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Abstract: The gold sulfonium benzylide complexes 
[(P1)AuCHPh(SR1R2)]+ {B[3,5-CF3C6H3]4}– [P1 = P(t-Bu)2o-biphenyl;  
R1, R2 = –(CH2)4– (1a);  R1 = Et, R2 = Ph (1b);  R1 = R2 = Ph (1c)] were 
synthesized via reaction of the gold a-chloro benzyl complex 
(P1)AuCHClPh with sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate and excess sulfide.  Complexes 1 
undergo efficient benzylidene transfer to alkenes and DMSO under 
mild conditions without external activation.  Kinetic analysis of the 
reaction of 1c with styrene was consistent with the intermediacy of the 
cationic gold benzylidene complex [(P1)AuCHPh]+ (I). 

Of the myriad transformations attributed to reactive gold carbene 
intermediates, perhaps none is more important or more prevelant 
than is gold to alkene carbene transfer.[1-4]  Although carbene 
transfer to alkenes is certainly not unique to gold,[5-10] the 
particular properties of gold including high d-electron count and 
electronegativity,[11] poor d ® p back bonding,[12] and the 
formation of stable p-complexes[13] likely render the mechanisms 
of gold to alkene carbene transfer distinct from other transition 
metals.[5-10]  However, our understanding of the mechanisms of 
gold(I) to alkene carbene transfer is largely restricted to 
information gleaned from indirect experimental observations, 
such as the product ratios and stereoselectivity of catalytic 
reactions,[14,15] from gas-phase reactions,[16-19] and from 
computational analyses.[14-18]  As such, many gaps remain in our 
understanding of the mechanisms of the carbene transfer 
processes of gold including control of stereoselectivity, the nature 
of C–C bond formation, and the involvement of carbocationic 
and/or metallacyclobutane intermediates.[4,14-19]  

Largely absent from the discussion of the mechanisms of gold 
to alkene carbene transfer are the potential insights gained from 
analysis of carbene transfer from well-defined carbene complexes 
in the condensed phase.[2,3]  Recent efforts in this area have led 
to identification of a small number of well-defined gold carbene 
complexes that undergo carbene transfer to alkenes (A – C).[20-22]  
However, extracting detailed mechanistic information relevant to 
catalysis from these stoichiometric carbene transfer processes is 
complicated by the (1) excessive stabilization of the carbene 
complex, (2) in situ generation of the carbene complex with strong 
Lewis acids under cryogenic conditions, and/or (3) the extreme 
facility of carbene transfer.[20-22]   

 

Figure 1. Well defined gold carbene (A - C) and carbenoid (D - F) complexes 
that undergo carbene transfer to alkenes [Ar = 4-C6H4OMe;  P1 = P(tBu2)o-
biphenyl;  IPr = 1,3-bis(2,6-bis-(diisopropylphenyl)imidazol-2-ylidene].   

As an alternative to free gold carbene complexes, we sought 
to identify gold carbenoid complexes that would spontaneously 
and reversibly generate reactive gold carbene complexes in 
solution under mild conditions,[23] thereby allowing kinetic and 
mechanistic analysis of carbene transfer processes from 
otherwise inaccessible gold carbene complexes.  Although a 
small number of gold(I) carbenoid complexes that undergo 
carbene transfer to alkenes have been identified (e.g. D-F;  Figure 
1),[1719,24] only imidazolium sulfonyl complex F does so in solution 
without Lewis acid activation.[18,25,26]   However carbene transfer 
from F requires forcing conditions and a stabilizing C1 anisyl 
group for spontaneous activation and undergoes irreversible 
carbene formation, all of which would complicate kinetic and 
mechanistic analysis of carbene transfer.  Here we report the 
synthesis of thermally stable gold sulfonium benzylide complexes 
that undergo benzylidene transfer to alkenes under mild 
conditions without activation via the intermediacy of an 
unstabilized gold benzylidene complex.   

Inspired by the facile alkylidene transfer reactions of iron 
sulfonium ylide complexes,[27] and the generation of well-defined 
Rh, Os, and Ru benzylidene complexes from sulfonium 
benzylides,[28] we targeted gold sulfonium benzylide complexes of 
the form [(L)AuCHPh(SR1R2)]+ as potential carbene transfer 
reagents.[29-32]  Initial efforts to synthesize gold sulfonium 
benzylide complexes via S-alkylation of gold a-thiobenzyl 
complexes[26,27] or through ligand displacement with sulfonium 
benzylides[28] proved unsuccessful.  However, a third approach 
involving nucleophilic substitution of a gold a-chlorobenzyl 
carbenoid complex with sulfide, which was modelled after similar 
transformations reported by Steinborn[26] and Echavarren,[24] 
proved effective.  In an optimized procedure, treatment of 
(P1)AuCHClPh[24] [P1 = P(tBu)2o-biphenyl] with sodium 
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBArF4;  1.1 
equiv) and excess tetrahydrothiophene (THT;  10 equiv) in 
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toluene at room temperature led to isolation of the gold 
(tetramethylene)sulfonium benzylide complex  
[(P1)AuCHPh(THT)]+ BArF4– (1a) in 68% yield after crystallization 
(Scheme 1).  The ethylphenylsulfonium benzylide complex 1b 
and diphenylsulfonium benzylide complex 1c were isolated 
employing similar procedures.  Complexes 1 were stable 
indefinitely in the solid state at room temperature and complexes 
1a and 1b displayed no detectable decomposition in solution after 
24 h at room temperature, whereas 1c decomposed slowly (t1/2 = 
~7 h) under these conditions.   

 

Scheme 1.  Synthesis of gold sulfonium benzylide complexes 1. 

Gold sulfonium benzylide complexes 1 were characterized by 
NMR spectroscopy and X-ray crystallography (Figure 2, Table 1).  
Complexes 1 displayed diagnostic phosphorous-coupled 
doublets in both the 1H (d 2.28 - d 3.75, JPH » 6 Hz) and 13C (d 
62.7 - d 66.6, JPH » 85 Hz) NMR spectra assigned to the benzylic 
proton and carbon atom, respectively.  In the solid state, 
complexes 1 adopt slightly distorted linear conformations with P–
Au–C angles ranging from 171 - 175° (Figure 2, Table 1).  The 
benzylic carbon atom adopts a distorted sp3 geometry with a 
larger Au–C1–C2 angle (113-117°) and a smaller Au–C1–S angle 
(101-106°).  Complex 1b, which contains a stereogenic sulfur 
atom, crystallized exclusively as the S*,R* diastereomer [(S*,R*)-
1b] (Figure 2), but isomerized in [D8]toluene at 25 °C (t1/2 = 25 
min) to form an equilibrium 2.5:1 mixture of (S*,R*)-1b and 
(S*,S*)-1b (eq 1).  Kinetic analysis of the conversion of (S*,R*)-
1b to (S*,S*)-1b established first-order approach to equilibrium 
with forward and reverse rate constants kf = 1.33 ± 0.15 ´ 10–4 s–

1 and kr = 3.3 ± 0.4 ´ 10–4 s–1.  Periodic analysis of an equimolar 
solution of (S*,R*)-1b and THT (13 mM) revealed that 
isomerization of (S*,R*)-1b was not significantly inhibited by THT 
(kf = 1.4 ± 0.20 ´ 10–4 s–1) and was ~5 times faster than was 
conversion of 1b to 1a (kobs = 2.8 ± 0.5 ´ 10–5 s–1).  These 
observations argue against isomerization of (S*,R*)-1b via a 
dissociation/reassociation pathway and instead point to 
isomerization via inversion at sulfur.[33]  

Table 1.  Selected bond lengths (Å) and angles (deg) for 1a, (S*,R*)-1b, and 1c. 

 1a (S*,R*)-1b 1c 

P–Au 2.2920(6) 2.294(1) 2.298(1) 

Au–C1 2.096(2) 2.095(4) 2.125(2) 
C1–S  1.796(2) 1.787(4) 1.813(3) 
C1–C2   1.507(3) 1.513(4) 1.513(3) 
P–Au–C1  174.63(6) 171.9(1) 171.37(8) 
Au–C1–S  105.3(1) 106.3(2) 101.5(1) 
Au–C1–C2  116.6(1) 113.3(2) 116.5(2) 
S–C1–C2 114.6(2) 108.0(2) 104.1(2) 

 

Figure 2.  ORTEP diagrams of complexes 1a (upper left), (S*,R*)-1b (middle 
right), and 1c•C7H8 (lower right) with ellipsoids shown at the 50% probability 
level and with counterion, solvent, and hydrogen atoms omitted for clarity.   

 

Table 2.  Reactions of gold carbenoid sulfonium benzylide complexes 1 (12 -32 
mM) with alkenes and DMSO (10 equiv) in [D8]toluene.  

 
[a]  Major diastereomer depicted. [b] [Nuc] = 0.32 M. [c]  Reaction displayed 
pseudo first-order kinetics to ≥3 half-lives.  [d] Yield and dr determined by 1H 
NMR versus internal standard. [e] [Nuc] = 0.22 M.  [f]  [Nuc] = 0.15 M. [g]  [Nuc] 
= 0.20 M. [h] Estimated half-life.  [i] Yield and dr determined by GC analysis 
versus internal standard.  
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Treatment of (tetramethylene)sulfonium benzylide complex 
1a (32 mM) with excess p-methoxystyrene (2; 10 equiv) at 75 °C 
led to first-order decay (t1/2 = 51 min) to form 1-phenyl-2-
anisylcyclopropane (3) in 95% yield (1H NMR) as a 6:1 mixture of 
cis/trans diastereomers and the gold THT complex 
[(P1)Au(THT)]+ in quantitative yield (Table 2, entry 1).  In a similar 
manner, treatment of 1a with excess DMSO at 75 °C led to first-
order decay (t1/2 = 95 min) to form benzaldehyde in 75% yield and 
a mixture of gold THT and dimethylsulfide complexes (Table 2, 
entry 4).[34-36]  The reactivity of gold sulfonium benzylide 
complexes 1 toward both 2 and DMSO increased significantly in 
the order 1a < 1b < 1c (Table 2, entries 2, 3, 5, and 6),[37] such 
that the reactions of 1c with 2 and DMSO were complete within 
~2 min at 25 °C (Table 2, entries 5 and 6).  Owing to the high 
reactivity of 1c toward 2, we considered that 1c might likewise 
undergo benzylidene transfer to less reactive alkenes.  Indeed, 
1c reacted efficiently with styrene, norbornene, cyclohexene, and 
1-hexene at room temperature within 5 min to form the 
corresponding cyclopropanes in good yield (Table 2, entries 7-10). 

To probe the mechanism of benzylidene transfer from 
sulfonium benzylide complexes 1, we studied the kinetics of the 
reaction of 1c with styrene in [D8]toluene at 25 °C employing 1H 
NMR spectroscopy.  To this end, pseudo-first-order rate 
constants for the reaction of 1c (16 mM) with styrene were 
determined as a function of [styrene] (0 - 1.53 M) at constant 
[Ph2S] (150 mM) and as a function of [Ph2S] (0 - 610 mM) at 
constant [styrene] (150 mM).  A plot of kobs versus [styrene] at 
constant [Ph2S] established the positive, non-integer dependence 
of the rate on [styrene], while a plot of kobs versus [Ph2S] at 
constant [styrene] established the negative, non-integer 
dependence of the rate on [Ph2S] (Figure 3).  

 

Figure 3.  Plots of kobs versus [styrene] for the reaction of 1c (15 mM) with 
styrene in [D8]toluene containing Ph2S (150 mM) at 25 °C (O) and kobs versus 
[Ph2S] for the reaction of 1a with styrene (150 mM) in toluene at 25 °C (´) (left 
plot).  Plot of 1/kobs versus [Ph2S]/[styrene] for the reaction of 1c with styrene in 
[D8]toluene at 25 °C (right plot).   

Strong inhibition of the rate of reaction of 1c with styrene by 
Ph2S rules out mechanisms for benzylidene transfer involving 
either direct attack of styrene on 1c or irreversible loss of Ph2S 
from 1c, both of which would display zero-order rate dependence 
on [Ph2S].  Rather, our kinetic data are consistent with a 
mechanism involving reversible generation of gold benzylidene 
complex I followed by irreversible carbene transfer to styrene 
(Scheme 2).  Steady state treatment of intermediate I generates 
rate equation 2, which is of the same form as the experimentally 
determined rate law.  Under conditions of excess [Ph2S] and 

[styrene], rate equation 2 can be expressed as:  rate = kobs[1c] 
with kobs defined by eq 3 and 1/kobs defined by eq 4.  In accord 
with this latter relationship, a plot of 1/kobs versus [Ph2S]/[styrene] 
was linear, which provided the values k1 = 1.3 ± 0.4  ´ 10–2 s–1 
(DG‡ = 20.0 ± 0.2 kcal/mol) and k–1/k2 = 3.5 ± 1.1.  The former 
value corresponds to the first-order rate constant for dissociation 
of Ph2S from 1c while latter value corresponds to the relative 
kinetic affinities of Ph2S and styrene toward benzylidene 
intermediate I.   

 

Scheme 2.  Kinetic model for the reaction of 1c with styrene to form 1,2-
diphenylcyclopropane.   

 
 

In summary, we have synthesized the thermally stable gold 
sulfonium benzylide complexes 1, which undergo benzylidene 
transfer to alkenes and DMSO under mild conditions without 
external activation.  The reactivity of complexes 1 increased 
significantly in the order 1a < 1b < 1c such that the 
diphenylsulfonium benzylide complex 1c reacts with vinyl arenes, 
aliphatic alkenes, and DMSO within minutes at room temperature.  
Kinetic analysis of the reaction of 1c with styrene established a 
mechanism involving reversible formation of the free gold 
benzylidene complex I followed by irreversible benzylidene 
transfer to styrene.  Ongoing studies in our laboratory are directed 
toward kinetic analysis of carbene transfer from gold sulfonium 
benzylide complexes as a function of supporting ligand, C1-aryl 
group, and alkene.    
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