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Abstract: The mechanism of the hydroalkoxylation of 3-methyl-1,2-butadiene (1) with 1-phenylpropan-

1-ol (2) catalyzed by (IPr)AuOTf in toluene has been evaluated through a combination of kinetic 

analysis, deuterium labeling studies, and in situ spectral analysis of catalytically active mixtures.  These 

data are consistent with a mechanism involving endergonic conversion of (IPr)AuOTf and 1 to the 

cationic gold π-allene complex (IPr)Au[η2-H2C=C=CMe2][OTf] (5�OTf), which undergoes outer-sphere 

addition of 2 followed by rapid protodemetallation to form 1-(3-methyl-2-butenyloxy)propyl)benzene (3a) 

as the kinetic product.  The microscopic rate constants associated with the formation and consumption 

of 5�OTf are of similar magnitude, such that the kinetic behavior of catalytic hydroalkoxylation changes 

as a function of the relative and absolute concentrations of allene and alcohol.   

    

Keywords:  hydrofunctionalization, C−O bond formation, mechanism, kinetics, gold, NHC, allene 
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 2

Introduction 

 Cationic gold(I) complexes have emerged as a highly effective catalysts for the π-activation of 

C–C multiple bonds, most notably for the cycloisomerization of 1,n-enynes and for the 

hydrofunctionalization of C–C multiple bonds with H–X nucleophiles (X = C, N, O).1-7  Within this latter 

family of transformations, allenes have attracted considerable attention as substrates for gold(I)-

catalyzed hydrofunctionalization owing to the facility of the transformations,4 the potential for 

stereospecific5-7 and enantioselective transformations,3 and the wide range of nucleophiles that 

undergo allene hydrofunctionalization including water, alcohols, carbamates, esters, carboxamides, 

ureas, thiols, and alkyl and aryl amines, electron-rich arenes, and activated methylene compounds.4  

Similarly, gold(I)-catalyzed allene hydrofunctionalization has been applied to the total synthesis of a 

number of natural products2 including (–)-Rhazinilam,8 flinderoles B and C,9 swainsonine,10 bejarol,11 

jaspine B,12 indoxamycin,13  and (–)-funebrine.14  

 Along with the development of the synthetic aspects of gold(I)-catalyzed allene 

hydrofunctionalization, there has been considerable interest in understanding the mechanisms of these 

processes,15 although much of this effort has focused on computational analysis.16,17  Experimental 

efforts in this area18 have focused primarily on the synthesis and interrogation of potential intermediates 

in gold(I)-catalyzed allene hydrofunctionalization, including cationic gold(I) π-allene complexes,19,20 

neutral gold vinyl complexes,6,18,21-24 and gem-diaurated vinyl complexes,18,22,23 and on the 

stereochemical analysis of gold-catalyzed allene hydrofunctionalization.25-27  These latter studies have 

established the net anti-addition of the H–X bond of the nucleophile across a C=C of the allene, 

consistent with mechanisms involving outer-sphere attack of the nucleophile on a gold π-allene 

complex.25-27 

Much less experimental information is available regarding the behavior of these potential 

intermediates under catalytic conditions, including information regarding the catalyst resting state(s), 

turnover-limiting and regio- and/or stereochemical determining steps, and the nature of the reactive 
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 3

gold allene intermediates.  Furthermore, extant experimental information is restricted largely to 

intramolecular hydrofunctionalization processes.  For example, Gagné showed that a cationic bis(gold) 

vinyl complex accumulated in solution during the gold(I)-catalyzed intramolecular hydroarylation of 

allenes, which implicated a mechanism involving turnover-limiting protodeauration.22  A subsequent 

study by Widenhoefer and Gagné of the hydroalkoxylation of 2,2-diphenylhexa-4,5-dien-1-ol catalyzed 

by [P(t-Bu)2o-biphenyl]AuOTs supported a mechanism involving reversible C–O bond formation 

followed by turnover-limiting protonolysis of a mono(gold) vinyl complex that occurred competitively with 

formation of an inactive bis(gold) vinyl complex.23,28  In comparison, Lalic's investigation of the 

intramolecular hydroalkoxylation of γ-hydroxy allenes catalyzed by a gold carboxylate complex 

supported a mechanism involving irreversible C–O bond formation followed by turnover-limiting 

protodeauration of a mono(gold) vinyl complex without competing formation of bis(gold) vinyl 

complexes.6 

In what represents the only kinetic and mechanistic analysis of gold(I)-catalyzed intermolecular 

allene hydrofunctionalization, Toste and Goddard have reported a combined kinetic/computational 

analysis of the hydroamination of 1,7-diphenylhepta-3,4-diene with methyl carbazate catalyzed by 

(PPh3)AuNTf2.  Here, authors invoked a "two-step, no intermediate" mechanism involving turnover-

limiting isomerization of a gold η
2-allene complex to a gold η

1-allylic cation transition state that is 

trapped by methyl carbazate either prior to or after progression to the achiral η
1-allylic cation.7  

Experimentally, this conclusion was supported by the ~zero-order dependence of the rate on methyl 

carbazate concentration coupled with assignment of the gold π-allene complex [(Ph3P)Au(η2-

PhCH2CH2C=C=CCH2CH2Ph)]+ (A) as the catalyst resting state on the basis of in situ 31P NMR analysis 

and independent synthesis.  However, Widenhoefer and Brooner subsequently demonstrated that the 

species assigned by Toste and Goddard as π-allene complex A is rather the catalyst decomposition 

product [(PPh3)2Au]+,20 and without clear delineation of the catalyst resting state(s), zero-order rate 
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 4

dependence on nucleophile concentration need not be attributed to turnover-limiting allene 

isomerization. 

Herein we report the mechanistic analysis of the gold(I)-catalyzed intermolecular 

hydroalkoxylation of 3-methyl-1,2-butadiene (1) with 1-phenylpropan-1-ol (2), which forms primary 

allylic ether 3a with high regioselectivity relative to tertiary allylic ether 4a (eq 1).25  This study includes 

the kinetic and spectroscopic analysis of catalytic mixtures, deuterium-labeling studies, and 

independent synthesis of potential intermediates.   We targeted gold-catalyzed hydroalkoxylation for 

this study owing to the high efficiency of these processes25 and because aliphatic alcohols are 

representative of the weakly basic nucleophiles typically employed in gold(I)-catalyzed allene 

hydrofunctionalization.4  The results of these studies are in accord with a mechanism involving 

reversible, endergonic formation of a cationic gold π-allene complex that undergoes irreversible, outer-

sphere attack by alcohol on an η2-allene complex followed by rapid protodeauration.  

 

 

 

RESULTS AND DISCUSSION  

 Kinetics of the Gold(I)-Catalyzed Hydroalkoxylation of excess 1 with 2. Toward an 

understanding of the mechanism of gold(I)-catalyzed intermolecular allene hydroalkoxylation, we 

investigated the kinetics of the reaction of 1 with 2 catalyzed by (IPr)AuOTf in toluene under conditions 

of excess allene 1.  In these studies, the single-component catalyst (IPr)AuOTf was employed in 

preference to a mixture of (IPr)AuCl and AgOTf to avoid potential complications associated with the 
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 5

presence of silver salts either as co-catalysts or byproducts of catalyst activation.29  In an initial 

experiment, a toluene solution of 1 (1.6 M), 2 (0.16 M), hexadecane (internal standard), and a catalytic 

amount of (IPr)AuOTf (15 mM) was stirred at 30 °C and analyzed periodically by GC.  A plot of ln[2] 

versus time was linear to >3 half-lives with a pseudo-first-order rate constant of 9.8 ± 0.4 × 10–4 s–1 

(Figure 1, Table 1, entry 1), which established first-order dependence of the rate on alcohol 

concentration under these conditions.  Importantly, no significant (≤2%) formation of the regioisomeric 

allenyl alcohol 4a was detected throughout complete conversion of 1 and 2 to 3a.   

 

 

Figure 1. Pseudo-first-order plot for the hydroalkoxylation of 1 (1.6 M) with 2 (0.16 M) catalyzed by 

(IPr)AuOTf (16 mM) in toluene at 30 °C.  
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 6

Table 1. Pseudo-first-order rate constants for the hydroalkoxylation of 1 with 2 catalyzed by (IPr)AuOTf 

in toluene at 30 °C.  

entry [1] (M) [2] (M) [cat] (mM) additive (mM) (10
4
)kobs (s

–1
) 

1 1.6 0.16 15 –– 9.8 ± 0.4 

2 0.78 0.16 15 –– 5.4 ± 0.2 

3 1.2 0.16 15 –– 7.1 ± 0.4 

4 2.3 0.16 15 –– 11.9 ± 0.3 

5 3.1 0.16 15 –– 12.8 ± 0.5 

6 1.6 0.16 8.2 –– 5.4 ± 0.4 

7 1.6 0.16 30 –– 17.1 ± 0.6 

8 1.6 0.16 16 Bu4NOTf (16) 4.0 ± 0.2 

9 1.6 0.16 16 Bu4NOTf (24) 2.39 ± 0.08 

10 1.6 0.16 15 Bu4NOTf (77) 1.9 ± 0.2 

11 1.6 0.16 15 HOTf (8.6) 4.4 ± 0.3 

12 1.6 0.16 15 3a (75) 10.1 ± 0.4 

13 1.6 0.16 15 –– 11 ± 1 

14
a
 0.18 0.90 18 –– 3.39 ± 0.01 

15 0.18 1.8 18 –– 3.06 ± 0.02 

16 0.18 2.7 18 –– 2.71 ± 0.01 

17 0.14 1.0 6.0 –– 0.834 ± 0.007 

18 0.14 1.0 13 –– 2.49 ± 0.03 

19 0.14 1.0 15 –– 3.00 ± 0.07 

20 0.14 1.0 20 –– 4.06 ± 0.03 

21 0.14 1.0 45 –– 8.35 ± 0.15 

22
a
 0.14 1.0 15 –– 3.03 ± 0.02 

a1-Phenylpropan-1-ol-O-d (2-O-d, ~90% d) was used in this reaction. 

 

To determine the dependence of the rate of gold-catalyzed hydroalkoxylation on allene 

concentration, pseudo-first-order rate constants for the gold-catalyzed reaction of 1 with 2 (0.16 M) 

were determined as a function of allene concentration from 0.78 to 3.1 M (Table 1, entries 1-5). A plot 

of kobs versus [1] revealed positive, non-linear dependence of the rate on allene concentration, 

consistent with a kinetic order between zero and one (Figure 2).  To determine the dependence of the 
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 7

rate of allene hydroalkoxylation on catalyst concentration, pseudo-first-order rate constants for the 

hydroalkoxylation of 1 (1.6 M) with 2 (0.16 M) were determined as a function of catalyst concentration 

from 8.2 to 30 mM (Table 1, entries 1, 6, and 7).  A plot of kobs versus [(IPr)AuOTf] was linear (Figure 

3), which established the first-order dependence of the rate on catalyst concentration.  

 

 

Figure 2. Allene concentration dependence of the rate of hydroalkoxylation of 1 (0.78 - 3.1 M) with 2 

(0.16  M) catalyzed by (IPr)AuOTf (15 mM) in toluene at 30 °C. 
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 8

 

Figure 3. Plot of pseudo-first-order rate constants versus catalyst concentration for the 

hydroalkoxylation of 1 (1.6 M) with 2 (0.16 M) catalyzed by (IPr)AuOTf (0-30 mM) in toluene at 30 °C. 

To determine the dependence of the rate of gold-catalyzed hydroalkoxylation on exogenous 

triflate ion concentration, pseudo-first-order rate constants for the reaction of 1 (1.6 M) with 2 (0.16 M) 

catalyzed by (IPr)AuOTf (16 mM) were determined as a function of tetrabutylammonium triflate 

concentration from 16 to 77 mM (Table 1, entries 8-10).  The corresponding plot of pseudo-first-order 

rate constants versus the concentration of tetrabutylammonium triflate established inhibition of the rate 

of hydroalkoxylation by exogenous triflate (Figure 4).  Similarly, gold-catalyzed reaction of 2 with excess 

1 that contained triflic acid (8.6 mM) was ~50% slower than in the absence triflic acid (Table 1, entries 1 

and 11).  The rate of gold-catalyzed reaction of 2 with excess 1 that contained allylic ether 3a (75 mM) 

in toluene was not significantly different from the rate of hydroalkoxylation in the absence of excess 3a 

(Table 1, entries 1 and 12).  Gold-catalyzed deuterioalkoxylation of 2 with 1-phenylpropan-1-ol-O-d (2-

d1; ~90% d) formed 3a-d1 with 77% deuterium incorporation exclusively at the internal vinylic position of 

3a-d1 and with no significant deuterium kinetic isotope effect (KIE):  kH/kD = 1.1 ± 0.1 (eq 2;  Table 1, 

entries 1 and 13).  
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 9

 

Figure 4.  Plot of the concentration of tetrabutylammonium triflate versus kobs for the reaction of 1 (1.6 

M) with 2 (0.16 M) catalyzed by (IPr)AuOTf (~15 mM). 
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experiments, we analyzed the kinetics of the gold-catalyzed hydroalkoxylation of allene 1 with alcohol 2 
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(internal standard) and (IPr)AuOTf (18 mM) in toluene-d8 at 30 °C was analyzed periodically by 1H NMR 

spectroscopy.  A plot of ln[1] versus time was linear to >3 half-lives with a pseudo-first-order rate 

constant of kobs = 3.39 ± 0.01 × 10–4 s–1 (Figure 5, Table 1, entry 14), which established first-order 

dependence of the rate on allene concentration under these conditions.  As was the case with 

hydroalkoxylation of 1 under conditions of excess allene, no significant (≤2%) formation of the 
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 10

To determine the dependence of the rate of hydroalkoxylation on alcohol concentration, pseudo-

first-order rate constants for the disappearance of 1 were determined as a function of [2] from 0.9 to 2.7 

M (Table 1, entries 14-16).  A plot of the corresponding pseudo-first-order rate constants versus [2]0 

revealed that the rate of hydroalkoxylation displayed near zero-order dependence on alcohol 

concentration over this range (Figure 6), in sharp contrast to the first-order rate dependence on alcohol 

concentration under conditions of excess allene. To determine the dependence of the rate on catalyst 

concentration, pseudo-first-order rate constants for the hydroalkoxylation of 1 (0.15 M) with 2 (1.0 M) 

were determined as a function of catalyst concentration from 8.2 to 30 mM (Table 1, entries 12, 17-21).  

A plot of kobs versus [(IPr)AuOTf] was linear (Figure 7), which established the first-order dependence of 

the rate of hydroalkoxylation on catalyst concentration and overall the second-order rate law under 

these conditions:  rate = k'[1][(IPr)AuOTf] where k' = 1.88 ± 0.01 × 10–2 M–1 s–1 at [2]0 = 0.9 M.  Gold-

catalyzed deuterioalkoxylation of 1 with excess 1-phenylpropan-1-ol-O-d (2-d1;  90% d) occurred with 

no detectable KIE (kH/kD = 1.00 ± 0.03;  Table 1, entries 19 and 22). 

 

Figure 5. Pseudo-first-order plot for the hydroalkoxylation of 1 (0.18 M) with 2 (0.90 M) catalyzed by 

(IPr)AuOTf (18 mM) in toluene-d8 at 30 °C. 
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 11

 

Figure 6. Plot of pseudo-first-order rate constants versus alcohol concentration for the 

hydroalkoxylation of 1 (0.18 M) with 2 (0.90 - 2.7 M) catalyzed by (IPr)AuOTf (18 mM) in toluene-d8 at 

30 °C. 

 

Figure 7. Plot of pseudo-first-order constants versus catalyst concentration for the hydroalkoxylation of 

1 (0.15 M) with 2 (1.0 M) catalyzed by (IPr)AuOTf (0-45 mM) in toluene at 30 °C. 
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 12

 Spectroscopic Analysis of Catalytic Mixtures.  A series of experiments were performed to 

gain insight into the resting state(s) of the gold-catalyzed hydroalkoxylation of 1 with 2.  Unfortunately, 

the absence of a phosphine supporting ligand precluded analysis of catalytically active mixtures by 31P 

NMR spectroscopy and 1H NMR spectroscopy alone proved unsuitable for this task due to excessive 

broadening and poor dispersion of chemical shifts.  We therefore employed the 13C-labeled gold 

complex (IPr*)AuOTf (IPr* = IPr-1-13C1) which exploits the diagnostic and generally well dispersed 

carbene C1 resonances of potential reaction intermediates.  For example, the carbene C1 resonance of 

(IPr*)AuOTf appears at δ 163 in the 13C NMR spectrum as compared to δ ~180 for cationic gold π-

allene and alkene complexes,19,30  and ~200 for neutral IPr gold σ-vinyl31 and cationic IPr bis(gold) vinyl 

complexes.32   

 In one experiment, allene 1 was added incrementally (0.50, 1.0, 1.5, 2.0 M) to a solution of 

(IPr*)AuOTf (~30 mM) in toluene-d8 and analyzed after each addition by 13C NMR spectroscopy at 30 

°C (eq 3).  As the concentration of 1 increased, the carbene 13C resonance of (IPr*)AuOTf broadened 

and shifted slightly downfield and when the concentration of 1 reached ~2 M, a broad resonance at δ 

~180, assigned to gold π-allene complex (IPr*)Au(η2-H2C=C=CMe2)]
+ OTf– (5-13C1), was observed 

along with the resonance of (IPr*)AuOTf at δ 165, although the excessive broadening of these 

resonances precluded accurate determination of the relative concentrations (eq 3, Figure 8).  

Nevertheless, these observations are consistent with the (1) endergonic conversion of (IPr*)AuOTf and 

1 to 5 and (2) the formation of kinetically-relevant concentrations of 5 in the presence of excess 1. The 

resulting solution of (IPr*)AuOTf (30 mM) and excess 1 (~2 M) was then treated with alcohol 2 (0.14 M) 

and monitored periodically by 13C NMR spectroscopy at 30 °C.  The broad resonances at δ 165 and 

180 persisted throughout complete conversion of 1 and 2 to 3a (t1/2 = 20 min) without the appearance of 

any additional carbene resonances.  These observations established the gold triflate complex 

(IPr)AuOTf and the gold π-allene complex 5 as the predominant gold complexes present under catalytic 

conditions.   
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Figure 8.  Portion of the 13C NMR spectrum of a mixture of 1 (2.0 M) and (IPr*)AuOTf (~30 mM) in 

toluene-d8 at 30 °C.  The resonance at δ ~208 corresponds to the sp carbon atom of 1.   

 

 In a second experiment, alcohol 2 was added incrementally to a toluene-d8 solution of 

(IPr*)AuOTf (~30 mM) at 30 °C and analyzed after each addition by 13C NMR spectroscopy.  Addition of 

a large excess of 2 (~1.5 M) produced no detectable change in the 13C NMR resonance corresponding 

to (IPr*)AuOTf (δ 163) nor were any other carbene resonances observed (eq 4).  These observations 

indicate that the equilibrium constant for the conversion of (IPr*)AuOTf to gold alcohol complex 

[(IPr)Au(CH(Et)Ph)]+ (6) is exceedingly small.33,34  The resulting solution of (IPr*)AuOTf and excess 

2 was then treated with allene 1 (0.14 M) and the solution was monitored periodically by 13C NMR 
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 14

spectroscopy at 30 °C.  The sharp resonance of (IPr*)AuOTf at δ 163 broadened slightly upon addition 

of allene but otherwise remained unchanged throughout complete conversion of 1 and 2 to 3 without 

the appearance of any additional carbene resonances, which established (IPr*)AuOTf as the 

predominant gold-containing species present during catalysis under conditions of excess alcohol.   

 

 

 

 Kinetic Regioselectivity of Hydroalkoxylation.  Paton and Maseras have previously 

investigated the mechanism of the hydroalkoxylation of 1 with methanol catalyzed by (IPr)Au+ 

employing DFT calculations.17   This analysis supported a mechanism involving outer-sphere addition 

of methanol to the more substituted terminus of 1 to form tertiary allylic ether 4b followed by secondary 

isomerization of 4b to primary allylic alcohol 3b via outer-sphere addition of methanol to the γ-carbon 

atom of the π-(allylic ether) complex I followed by elimination of methanol (Scheme 1).17  The gold-

catalyzed transposition of allylic ethers in the presence of alcohol has been validated experimentally by 

us and others.35  Furthermore, Lee has shown that gold(I)-catalyzed hydroalkoxylation of allene 1 with 

excess primary alcohol in DMF at 0 °C leads to selective formation of the corresponding tertiary allylic 

ether (eq 5).36   
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 15

 

Scheme 1.  Proposed mechanism for the gold-catalyzed isomerization of tertiary allylic ether 4b to 

primary allylic alcohol 3b in the presence of methanol.  

 

 

 

 For the reasons outline in the preceding paragraph, we sought to evaluate the possibility that 3a 

was formed via secondary isomerization of 4a in the gold-catalyzed hydroalkoxylation of 1 with 2.  As 

noted above, periodic analysis of the gold(I)-catalyzed conversion of 1 and 2 to 3a under conditions of 

either excess allene or alcohol revealed no detectable accumulation of tertiary allylic alcohol 4a.  

Therefore, if 4a were an intermediate in the gold(I)-catalyzed conversion of 1 and 2 to 3a, conversion of 

4a to 3a under reaction conditions would have to be much faster than the formation of 3a.  Importantly, 

a pair of experiments employing methanol as nucleophile argue strongly against this possibility and, 

rather point to formation of 3a as the kinetic product of hydroalkoxylation.  Specifically, reaction of 1 

(0.8 M) with methanol (0.8 M) and a catalytic amount of (IPr)AuOTf (~30 mM) at 23 °C reached >95% 

conversion after 2 h to form 3b as the exclusive product (Scheme 2).  In comparison, treatment of a 1:1 

mixture of 4b (0.8 M) and methanol (~0.8 M) with a catalytic amount of (IPr)AuOTf (~30 mM) at 23 °C 
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for 2 h led to no detectable consumption of 4b or formation of 3b as determined by 1H NMR analysis of 

the crude reaction mixture.   

 

 

Scheme 2.  Gold-catalyzed reactions of 1 and 4b with methanol.    

  

Kinetic Model for the Hydroalkoxylation of 1 with 2.  Although our analysis of the gold(I)-

catalyzed reaction of 1 with 2 provides no direct insight into the stereochemistry of C–O bond formation, 

we have previously established the net anti-addition of the O–H bond of an alcohol across the C=C 

bond of an allene for both intra- and intermolecular gold-catalyzed hydroalkoxylation, and these 

observations are consistent with outer-sphere mechanisms for C–O bond formation.25-27,37  We 

therefore interpreted the kinetics of the hydroalkoxylation of 1 with 2 catalyzed by (IPr)AuOTf in the 

context of the mechanism depicted in Scheme 3 involving reversible reaction of (IPr)AuOTf with 1 to 

form gold π-allene complex 5�OTf,19 outer-sphere addition of alcohol 2 to 5�OTf to form the O-

protonated gold σ-vinyl intermediate II, and rapid protodeauration to form gold π-allylic ether complex 

III�OTf that collapses to release 3 and close the catalytic cycle.  Key assumptions made in the 

derivation of rate laws were that (1) protodeauration (II → III�OTf), and hence hydroalkoxylation, is 

irreversible, (2) gold triflate complex (IPr)AuOTf and gold π-allene complex 5�OTf are the only 

complexes that accumulate under catalytic conditions ([Au]tot = [(IPr)AuOTf] + [5�OTf]), and (3) cationic 

π-complex 5 exists as the tight ion pair 5�OTf in the non-polar reaction medium (KA[OTf–] >> 1;  see 

below).   

 

Page 16 of 41

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 17

 

Scheme 3.  Proposed mechanism for the gold-catalyzed hydroalkoxylation of 1 with 2.   

 

Within the mechanism depicted in Scheme 3, kinetic scenarios involving turnover-limiting 

protodeauration or deprotonation of II can be safely discounted on the basis of our experimental 

observations.  For example, mechanisms involving reversible C–O bond formation followed by 

turnover-limiting protodeauration or deprotonation would be expected to display significant deuterium 

KIEs for deuterioalkoxylation and first-order dependence on [2] under all conditions, neither of which 

was observed experimentally.  Importantly, both we23 and Lalic6 have observed large KIEs (kH/kD > 5) 

for gold-catalyzed intramolecular hydroalkoxylation/deuterioalkoxylation of allenes under conditions of 

turnover-limiting protodeauration.  Similarly, mechanisms involving irreversible C–O bond formation 

followed by turnover-limiting protodeauration would be expected to display a significant KIE for 

deuterioalkoxylation, zero-order rate dependence on both [1] and [2] under all conditions, and the 

accumulation of mono(gold) or bis(gold) vinyl complexes under catalytic conditions, none of which were 

observed experimentally.  
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The observed change in the kinetic order of the gold-catalyzed hydroalkoxylation of 1 with 2 as 

a function of the 1:2 ratio points to a change in the resting state catalyst composition and/or the 

turnover-limiting step of catalysis, the latter of which requires that two or more microscopic steps within 

the catalytic cycle occur at similar rates.  As such, application of the pre-equilibrium assumption to the 

reversible formation of gold π-allene complex 5�OTf, which is often assumed valid for gold-catalyzed 

hydrofunctionalization processes, appears overly restrictive.  Rather, application of the Bodenstein 

(steady state) approximation to gold π-allene complex 5�OTf with no additional restrictions generates 

the rate law depicted in equation 6, which is of the same form as the Briggs-Haldane equation for 

enzyme kinetics.38   

 

 

 

From the general rate equation for hydroalkoxylation of 1 with 2 (eq 6), we considered two 

limiting kinetic scenarios based on the relationship between the rate of C–O bond formation (k2[2]) and 

the rates of interconversion of (IPr)AuOTf and 5�OTf (k1[1] and k–1).  In the case where C–O bond 

formation is much slower than is the interconversion of (IPr)AuOTf and 5�OTf (k2[2] << k1[1] + k–1), the 

rate equation simplifies to the two-term rate equation depicted in eq 7, which is of the same form as the 

Michaelis–Menten equation and which predicts first-order rate dependence on [2] and [Au]tot, and 

between zero- and first-order dependence on [1]. This rate equation is of the same form as the 

experimental rate law determined for the gold-catalyzed reaction of 1 and 2 under conditions of excess 

allene 1, which displayed first-order dependence on [2] and a positive, non-integer dependence on 1.  
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In the case where C–O bond formation is much faster than is the interconversion (IPr)AuOTf and 5�OTf 

(k2[2] >> k1[1] + k–1), the rate equation depicted in eq 6 simplifies to the second-order rate equation 

depicted in eq 8 predicting first-order dependence of the rate on [1] and [Au]tot and zero-order 

dependence on [2]. This rate equation is of the same form as the experimental rate law determined for 

the gold-catalyzed reaction of 1 and 2 under conditions of excess alcohol 2 where rate = 

k'[1][(IPr)AuOTf], where the macroscopic rate constant k' corresponds directly to the microscopic rate 

constant k1.  

Rate equation 7, which describes the rate behavior of catalytic hydroalkoxylation under 

conditions of excess allene, can alternatively be represented at eq 9.  Taking the reciprocal of the 

equation describing kobs gives equation 10, which predicts a linear relationship between 1/kobs and 1/[1] 

under conditions of excess allene at constant catalyst concentration with slope = k–1/k1k2[Au]tot and with 

intercept = 1/k2[Au]tot.  Indeed a plot of the reciprocal of the experimentally-determined pseudo-first-

order rate constants for the hydroalkoxylation of 1 under conditions of excess allene at constant 

catalyst concentration ([cat] = 16 mM) versus 1/[1] was linear with a slope = 1.15 ± 0.05 × 103 M s and 

intercept = 3.9 ± 0.4 × 102 s (Figure 9), from which values for the microscopic rate constant k2 = 0.17 ± 

0.02 s–1 M–1 and equilibrium constant k1/k–1 = K1 = 0.34 ± 0.02 M–1 were derived.  Furthermore, using 

the value for k1, which corresponds to the second-order rate constant for hydroalkoxylation under 

conditions of excess alcohol (k' = k1 = 1.88 ± 0.01 × 10–2 s–1 M–1), we likewise derived the value for rate 

constant k–1 = 5.6 ± 0.5 × 10–2 s–1.   
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Figure 9.  Plot of 1/kobs versus 1/[1] for the hydroalkoxylation of 1 with 2 catalyzed by (IPr)AuOTf (15 

mM) in toluene at 30 °C.   

 

 The equilibrium constant K1 = 0.34 M–1 determined from the above analysis predicts an 

equilibrium ratio of (IPr)AuOTf:5•OTf ≈ 1.5:1 at [1] = 2 M and [Au]tot = 30 mM according to the 

relationship K1 = [5•OTf]/[(IPr)AuOTf][1].  This value is consistent with our experimental observations 

regarding the formation of 5•OTf from (IPr)AuOTf and 1, considering the low sensitivity of our 13C NMR 

measurements.  Less clear is that the values determined for the microscopic rate constants k1, k–1, and 

k2 validate the limiting conditions k2[2] << k–1 + k1[1] (eq 7) and k2[2] >> k–1 + k1[1] (eq 8) corresponding 

to the experimental conditions of excess allene and excess alcohol, respectively.  For example, the 

calculated values for k1[1], k–1, and k2[2] under typical conditions of excess allene ([1] = 1.6 M, [2] = 

0.16 M) are 0.034, 0.056, and 0.027 s–1, respectively, and the calculated values for k1[1], k–1, and k2[2] 

under general conditions of excess alcohol ([1] = 0.18 M, [2] = 1.8 M) are 0.0034, 0.056, and 0.31 s–1, 

respectfully. However, here it should be noted that the value for k1 employed in this analysis was 

determined under conditions of excess alcohol, whereas the values for k2 and K1 were determined 

under conditions of excess allene, under the assumption that the magnitudes of these microscopic rate 
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constants are invariant of the reaction conditions.  One observation that suggests this may not be the 

case is the observed decrease in kobs, where kobs/[Au]tot = k1, with increasing [2] under conditions of 

excess alcohol (Figure 5), which suggests that k1 may be larger under conditions of excess allene, 

although the origin of this rate/medium effect remains unclear.  

Ion Pairing and Role of Exogenous Triflate.  The formation of ion pairs between non-

coordinating anions and cationic transition metal complexes,39 including cationic gold π-complexes,40 is 

well established, with association constants that typically exceed 1 × 104 in CH2Cl2.
41,42  Furthermore, 

because log KA for ion pair association typically scales with the reciprocal of the dielectric constant of 

the medium (i.e. 1/ε),43 ion pairing of 5 with OTf– is anticipated to be exceptionally strong in the non-

polar reaction medium employed in catalytic hydroalkoxylation [ε(CH2Cl2) = 8.93; ε(toluene) = 2.38].44-46  

Importantly, ligand substitution of cationic transition metal complexes with strongly associated anionic 

ligands occurs through an interchange mechanism and displays zero-order rate dependence on the 

concentration of the anionic ligand.39,41,42,47  In the context of gold(I)-catalyzed allene hydroalkoxylation, 

the presence of strong ion pairing between 5 and OTf is consistent with the absence of any significant 

curvature of the plot of kobs versus [(IPr)AuOTf] at constant, excess [1] (Figure 3).  For example, under 

conditions of negligible ion pairing between 5 and OTf (KA[OTf–] << 1), equation 7 is replaced by eq 11 

containing the term k–1KA[OTf] in the denominator.48  Because [OTf–] would increase with increasing 

[Au]tot under conditions of negligible ion pairing, the rate dependence on catalyst concentration under 

such conditions would approach half-order, which was not observed (Figure 3).49 

 

 

 

Under conditions of strong ion pairing between 5 and OTf–, the observed inhibition of the rate of 

hydroalkoxylation by tetrabutylammonium triflate (Figure 4) points to the presence of an additional 

triflate-dependent pathway for the reversion of 5•OTf to (IPr)AuOTf.  Here, two points are worth noting.  
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Firstly, simply relaxing the condition of strong ion pairing between 5 and OTf (KA[OTf] >> 1) does not 

account for the observed rate dependence on both catalyst and tetrabutylammonium triflate 

concentration.  In particular, in the case of a modest association constant for ion pairing between 5 and 

OTf–, the rate dependence on triflate concentration would be most pronounced at the lowest triflate 

concentrations, such as in the determination of the rate dependence on (IPr)AuOTf concentration.  

However, as was noted above, no significant deviation from linearity was observed for a plot of kobs 

versus [(IPr)AuOTf] from 0 - 30 mM (Figure 3).  Secondly, owing to the strong ion pairing between 

tetrabutylammonium and triflate in the non-polar reaction medium50 and the higher concentrations of 

triflate employed in these experiments relative to catalytic conditions (16 - 77 mM versus ≤30 mM, 

respectively), it is unlikely that this triflate-dependent pathway is relevant under conditions of catalytic 

hydroalkoxylation.   

Because both 5•OTf and tetrabutylammonium triflate are both strongly ion paired in the non-

polar reaction medium,50 a mechanism for the triflate-dependent reversion of 5•OTf to (IPr)AuOTf 

involving direct attack of free triflate at the gold center of 5•OTf followed by expulsion of allene 1 

appears unlikely.  Rather, allene for triflate ligand exchange presumably occurs via association of the 

[n-Bu4N][OTf] ion pair with 5�OTf to form an ion aggregate such as {[5][OTf]2[(n-Bu4N]} followed by 

ligand interchange.51  This mechanism is analogous to that proposed by Romeo to rationalize the 

kinetics of the displacement of dimethyl sulfoxide from [Pt(Me4En)(Me2SO)Cl]Cl (Me4En = (N,N,N',N'-

tetramethyldiaminoethane) by halide ions in CH2Cl2.
42  

Control of Regioselectivity in the Hydroalkoxylation of 1. The selective formation of the 

linear allylic ether 3a in the gold-catalyzed hydroalkoxylation of 1 with 2 is intriguing owing both to the 

selective formation of tertiary allylic ether in the gold-catalyzed hydroalkoxylation of 1 in DMF (eq 5) and 

also the formation of the tertiary allylic carbamate in the closely related gold(I)-catalyzed 

hydroamination of 1 with benzyl carbamate (eq 12).36,52  Our experimental data argue strongly against 

isomerization of 4a to 3a under reaction conditions and we can also safely rule out regiochemically-
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determining formation of gold π-allene complex 5�OTf owing to the facile (∆G‡ ≤ 11 kcal/mol) 

unimolecular interconversion of gold π-allene complexes 5 and 5' via η
1-allene intermediate IV 

(Scheme 4).19  The simplest rationale for the observed regioselectivity of the gold-catalyzed 

hydroalkoxylation of 1 with 2 is to invoke selective, irreversible attack of 2 at the less substituted allene 

terminus of 5.  However, we cannot rule out a mechanism involving rapid and reversible attack of 2 on 

5' that is superimposed on slower, irreversible attack of 2 on 5 and indeed, this mechanism might better 

account all the observations made in the context of gold-catalyzed allene hydrofunctionalization.4.36.52  

Supporting the feasibility of such a mechanism, gold vinyl complex II' generated via attack of 2 on 5' is 

expected to be less stable than II owing to the diminished olefinic substitution and likewise, 

experimental and computational analysis of protodeauration supports the more facile protodeauration of 

II relative to II' owing to the presence of the electron-releasing olefinic methyl groups of II.53    

 

 

 

 

Scheme 4.  Interconversion of gold π-allene complexes 5 and 5' via η
1-allene intermediate IV and 

potential mechanism for regiocontrol in catalytic hydroalkoxylation. 
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Role of activated ηηηη
1-allene species in hydroalkoxylation.  There has been considerable 

speculation regarding the potential attack of nucleophile on an activated η
1-allene species in gold-

catalyzed allene functionalization processes,16 most notably from the work of Toste and Goddard who 

invoked barrierless attack of methyl carbazate on the transition state leading to the η1-allylic cation in 

the gold-catalyzed hydroamination of 1,7-diphenylhepta-3,4-diene.7  Our analysis of the fluxional 

behavior of gold π-complexes containing aliphatic 1,1- and 1,3-disubstituted allenes established two 

distinct gold η1-allene species: a lower energy (∆G‡ ≤11 kcal/mol) staggered η1-allene intermediate or 

transition state (e.g. IV, Schemes 4 and 5) that leads to π-face exchange without allene stereomutation 

and a higher energy (∆G‡ ≥17.5 kcal/mol) planar η1-allylic cation intermediate (e.g. V, Scheme 5) that 

leads that leads to both π-face exchange and allene stereomutation.19,54,55  

 

 

Scheme 5.  η2-Allene complex 5 and potential η1-allene isomers.  

 

In the context of the gold(I)-catalyzed hydroalkoxylation of 1 with 2, a mechanism involving 

attack on the staggered η
1-allene intermediate IV is fully consistent with our kinetic data and is 

reminiscent of the slippage that is proposed to occur along the reaction coordinate for nucleophilic 

addition to a transition metal π-complex.56  However, it appears unlikely that formation of IV (∆G‡ ≤11 
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kcal/mol) could become kinetically-controlling under any conditions.  A mechanism involving outer-

sphere attack of 2 on η1-allylic cation V is likewise consistent with our kinetic data, and given the higher 

energy barrier for η
1-allylic cation formation, it is plausible that isomerization of 5 to V could become 

turnover-limiting under conditions of excess alcohol, as was observed experimentally.  However, a 

mechanism involving outer-sphere attack of 2 on η
1-allylic cation V, generated either reversibly or 

irreversibly, provides no pathway for chirality transfer, which is common for the gold(I)-catalyzed 

hydroalkoxylation of axially chiral allenes.5-7  Finally, a mechanism akin to that invoked by Toste and 

Goddard involving turnover-limiting generation and trapping of an η1-allylic cation transition state (V-TS) 

is inconsistent with the observed first-order rate dependence on alcohol concentration under conditions 

of excess allene.  Furthermore, such a pathway can be firmly discounted for the closely related gold-

catalyzed intramolecular hydroalkoxylation of 2,2-diphenylhexa-4,5-dien-1-ol, where the energy barrier 

for C–O bond formation (∆G‡ ≤ 13 kcal/mol) occurred well below the threshold for allylic cation 

formation (∆G‡ ≥ 17.5 kcal/mol).23 

 

Conclusions 

In summary, we have investigated the kinetics and mechanism of the intramolecular 

hydroalkoxylation of 3-methyl-1,2-butadiene (1) with 1-phenylpropan-1-ol (2) catalyzed by (IPr)AuOTf in 

toluene.  All of our data are consistent with the mechanism depicted in Scheme 3 involving endergonic 

formation of the cationic gold π-allene complex 5, which exists as the tight ion pair 5�OTf in the non-

polar reaction medium.  Outer-sphere addition of 2 to 5�OTf followed by rapid protodemetallation and 

collapse of the resulting gold π-alkene complex 6 releases the primary allylic ether 3a as the kinetic 

product and regenerates (IPr)AuOTf.  The microscopic rate constants for the conversion of (IPr)AuOTf 

and 1 to 5�OTf (k1[1]), the collapse of 5�OTf to (IPr)AuOTf and 1 (k–1), and the rate of attack of 2 on 

5�OTf (k2[2]) are similar enough such that (1) application of the pre-equilibrium assumption to the 

formation of 5�OTf is not valid and (2) the rate behavior of catalytic hydroalkoxylation changes as a 
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function of the relative and absolute concentrations of 1 and 2.  Under conditions of excess allene 1, 

the reaction rate displayed first-order dependence on [(IPr)AuOTf] and [2] and between zero- and first-

order dependence on [1], while under conditions of excess alcohol 2, the reaction rate displayed first-

order dependence on [(IPr)AuOTf] and [1] and zero-order dependence on [2].   

There has been a considerable speculation and debate concerning the role of counterion in 

gold(I)-catalyzed hydrofunctionalization reactions, in particular that outer-sphere C–X (X = N, O) bond 

formation is assisted by hydrogen bonding between the incoming nucleophile and the counterion.57  

Indeed, we have obtained evidence for counterion-assisted C–O bond formation in our investigation of 

gold-catalyzed intramolecular allene hydroalkoxylation.58  The present investigation of the mechanism 

of the gold(I)-catalyzed hydroalkoxylation of 1 with 2 provides little additional insight in this regard.  

However, our data do show that potential triflate/alcohol hydrogen bonding cannot lead to significant O–

H bond cleavage in the transition state for C–O bond formation, which would have been revealed by the 

presence of a KIE for the deuterioalkoxylation of 1 with 2-O-d, which was not observed.   

In comparison to counterion effects, there has been much less discussion regarding the effect of 

reaction medium on the kinetic behavior and mechanism of gold(I)-catalyzed hydrofunctionalization, 

and the present investigation points to the potential importance of such medium effects.  In particular, 

the kinetics of catalytic hydroalkoxylation of 1 in toluene are dominated by the slow and endergonic 

conversion of (IPr)AuOTf to gold π-allene complex 5�OTf, which was corroborated by in situ 13C NMR 

analysis of the reaction of 1 with (IPr*)AuOTf.  This behavior stands in sharp contrast to the reaction of 

1 with (IPr)AuOTf in CD2Cl2, which forms 5 quantitatively with <2 equiv of allene.19  Therefore, it is quite 

reasonable to assume that very different kinetic behavior of the gold-catalyzed hydroalkoxylation of 1 

with 2 would be observed in more polar solvents, although predictions beyond this point are 

unwarranted owing to the absence of information regarding medium effects on the rate of C–O bond 

formation and/or on the equilibrium constants for the potentially competing formation of gold-

nucleophile complexes.  
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