom 
flask equipped with a stir bar, was added 2-(trimethylsilyl)ethyl sulfide (6.15 g, 
29.3 mmol) and methanol/H2O 95:5 (101 mL : 5.4 mL). The solution was stirred 
and cooled to 0 oC in air. At 0 oC sodium periodate (6.63 g, 31.0 mmol) was 
added over the course of 2 min, forming a white suspension. After the addition 
was complete, the suspension was allowed to warm to RT for 18 h. The white 
suspension was transferred to a 500 mL separatory funnel. In the 500 mL 
separatory funnel the reaction mixture was diluted with CH2Cl2 (50 mL) and 
extracted with aqueous sodium thiosulfate (50 mL). The organic layer was set 
aside and the aqueous layer was extracted with CH2Cl2 (50 mL). The combined 
organic layers were extracted with sodium thiosulfate (1x 50 mL) and brine (2 x 
50 mL). The organic layer was dried over MgSO4 and evaporated to dryness. A 
pale-yellow oil, 2-(trimethylsilyl)ethyl sulfoxide was isolated (6.38 g, 28.2 mmol, 
96.3% yield over two steps). The spectroscopic data match the previously 
reported data.40 

 
 
 
 
 
 

2,6-Me2C6H3S(C2H4)Ph 21 a : To an oven-dried 20 mL vial equipped with a stir 
bar was added 2,6-dimethylbenzenethiol (199.8 mg, 1.5 mmol), potassium tert-
butoxide (179.5 mg, 1.6 mmol) and dimethylformamide (7.5 mL) in a nitrogen 
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filled dry box. The vial was removed from the dry box and stirred at RT. To the 
mixing solution 2-bromoethylebenzene (409.7 uL, 3 mmol) was added. The 
mixture was heated to reflux for 18 hours. After 18 h, the mixture was cooled to 
RT. The mixture was diluted in EtOAc (30 mL). Dimethylformamide was 
extracted into the aqueous layer with H2O (3x 30 mL). The organic layer was 
dried over MgSO4 and evaporated under reduced pressure. The crude oil, 2,6-
Me2C6H3S(C2H4)Ph (269.0 mg, 1.11 mmol, 74.1% yield) was used without further 
purification.  

 
 
 
 
 
 

2,6-Me2C6H3SO(C2H4)Ph 21: To an oven-dried 20 mL vial equipped with a stir 
bar was added 2,6-Me2C6H3S(C2H4) Ph (269.0 mg, 1.11 mmol) and CH2Cl2 (13.3 
mL). The mixture was cooled to 0 oC and mixed in air.  To the mixture at 0 oC 
was added meta-chloroperoxybenzoic acid 72.5% in H2O (320.5 mg, 1.44 mmol) 
over 2 min. After the addition was complete, the solution was allowed to warm to 
RT over the course of 1 h. After 1 h the solution was diluted with 30 mL CH2Cl2 
and extracted with 30 mL aqueous NaOH (0.5 M). The organic layer was 
separated and set aside. The aqueous layers were extracted twice more with 
CH2Cl2 (30 mL) before combining the organic layers. The organic layers were 
dried over MgSO4 and evaporated to dryness. The crude oil 2,6-
Me2C6H3SO(C2H4)Ph was purified by column chromatography to yield a colorless 

oil (191.0 mg, 0.74 mmol, 67% yield). 1H-NMR (CDCl3): δ= 7.28 (m, 2H) 7.22 (m, 

4H) 7.02 (d, 2H, J= 8.4 Hz) 3.53 (m, 1H) 3.15 (m, 1H) 3.03 (m, 2H) 2.53 (s, 6H) 

ppm. 13C-NMR (CDCl3): δ= 138.77, 138.21, 137.94, 130.75, 130.16, 128.67, 

128.40, 126.65, 53.65, 29.95, 19.11 ppm. 
 
Selenide catalyst preparation 

 
 
 
 
 
 

2,6-Dimestiyliodobenzene 16: This Procedure was adapted from the 
literature.41 In an oven-dried 3 neck 250 mL flask equipped with a stir bar and 
reflux condenser, was added freshly distilled 1,3-dichlorbenzene (1.48 mL, 13 
mmol) and THF (40.5 mL) under nitrogen. The solution was cooled to -78 oC and 
n-BuLi (2.5 M in hexanes, 5.4 mL, 13.5 mmol) was added over 30 min via 6 mL 
plastic syringe under positive nitrogen pressure. The resulting white suspension 
was then stirred for 90 min at -78 oC. To the white suspension at -78 oC was 
added 2-mesitylmagnesium bromide (1M in THF, 32.5 mL, 32.5 mmol) via three 
12 mL syringes to the suspension at -78 oC under positive nitrogen pressure over 
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2 h. The resulting brown suspension was warmed to RT for 18 h. After 18 h, the 
solution was refluxed for 2 h, then cooled to 0 oC. At 0 oC iodine (8.25 g, 32.5 
mmol) in 32.5 mL of THF was added via three 12 mL syringes over 1 h to the 
solution. The solution was allowed to warm to RT and stirred 18 h. After 18 h, the 
reaction was quenched with a saturated aqueous solution of sodium thiosulfate 
(50 mL). The solution was transferred to a 250 mL separatory funnel. The 
organic layer was extracted and set aside. The aqueous layer was extracted with 
diethyl ether 3x (50 mL). The combined organic phases were dried over MgSO4. 
Removal of the solvent under vacuum gave the crude product as a white solid 
that was recrystallized from approximately 500 mL ethanol (> 99.5%). The 
product 2,6-dimestiyliodobenzene was obtained as a white crystalline solid in 
52.4% yield (3.0 g, 6.81 mmol). The spectroscopic data match the previously 
reported data.41 

 
 
 
 
 
 
 
 
 

(2,6-Mes2C6H3Se)
2 17: This procedure was adapted from the literature.42 In an 

oven-dried Schleck flask (100 mL) equipped with a stir bar was added 2,6-
dimesityliodobenzene (1.23 g, 2.8 mmol) and hexanes (30 mL) under nitrogen. 
To the solution at RT was added n-BuLi (2.5 M in hexanes, 1.15 mL, 2.85 mmol) 
via 6 mL syringe under positive nitrogen pressure and stirred 18 h. After 18 h, the 
volume of the suspension was reduced to 15 mL under reduced pressure and the 
white solid was filtered off via cannula filtration. The remaining white solid was 
dissolved in THF (20 mL), and cooled to -78 oC. At -78 oC selenium powder was 
added though a funnel into the septa opening with nitrogen backflow. The black 
suspension was stirred 18 h and allowed to warm to RT. After 18 h, aqueous 
hydrochloric acid (7.5 mL, 5%) was added to the suspension and the stirring was 
extended for another 2 h. After 2 h, the mixture was extracted with CHCl3 (3 x 25 
mL). The organic phases were combined and extracted with H2O (1 x 25 mL) and 
brine (1 x 25 mL). The organic phase was dried over MgSO4 and evaporated 
under reduced pressure. The crude product (2,6-Mes2C6H3Se)

2 an orange waxy 
solid (0.70 g, 0.89 mmol, 63.6% yield) was used without further purification.  
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2,6-Mes2C6H3SeH 18: This Procedure was adapted from the literature.42 In an 
oven-dried Schleck flask (100 mL) equipped with a stir bar was added crude (2,6-
Mes2C6H3Se)

2 (0.70 g, 0.89 mmol) under nitrogen. To the solid was added THF 
(20 mL) via cannula. The mixing solution was added via cannula over 2 min to a 
solution of LiAlH4 (152.0 mg, 4.0 mmol) in THF (10 mL) under nitrogen at 0 oC. 
The resulting grey suspension was stirred for 1 h at 0 oC. After 1 h, the solution 
was exposed to air and cautiously poured onto ice-water. The ice was cautiously 
melted using a heat gun and extracted with CHCl3 (3 x 25 mL). The organic 
layers were combined and extracted with H2O (1 x 25 mL) and brine (1 x 25 mL). 
The organic phase was dried over MgSO4 and evaporated under reduced 
pressure. The crude product was recrystallized from n-hexane to afford yellow 
crystals and further purified by column chromatography using pure hexanes to 
yield a white solid 2,6-Mes2C6H3SeH (91.0 mg, 0.23 mmol, 12.9% yield). The 
spectroscopic data match the previously reported data.42 
 

 
 
 
 
 
 

2,6-Mes2C6H3SeBn 19: To an oven-dried microwave vial equipped with a stir bar 
was added 2,6-Mes2C6H3SeH (39.3 mg, 0.1 mmol), KOtBu (11.8 mg, 0.105 
mmol) and DMF (1 mL) in a dry box under nitrogen. The solution was stirred for 
10 minutes and then removed from the dry box. After 10 min, benzyl chloride 
(23.0 uL, 0.2 mmol) was added and the solution was mixed at RT under N2 for 
17.5 hours. After 17.5 h, a capillary spotter was entered into the solution under 
positive nitrogen pressure and a TLC was taken. TLC confirmed no SM had 
remained. After 17.5 h, the mixture was diluted with EtOAc (15 mL), extracted 
with H2O (3 x 10 mL) and brine (1 x 25 mL). The organic phase was dried over 
MgSO4 and evaporated under reduced pressure. The crude product was 
recrystallized from ethanol (> 99.5%) to afford tan crystals of 2,6-Mes2C6H3SeBn 

(39.0 mg, 0.08 mmol, 80% yield). 1H-NMR (CDCl3): δ= 7.39 (t, 1H, J= 7.5 Hz), 

7.08 (d, 2H, J= 7.5 Hz) 7.04 (m, 3H) 6.95 (s, 4H), 6.77 (d, 2H, J= 1.9 HZ), 6.76 
(d, 1H, J=1.4 Hz) 3.37 (s, 1H) 2.34 (s, 6H) 2.05 (s, 12H) ppm. 13C-NMR (CDCl3): 

δ= 144.04, 137.90, 136.23, 135.07, 134.11, 130.31, 127.51, 127.47, 126.68, 

126.45, 124.89, 28.77, 19.50, 19.07 ppm. 77Se-NMR (C6D6): δ= 314.29 ppm. MS 

(EI) m/z = Calculated for C31H32Se, 484.17 Found: 484.17.  
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High Throughput Screening of 2,6-Me2C6H3SO(C2H4)Ph: 
 
Procedure adapted from the literature.18 
 
Set up: 
Experiments were setup in a glove box under nitrogen atmosphere. A 24-well 
aluminum block containing 1 mL glass vails was dosed with 1 μmol 2,6-
Me2C6H3SO(C2H4)Ph in THF. The solvent was removed to dryness using a Gene 
Vac. Base (30 μmol) in THF was added to the vials. The solvent was again 
removed to dryness using a GeneVac and a parylene stir bar was then added to 
each reaction vial. Benzyl chloride (10 μmol/vial) and biphenyl (1 μmol/vial, used 
as an internal standard to measure HPLC yields) were then dosed together into 
each reaction vial as a solution in each solvent (100μ, 0.1 M). The 24-well plate 
was then sealed and stirred for 14 h at 80 oC. 
 
Work up: 
 
The plate was cooled to room temperature. Upon opened the plate to air, 500 μL 
of acetonitrile was added into each vial. The plate was covered again and the 
vials stirred for 10 min to ensure good homogenization. Into a separate 24-well 
LC block was added 700 μL of acetonitrile, followed by 40 μL of the diluted 
reactions mixtures. The LC block was then sealed with a silicon-rubber storage 
mat and mounted on an automated HPLC instrument for analysis.  
 

Results and Discussion 
 
To explore precatalysts that would be compatible with BH conditions, the reaction 
discovery process was initiated with sulfoxides 7.1 and 7.2 in Figure 6. A series 
of reactions were conducted that aimed at coupling benzaldehyde and 
acrylonitrile in tetrahydrofuran (THF) at RT for 22.5 h with 7.1 and 7.2 (Table 1). 
Several conditions below were utilized as controls to ensure that the precatalyst 
would not cleave or undergo chemical reactions in the presence of BH reagents.  
 
In Table 1, precatalysts 7.1 and 7.2 were tested without additives, 2,4-

dinitrophenol (2,4-DNP, pKa 4.1) and H2O. 2,4-DNP, a weak Brønsted acid that 
was added to activate the nitriles α-hydrogens via hydrogen bond activation.43 
Hydrogen bonding activation lowers the LUMO (e.g. C-O or C-N π*) of a 

hydrogen bond acceptor, such as the Brønsted basic nitrogen of a nitrile by 
forming an acid-base pair.44 This places a positive charge through resonance on 
the carbon of nitrile, which stabilizes anions alpha to the positive carbon, thus 
decreasing the pKa of the nitriles α-hydrogens (Figure 6). Similarly, water was 
added to achieve activation unsuccessfully. 1H NMR peaks corresponding to 
precatalysts 7.1 and 7.2 had remained, and no peaks of allylic alcohol 9 were 
observed in the 6-ppm region. It is unknown if any sulfenate anion was cleaved 
into the reaction under the conditions employed in Table 1, since precatalysts 7.1 



17 
 

and 7.2 remained (as determined by 1H NMR spectroscopy). It is not clear 
whether the reaction did not proceed because the sulfenate failed to catalyze the 
reaction or was never generated in the first place. Based on these results, it was 
decided that, establishing precatalyst cleavage conditions was a priority. This 
experimental uncertainty is addressed below in Scheme 6, with experiments 
designed to test optimal cleavage conditions of 7.2 with strong bases.  
 
 As described previously Singleton and Plata have shown that during the BH 
cycle, the catalyst-methyl acrylate adduct in Scheme 2 (acrylonitrile in this case) 
is likely to protonate. Given that the conditions in Table 1 were unsuccessful in 
enacting cleavage, it is likely that stronger bases will be needed to activate the 
precatalysts 7.1 and 7.2, and prevent the catalyst from being taken out of cycle 
via protonation; due to the relatively high pKa of the β-hydrogens (Scheme 6). 
 
Table 1. BH reaction of acrylonitrile and benzaldehyde with 7.1, 7.2 at RT 

                

 
[a] 2,4-dinitrophenol 10 mol % [b] 0.1 mL H2O [c] Yield based on crude 1H NMR 
 
Strong bases including, potassium tert-butoxide (KOtBu) and potassium 
bis(trimethylsilyl)amide (KHMDS) were tested in the BH reaction at RT and 50 oC 
with 7.1 as shown in Table 1. The solvent was changed to cyclopentyl methyl 
ether (CPME) to avoid evaporation due to the higher temperature and small 
reaction volumes. As described previously, (Figure 6) the base must show a 
preference for the β-hydrogens over the α-hydrogens. Reactions at 50 oC (entries 
2 and 4) were conducted to push the equilibrium of that process, since cleavage 
results in an increase in entropy (increase in number of molecules). 
 
Under all conditions tested in Table 2, Peaks corresponding to precatalyst 7.1 
were not present by 1H NMR (entries 1-4). However, it was unclear whether the 
precatalyst was consumed (deprotonation/alkylation) or cleaved in the process. 
Product 9 was not observed in the 1H NMR either; however, there were peaks 
corresponding to several other products. Two triplets in low concentration at 2.6 
ppm, 3.1 ppm suggested a Stetter reaction between benzaldehyde and vinyl 
cyanide.45 The triplet peaks were observed in a BH reaction at 50 oC (Scheme 5) 
to be significant by-products along with a singlet at 6 ppm, likely corresponding to 
a benzoin product; matching literature chemical shifts.46 However, LC-MS and 
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GC-MS of the reaction sample could not confirm the identity products 10 and 11. 
A scaled-up isolation of these products are necessary to determine their identity. 
 

Table 2. BH reaction of acrylonitrile, benzaldehyde and 7.1 at RT / 50 oC 

                 

 
[a] Yield based on crude 1H NMR [b] 10 mol % 

 
Scheme 5. Possible Stetter/Benzoin product in BH at 50 oC 

 

 
As previously stated, sulfoxides are good directing groups and therefore 
conditions, such as temperature may need to be altered to achieve deprotonation 
of either set of methylene protons shown in Scheme 6. Since temperatures at RT 
to 50 oC enacted cleavage of 7.1, but also afford undesired side-products, the 
temperature was lowered to -78 oC. By lowering the temperature, it may be 
possible to favor only the desired transition state (the TS leading to β-
elimination), affording sulfenate liberation. Precatalyst 7.2 was utilized to easily 
distinguish aromatic peaks in the product by its characteristic doublet of doublets 
pattern (para-substitution). This 1H NMR pattern was helpful in determining the 
sulfenate preference for alkylation or disproportionation.  
 
Using conditions in Scheme 6, sodium bis(trimethylsilyl)amide and lithium 
bis(trimethylsilyl)amide resulted in consumption of 7.2 as judged by the absence 
of the methylene protons around 2.8 ppm in crude 1H NMR. Interestingly, no 
incorporation of benzyl bromide was observed in either product; however, a 
thiosulfinate 12 is observed by 1H NMR that matches previously reported 
chemical shifts.47 A molecular ion of m/z 295.2 (100% relative abundance) 
corresponding to thiosulfinate 12 was found using LC-MS. The concentration of 
reaction in Scheme 6 is 1.7 M with respect to 1 equivalent of aldehyde 
(theoretically; however absent), given that 7.2 is at 10 mol %. Under these 
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conditions potassium tert-butoxide was unable to enact cleavage of sulfoxide 7.2. 
This finding is concerning, because during the course of a BH reaction (typically 
without strong base present), there would be no base sufficient to regenerate the 
sulfenate anion if precatalyst 7.2 reformed during the course of the reaction. 
 
Scheme 6. Strong base testing cleavage of sulfoxide precatalyst 

 
 
It is a highly likely scenario wherein 7.2 reforms after cleavage via Na or LiHMDS 
base and the allylic alkoxide (anion of the product) is insufficiently basic (similar 
to tert-butxoide) to regenerate the sulfenate anion, effectively quenching the 
reaction. The observance of disproportionation product over alkylation under the 
low temperature conditions (Scheme 6), the need to reduce the temperature to 
enact cleavage and the affinity of the sulfenate for side reactions in the presence 
of strong base caused us to change our strategy. 
 
The Walsh Lab previously reported palladium-catalyzed arylation of alkyl 
sulfenate anions utilizing 2-(trimethylsilyl)ethyl sulfoxide (Scheme 7). In this 
work, the sulfenate anion was introduced under mildly basic conditions with 
fluoride mediated cleavage of the precatalyst.22 Based on these results, we set 
out to investigate the fluorine mediated cleavage of 2-(trimethylsilyl)ethyl 
sulfoxides to introduce the highly reactive sulfenate anion.  
   
Scheme 7. Palladium catalyzed arylation of sulfenate anions 

  
 
In palladium catalyzed arylation of sulfenate anions (Scheme 7), the Walsh 
group added 3 equivalents of cesium fluoride to cleave 2-(trimethylsilyl)ethyl 
benzyl sulfoxide over a 12 h period at 80 oC in 2-Me-THF. Under these 
conditions, only 15% benzylated product was obtained. Regardless, the 
conditions were subsequently used to search for a palladium-ligand 
combination.22 Similar results were obtained in the present work in Table 3. 
Instead of determining the amount of sulfenate anion generated by trapping with 
benzyl halides, it is more accurate to measure percent remaining of precatalyst. 
This is due to the competing disproportionation generating a thiosulfinate, that is 
not easily observable in 1H NMR, unless the aryl sulfoxide is substituted (e.g. 4-
methoxy).  
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Table 3. Cleavage of 2-(trimethylsilyl)ethyl sulfoxide 8 with fluoride 

 

 
[a] Percent remaining of 8 determined by 1H NMR of the crude reaction mixture 
using CH2Br2 as internal standard [b] All reactions were in THF at 0.4 M with 
respect to a 1 mmol scale of limiting reagent 
 
Three different fluoride sources, including cesium fluoride (CsF), tetra-n-
butylammonium fluoride (TBAF) and tetrabutylammonum diflurotriphenylsilicate 
(TBAT) were screened at 40 oC for 30min, 40 oC for 60 min, 80 oC for 30 min and 
80 oC for 60 min. The percentage remaining of precatalyst 8 was determined by 
integration of methylene protons in 1H NMR thereafter. The fluoride source 
screen (Table 3) showed a high percentage remaining of CsF (entries 1–4), 
presumably due to poor solubility in THF. Both TBAF (entries 5–8) and TBAT 
(entries 9–12) showed promising results at elevated temperatures giving 
complete cleavage.  
 
Although TBAF showed complete cleavage at 80 oC and 40 oC, it is not ideal to 
use because it is sold as the hydrate (in THF) from Sigma Aldrich. This limits 
reaction solvent choices, especially when at 3 equivalents loading, because the 
reaction is essentially always in THF. It is more desirable to have TBAT, a white 
powder that can be easily dosed, cleaves slowly throughout the reaction, is 
anhydrous and cost-effective. It was not evident that TBAF would be less 
desirable prior to testing, and since it cleaved the precatalyst completely under all 
conditions tested, it was utilized. The concentration was chosen to be 0.4 M, 
because it allowed for accurate transfer of the TBAF and precatalyst mixture into 
the reaction vial at mmol scales.  
 
Electron-withdrawing aldehydes showed the most promise in the BH reaction. 
Furthermore, various protons sources including phenols have been utilized in BH 
reactions serving to both activate electrophile and to as a proton source for acid-
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base equilibrium step C-D in Figure 5.43 Initial success was achieved using 3-
nitrobenzaldehyde with 4-bromophenol as additive (Scheme 8). Under the 
conditions in Scheme 8, precatalyst 8 (20 mol %) was cleaved at 40 oC prior to 
addition to the reaction mixture, which was heated to 40 oC for 18 h. Under 
identical conditions without the phenolic additive, the yield remained similar (51.5 
vs. 54%), therefore the 4-bromophenol was not necessary as previously thought. 
 
A scaled-up reaction at 1.1 mmol (compared to 0.2 mmol) was conducted 
utilizing identical conditions as in Scheme 8. This afforded a crude (two product) 
isolated yield (47%). By relative integration of 1H NMR peaks yield of product 13 
were, 35% and byproduct 12% (identity confirmed by 1H, 13C NMR).48 The 
column conditions need to be optimized further; however, the byproduct in 15% 
yield appears as two triplets at 2.8 ppm and 3.4 ppm. These peaks likely 
correspond to sulfone 7.3.49 The sulfenate anion is extremely air sensitive and 
thus likely to oxidize during the course of the reaction.10 The identity of the triplet 
byproducts will need to be investigated further to determine the exact structure. It 
is possible that the oxidation took place during the workup and therefore difficult 
to know whether or not oxidation is a significant issue in these reactions. 
 

 
Figure 7: Oxidation product of sulfenate anion upon workup 

Scheme 8. BH reaction with 8 to produce nitrile 13 

 
 

Vinyl esters were also tested with electron deficient aldehydes as seen in 
Scheme 9. When the reaction was conducted with 3-nitrobenzaldehyde, the yield 
was 51%, with para-bromobenzadehyde 10% and benzaldehyde <1%. This data 
suggests that reactions with more electron withdrawing aldehydes resulted in 
higher yields, most likely due to increased electrophilicity of the aldehydes. A 
scaled-up reaction at 1.1 mmol (compared to 0.2 mmol) was conducted utilizing 
identical conditions as in Scheme 9, affording a 37% isolated yield of product 14 
(identity confirmed by 1H, 13C NMR).50 
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Scheme 9. BH using sulfoxide 8 to produce ester 14 

 
 

 
Figure 8. Generic Pictet Spengler reaction with iminium cation activation 

To activate substrates such as ketones and aldehydes L-proline was utilized to 
create an iminium cation. Iminium cations are intermediates in many reactions, 
such as the Mannich and Pictet-Spengler (Figure 8).51,52 By introduction of the 
iminium species the electrophilicity of the aldehyde or ketone is increased, 
generally resulting in faster reaction rates. Using conditions in Scheme 10, 
benzaldehyde was coupled with acrylonitrile in the presence of L-proline; 
expecting iminium ion activation. Surprisingly, a decreased 1H NMR yield of 27% 
was obtained. The combination of methyl vinyl ketone (MVK) and benzaldehyde 
is difficult to activate; however, a moderate 30% 1H NMR yield was obtained with 
L-proline as additive (Scheme 10). Similarly, promising yields were obtained 
using MVK with 4-bromobenzaldehyde 31%, and 3-nitrobenzaldehyde 53% 
(Scheme 10). Its noteworthy the 30% yield matched the 30 mol % loading of L-
proline and therefore additional experiments should be run at higher loadings of 
L-proline.  
 
Polar solvents are thought to increase the rate of BH reactions by stabilizing the 
zwitterionic catalyst-vinyl-EWG adduct formed upon conjugate addition of a 
typical neutral phosphine or amine catalyst. 53 The sulfoxide adduct A-B in 
Scheme 3 is a highly polar adduct that could potentially benefit from such 
stabilization. Under identical conditions as in Scheme 10, the solvent was 
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changed to dimethylformamide and methanol. The 1H NMR yields decreased 
significantly to 18% (DMF) and <1% (MeOH) for the methyl vinyl ketone/ 
benzaldehyde combination. Considering increased polarity was not beneficial to 
the reaction conditions, it may be advantageous to explore less polar conditions. 
This is however complicated by the fact that TBAF is essentially always in 
THF/H2O. The alternative solid fluoride source, TBAT was explored for its 
compatibility in the sulfenate catalyzed BH reaction. 

 
Scheme 10. BH reaction with L-proline to product ketone 15 

 
 
TBAT is an organic soluble hydroscopic white crystalline powder that may allow 
for further screening of reaction solvents based on results in Table 4 (entries 9-
12). Cleavage conditions were further optimized with TBAT at RT since reactions 
in Scheme 9 and Scheme 10 were conducted at RT. All reactions were run at 
RT for 24 hours using 1, 2 and 3 equivalents of TBAT at 0.4 M and 1 M 
concentrations. As shown in Table 4, the strategy of increasing the time and 
decreasing the temperature yielded mixed results. Concentration had little effect 
on the extent of cleavage, while it is clear in Table 4 (entries 5 and 6) that 3 
equivalents of TBAT were necessary to achieve maximum cleavage around 31–
43 %.   
 
Table 4. Cleavage of 2-(trimethylsilyl)ethyl sulfoxide with TBAT at RT 

 

 
[a] Concentration in THF with respect to a 1 mmol scale of limiting reagent [b] 
Percent remaining of 8 determined by 1H NMR of the crude reaction mixture 
using CH2Br2 as internal standard  
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Optimal cleavage conditions in Table 4 for TBAT mediated cleavage will need to 
be adapted and utilized in a BH reaction such as in Scheme 9. These cleavage 
conditions will likely serve as a basis for future optimization in the BH reaction. 
The optimization of sulfenate anion catalyzed BH conditions has not been 
straightforward thus far. However, with the initial optimization of cleavage 
conditions complete, and two different vinyl electrophiles generating yield, it is 
likely that reaction optimization will proceeded more readily in future work. 
 
Synthesis and implementation of hindered chalcogenides as catalysts 
 
To disfavor the disproportionation pathway between two sulfenate anions as 
observed by thiosulfinate 12 in Scheme 6, steric bulk was added to the ortho-
positions of the catalysts. Adding bulk, such as mesityl, to the ortho-positions 
should increase activation energy (Ea) of the disproportionation relative to that of 
the benzylation.  
 
Scheme 11. Synthesis progress of ortho-ortho hindered chalcogenides 41,42 

 
Synthesis of selenide 18, was conducted according to a known preparation 
wherein 2,6-dimesityliodobenzene is lithiated with n-BuLi via lithium halogen 
exchange. A benzyne forms which undergoes a nucleophilic attack by MesMgBr, 
forming 16. The resulting 16 is lithiated followed by nucleophilic attack on 
selenium 0.41,42 The resulting RSe-SeR product is reduced via LiAlH4 to afford 18 
(Scheme 11).42 The exact structure of RSe-SeR is unknown. Selenide catalyst 
18 was tested in a general stilbene reaction (Scheme 12), and did not afford any 
of the desired product 20  with either KOtBu or KHMDS at RT. This may be due 
to the steric bulk of the catalyst increasing the kinetic barrier (Ea) of the RDS. The 
complete neutralization of the selenium catalyst was a surprise; however, it 
provided valuable information about how much bulk the catalyst can tolerate 
before losing activity. Although 18 is not an oxide, it can still provide valuable 
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information about the stilbene reaction, since seleneolates are currently being 
investigated in the Walsh lab as highly active organocatalysts. 
 
Scheme 12. Hindered selenide stilbene experiment using 17 

 
 
To access selenoxide 20, an oxidation using N-chlorosuccinimde was conducted. 
After oxidation of 19 with N-chlorosuccinimide, product 20 did not show the 
expected methylene doublet of doublets around 4 ppm in the crude 1H NMR. 
This may be due to selenide 19 having different sterics and electronics than a 
typical benzyl phenyl selenide. Oxidation by meta-chloroperoxybenzoic acid (m-
CPBA) is likely to yield better results in the future, as the mild conditions (weak 
base workup) are unlikely to cause any issues. 
 

 

 
Figure 9. High throughput screening results for stilbene formation catalyzed by 
2,6-dimethylbenzene sulfenate 
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Variables such as solvent and base were screened in Figure 9, using High 
Throughput Experimentation. The conditions using KOtBu and CPME were 
identified to be ideal, shown in the blue column. These conditions were used in a 
scaled-up reaction (Scheme 13) to afford the product 20 in 82% 1H NMR, yield. 
More optimization is needed to achieve excellent yields with a sterically hindered 
catalyst. The transition state for the RDS may be more crowded and therefore 
more sensitive to solvent and base effects. Yields are typically 99% at 2.5 mol % 
precatalyst loading using conditions optimized for benzyl phenyl sulfoxide. This 
work has not matured enough to reach any definitive conclusions and is still 
ongoing.    
 
Scheme 13. Stillbene catalysis using 21 at 10 mol % loading 

 
 

Conclusion and Future Work 
 

Steady progress has been made towards optimizing the BH conditions and 
understanding the reactivity of the sulfenate anion. From concept to 
experimentation, several objectives were met along the way. The objective of 
finding a suitable precatalyst that diminishes side reactions, and provides 
uncomplicated testing of reactions has been met. The successive cleavage 
experiments provided valuable information, that will be utilized in High 
Throughput Screening.  
 
The objective of generating yield on α,β-unsaturated nitriles, ketones and esters 
with activated aldehydes and unactivated aldehydes has also been met. Future 
work will mainly consist of using High-Throughput Screening results to obtain 
optimal conditions and applying those conditions to develop scope. While the 
scope is being developed, a mechanistic study will likely ensue. Due to the 
unique character of the sulfenate anion it is expected to operate similarly to 
Figure 5, but with some interesting differences. Once the first general sulfenate 
anion catalyzed BH is developed, an enantioselective version will most likely be 
pursued.  
 
The sulfenate anion has proven to be a difficult species to handle and develop, 
mainly to due lack of methods for facile catalyst introduction. While initial 
attempts to introduce the catalyst with strong base in the BH reaction proved 
troublesome, eventually fluoride mediated cleavage was satisfactory. Low BH 
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isolated yields were generated on acrylonitrile and methyl acrylate substrates, 
proving the sulfenate anions capacity for organocatalysis. Exploring the sulfenate 
anion in the BH reaction is an important step towards realizing the potential of 
this new class of organocatalysts. 
 
The future of bulky sulfenate catalyst is uncertain. More conditions for the 
oxidation of the hindered selenide 19 can be explored, as the steric bulk proved 
to be troublesome. If testing of hindered catalysts at lower loadings does not 
show comparable catalytic activity, there will be no further investigation into 
hindered catalyst substrates.  
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Appendices 
Appendix 1-5 

 
 
Appendix 1: 1H NMR spectrum absence of 9 with 7.1, no additive 
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Appendix 2: 1H NMR spectrum absence of 9 with 7.2, no additive 

 
 
Appendix 3:  1H NMR spectrum absence of 9 with 7.1 and 2,4-dinitrophenol as additive 
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Appendix 4:  1H NMR spectrum absence of 9 with 7.2 and 2,4-dinitrophenol as additive 

 
 
 
 
 
Appendix 5:  1H NMR spectrum absence of 9 with 7.1 and deionized water as additive 
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Appendix 6-10 

 
 
Appendix 6:  1H NMR spectrum absence of 9 with 7.1 and KOtBu as base at 25 oC 

 
 
Appendix 7:  1H NMR spectrum absence of 9 with 7.1 and KOtBu as base at 50 oC 
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Appendix 8:  1H NMR spectrum absence of 9 with 7.1 and KHMDS as base at 25 oC 

 
Appendix 9:  1H NMR spectrum absence of 9 with 7.1 and KHMDS as base at 50 oC 
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Appendix 10 

 
 
Appendix 10: 1H NMR spectrum of possible Stetter 4 and Benzoin 5 product  
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Appendix 11-13 

 
 
Appendix 11: 1H NMR spectrum absence of 4 with 1.2 and presence of 5 with 
NaHMDS as base 

 
  



39 
 

Appendix 12: 1H NMR spectrum absence of 4 with 1.2 and presence of 5 with LiHMDS 
as base 

 
 
Appendix 13: 1H NMR spectrum absence of 4 with 1.2 and KOtBu as base 
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Appendix 14-25 

 
 
Appendix 14: 1H NMR spectrum of 8, Entry 1 of fluoride cleavage study 

 
 
Appendix 15: 1H NMR spectrum of 8, Entry 2 of fluoride cleavage study 
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Appendix 16: 1H NMR spectrum of 8, Entry 3 of fluoride cleavage study 

 
 
Appendix 17: 1H NMR spectrum of 8, Entry 4 of fluoride cleavage study 
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Appendix 18: 1H NMR spectrum of 8, Entry 5 of fluoride cleavage study 

 
 
Appendix 19: 1H NMR spectrum of 8, Entry 6 of fluoride cleavage study 
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Appendix 20: 1H NMR spectrum of 8, Entry 7 of fluoride cleavage study 

 
 
Appendix 21: 1H NMR spectrum of 8, Entry 8 of fluoride cleavage study 
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Appendix 22: 1H NMR spectrum of 8, Entry 9 of fluoride cleavage study 

 
 
Appendix 23: 1H NMR spectrum of 8, Entry 10 of fluoride cleavage study 
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Appendix 24: 1H NMR spectrum of 8, Entry 11 of fluoride cleavage study 

 
 
Appendix 25: 1H NMR spectrum of 8, Entry 12 of fluoride cleavage study 
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Appendix 26: 1H NMR spectrum of product 13 with impurity 7.3 

 
 
Appendix 27: 13C NMR spectrum of product 13 with impurity 7.3 
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Appendix 28: 1H NMR spectrum of product 14  

 
 
Appendix 29: 13C NMR spectrum of product 14  
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Appendix 30-31 

 
 
Appendix 30: 1H NMR spectrum of 13 using 8 and 4-bromophenol as addititve 
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Appendix 31: 1H NMR spectrum of 13 using 8 as precatalyst and no additive 

 
 

  



50 
 

Appendix 32-34 

 
 
Appendix 32: 1H NMR spectrum of 14.1 using 8 as precatalyst 
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Appendix 33: 1H NMR spectrum of 14.2 using 8 as precatalyst 

 
 
Appendix 34: 1H NMR spectrum of 14.3 using 8 as precatalyst 
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Appendix 35-40 

 
 

Appendix 35: 1H NMR spectrum of 15 using 8 as precatalyst and L-proline 

 
Appendix 36: 1H NMR spectrum of 15.1 using 8 as precatalyst 
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Appendix 37: 1H NMR spectrum of 15.2 using 8 as precatalyst 

 
 
Appendix 38: 1H NMR spectrum of 15.3 using 8 as precatalyst 
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Appendix 39: 1H NMR spectrum of 8.1 using 2 as precatalyst with DMF 

 
 
Appendix 40: 1H NMR spectrum of 8.1 using 2 as precatalyst with MeOH 
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Appendix 41-46 

 
 
Appendix 41: 1H NMR spectrum of 8 Entry 1 of Table 2 

  
 
Appendix 42: 1H NMR spectrum of 8 Entry 2 of Table 2 
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Appendix 43: 1H NMR spectrum of 8 Entry 3 of Table 2 

  
 
Appendix 44: 1H NMR spectrum of 8 Entry 4 of Table 2 
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Appendix 45: 1H NMR spectrum of 8 Entry 5 of Table 2 

 
 
Appendix 46: 1H NMR spectrum of 8 Entry 6 of Table 2 
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Appendix 47: 1H NMR spectrum of 7.1 before oxidation 

 
 
Appendix 48: 13C NMR spectrum of 7.1 before oxidation 
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Appendix 49: 1H NMR spectrum of 7.2 before oxidation 

 
 
Appendix 50: 13C NMR spectrum of 7.2 before oxidation  
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Appendix 51: 1H NMR spectrum of 7.2 

 
 
Appendix 52: 13C NMR spectrum of 7.2 
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Appendix 53: 1H NMR spectrum of 8 

 
 
Appendix 54: 13C NMR spectrum of 8 
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Appendix 55:1H NMR spectrum of 10  

 
 
Appendix 56: 13C NMR spectrum of 10  



63 
 

Appendix 57: 1H NMR spectrum of 11 

 
 
Appendix 58: 13C NMR spectrum of 11 
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Appendix 59-60 

 
 
Appendix 59: 1H NMR spectrum of absence of 20 using catalyst 18 and KOtBu 
 

 
 
Appendix 60: 1H NMR spectrum of absence of 20 using catalyst 18 and KHMDS 
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Appendix 61: 1H NMR spectrum of 12 

 
 

Appendix 62: 13C NMR spectrum of 12 
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Appendix 63: 77Se NMR spectrum of 12 

 
 
Appendix 64: 1H NMR spectrum of 14 
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Appendix 65: 13C NMR spectrum of 14 
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Appendix 66 

 
 
Appendix 66: 1H NMR spectrum of 21 using catalyst 14 
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