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ABSTRACT: A new method to investigate the reaction kinetics of intermediates in solution by electrospray 

ionization mass spectrometry is presented. The method, referred to as Delayed Reactant Labeling, allows 

investigation of a reaction mixture containing isotopically labeled and unlabeled reactants with different reaction 

times. It is shown that we can extract rate constants for the degradation of reaction intermediates and investigate 

the effects of various reaction conditions on their half-life. This method directly addresses the problem of the 

relevance of detected gaseous ions towards the investigated reaction solution. It is demonstrated for geminally 

diaurated intermediates formed in the gold mediated addition of methanol to alkynes. Delayed Reactant Labeling 

allows us to directly link the kinetics of the diaurated intermediates with the overall reaction kinetics determined 

by NMR spectroscopy. It is shown that the kinetics of protodeauration of these intermediates mirrors the kinetics 

of the addition of methanol demonstrating they are directly involved in the catalytic cycle. Formation as well as 

decomposition of diaurated intermediates can be drastically slowed down by employing bulky ancillary ligands 

at the gold catalyst; the catalytic cycle then proceeds via monoaurated intermediates. The reaction is investigated 

for 1-phenylpropyne (Ph-CC-CH3) using [AuCl(PPh3)]/AgSbF6 and [AuCl(IPr)]/AgSbF6 as model catalysts. 

Delayed Reactant Labeling is achieved by using a combination of CH3OH and CD3OH or Ph-CC-CH3 and Ph-

CC-CD3. 

Introduction 

Mass spectrometry (MS) is an important tool for the investigation of reaction mechanisms.
1-5

 The 

introduction of electrospray ionization (ESI) allowed direct probing of reaction mixtures and ESI-MS was 

established as a method for “fishing out” reaction intermediates.
6,7

 A big advantage of using ESI-MS is its 

sensitivity. Reactive intermediates that are often present at very low concentrations can be detected, isolated in 

the gas phase and can have their reactivity probed.8-10 The structure of the intermediates can be interrogated in 

collisional experiments or with ion spectroscopy approaches.
11,12 

The limitations of ESI-MS always have to be considered. For example, the relative intensities of the peaks 

in a mass spectrum do not need to correlate with the concentrations in the sprayed solution.13 Indeed the same 

reaction mixture can provide completely different ESI-MS spectra if the ionization conditions are changed.
14-16

 

Given common instabilities in the ionization conditions and an unknown response to the concentration of the 

ionized species, the use of ESI-MS to monitor reaction kinetics is often associated with a large error or even not 

applicable. This obstacle can be somewhat circumvented by incorporating a permanently charged group into a 

reactant and assuming that the transfer of all ions containing this charged group to the gas phase will be similarly 

efficient.
17,18

 This approach can be rather synthetically demanding and cannot be generally used; for example if 

the reaction intermediates are naturally cationic or anionic.  
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Another complicating feature of ESI-MS is possible artifacts from the electrospray process. Electrospray 

ionization is associated with increasing the concentration of the sprayed solution by several orders of magnitude, 

so exotic species can be formed although they did not exist in the original solution. The concurrent method for 

the investigation of reaction mechanisms and reaction intermediates is nuclear magnetic resonance (NMR) 

spectroscopy. This method is largely complementary to ESI-MS. Direct examination of a reaction mixture 

assures the sole detection of relevant species and the most commonly applied 
1
H NMR has a linear response to 

the concentration of the given species in solution.19 Nevertheless, all species are investigated at once, so reactive 

intermediates that are present in negligible amounts are usually not detected. 

Here, we present a new method for the investigation of reaction intermediates using ESI-MS. This method 

is based on monitoring a reaction mixture containing one of the reactants as a mixture of isotopically labeled and 

unlabeled molecules. Either the labeled or unlabeled molecules are added to the reaction mixture with a time 

delay. As detailed below, this trick provides a direct link to the condensed phase and helps eliminate artifacts 

from the electrospray ionization process. This opens the possibility of investigating the kinetics of all possible 

complexes containing this particular reactant during a given reaction.  

The new method will be applied to monitor the kinetics of diaurated intermediates20 in the gold(I) mediated 

addition of methanol to alkynes (Scheme 1).
21-26

 We have chosen 1-phenylpropyne as a model alkyne and 

[AuCl(PPh3)] and [AuCl(IPr)] (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) as representative 

catalysts. It has been shown that with a gold catalyst bearing a small ligand such as trimethylphosphine or 

triphenylphospine the reaction proceeds via the formation of geminally diaurated complexes, which are 

subsequently protodeaurated to form the product of the reaction.13,27 Using gold catalysts with bulky ligands, 

such as the N-heterocyclic carbene ligand IPr, leads to a suppression of the formation of diaurated intermediates 

and renders the reaction faster. If the geminally diaurated complexes are formed with the bulky ligands, then it 

was shown that they do not undergo subsequent protodeauration and remain as byproducts of the reaction.27  

It was suggested that the geminally diaurated complexes are formed by the trapping of neutral monoaurated 

intermediates C by another [(L)Au]+ cation (Scheme 1).
28-33

 The trapping reaction C → E has been suggested to 

be reversible for catalysts with small phosphine ligands, or irreversible for catalysts bearing bulky ligands.
27

 We 

have previously suggested that the diaurated complexes are not formed by an off-cycle trapping reaction, but 

instead are the result of the primary formation of intermediate D, which undergoes fast rearrangement to the 

geminally diaurated intermediate E.
13

 Originally, we proposed [(L)Au(OCH3)] addition to the gold-activated 

alkyne, but the exchange of the hydrogen atom of the methanol molecule can also proceed at intermediate B as 

depicted.  

The presented “delayed reactant labeling” method in ESI-MS enables us to study various effects such as the 

acidity of the reaction mixture or silver cation concentration on the half-life of the diaurated intermediates and 

relate it to the reaction kinetics obtained by NMR spectroscopy.  

 

Page 2 of 19

ACS Paragon Plus Environment

Journal of the American Chemical Society

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



3 

 

 

 

Scheme 1. Combination of suggested reaction mechanisms for gold(I) catalyzed addition of methanol 
to an alkyne.

13,26-33
 Complexes in the frames can be detected by ESI-MS.

13 
The symbol (LAu

+
)* is used 

for an active form of the catalyst. 
 

Experimental and Computational Details 

 Reaction mixtures were prepared by mixing a filtered solution of AgSbF6 and [AuCl(PPh3)] (or 

[AuCl(IPr)], where IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) in methanol (either CH3OH or 

CD3OH(D)) with 1-phenylpropyne (or D3-1-phenylpropyne) so that a 0.24 M solution of (D3-)1-phenylpropyne 

with 2.5 mol% of the [AuCl(PPh3)] (or [AuCl(IPr)]) was formed. 

 The NMR experiments were recorded using a Bruker AVANCE III (600 MHz) and the δ scale was 

referenced to the solvent residual peak at δ = 3.31 ppm. The solutions of a catalyst and reactants were mixed and 

immediately probed by the NMR instrument. The representative 1H NMR spectrum with peak assignments is 

shown in the Supporting Information, Figure S1. 

 Mass spectrometry experiments were performed on a TSQ 7000 mass spectrometer
34,35

 with a 

quadrupole-octopole-quadrupole configuration. The ions were generated by electrospray ionization (ESI) at soft 

ionization conditions and the mass spectra were recorded by scanning the first quadrupole (Figures S3-S5 in the 

Supporting Information). For the mass spectrometry experiments, the reaction mixtures were diluted 10-times 

(hence 0.024 M solution of 1-phenylpropyne was used). The exact compositions of all investigated reaction 

mixtures are listed in the Supporting Information.  

DFT calculations were performed using the B3LYP
36

 density functional and D3 empirical correction
37

 

for the dispersion interactions as implemented in the Gaussian program package.
38

 For the geometry 

optimization, the combination of the cc-pVTZ basis set for C, H, O, N and P and the LanL2DZ basis set for Au 

was used. Frequency calculations were performed in order to control the nature of the stationary points and 

obtain thermochemical corrections for enthalpies and free energies at 0 K and 298 K. The solvent effect of 

methanol was approximated by single-point calculations using the polarized continuum model.39 All optimized 

structures and their energies are listed in Table S10 in the Supporting Information. We have also studied the 

basis set effect at the gold atom. Results of single-point calculations with the LanL2TZ for Au and cc-pVTZ for 

the remaining atoms show that the effect is negligible (Table S8). The effect of the dispersion interactions was 
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tested by B3LYP/cc-pVTZ(LanL2TZ for Au) single-point calculations without D3 empirical correction. The 

pathways leading via neutral monoaurated intermediates become endothermic (Table S9).  

The energetics of protonation/deprotonation steps are strongly influenced by the method used for 

approximation of the proton enthalpy. We have tried to apply the published value for the proton enthalpy in 

methanol (-1054 kJ mol-1),40 but it renders all reactions where the proton is eliminated about 50 kJ mol-1 more 

endothermic (see Table S7 in the Supporting Information). Such a potential energy surface would basically 

exclude the reaction pathways leading via neutral monoaurated intermediates, therefore we did not apply it here. 

Instead, proton was considered in the form of proton-bound dimer of methanol. Under this assumption, 

formation of a neutral monoaurated intermediate becomes exothermic. 

 

Kinetic model. 

 

Scheme 2. 

 

Our kinetic model is derived from the very simple model shown in Scheme 2. We assume a first-order 

reaction between a catalyst (Cat) and a reactant (React) yielding an intermediate (Int). The intermediate then 

transforms to a product (Prod). This model can be straightforwardly improved by taking into account 

particularities of a given studied system, but to demonstrate our method it will be used in this simplest version. 

Such kinetic schemes allow us to express the time evolution of the intermediate concentrations as well as the 

concentrations of the reactants and products. It can be easily applied for NMR kinetic experiments, in which we 

follow concentration changes of reactants, products, and sometimes also intermediates.  

The ESI-MS method suffers from a nonlinear response to the concentration of species in the solution as 

outlined in the Introduction. The concentration changes have to be therefore approached indirectly. We have 

designed a method with delayed labeling of the reaction mixture by an isotopically labeled reactant while the 

mixture also contains the corresponding unlabeled reactant. The corresponding mass spectrum shows pairs of 

signals of ions containing the reactants. We assume that the ionization efficiencies are not influenced by the 

isotopic labeling. The key trick is the time delay in the labeling. The mutual time evolution of the unlabeled and 

labeled signal intensities reflects the kinetics of formation and depletion of the given intermediate. The overall 

intensities of the signals are therefore not important, because we evaluate the signals only relative to each other. 

We demonstrate the utility of this approach for the investigation of intermediates whose formation and depletion 

can be described by a steady-state approximation (Equation 1).  

 

k1[Cat][React] = (k-1 + k2) [Int]eq        (Equation 1) 

 

The reaction mixture is first prepared with unlabeled reactants (React) and allowed to react for time td. 

During this time a certain concentration of the intermediate [Int] is achieved. After td elapses, the labeled reactant 

(React
label

) is added to the reaction mixture, which takes the reaction mixture away from the steady state 

conditions. At this time (t0), we start to monitor the reaction mixture by ESI-MS and record the abundances of 
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the labeled and unlabeled ions (Figure 1). The time evolution of the corresponding signals reflects the 

reestablishment of the steady state conditions in the solution (Equation 2).  

 

������

��
� 	 	
��
��������� � 	
��
������� � 	
′�������� � ������, where k’ = k-1 + k2.  (Equation 2) 

 

At the time of mixing t0 the concentration of the labeled intermediate is zero ([Int
label

]0 = 0). If we 

normalize [Int] + [Int
label

] = 1, then the time evolution of the Int and Int
label

 signals (blue and red lines in Figure 1) 

can be described as 

������ �	���
��  �������	1 � ���

���     and     (Equation 3a) 

����������� � 	 �������������1 � ���
���.      (Equation 3b) 

 

 

 

Figure 1. Ideal time evolution of the ESI-MS signals of unlabeled and labeled intermediates with 
different half-lives (t1/2). The labeled intermediate (Int

label
) was added to the reaction mixture with a time 

delay td. The solid lines show the signals time evolution for intermediates with t1/2 = 14 min and the 
dashed lines for those with t1/2 = 0.7 min.     
 

For the given ideal experiment is [Int]eq = [Int
label

]eq = 0.5. In the real experiments, we fit these values and obtain 

an accurate ratio of the intermediates in the given reaction mixture at the given reaction time. The half-life of the 

intermediate is determined as ln2/k’. Note that only the decomposition of the intermediates is studied (k’). The 

rate of their formation (k1) does not influence the curve shapes, if we assume that both, labeled and unlabeled 

intermediates are formed with the same rate constant k1.  

 While this model allows us to follow the kinetics of intermediates in reaction mixtures, it cannot be 

applied for every reaction. For example, if the half-life of the intermediate is very short, the current technique is 

not fast enough to monitor it. The dashed lines in Figure 1 show the steady state conditions establishment for an 

intermediate with k’ = 1 min
-1

 (half-life ~0.7 min). Clearly, taking into account a time required for the mixing of 

the reaction mixtures and setting up the ESI-MS experiment, we cannot determine the relevant rate constant. For 

such a situation, we only observe the relative concentrations of the unlabeled and labeled intermediates ([Int]eq 

and [Int
label

]eq).   

Before addressing the details of this method, we should point out that the labeling should be remote so 

that it does not affect the rate of the studied reaction. Hence, we assume that the labeled as well as the unlabeled 

reactant react with the same rate constants. We also note that it does not matter, whether the reaction time of the 

unlabeled or the labeled reactant is longer. For the sake of simplicity, we usually start with unlabeled reactant, 

but we have also performed the experiments in the reversed order and obtained the same results. 
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Results 

 

NMR experiments. To discuss the role of the diaurated intermediates in the reaction, we have first determined 

the kinetics of the formation of the products in the gold(I)-catalyzed methanol addition to 1-phenylpropyne by 

NMR (Scheme 1 and Figure 2). The methanol addition can take place either to the C(1) carbon atom or the C(2) 

carbon atom of 1-phenylpropyne and proceeds twice to form a methylvinylether in the first step and a ketal in the 

second step (Figure 2). The rate of the individual steps depends critically on the catalyst used. From comparison 

of [AuCl(PPh3)]/AgSbF6 and [AuCl(IPr)]/AgSbF6 it is clear that the latter catalyst provides a much faster 

conversion with more than 99% reactant consumption after 35 minutes. In a comparable time the conversion in 

the [AuCl(PPh3)] catalyzed reaction only reaches about 10%.  

 

 

Figure 2. a) Reaction scheme for the kinetic model of gold-mediated methanol addition to 1-
phenylpropyne. b-d) Relative ratios of 1-phenylpropyne and the methanol addition products in 
dependence of the reaction time catalyzed by a) 2.5 mol% [AuCl(PPh3)]/3 mol% AgSbF6, b) 2.5 mol% 
[AuCl(IPr)]/3 mol% AgSbF6, and c) 1.25 mol% [AuCl(PPh3)]/1.25 mol% [AuCl(IPr)]/3 mol% AgSbF6 as 
monitored by NMR spectroscopy. The yield of 1-phenyl-1-methoxypropene and 1-phenyl-2-
methoxypropene is shown in pink and red. Products of the addition of two molecules of methanol (sum 
of the corresponding ketals and ketones formed upon hydrolysis with residual moisture) are shown in 
green for the C(1) addition and in blue for the C(2) addition. The solid lines correspond to fits obtained 
by the Octave program assuming the reaction scheme in a). The corresponding rate constants are 
listed in Table 1. 
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Table 1. Rate constants for the gold(I) mediated methanol addition to 1-phenylpropyne determined by the 

kinetic modelling of the reaction yields monitored by NMR. 

 k1
NMR k2

NMR k11
NMR k22

NMR 

Catalyst dm
3
.mol

-1
.min

-1
 

2.5 mol% [AuCl(PPh3)]/ 3 mol% AgSbF6 0.19 ± 0.03 0.12 ± 0.02 1.3 ± 0.3 51 ± 14
a
 

2.5 mol% [AuCl(PPh3)]/ 3 mol% AgSbF6/TsOH 0.26 ± 0.01 0.18 ± 0.01 3.4 ± 0.8 56 ± 40
a
 

2.5 mol% [AuCl(IPr)]/ 3 mol% AgSbF6 5.6 ± 0.3 16.9 ± 0.9 0.3 ± 0.1 7.2 ± 0.7 

2.5 mol% [AuCl(IPr)]/ 3 mol% AgSbF6/TsOH 7.2 ± 0.9 30 ± 6 1.4 ± 0.3 120 ± 4 

1.25 mol% [AuCl(PPh3)]/ 

1.25 mol% [AuCl(IPr)]/ 3 mol% AgSbF6 
1.0 ± 0.1 2.5 ± 0.3 3 ± 2 27 ± 5 

1.25 mol% [AuCl(PPh3)]/ 

1.25 mol% [AuCl(IPr)]/ 3 mol% AgSbF6/TsOH 
1.1 ± 0.2 3.8 ± 0.2 2 ± 1 81 ± 15 

2.5 mol% [AuCl(PMe3)]/ 3 mol% AgSbF6
b 

0.15
b
 0.42

b
 0.85b (42)a,b 

a The large experimental error is given by a negligible abundance of the product of single methanol addition to the C(2) carbon atom. The 

second step is two orders of magnitude faster, but the exact number can be determined only with large error bars.  
b Values are derived from previously published kinetics for the very same reaction performed under the same condition with the 
[AuCl(PMe3)] catalyst.13 

 

Kinetic modelling of the NMR monitored reactions reveals a fundamental difference between the 

catalysts. Using the catalyst with the phosphine ligand renders the first reaction step about 2 orders of magnitude 

slower than that with the catalyst with the N-heterocyclic carbene ligand (Table 1). On the other hand, the second 

methanol addition is several times faster using the phosphine ligand. Clearly, the first methanol addition is the 

rate determining step and the obvious explanation for the retarded rate of the reaction catalyzed by [AuCl(PPh3)] 

is the formation of the diaurated intermediates. In the second methanol addition, the diaurated intermediates 

cannot be formed and correspondingly, the second methanol addition is even faster with [AuCl(PPh3)] catalysis 

than with [AuCl(IPr)] catalysis as could be anticipated based on the larger steric hindrance of the IPr ligand in 

the final protodeauration step.  

The regioselectivity of the reaction can be controlled electronically or sterically. For the bulky catalyst 

[AuCl(IPr)], the addition preferentially proceeds at the C(2) carbon atom. This regioselectivity is 

thermodynamically favored (see also results of DFT calculations).
13

 Using the [AuCl(PPh3)] catalysts, the C(1) 

addition is slightly preferred. We have also tested the effect of acid addition. The addition of 4 mol% of p-

toluenesulfonic acid (TsOH) to the reaction mixture of both catalytic systems led to acceleration of the reaction 

(Table 1). The first step of the reaction is accelerated 1.3 – 1.8 times. The acceleration is more pronounced for 

C2 addition and it is rather similar for both catalysts. The effect in the second step exceeds that in the first step 

and it is more pronounced for the [AuCl(IPr)] catalyst. Once again, the effect for C(2) addition is larger.  

 We have also performed an experiment, in which we have used the same amount of gold(I) catalyst, but 

one half was bearing the triphenylphosphine ligand and the other half bears the NHC ligand. This combination 

led to a significant drop of the rate of the first reaction step in comparison to the reaction catalyzed by 

[AuCl(IPr)] only (to about one seventh) and a slight drop of the second step rate. The effect of the acid addition 

was less pronounced than for the reactions with the individual catalysts. 

 If we compare the present results to the previously published results for the very same reaction 

performed under the same conditions, but using the [AuCl(PMe3)] catalyst, we can see that similar to the 
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reaction catalyzed by [AuCl(PPh3)], the second reaction step is faster than the first one. The regioselectivity of 

the reaction favors formation of the C(2) products.  

 

ESI-MS experiments. The same reaction mixtures investigated by NMR were also probed by ESI-MS. The 

spectra (Figures S3-S5 in the Supporting Information) contain signals corresponding to the gold complexes 

bearing the auxiliary ligand L and either methanol ([(L)Au(MeOH)]
+
), or 1-phenylpropyne 

([(L)Au(PhCCMe)]
+
), or the primary reaction product ([(L)Au(PhCCMe,MeOH)]

+
, observed only for L = IPr). 

In addition, signals of the diaurated complexes [(L)2Au2(PhCCMe,OMe)]+ are observed. We have applied 

delayed reactant labeling to the reaction mixtures (see the Experimental Details) and monitored the kinetics of 

the degradation of the diaurated intermediates. Figures 3a,b show the relevant parts of the ESI-MS spectra of the 

reaction mixture with the [Au(PPh3)]
+
 catalyst prepared in CH3OH and labeled with a delay of 5 minutes with 

CD3OH. It can be clearly seen that shortly after the labeling of the reaction mixture, the concentration of the 

unlabeled diaurated intermediate [(PPh3)2Au2(PhCCMe,OCH3)]
+ (EPPh3) was much higher than that of the labeled 

intermediate D3-E
PPh3 

(Figure 3a). After about 60 minutes, the concentration of both, the labeled and unlabeled 

intermediates was about the same (Figure 3b). On the contrary, complexes between the catalyst and solvent 

molecules ([(PPh3)Au(CH3OH)]+ and [(PPh3)Au(CD3OH)]+) are observed with a constant abundance ratio, 

because they are formed in a fast equilibrium that cannot be followed with the current technique. 

 

 

 

Figure 3. Delayed reactant labeling method. a) ESI-MS spectrum recorded 2 min after the CD3OH 
addition to the reaction mixture of 1-phenylpropyne with 2.5 mol% [AuCl(PPh3)] and 3 mol% AgSbF6 in 
CH3OH; time-delay was 5 min. b) The same as a), but the ESI-MS spectrum was recorded 60 minutes 
after the labeling of the reaction mixture. c) Mutual time evolution of the E

PPh3
 and D3-E

PPh3
 signals in 

the experiment described in a) (red symbols). The gray symbols show the effect of the TsOH addition 
to the reaction mixture. The dashed lines correspond to the data fits according to Eq. 3a and 3b. d) 
Mutual signal evolution of E

IPr
 and D3-E

IPr 
after the CD3OH delayed labeling of the reaction mixture of 

1-phenylpropyne with 2.5 mol% [AuCl(IPr)] and 3 mol% AgSbF6 in CH3OH with variable time delays 
(color coded). The lines represent fits according to Eq. 4. Mutual time evolutions of the (e) E

PPh3
 and 

D3-E
PPh3

 and (f) E
Mix

 and D3-E
Mix

 signals in the experiment with 1.25 mol% [AuCl(PPh3)], 1.25 mol% 
[AuCl(IPr)], and 3 mol% AgSbF6 in CH3OH (red symbols). Delayed labeling with CD3OH and td = 5 
min. The gray symbols are obtained from the same experiment but with the TsOH addition. The 
dashed lines correspond to the data fits according to Eq. 3a and 3b. 
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 The time evolution of the relative abundances of E
PPh3 

and D3-E
PPh3 

can be seen in Figure 3c (note that 

the sum of E
PPh3 

and D3-E
PPh3 

was normalized to 1. If we fit the relative abundances using Eq. 3a and 3b (the 

dashed lines in Figure 3), we obtain the rate constant k’ ~ 0.063 which corresponds to a half-life of ~11 minutes 

(Table 3). We have examined the effect of the time delay (Table 2). The delay td should be sufficiently long so 

that an appreciable amount of the unlabeled product is formed. For very short time delays, the difference 

between the E
PPh3 

and D3-E
PPh3

 relative abundances would be small and the determined half-life would be 

burdened by a large experimental error. The time delay should also not be too long, because then other effects 

come into play (e.g. degradation of catalyst, involvement of by-products, etc.). If these principles are obeyed, 

then the effect of the time delay is rather small as evident from Table 2. We were able to obtain consistent results 

over large time delays. For the remaining experiments, we always took a time delay of 5 min.  

We note in passing that for this series of experiments, a different batch of the gold catalyst was used and 

the rate constants were consistently by about 35 % larger than in the remaining experiments listed in Table 3. We 

have also monitored the reaction by NMR using this new batch of the catalyst and it was by 37% faster (Figure 

S2a). We are showing these results to demonstrate that changes in reaction mixture are directly reflected by our 

experiments. 

 

Table 2. The effect of a time delay on the determination of the rate constant k’ for the degradation of the 

diaurated intermediate EPPh3 in the reaction catalyzed by [AuCl(PPh3)] and the rate constant k for the degradation 

of a reactant yielding the diaurated complex E
IPr

 in the reaction catalyzed by [AuCl(IPr)].  

Catalyst time delay 

td [min]  

rate constant 

k´ [min
-1

] 

half-life 

t1/2 

2.5 mol% [AuCl(PPh3)]/ 3 mol% AgSbF6 2.5 0.081 ± 0.010 8.7 ± 1.2 

 10 0.086 ± 0.005 8.1 ± 0.4 

 30 0.083 ± 0.001 8.4 ± 0.1 

Catalyst time delay 

td [min]  

rate constant 

kMS [min-1] 
[D3-E

IPr
]rel,∞ [E

IPr
]rel,td 

2.5 mol% [AuCl(IPr)]/ 3 mol% AgSbF6 2.5 0.13 ± 0.06 0.49 0.01 

 5 0.14 ± 0.01 0.46 0.08 

 7.5 0.13 ± 0.02 0.44 0.12 

 10 0.14 ± 0.01 0.40 0.20 

 20 0.10± 0.02 0.37 0.26 

 

This approach gives us a powerful tool to study the effect of the reaction conditions on the half-life of 

the intermediates (average of several measurements for each experiment together with the derived experimental 

error can be found in Table 3). First, we have tested whether the labeling of the reaction mixture with CD3OD 

instead of CD3OH would results in significant changes (Entries 1 and 2 in Table 3). The derived half-lives are 

slightly longer than those obtained with CD3OH, but the effect is in the range of the experimental error (more 

results with CD3OD can be found in the Supporting Information). Secondly, we have investigated the effect of 

acid addition (Entry 3). Addition of 4 mol% of p-toluenesulfonic acid (TsOH) results in a decrease of the half-

life of the [(PPh3)2Au2(PhCCMe,OCH3)]
+ 

intermediate to 7 minutes, hence almost to one half (experimental data 

are shown in gray in Figure 3c). This is consistent with a view that the acid catalyzed protodeauration step is 

responsible for the depletion of the diaurated intermediates.  
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 We have also tested the effect of silver salt addition on the half-life of the diaurated intermediates 

(Entries 7 – 9). In some of the gold-catalyzed reactions, a peculiar silver effect was observed that accelerated or 

even enabled the given reactions.
41

 We have measured the diaurated intermediate half-lives in dependence of the 

silver cations’ concentration. The results show that for the ratios of [AuCl(PPh3)] to [AgSbF6] ranging from 1 : 

0.5 via 1 : 1.2 to 1 : 5 the half-lives of the diaurated intermediates are the same within the experimental error. It 

means that we do not observe any participation of the silver cations in the depletion of the diaurated 

intermediates. We note in passing that we have performed NMR experiments with a large excess of the silver 

salt concentration and in agreement, no effect on the overall reactivity was found (Figure S2b in the Supporting 

Information).
42,43

 

It is interesting to note that the half-life of the diaurated intermediates did not change even when the 

concentration of the silver salt was only half of that of the gold catalyst (Entry 7). Probably, a lower 

concentration of the active catalyst in the reaction mixture was investigated in this experiment, but it did not 

influence the determined half-life of the diaurated intermediates. 

 

Table 3. Half-lives determined for the diaurated intermediates EPPh3 in the reaction catalyzed by [AuCl(PPh3)] 

and for the diaurated intermediates E
PPh3

 and E
Mix 

in the reaction catalyzed by a mixture of [AuCl(PPh3)] and 

[AuCl(IPr)].  

 Catalyst Addition Additive 
EPPh3 

t1/2 [min] 

rate constant 

k´ [min-1] 

1 

2.5 mol% [AuCl(PPh3)]/3 mol% AgSbF6 

CD3OH - 11.3 ± 1.7 0.063 ± 0.009 

2 CD3OD - 12.2 ± 0.8 0.057 ± 0.004 

3 CD3OH TsOH 7.0 ± 1.6 0.101 ± 0.023 

4 PhCCCH3,CD3OH - 7.3 ± 0.6 0.096 ± 0.009 

5 PhCCCH3,CD3OH TsOH 3.7 ± 0.3 0.188 ± 0.014 

6 PhCCCD3 - 4.2 ± 0.4 0.167 ± 0.018 

7 2.5 mol% [AuCl(PPh3)]/1.5 mol% AgSbF6 
CD3OH - 10.9 ± 1.1 0.064 ± 0.007 

8 2.5 mol% [AuCl(PPh3)]/6.0 mol% AgSbF6 CD3OH - 10.3 ± 0.8 0.068 ± 0.005 

9 2.5 mol% [AuCl(PPh3)]/15 mol% AgSbF6 CD3OH - 11.0 ± 1.3 0.063 ± 0.008 

    EPPh3 

t1/2 [min] 

EMix 

t1/2 [min] 

10 

1.25 mol% [AuCl(PPh3)]/1.25 mol% [AuCl(IPr)]/  

3 mol% AgSbF6 

CD3OD - 7.0 ± 1.0 19.2 ± 2.5 

11 CD3OD TsOH 3.5 ± 0.3 12.6 ± 0.8 

12 CH3OH, PhCCCD3 - 3.2 ± 0.3 17.7 ± 1.3 

13 2.5 mol% [AuCl(PPh3)]/1.25 mol% [AuCl(IPr)]/ 

4.5 mol% AgSbF6 

CD3OD 
- 8.1 ± 1.4 16.2 ± 1.9 

14 1.25 mol% [AuCl(PPh3)]/2.5 mol% [AuCl(IPr)]/ 

4.5 mol% AgSbF6 

CD3OD 
- not detected 

19.9 ± 4.5 

15 2.5 mol% [AuCl(PPh3)]/2.5 mol% [AuCl(IPr)]/ 

6 mol% AgSbF6 

 

CD3OD 

- 8.4 ± 2.4 14.5 ± 1.5 

    EPMe3 

t1/2 [min] 

rate constant 

k´ [min-1] 

16 
2.5 mol% [AuCl(PMe3)]/ 3 mol% AgSbF6

a 
CD3OD 

 4.0 ± 0.3a 0.17 ± 0.1a 

a Values are derived from previously published kinetics for the [(PMe3)2Au2(PhCCMe,OCH3)]
+ intermediate detected for the reaction 

performed under the same condition with the [AuCl(PMe3)] catalyst.13 
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 Besides reaction-mixture labeling with CD3OH, we can label other reactants, e.g. 1-phenylpropyne as 

was previously mentioned. Using Ph-CC-CD3 we have obtained a half-life for the E
PPh3 

diaurated intermediates 

of 4.2 minutes (Entry 6). As we have added only an equimolar amount of Ph-CC-CD3 to the standard reaction 

solution, we were working with a twofold catalyst and fourfold alkyne concentrations in the final reaction 

mixture. In order to keep the concentration equal in the remaining experiments and just double the concentration 

of the alkyne, we have labeled the reaction mixture with CD3OH and one additional equivalent of Ph-CC-CH3 

(Entry 4). This experiment gives a half-life for the diaurated intermediates of 7.3 min. It clearly shows that the 

alkyne plays a role in the decomposition of the diaurated intermediates. Finally, we have repeated the same 

experiment with CD3OH/Ph-CC-CH3 labeling, but with addition of 4 mol % of p-toluenesulfonic acid (Entry 5). 

As expected, it resulted in a further decrease of the half-life. Consistently with the results above, the half-life 

dropped to about one half (3.7 min). 

 We have also performed the same experiments with the [AuCl(IPr)] catalyst (Figure 3d). Already at first 

sight, it is clear that the shapes of the curves representing the relative abundances of the unlabeled and labeled 

signals do not correspond to the establishment of steady-state conditions. If we assume that the E
IPr 

diaurated 

complexes do not decompose at all as suggested earlier27 and that the unlabeled EIPr and labeled D3-E
IPr 

complexes are formed with the same rate, then we can fit the curve for the labeled product with a simple 

exponential function: 

� !"#������$��,� � 	 � !"#������$��,& � α	���
'(	�)�*�.    (Equation 4) 

 

This expression assumes normalization of [Prod] + [Prod
label

] = 1. At the end of the reaction, we obtain 

the relative yields of the labeled product [Prod
label

]rel,∞ and that of the unlabeled product [Prod]rel,∞ = 1 - 

[Prod
label

]rel,∞ in that [Prod]rel,td = (1-2[Prod
label

]rel,∞) was formed during the delay before the labeling of the 

reaction mixture. The exponential function expresses the decay of the reactant from which the diaurated complex 

is formed multiplied by the fitting parameter α. 

The solid lines in Figure 3d show fits of the results obtained with different time-delays and Table 2 lists 

the fitted parameters. The model correctly shows that with the prolongation of the time-delay td the relative yield 

of the unlabeled product [E
IPr

]rel,td formed during this time grows. The rate constant determined for the 

degradation of the reactant that provides the diaurated complexes (i.e. most probably 1-phenylpropyne) under the 

conditions of the experiment is estimated as 0.13 ± 0.02 min
-1 

(average of the k
MS

 values listed in Table 2). For 

comparison, the value obtained from the kinetic modelling of the NMR results is 0.135 min
-1 

(i.e. 

(k1
NMR

+k2
NMR

)•[Au(IPr)]
+
 = 22.5•0.006), which is in very good agreement. As the determination of the kinetics 

for the reactants and products is not the aim of this paper, we do not elaborate it further. 

 The last experiment involves the determination of the half-times of the intermediates in the reaction 

catalyzed by a mixture of the [AuCl(PPh3)] and [AuCl(IPr)] catalysts. We can not only observe the homo-

diaurated intermediates [(PPh3)2Au2(PhCCMe,OCH3)]
+ 

and [(IPr)2Au2(PhCCMe,OCH3)]
+
, but also – the 

overwhelmingly dominant signal in the ESI-MS spectrum of this reaction mixture – the mixed 

[(PPh3)(IPr)Au2(PhCCMe,OCH3)]
+ 

intermediate. The diaurated intermediate with two carbene ligands 

[(IPr)2Au2(PhCCMe,OCH3)]
+ 

was very low abundant, in some of the experiments it was not even detected (see 

the Supporting Information). 

Page 11 of 19

ACS Paragon Plus Environment

Journal of the American Chemical Society

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



12 

 

 The rate constant determined for the degradation of [(PPh3)2Au2(PhCCMe,OCH3)]
+ 

in the reaction 

mixture with both catalysts is larger than that determined in the reaction mixture with the 

(triphenylphosphino)gold catalyst only. Using delayed labeling by CD3OD, the half-times of the intermediates 

drop to about one half both without and with the addition of the TsOH acid (7.0 min and 3.5 min, respectively; 

Entries 10 and 11 in Table 3). The half-lives of the mixed [(PPh3)(IPr)Au2(PhCCMe,OCH3)]
+ 

(E
Mix

) 

intermediates are considerably longer. It is important to note that during the equilibration of the concentrations of 

the EMix and D3-E
Mix intermediates, the alkyne reactant is largely depleted (compare with the NMR experiments). 

It will surely lead to a decreasing rate of intermediate formation which can lead to the decreasing of their signal 

intensities in the MS spectrum. Nevertheless, the rate constant k’ determined according to Eq. 3 should not be 

significantly influenced. The E
Mix

 half-life in the reaction mixture is about 19 min and with the addition of 4 

mol% of TsOH it drops to about 13 min. Labeling of the reaction mixture with the Ph-CC-CD3 reactant leads 

again to a faster degradation of the diaurated intermediates with the half-life of [(PPh3)2Au2(PhCCMe,OCH3)]
+ 

determined as 3.2 min and that of [(PPh3)(IPr)Au2(PhCCMe,OCH3)]
+ 

as 17.7 min (Entry 12). We have 

performed the same experiments with different concentrations and proportions of the catalysts and we have not 

determined any significant influence on the determined half-lives (Entries 13 – 15). 

 

DFT calculations. In order to aid the discussion of the results, we have performed exploratory DFT calculations 

with an implicit methanol solvation model (Table 4). The relative energies are given with respect to the 

separated reactant molecules (1-phenylpropyne and methanol) and the methanol adduct of the catalyst (i.e. 

[(L)Au(CH3OH)]+, where L = PPh3 or IPr). For the deprotonation steps, we have assumed the formation of 

proton-bound methanol dimer (see the Computational Details). The energies in Table 4 are calculated on one 

potential energy surface and the molecules/ions considered for each minimum are listed in the first two columns.  

 The initial formation of the complex between the catalyst and 1-phenylpropyne is exothermic by 14 kJ 

mol
-1

 for L = PPh3 and 32 kJ mol
-1 

L = IPr. The addition of a methanol molecule to these complexes is 

endothermic by 32 and 43 kJ mol
-1

, respectively. We have located this high-energy intermediate only for the 

methanol addition to the C(2) position of 1-phenylpropyne. All attempts to localize the C(1) methanol adduct in 

the gas phase resulted in its dissociation back to the reactants. It was possible to find these intermediates if we 

performed the geometry optimization with the methanol solvation effect. These values are given in italics in 

Table 4. 

 The next step has to be associated with deprotonation. Simple deprotonation is exothermic by about 50 

kJ mol-1. Formation of the C(2) addition product is slightly more preferred, but the differences are only on the 

order of units of kJ mol
-1

. Exchange of the proton by the [(L)Au]
+ 

cation at the oxygen atom is exothermic by 

almost 100 kJ mol
-1

 and again formation of the C(2) product is preferred. The alternative deprotonation 

associated with the direct formation of the geminally diaurated intermediate is the most exothermic process with 

an energy gain of more than 150 kJ mol
-1

. Regioselectivity is again slightly in favor of the formation of the C(2) 

product.  

 The monoaurated intermediate can be protonated, which directly leads to the gold complex of the 

product (C + H
+
 → F). This process is exothermic by more than 100 kJ mol

-1
 and should thus be facile. 

Alternatively, the protonation can be associated with deauration, but it is by about 40 kJ mol
-1

 (L = PPh3) or 50 

kJ mol-1 (L = IPr) less energy favored. The diaurated intermediates can decompose by protodeauration leading to 
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the gold complex of the product (F). This step is endothermic by about 10 – 15 kJ mol
-1

 for L = PPh3 and almost 

thermoneutral for L = IPr. If we consider protodeauration associated with the transfer of one of the gold cations 

to the alkyne reactant (as suggested by the experimental results), the process becomes thermoneutral for L = 

PPh3 and exothermic for L = IPr.  

 

Table 4. Relative energies (∆∆H
298K

MeOH and ∆∆H
298K

GP)
a
 in kJ mol

-1
 of different intermediates on the B3LYP-

D3/cc-pVTZ:LanL2DZ(Au) potential energy surface for the gold mediated methanol addition to 1-

phenylpropyne. 

Intermediates 

Reactants/ 

Catalysts/ 

Products 

C(1) addition 
L = PPh3 

C(2) addition 
L = PPh3 

C(1) addition 
L = IPr 

C(2) addition 
L = IPr 

∆∆H298K
MeOH [kJ mol-1] (∆∆H298K

GP [kJ mol-1]) 

 

3x 1-phenylpropyne 
2x [(L)Au(CH3OH)]+ 

2x CH3OH 

0 (0) 0 (0) 0 (0) 0 (0) 

   (A)
 

2x 1-phenylpropyne 

[(L)Au(CH3OH)]+ 

3x CH3OH 

-14 (-31) -14 (-31) -32 (-48) -32 (-48) 

(B) 

2x 1-phenylpropyne 

[(L)Au(CH3OH)]+ 

2x CH3OH 

25b 16b, 18 (-8) not found 11 (-13) 

(C) 

2x 1-phenylpropyne 

[(L)Au(CH3OH)]+ 

(CH3OH)2H
+ 

-31c (24)c 

-23d (38)d 
-31 (33) -30 (40) -34 (38) 

(D) 

2x 1-phenylpropyne 

CH3OH 

(CH3OH)2H
+ 

-68 (-56) -82 (-70) -83 (-64) -88 (-64) 

(E) 

2x 1-phenylpropyne 

CH3OH 
(CH3OH)2H

+ 
-149 (-141) -153 (-140) -137 (-124) -155 (-135) 

(F) 

2x 1-phenylpropyne 
[(L)Au(CH3OH)]+ 

2x CH3OH 

-126 (-157) -141 (-165) -141 (-172) -157 (-181) 

F + A 
1-phenylpropyne 

3x CH3OH 
-140 (-188) -155 (-197) -173 (-220) -189 (-229) 

 

Product 

2x 1-phenylpropyne 

2x [(L)Au(CH3OH)]+ 

CH3OH 

-97 (-110) -106 (-114) -97 (-110) -106 (-114) 

A 

Product 

1-phenylpropyne 

[(L)Au(CH3OH)]+ 

2x CH3OH 

-111 (-141) -121 (-145) -129 (-158) -138 (-162) 

2x A 
Product 

3x CH3OH 
-126 (-172) -135 (-177) -161 (-206) -170 (-210) 

a The geometries were optimized in the gas phase and the solvation energies in methanol were calculated using PCM method.  
bGeometries of the B intermediates were optimized using the PCM solvation model (values are given in italics). The B adducts 

corresponding to C(1) addition do not represent minima on the potential energy surface in vacuum. 
cSmall imaginary frequency resulted always from the calculations for this stationary point. We have applied a thermal correction to enthalpy 

from the other conformer of this isomer. 
dA second possible conformer of the C(1) monoaurated intermediate. It is slightly higher in energy, all second derivatives were positive. 

 

The computational results do not give any significant lead as to why the regioselectivity of the first 

addition of methanol to 1-phenylpropyne differs on changing the ancillary ligand at the gold catalyst. It also does 

not show why the reaction with [(PPh3)Au]
+ 

leads to the diaurated intermediates opposed to the reactions with 

R R'

AuL

(L)Au

O

R'

R CH3

H

(L)Au

OCH3

R'

R

(L)Au

O

R'

R CH3

(L)Au

(L)Au

OCH3

R'

R

Au
(L)

OCH3

R'

R

H

Au(L)
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[(IPr)Au]
+
. The energy profiles for both reactions are rather similar. Note that solvation is considered by an 

implicit model. Using this approach, it is not possible to unravel solvation steric effects that play very significant 

role in this reaction as is discussed below. 

 

Discussion 

 The NMR data for the “[(IPr)Au]
+
” catalyzed reaction shows that the first methanol addition is several 

times faster than the second one and the methoxy group addition proceeds preferentially to the C(2) position of 

1-phenylpropyne. Both reaction steps are accelerated by acid addition with acceleration of the second methanol 

addition more pronounced. The acceleration caused by acid addition (i.e. TsOH here) can either suggest that the 

protodeauration step is the rate determining step,
44

 or that there is active involvement of the anions in the initial 

deprotonation of adduct B to form neutral monoaurated intermediates.
45

 Tosylate was suggested as particularly 

favorable anion.46-48 The ESI-MS delayed reactant labeling method shows that the diaurated complexes 

[(IPr)2Au2(PhCCMe,OCH3)]
+ 

are not in equilibrium with either the reactants or products, but rather formed as 

stable complexes, i.e. byproducts. The reaction therefore does not proceed via their formation. 

 The reaction catalyzed by “[(PPh3)Au]+” is slower than the “[(IPr)Au]+” catalyzed one due to the 

considerable deceleration of the first methanol addition to the alkyne. The second methanol addition is an order 

of magnitude faster than the first one and it is also faster than the analogous reaction catalyzed by “[(IPr)Au]
+
”. 

The regioselectivity is switched towards the preferential methoxy addition to the C(1) position of 1-

phenylpropyne. Both reaction steps are again accelerated by the acid addition. The most obvious explanation of 

the deterioration of the “[(PPh3)Au]+” mediated reaction lies in the formation of the diaurated intermediates.  

 The delayed reactant labeling ESI-MS experiments show that the [(PPh3)2Au2(PhCCMe,OCH3)]
+ 

formation and depletion can be approximated by steady-state conditions. The determined rate constants are 

associated with the depletion of the EPPh3 intermediates. It clearly shows that the addition of 4 mol% of TsOH 

increases the depletion rate constant by about 50%. In comparison, the NMR experiments show that the reaction 

rates for the first methanol addition to the C(1) and C(2) position increase on acid addition by 37% and 50%, 

respectively. This nice agreement suggests that depletion of the diaurated intermediates is the rate determining 

step in this reaction. Secondly, we have shown that doubling the concentration of the alkyne also leads to an 

increase of the rate constant for the depletion of the diaurated intermediates. It means that the alkyne takes an 

active part in the process, which might thus correspond to transmetalation. 

 Next to the effect of the acid, which is exposed in the same way to the rate of the diaurated intermediate 

depletion as to the overall reaction rate, it is interesting to note similar relationships between the “[(PPh3)Au]+” 

catalyzed reaction and the previously published reaction catalyzed by “[(PMe3)Au]
+
”. The slower rate of 

[(PPh3)2Au2(PhCCMe,OCH3)]
+ 

decomposition (k’PPh3 : k’PMe3 = 0.06 : 0.17, see Table 3) translates quite well to 

the slower reaction rate of 1-phenylpropyne with methanol determined by the NMR experiments. This is strong 

support for the reaction pathway taking place via the diaurated intermediates. An alternative explanation 

involves a side equilibrium between the monoaurated and diaurated intermediates. If it would hold true, we 

would expect formation as well as decomposition of [(PPh3)2Au2(PhCCMe,OCH3)]
+
 at a slower rate than the 

formation and decomposition of [(PMe3)2Au2(PhCCMe,OCH3)]
+ due to steric effects. The slower formation of 

the [(PPh3)2Au2(PhCCMe,OCH3)]
+ 

intermediates would result in a faster reaction cycling via the monoaurated 

intermediates. Hence, the overall reaction would be expected to be faster than the reaction catalyzed by 
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“[(PMe3)Au]
+
”. Such a scenario is observed for the “[(IPr)Au]

+
” catalyzed reaction, but not for that catalyzed by 

“[(PPh3)Au]+”. 

The experiment with the mixture of “[(PPh3)Au]
+
” and “[(IPr)Au]

+
” catalysts shows that the first 

methanol addition is mainly mediated by “[(IPr)Au]
+
” as it is faster than in the reaction with “[(PPh3)Au]

+
” alone 

and it has the same selectivity towards the C(2) addition as the reaction solely with “[(IPr)Au]+”. The second 

methanol addition is mediated by “[(PPh3)Au]
+
” as the reaction rates are almost the same. The first reaction step 

is slowed down about seven times in comparison with the “[(IPr)Au]
+
” catalyzed reaction. Clearly the reason is 

the formation of the mixed diaurated intermediates [(PPh3)(IPr)Au2(PhCCMe,OCH3)]
+ (EMix) which fully 

decompose but at a very slow rate.  

What is the origin of these mixed diaurated intermediates? The formation of these intermediates is not 

sterically hindered as it was the case for those bearing two IPr ligands ([(IPr)2Au2(PhCCMe,OCH3)]
+
). From the 

drop of the rate we know that about 2/3 of the [(IPr)Au]
+ 

cations are blocked in the diaurated intermediates. It 

also suggests that most of the [(PPh3)Au]+  cations are blocked in the EMix intermediates. The prevalence of the 

mixed intermediates is associated with their stability which leads to their accumulation with time. The shorter 

half-life of the E
PPh3 

intermediates in the reaction mixture containing [(IPr)Au]
+ 

cations is probably associated 

with the faster formation of the vinylether primary products that can take part in transmetalation of the diaurated 

intermediates similar to what was observed for the alkyne reactant. The interaction energy of [(PPh3)Au]
+ 

with 

the vinylether products amounts to 29 kJ mol
-1

 for the C(1) product and 35 kJ mol
-1

 for the C(2) product, hence 

larger than with the alkyne (14 kJ mol-1).  

 

 
 

Scheme 3. Suggested reaction mechanism. (a) Mechanism for the reactions catalyzed by “[Au(L)]
+
”, 

where L is bulky. (b) Dual activation mechanism catalyzed by “[Au(L)]
+
” for which the [Au(L)]

+
 ⇔ H

+
 

exchange is faster than unassisted deprotonation. (c) Protodeauration of diaurated intermediates 
assisted by the alkyne reactant. 

 

 Based on all of the experimental data and computational results, we suggest the following reaction 

mechanism (Scheme 3). The initial addition of the methanol molecule to the gold-activated alkyne is a reversible 

endothermic step. The selectivity towards C(1) or C(2) addition is given by the following irreversible step. It can 

be a simple deprotonation and then the selectivity will be tuned towards the formation of the more stable 

monoaurated intermediate. In addition, steric effects can also play a role: In the C(1) addition product, the ligated 
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gold cation is bound to the C(2) carbon with a Z-configuration relative to the reactant phenyl ring. This might 

represent a steric hindrance for the formation of the C(1) addition product. The deprotonation can be catalyzed 

by the anions in the reaction mixture. 

The alternative deprotonation pathway is assisted by the intake of another [(L)Au]
+
 cation. This reaction 

is strongly exothermic and is most probably kinetically controlled. The initial B adduct corresponding to the C(2) 

addition has the phenyl group in the geminal position with the [(L)Au]
+
 unit (Figure 4). The phenyl group is 

turned out of the plane and sterically shades the carbon to be attacked by the second [(L)Au]
+
 cation. The 

intermediate with the methanol molecule attached to the C(1) carbon atom is less sterically hindered for the 

attack of the second [(L)Au]
+
 cation. Note that for the small [(PMe3)Au]

+ 
catalyst, where steric effects play a less 

important role, the thermodynamically preferred C(2) product is formed. The gold-assisted deprotonation is 

probably much faster than the unassisted or anion-assisted deprotonation and that is why the reaction pathway 

leads via the formation of the diaurated intermediates. It can only be suppressed, if the [(L)Au]
+
 cations bear 

sufficiently bulky ancillary ligands L (i.e. IPr here).  

 

Figure 4. Suggested reaction coordinates for the gold assisted deprotonation of the methanol adduct. 
The yellow arrows show the carbon atom attacked by the second gold cation. The attacks would be 
probably favorable from the bottom of the complexes. The C(2) intermediate is more sterically 
hindered due to the phenyl group. The structures were obtained by the geometry optimization (B3LYP-
D3/cc-pVTZ:LanL2DZ(Au)) in methanol using the PCM model. 

 

As shown by our delayed reactant labeling experiments, the degradation of the diaurated intermediates 

is first-order dependent on the alkyne concentration and it is catalyzed by acid. We suggest that the 

protodeauration proceeds to form the gold-complex of the alkyne and the gold complex of the product (see 

Scheme 3c). Clearly, protonation of the neutral monoaurated intermediate will be much faster than that of the 

positively charged diaurated intermediate. This explains why the reaction catalyzed by a bulky catalyst, which 

blocks the reaction pathway via the diaurated intermediates, is faster than that catalyzed by a sterically less 

demanding catalyst. For the second methanol addition, no diaurated intermediates can be formed. The reaction is 

therefore faster with the less bulky catalyst, because the formation of the monoaurated intermediate as well as 

the protodeauration reaction are less sterically hindered.  

 

Conclusions 

We present a new method for extraction of kinetic data for intermediates in reaction mixtures under the 

condition that they are observable by ESI-MS. We have demonstrated that for intermediates formed in a steady-

state approximation, the effect of reaction conditions on their half-life can be extracted. The effect of e.g. acidity, 

catalyst concentration, or substrate concentration can be studied. In connection to the classical kinetics obtained 

from NMR experiments, this method can bring unprecedented data on key low-abundant intermediates. 
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The method was applied for the investigation of diaurated intermediates in methanol addition to 

alkynes. The diaurated complexes were considered to be off-cycle intermediates that slow down the addition 

reaction because of the catalyst being retained as diaurated complexes. We have shown here that they are not off-

cycle intermediates. The initial gold-mediated methanol addition is an endothermic step. The driving force 

towards the products is the exchange of the proton bound to the oxygen atom by a gold cation, leading to the 

diaurated intermediates. Their protodeauration is a slow process and therefore the overall reaction is slow. This 

reaction pathway can be suppressed, if the gold cations bear sterically demanding ancillary ligands such as a N-

heterocyclic carbene ligand IPr. The reaction then dominantly proceeds by the simple deprotonation step towards 

monoaurated intermediates. While the initial deprotonation step is slow, the overall reaction is faster, because 

protodeauration of the the monoaurated intermediates is easier than with the diaurated intermediates.  
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