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ABSTRACT: A facile α-arylation of nitriles has been developed by simply introducing Tf2O and DABCO to the mixture of nitriles 
and aryl sulfoxides. The transformation consists of two sequential steps: (i) Tf2O-initiated electrophilic assembling; and (ii) 
DABCO-triggered rearrangement. Each step can be tuned independently by temperature and/or base change. This adjustability ren-
ders the method to accommodate a wide range of substrates. Notable features of this new protocol include remarkable efficiency 
(20 min, -30 ℃), exclusive regioselectivity and high functional group compatibility, which can be challenging issues faced by tradi-
tional approaches. NMR studies not only identified a unique, highly unstable sulfonium imine complex but also demonstrated the 
importance of temperature in the formation and manipulation of this key intermediate. Further DFT calculations suggested that an 
electrophilic assembling, followed by removal of HOTf (by base) and finally, [3,3]-sigmatropic rearrangement are three key stages 
in the reaction. The versatile transformability of the products and easy scalability of this reaction are also exhibited here. 

■ INTRODUCTION 
α-Aryl nitriles are desired building blocks with their biolog-

ical activities1 and appealing synthetic diversities2. They can 
be readily converted into other valuable functionalities such as 
α-aryl carboxylic acids and amides by hydrolysis2a, α-aryl 
aldehydes and β-aryl amines by reduction2b,2c, and α-aryl ke-
tones by nucleophilic addition2d. They are also crucial precur-
sors for the synthesis of N-heterocycles3. Therefore, methods 
of constructing α-aryl nitriles have received great attention 
from synthetic community. Commonly used methods for pre-
paring α-aryl nitriles include cyanation of benzylic halides or 
alcohols4, Friedel-Crafts reactions5, and dehydration of am-
ides6. However, the use of toxic cyanide, limited functional 
group tolerance, and challenges in the synthesis of substrates 
have restricted these strategies.   

Based on the nature of substrates, other well studied proto-
cols accessing α-aryl nitriles can be mainly condensed into 
two reaction modes: (i) reactions of nucleophilic nitrile anions 
with aryl electrophiles7 and (ii) reactions between electrophilic 
nitriles and aryl nucleophiles8.  Among them, the cross cou-
pling of unactivated nitriles with aryl halides appears to be a 
superior and more practical strategy due to the easy accessible 
substrates and broad substrate scope7a-d (Scheme 1a). However, 
strong bases required in the reaction for generating nitrile ani-
ons from weakly acidic nitriles, frequently result in the issue 
of functional group tolerance (Scheme 1a). To avoid the use of 
strong bases, Hartwig7g, Liu9a, Kwong9b turned their attentions 
to activated nitrile sources such as α-silyl nitriles, α-zinc ni-
triles, or cyanoacetate salts. However, the extra preparation of 
nitrile substrates decreases the step efficiency of the reaction. 
Although significant progress has been made in this area, di-
rect α-arylation of unactivated nitriles presenting high func-
tional group tolerance is still a great deal of challenge. Here 
we present the development of a facile α-arylation of unacti-                                               

Scheme 1. a) Traditional α-arylation of unactivated ni-

triles. b) This work: electrophile/mild base promoted α-

arylation of unactivated nitriles 

 

Scheme 2. Unexpected α-arylation of acetonitirle  

 

vated nitirles with aryl sulfoxides by using an electrophile and    
a mild base as promoters, in which excellent chemo- and regi 
oselectivities are exhibited (Scheme 1b).10-12     
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Table 1. Optimization of reaction conditions 

n-Pr
T (°C), 10 min
DCM (0.17 M)

base (2.0 eq.)

T (°C), 10 min

SPh

n-Pr

N
N

2b (X eq.)

S
Ph

O

H

1a (0.5 mmol) 5ab

Tf2O (X eq.)

H

 
entry base T (℃) X (equiv) yield (%)

a
 

1 N,N-dimethylaniline 0 1.0 30 

2 N,N-dimethylaniline -30 1.0 62 

3
b,c

 none -30 to 25 1.0 0 

4
c
 DBU -30 1.0 28 

5 pyridine -30 1.0 54 

6
c
 2-bromopyridine -30 1.0 0 

7 2,6-dimethylpyridine -30 1.0 54 

8
c
 DMAP -30 1.0 0 

9
c
 K2CO3 -30 1.0 0 

10 4-methylmorpholine -30 1.0 64 

11 iPr2EtN -30 1.0 62 

12 DABCO -30 1.0 70 

13
c
 DABCO -60 1.0 < 5 

14 DABCO -40 1.0 48 

15
c
 DABCO 0 1.0 22 

16 DABCO -30 1.5 94(84) 

17
d,e

 DABCO -20 1.5 0 

aNMR yield with mesitylene as internal standard and isolated 
yield in parentheses. bAfter addition of Tf2O, the reaction was 
warmed to 25 ℃ for 12 h. c1a deteriorated after the reaction. 
dTFAA (2.0 equiv) was used instead of Tf2O. e95% of 1a was 
recovered after the reaction.  

■ RESULTS AND DISCUSSION 

Discovery and Optimization. Our research began with the 
attempted synthesis of triphenyl sulfonium 4 (Scheme 2).  
According to the reported procedures13, we assumed that tri-
flyloxy sulfonium I generated in situ by treating diphenyl sul-
foxide 1a with Tf2O would interact with nucleophilic N,N-
dimethylaniline delivering 4 as the expected product. To our 
surprise, in lieu of triphenyl sulfonium 4, α-arylated acetoni-
trile 5aa was isolated in 20% yield.  Interestingly, acetonitrile 
(solvent) was introduced to the ortho position of aryl sulfoxde 

1a.14 Inspired by this result, we decided to explore this α-
arylation reaction further.  

First, we optimized the reaction conditions using diphenyl 
sulfoxide 1a and pentanenitrile 2b as model substrates (Table 
1). Selected conditions are shown in the Table and more opti-
mization details are provided in the supporting information. 
Since acetonitrile was used as solvent in our initial finding, we 
were interested to examine if the amount of nitrile could be 
reduced to stoichiometric levels. Excitingly, employing 1.0 
equiv of 2b still afforded a reasonable yield of desired α-aryl 
nitrile 5ab (entry 1). When the reaction temperature was low  

n-Pr
N

2b

S
Ph

O

H

1a

CD2Cl2
-30 °C

20 min

Tf2O S
N

Ph

OTf

n-Pr

OTf

observed by NMR

6ab

(1)

SPh

n-Pr

N

5ab, 50%

5ab, 0%

2b, 100%

(2)

(3)

2b1a

2b1a

CD2Cl2
-30 °C

20 min

Tf2O

CD2Cl2
-30 °C

20 min

Tf2O

-30 °C
10 min

pyridine

60 min

-30 °C
to 25 °C

H

 
 

 

Figure 1. Crude 1H-NMR spectra (a), (b) and (c) related to the 
reaction mixtures shown in eq. 1, eq. 2 and eq. 3, respectively. 

ered to -30 ℃, the efficiency of the reaction was significantly 
improved as the NMR yield increased from 30% to 62% (entry 
2). This result demonstrated that the reaction temperature was 
a key parameter for this transformation. Next, the necessity of 
N,N-dimethylanline was examined (entry 3), and no desired 
product was detected in its absence.15 We suspected that N,N-
dimethylanline probably served as a critical base in the reac-
tion, thus prompted us to screen a number of bases (entries 4-
12). It was found that DBU furnished a lower yield than that 
of N,N-dimethylanline (entry 4). Pyridines bearing different 
substituents displayed dramatically different reactivities in the 
reaction (entries 5-8). Both pyridine and 2,6-dimethylpyridine 
afforded identical NMR yields of 5ab (54%). In sharp contrast, 
no expected product could be detected when 2-bromopyridine 
or 4-dimethylamino-pyridine (DMAP) were introduced in the 
reaction. Further studies showed that inorganic base, K2CO3 
was ineffective in promoting the reaction (entry 9). Remarka-
bly, the yields were increased slightly by using tertiary amine 
bases (entries 10-12), and among them, DABCO yielded the 
best result (entry 12). Again the influence of the reaction tem-
perature was witnessed when either decreasing or increasing 
the reaction temperature, in the presence of DABCO as base, 
dramatically reduced the chemical yields of 5ab (entries 13-
15). Further optimization revealed that using slight excess of 
nitrile 2b (1.5 equiv) and Tf2O (1.5 equiv) could achieve the 
best yield (94% NMR yield) (entry 16). When TFAA was 
used instead of Tf2O (entry 17), this weaker electrophile  
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Figure 2. Relative free energies (in kcal/mol) of intermediates and transition states computed at the WB97XD/6-311++G(d,p) level. 
Energies reported are in kcal/mol.                                                                

  
proved to be completely ineffective in activating the sulfoxide 
1a and 95% of 1a was recovered after the reaction. 

NMR Investigation. The sensitivity of the reaction to tem-
perature and base prompted us to further investigate the identi-
ty of the intermediate generated prior to the addition of base. 
Thus, an in situ NMR study on the reaction of diphenyl sulfox-
ide 1a and pentanenitrile 2b was performed (eq. 1-3), and their 
corresponding 1H NMR spectra are provided in Figure 1. In-
terestingly a sulfonium imine intermediate 6ab that closely 
resembled an analogue of Ritter type intermediate16, was ob-
served (eq. 1 and spectrum a). As predicted, further treating 
6ab with pyridine base afforded the desired product 5ab (eq. 2 
and spectrum b).17 Notably, the intermediate 6ab was not sta-
ble in the reaction mixture. When the temperature was raised 
to 25 ℃, 6ab completely decomposed to release free pentanei-
trile 2b and other unknown by-products (eq. 3 and spectrum 
c).18 

Density Functional Theory (DFT) Calculations: Although 
the key intermediate 6ab was identified in our NMR studies, 
the process of its formation and further conversion to final 
product still remains obscure. In order to gain more insight 
into the mechanism, we carried out DFT calculations on the 
reaction.  

Diphenyl sulfoxide 1a and acetonitrile 2a were chosen as 
model substrates. All geometry optimizations and frequency 
calculations were performed in Gaussian 09 with the 
WB97XD functional and 6-311++g(d,p) basis set.19 The calcu-
lated results of vibrational frequencies ascertain the structure 
is stable (no imaginary frequencies). The statistical thermody-
namic and vibrational analyses were carried out. The Gibbs 
free energies of all compounds were obtained at 243.15 K. For 

the solvent effects on the solutes in dichloromethane solution, 
the SMD solvation model proposed by Truhlar et al. has been 
used.20 The transition states were obtained by STQN method. 

Solvation free energy (Gs) is that the calculated single-point 
energy in the solvent model minus the calculated value in the 
gas phase. Moreover, the Gibbs energy change (0.69 kcal/mol) 
caused by the phase change from an atmospheric gas molecule 
to a 0.17 M solution has also been considered. And the free 
energy of the solute in dichloromethane solution at 243.15K is 
equal to sum of electronic and thermal Free Energies (GF) 
subtracted by solvation free energy. 

 The energy profile is depicted in Figure 2. DFT studies 
suggest that each step of the reaction is exothermic. The over-
all free energy of reaction is ca. -79.1 kcal/mol (or -104.4 with 
DABCO assisted rearomatization), indicating that there is a 
large thermodynamic driving force for this transformation. 
The barriers of three essential transition states, TS(II→→→→III), 
TS(III→→→→IV)

21 and TS(IV→→→→V)  are relatively small so that the 
reaction can proceed smoothly at low temperature (-30 ℃). 
The transformation can be divided into four key steps: (1) 
Electrophilic assembling: Diphenyl sulfoxide is activated by 
Tf2O to form diphenylsulfonium I.11h,22 This highly electro-
philic species would proceed to trap the mildly Leiwis basic 
acetonitrile to generate a sulfonium imine II. Its analogue, 6ab 
has been observed in our NMR investigation. (2) Removal of 

HOTf: The treatment of the sulfonium imine II with DABCO 
produces a zwitterionic intermediate III. A small barrier (3.6 
kcal/mol) of TS(II→III) indicates that this deprotonation pro-
cess might take place readily. The breaking of C1-H (1.37 Å) 
bond and the forming of H-N1 (1.33 Å) bond are the features 
of TS(II→→→→III) (Figure 3). Intermediate III facilely releases  
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 TS(II→III) 

     
TS(III→IV)                          TS(IV→V)    

 
Figure 3. Optimized geometries of the transition states for the 
conversions II→→→→III, III→→→→IV and IV→→→→V. Noncritical hydro-
gen atoms omitted for clarity. Relevant bond distances (Å) and 
angles (°) are given. 
 

S
N

Ph

OTf

H

DABCO�H
II

∆G = -3.8 kcal/mol

S
N

Ph

OTf

H
OTf

unfavored

HOTf
II

∆G = 25.1 kcal/mol

(4)

(5)

DABCO

S
N

Ph

OTf

III

S
N

Ph

OTf

III

 

the OTf anion to provide a sulfonium ketenimine IV. Interest-
ingly, the bond angle of C1-C2-N changes dramatically from 
134.8º (III) to 176.2º (IV). The seemly unfavorable 
ketenimine IV is achieved by overcoming a relative small 
energy barrier (5.2 kcal/mol). (3) [3,3]-Sigmatropic Rear-

rangement: The sulfonium ketenimine IV undergoes a [3,3]-
sigmatropic rearrangement to afford a dearomative sulfonium 
V by conquering the highest free energy barrier (11.0 kcal/mol) 
in the reaction. To the best of our knowledge, [3,3]-
sigmatropic rearrangement of this type promoted by the labile 
“S-N” bond is unprecedented. (4) Rearomatization: The final 
rearomatization of V by loss of a proton is speculated to be 
assisted either by OTf anion or DABCO. Both deprotonation 
processes proceed readily with large free energy driven forces 
(26.9 kcal/mol and 52.2 kcal/mol, respectively).        

The observation that this reaction requires base disserves 
some comment. Because, a seemingly related α-arylation of 
carbonyl compounds reported by Maulide and coworkers 
could proceed under base free conditions.11i,11j To shed light on 
this difference, we carried out DFT studies both on the base-
free and DABCO-mediated deprotonation of II (eq. 4 and eq. 
5). Apparently, without the assistance of an extra base, the 
deprotonation of II by OTf anion towards III is unfavorable. 
Because it proceeds with a much higher free energy (25.1 
kcal/mol) than the DABCO involved process (-3.8 kal/mol ). 

Table 2. Reaction scope
a 

SPh

N

RO

SPh

N

N

PhS

SPh

N

SPh

N

SPh

N

5aqe, 68%

5aod, 72%

5ae, 40%5ad, 62%

SPh

N

SPh

N

EtO

SPh

N

SPh

N

MeMe

5ac, 87%

5af, 88%

5an, 63%5am, 77%

SPh

H(n-Pr)

N

5aa, H: 78%
5ab, n-Pr: 84%

SPh

N

R

5as, p-Cl: 55%

5at, m-Cl: 74%

5au, p-CF3: 64%

Br
Cl

SPh

N

Br

5ar, H: 58%

5ag, Ph: 78%

5ah, t -Bu: 60%

5ai, n-Pent, 40%

5ajb, Oi-Bu: 52%

SPh

N

Me

N

5ap, 54%, dr = 54/46

O

O R

SPh

Cl(OMe)

N

5avc, Cl, 8%

5aw, OMe, 12%

5akc, OEt: 51%

5al, t -Bu: 82%

S

N

R R

5bb, R = Br, 80%

5cb, R = Cl, 64%

5dbf , R = Me, 11%

S

R

N

5gbg, R = n-Pr, 0%

5gah, R = H, 75%

Me

N

-30 °C, 10 min
DCM

DABCO
SR2

R4

N

-30 °C, 10 min
R3

S
R2

O

Tf2O

H

H

R4
R3

1a-1d 2 5

R1
R1

S

N

5eb, R = OMe, 69%

5fb, R = Me, 49%

R

O O

R

scope of sulfoxides

 
aUnless otherwise noted, the reaction was performed under opti-
mized conditions. bi-Pr2EtN (2.0 equiv) used as base. cThe mix-
ture was stirred under -40 ℃  for 12 h before the addition of 
DABCO. d4-Methylpyridine (2.0 equiv) used as base while no 
desired product was determined with DABCO as base. e1.0 equiv 
of nitrile 2q was used and 8% of mono-arylated nitrile 5aq’ was 
obtained. f10.0 equiv of 2b used. gSulfoxide 1e deteriorated after 
the reaction. hAcetonitrile (0.17 M) used as solvent. 

Reaction Scope: With the optimized conditions in hand, we 
investigated the substrate scope of the reaction. As depicted in 
Table 2, a wide range of alkylnitriles were found to be com-
patible in these reactions. Acetonitrile smoothly underwent 
this transformation affording α-aryl nitrile 5aa in good yields 
(78%). Remarkably, various functionalities including alkyl 
halides (5ac and 5ad), alkynyl bromide (5ae), ether (5af), 
esters (5ag-5ai and 5ak), carbonate (5aj), ketone (5al), nitrile 
(5ap) were well tolerated under these conditions to afford α-
aryl nitriles in modest to very good yields. Notably, these 
functionalities would provide a platform for later manipula 
tions. Excitingly, α-arylation of cyclopropyl nitrile 2n which 
potentially poses a synthetic challenge23 was accomplished to 
produce aryl cyclopropane 5an in synthetically useful yields. 
Notably 4-methylpyridine was found to be a more suitable  
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Table 3. Scope of aryl sulfoxides in the cyanomethylation
a
 

 

aThe reaction was performed with aryl sulfoxide 1 (0.5 mmol), 
nitrile 2 (3 mL), Tf2O (1.5 equiv) and DABCO (2.0 equiv). bThe 
mixture was stirred under -40 ℃ for 12 h before the addition of 
DABCO. 

base for hindered alkylnitrile (2o) which afforded 5ao in good 
yield (72%). The reaction of 2p exclusively produced 5ap, in 
which α-arylation preferentially occurred on the less hindered 
nitrile group. Apart from unactivated alkylnitriles, more acidic 
nitrileacetates (2k, 2l) and α-aryl nitriles (2r-2u) were also 
suitable substrates for the reaction. The α-chloro nitrile 2v and 
α-methoxy nitrile 2w were, however, problematic and 5av and 
5aw could only be furnished in very low yields of (8% and 
12%, respectively).  

We then examined the reaction with other aryl sulfoxides 
1b-1g (bottom of Table 2). Substrates 1b, 1c, 1e and 1f bear-
ing electron withdrawing groups (-Br, -Cl, -COOMe, -COMe) 
exhibited much better reactivity than 1d with electron donat-
ing group (Me). Remarkably, the ester and enolizable ketone 
groups on aryl sulfoxides 1e and 1f, respectively, survived the 
highly electrophilic reagent (Tf2O), thus producing α-aryl ni-
triles 5eb (69%) and 5fb (49%).24 To our disappointment, 
however, extending to the aryl alkyl sulfoxide 1g  with penta-
nonitrile 2b was unsuccessful at the moment. This can be as-
cribed to two reasons: (1) phenyl methyl sulfonium intermedi-
ate V

25 possessing weaker electrophilicity (compared with 
diphenyl sulfonium I) was not capable of trapping nitrile 2b; 
(2) the methyl group of V could readily undergo the undesired 
nucleophilic attack or deprotonation.26 However, employing 
acetonitrile as both reactant and solvent somehow overcame 
these challenging issues, accomplishing desired 5ea in good 
yield (75%). 

The importance of cyanomethylation of arenes27 prompted 
us to further investigate the scope of the aryl sulfoxides with 
acetonitrile (Table 3). To our delight, a broad range of aryl 
alkyl sulfoxides 1h-1s was found suitable for the reaction. In 
line with our previous findings, electron poor aryl sulfoxides 
(1h-1m) surpassed the electron rich sulfoxide 1n in reactivity. 
Allyl sulfoxide 1p and benzyl sulfoxide 1q normally consid-
ered as problematic substrates were also well tolerated in the 
reaction albeit leading to modest yields of 5pa and 5qa, re-
spectively. Moreover, bulkier aryl sulfoxides (1r and 1s) also 
proved to be suitable substrates. It is anticipated that this cy-

anomethylation protocol could well complement existing 
methods.27  

 

Encouraged by the established broad substrate scope, we 
speculated that the use of chiral base in the reaction might 
induce a stereoselective formation of C-C bond (eq. 6).  To 
verify this hypothesis, we tested a readily available chiral base, 
Quinine. Surprisingly, the free hydroxyl group of Quinine was 
well tolerated in the reaction as the desired 5ab was afforded 
in a very good chemical yield (88%).  More excitingly, the use 
of chiral base indeed influenced on the stereoseletivity of reac-
tion, albeit giving a low enantiomeric ratio of 5ab (er = 57/43). 
This result confirmed a feasibility of developing T2O/chiral 
base mediated asymmetric α-arylation of alkyl nitriles.28  

Scheme 3. Elaboration of products 5aa and 5ab.  

 

Scheme 4. Gram scale synthesis and application for the 

synthesis of crucial precursor of Zaltoprofen  

 
Applications and Practicability Evaluation: To demon-

strate the synthetic utility of this transformation, we further 
elaborated the products 5aa and 5ab (Scheme 3). The nitrile 
group could be easily reduced or hydrolyzed producing α-
arylated ketones 7aa and 7ab, aldehyde 8aa, carboxylic acid 
10aa, amide 11ab as well as β-arylated amine 9ab in modest 
to excellent yields. In addition, sulfur ether could be oxidized 
to aryl sulfoxide 12ab in good yield which provides opportu-
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nities for its further functionalization. Finally, we examined 
the reaction in gram scale to evaluate the practicability of the 
reaction. More than five grams of diphenyl sulfoxide 1a with 
acetonitrile 2a or pentanenitrile 2b were subjected to the reac-
tion conditions (Scheme 4). These two scale-up reactions pro-
ceeded smoothly to afford the respective desired products in 
synthetically useful yields. The product 5aa could then be 
simply converted into tricyclic compound 13 by a sequential 
hydrolysis and Friedel-Crafts cyclization. 13 is a key precursor 
for the synthesis of a commercial available anti-inflammatory 
drug namely Zaltoprofen.29 

■ CONCLUSIONS 

In summary, we have developed a metal free α-arylation of 
alkylnitirles by sequentially introducing Tf2O and a mild base 
to the mixture of alkylnitriles and aryl sulfoxides. A variety of 
α-arylated nitriles bearing a wide range of functional groups 
have been chemo- and regioselectively prepared under mild 
conditions. NMR studies have identified an unprecedented 
formation of the sulfonium imine 6ab and demonstrated the 
importance of temperature on the formation and manipulation 
of this highly unstable specie. Computational investigations 
suggested that the reaction is likely to proceed through elec-
trophilic assembling, and subsequent removal of HOTf, fol-
lowed by [3,3]-sigmatropic rearrangement. We believe that the 
advent of this arylation reaction will promote the development 
of other “S-N” bond breaking induced [3,3]-sigmatropic rear-
rangements which are currently under investigation in our lab. 
More efforts to the development of the chiral base induced 
asymmetric α-arylation and the practical syntheses of high 
value bioactive compounds are also underway.  
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