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Synthesis of Gold Allyloxysulfonium Complexes and Elimination to 
form an -Unsaturated Aldehyde
Nana Kim and Ross A. Widenhoefer* 

Treatment of the gold vinyl carbene/allylic cation complex (E)-
[(IPr)AuC(H)C(H)C(4-C6H4OMe)2]+ OTf– with sulfoxides at –95 °C 
formed the corresponding gold allyloxysulfonium complexes 
[(IPr)AuC(H)(OSR2)C(H)=C(4-C6H4OMe)2]+ OTf– [R = Me, –(CH2)4–, 
Ph] in ≥95 ± 5% NMR yield.  Allyloxysulfonium gold complexes 
underwent elimination at or below room temperature to form 3,3-
bis(4-methoxyphenyl)acrylaldehyde in ≥72% yield.  

Sulfoxides, heterocyclic N-oxides, and related nucleophilic 
oxidants containing an oxygen atom bound to a leaving group 
(O–LG) have been widely employed as oxygen transfer agents in 
a variety of gold(I)-catalyzed transformations.1-5  Notable 
examples include the intramolecular oxidation/rearrangement 
of sulfinyl alkynes to form -dicarbonyl compounds (eq 1) and 
the oxidative cycloaddition of enynes to form cyclopropyl 
carboxaldehydes (eq 2).3,4  Two general mechanisms have been 
invoked for oxygen atom transfer in these transformations 
involving attack of the nucleophilic oxidant at either the C1 
position of a gold carbene complex to generate a gold 
alkoxysulfonium/pyridinium intermediate (A) or at the alkyne 
carbon atom of a gold -alkyne complex to generate a gold 
alkenyloxysulfonium/pyridinium intermediate (B) (Scheme 1).  
Heterolytic cleavage of the O–LG bond of A or B then completes 
oxygen atom transfer to the substrate, in the latter case to 
generate a reactive -oxo carbene complex.1,6  However,

Scheme 1.  Proposed mechanisms for oxygen atom transfer from nucleophilic oxidants 
(O–LG) to cationic gold carbene (top equation) and -alkyne complexes (bottom 
equation).  

despite the widespread employment of these oxygen atom 
transfer reagents in gold(I) catalysis, the key gold 
oxysulfonium/pyridinium intermediates have never been 
directly observed.  As such, significant gaps remain in our 
understanding of the structure and reactivity of these 
intermediates and in the mechanisms of oxygen atom transfer 
in gold(I)-catalysis.  

We have recently reported the synthesis of cationic, two 
coordinate gold(I) allylic cation/vinyl carbene complex 1, 

Scheme 2.  Synthesis of gold vinyl carbene/allylic cation complex 1 [IPr = 1,3-
bis(2,6-bis-(diisopropylphenyl)imidazol-2-ylidene] and reaction with 4-picoline-N-
oxide to form aldehyde 2.

a.French Family Science Center, Duke University, Durham, North Carolina, USA
b.  Electronic Supplementary Information (ESI) available:  For ESI and 

crystallographic data in CIF see DOI: 10.1039/x0xx00000x.
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generated via the Lewis acid-mediated ionization of a gold (- 
methoxy) vinyl complex (Scheme 2).7  Complex 1 reacted rapidly 
at –95 °C with a range of nucleophiles, preferentially at the C1 
carbon atom.  Included in this family of transformations was the 
reaction of 1 with 4-picoline-N-oxide to form 3,3-bis(4- 
methoxyphenyl)acrylaldehyde (2), presumably via the 
unobserved gold allyloxypyridinium intermediate I (Scheme 
2).8,9  Despite the instability of intermediate I, we reasoned that 
reaction of vinyl carbene complex 1 with sulfoxides might lead 
to formation of detectable gold allyloxysulfonium complexes 
owing to the stronger S–O bond relative to an N–O bond.10  
Indeed, here we report the direct observation and thermal 
elimination of gold allyloxysulfonium complexes.

Treatment of a freshly prepared solution of 1 in CD2Cl2 with 
dimethylsulfoxide (DMSO;  1.3 equiv) at –95 °C led to immediate 
disappearance of the bright red/orange color of 1 with 
formation of the gold allyloxydimethylsulfonium complex 3a in 
96 ± 5 % yield by 1H NMR spectroscopy (Scheme 3).  In a similar 
manner, treatment of 1 with tetrahydrothiophene sulfoxide 
(THTSO), diphenylsulfoxide (DPSO), or p-substituted 
diarylsulfoxides (4-C6H4R)2S (R = Me, Cl, OMe) at –95 °C formed 
the corresponding gold allyloxysulfonium complexes 3b - 3f in 
≥95 ± 5 % yield (Scheme 3).  Complexes 3 were thermally 
unstable and were characterized in solution by NMR 
spectroscopy at or below 0 °C.  For example, selective attack of 
DMSO at the C1 vinyl carbene carbon atom of 1 was established 
by a pair of mutually-coupled doublets at  3.60 and 5.65 (J = 
11.3 Hz) in the 1H NMR spectrum of 3a assigned to the aliphatic 
C1 and vinylic C2 protons, respectively.¶  Similarly, the 13C NMR 
spectrum of the 13C-labelled isotopomer 
[(IPr)Au13C(H)(OSMe2)13C(H)=C(4-C6H4OMe)2]+ OTf– (3a-13C2) 
displayed a pair of mutually-coupled multiplets at  61.6 (dd, 
1JCH = 139.8, 1JCC = 41.3 Hz) and 113.6 (dd, 1JCH = 158.0, 1JCC = 42.3 
Hz) assigned to the aliphatic C1 and vinylic C2 carbon atoms, 
respectively.  

When a solution of 3a in CD2Cl2 was warmed at 20 °C for ~5 
h, 3a was completely consumed to form aldehyde 2 in 72% yield 
along with [(IPr)Au(SMe2)]+ OTf– (Scheme 3).¶¶  In a similar 
manner, complex 3b underwent elimination at 0 °C over the 
course of 30 min to form 2 in quantitative yield while complexes 
3c-3f underwent elimination at or below 0 °C to form 2 in 67 - 
88% yield (Scheme 3).  To quantify the reactivity differences 
between complexes 3a-3c with respect to elimination, we 
analysed the kinetics of the disappearance of 3a, 3b, and 3c in 

Scheme 3.  Synthesis of gold allyloxysulfonium complexes 3 and thermal 
elimination to form 2.

Table 1.  First-order rate constants for the conversion of gold allyloxysulfonium 
complexes 3 (17 mM) to aldehyde 2 in CD2Cl2.  

entry cmpd temp (°C) k (104 s–1)a

1 3a 33 11.7± 0.6
2 3b –16 2.14 ± 0.02
3 3b –16 2.33 ± 0.10
4 3b –16 2.41 ± 0.06
5 3c –28 9.7 ± 0.22
6 3d –27 3.71 ± 0.05
7 3e –27 15.8 ± 0.4
8 3f –27 4.05 ± 0.17
9 3b –9 7.62 ± 0.11

10 3b –9 7.97 ± 0.12
11 3b –3 12.5 ± 0.2
12 3b –3 15.2 ± 0.34
13 3b –20 1.33 ± 0.37
14 3b –21 1.11 ± 0.01
15 3b –28 0.315 ± 0.022
16b 3b –16 2.12 ± 0.05
17c 3a 33 9.6 ± 0.4
18d 3a 33 1.48 ± 0.09

aFirst-order decay was observed in all cases.  bReaction mixture contained THTSO 
(51 mM).  cReaction mixture contained DMSO-d6 (0.45 M).  dReaction mixture 
contained DMSO-d6 (3.0 M).

CD2Cl2 at 33, –16, and –28 °C, respectively, employing 1H NMR 
spectroscopy.  In each case, disappearance of 3 obeyed first-
order kinetics (Table 1, entries 1-5) with activation energies that 
decreased in the order 3a (G‡

306K = 22.0 kcal/mol) > 3b (G‡
257K 

= 19.2 kcal/mol) > 3c (G‡
234K = 17.6 kcal/mol).  To quantify the 

effect of the electron donor ability of the R2S moiety on the rate 
of elimination from complexes 3, we analysed the kinetics of the 
disappearance of complexes 3d – 3f at –27 °C (Table 1, entries 
5-8).  A plot of log k versus  gave acceptable fit (R2 = 0.90) 
with a slope of  = 1.0 ± 0.2 (Figure 1),11 which established that 
the electron density on sulfur increased in the transition state 
for elimination relative to the ground state. 

The relative stabilities of complexes 3a-3c with respect to 
elimination tracked with the relative stabilities of these 
complexes with respect to sulfoxide displacement.  For 
example, treatment of the allyloxydiphenylsulfonium complex 
3c with THTSO (1 equiv) at –32 °C led to rapid (15 min) and 
quantitative displacement of DPSO to form the 
allyloxytetramethylenesulfonium complex 3b (Scheme 4).  
Similarly, treatment of 3b with DMSO (1 equiv) at –24 °C for 1 h 
led to quantitative displacement of THTO to form the 
allyloxydimethylsulfonium complex 3a.

Additional kinetic experiments were performed to gain 
insight into the mechanism of the conversion of complexes 3 to 
2.  To determine the activation parameters for elimination, the 
rate of conversion of 3b to 2 was determined as a function of 
temperature from –28 to –3 °C (Table 1, entries 2-4, 9-15);  an 
Eyring plot of these data provided the activation parameters 
H‡ = 20.4 ± 0.6 kcal/mol and S‡ = 1.1 ± 0.5 eu (Figure 1).  We 
likewise evaluated the effect of exogenous sulfoxide on the rate
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Figure 1. Hammett plot of the elimination of complexes 3c-3f,  where  = 1.0 ± 0.2 
(left plot). Eyring plot of the elimination of 3b over the temperature range from –
28 to –3 °C, where ln(k/T) = (–10300 ± 280)/T + (26 ± 1) (right plot).

Scheme 4.  Sulfoxide exchange experiments involving complexes 3a - 3c.

Scheme 5.  Reaction of 3b with THT to form 4.

of elimination.  For example, the rate of elimination of 3b (17 
mM) decreased nominally (<10%) in the presence of three 
equivalents of THTSO (51 mM;  Table 1, entries 2-4, 16).  In 
comparison, the rate of elimination of 3a in CD2Cl2 decreased by 
a factor of eight as the DMSO-d6 concentration increased from 
0 to 3.0 M (Table 1, entries 1, 17, 18), which we attribute to 
increasing solvent polarity.¶¶¶  Evaluation of the effect of free 
THT on the rate of elimination of 3b was precluded by the rapid 
substitution of THTSO with THT to form the -sulfonium 
carbenoid complex 4 (Scheme 5).  Specifically, conversion of an 
equimolar mixture of 3b and THT to 4 at –24 °C (k = 7.22 ± 0.01 
× 10–4 s–1) was an order of magnitude faster than was 
decomposition of 3b and displayed first-order kinetics to ≥3 
half-lives, which points to a dissociative mechanism involving 
rate-limiting formation of free 1 followed by rapid trapping by 
THT (Scheme 5).  

We considered two mechanisms for the conversion of gold 
allyloxysulfonium complexes 3 to aldehyde 2 involving either (1) 
dissociative elimination via an anti-periplanar transition state 
(TS-II) to form -aldehyde intermediate II and free sulfide 
followed by ligand exchange to form 2 and [(L)AuSR2]+ (Scheme 
6, top) or (2) non-dissociative elimination via a syn-periplanar 
transition state (TS-III) to form the three-coordinate gold -
aldehyde sufide intermediate III followed by dissociation of 2 
(Scheme 6, bottom).12  

Scheme 6.  Potential dissociative (top path) and non-dissociative (bottom path) 
elimination pathways for the conversion of complexes 3 to aldehyde 2.

Both pathways depicted in Scheme 6 are consistent with the 
observed first-order dependence of the rate of elimination on 
[3], the zero-order dependence of the rate of elimination of 3b 
on [THTSO], and the decreasing rate of elimination of 3a with 
increasing solvent polarity, which points to increased 
delocalization of positive charge in the transition state for 
elimination relative to the ground state.  However, the small 
positive entropy of activation (S‡ = 1.1) determined for the 
elimination of 3b appears inconsistent with a dissociative 
elimination pathway and points to a non-dissociative pathway 
for elimination of 3 (Scheme 6, bottom pathway).  Indeed, the 
entropy of activation determined for the elimination of 3b is 
similar to values determined for -hydride and -alkyl 
elimination from transition metal alkyl complexes.13  Likewise, 
the Hammett reaction constant determined for the elimination 
of gold allyloxyldiarylsulfonium complexes 3c - 3f ( = 1.0 ± 0.2) 
appears too small to account for the release of free sulfide in 
the transition state for elimination, pointing to a non-
dissociative pathway for elimination where sulfide remains 
tricoordinated throughout elimination.  As points of 
comparison, Hammett reaction constants for the oxidation of 
alkyl aryl sulfides with electrophilic halogen sources involving 
rate-limiting formation of RArSX+ range from  = –3.20 to –
4.25.14  

Although -hydride elimination from gold(I) complexes is 
rare,15 the syn-migratory insertion of alkynes into Au(I)–
heteroatom bonds is known.16-18  Notable among these 
examples is the syn-insertion of dimethyl 
acetylenedicarboxylate into the Au–P bond of gold phosphine 
complexes of the form Au(SAr)(PAr3) to form gold 
alkenylphosphonium complexes.18  

In summary, we have generated thermally unstable gold 
allyloxysulfonium complexes 3 via the reaction of gold vinyl 
carbene/allylic cation complex 1 with sulfoxides and we have 
demonstrated the thermal elimination of complexes 3 to form 
aldehyde 2 and a gold sulfide complex.  Kinetic analysis of the 
elimination of complexes 3, in particular the small positive 
entropy of activation and modest Hammett reaction constant 
determined for the elimination of gold allyloxyldiarylsulfonium 
complexes 3c - 3f, points to a mechanism involving non-
dissociative -elimination through a syn-periplanar transition 
state.  Unfortunately, experiments that would unambiguously 
distinguish between dissociative and non-dissociative 
mechanisms for elimination from complexes 3, such as sulfide 
labelling experiments, were precluded by rapid exchange of 
free sulphide with the C1 sulfoxide group of complexes 3.  
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