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ABSTRACT: The reaction of (cod)PtMe2 (cod = 1,5-cyclooctadiene) with 
trifluoroacetic acid (TFAH) to release methane is an important system because it 
represents the microscopic reverse of desirable methane activation, and because it 
has an unusually large kinetic isotope effect (KIE) that has been tentatively 
attributed to proton tunneling. A detailed kinetic and mechanistic investigation of 
this system was conducted using stopped-flow and traditional time-dependent UV-
vis spectroscopy, supported by NMR and DFT studies. Consistently large KIE values 
(~14) in line with previous reports were obtained over a large range of reactant 
concentrations (0.1 – 1.6 mM (cod)PtMe2 and 3.2 mM to 6.0 M acid). At lower 
concentrations of acid, the KIE decreased significantly (KIE = ~6 for 0.1 mM 
(cod)PtMe2 and 0.2 mM acid). This concentration-dependent KIE suggests a multi-
step reaction mechanism, eliminating the need to invoke proton tunneling. The 
reaction exhibits first-order dependence on (cod)PtMe2 and approximately second-order dependence on acid, with at least 
2 equivalents of acid required for complete conversion. Overall, the kinetic data indicate a multi-molecular, multi-step 
reaction mechanism for the protonolysis of (cod)PtMe2, thus ruling out the previously accepted bimolecular single-step 
mechanism. A mechanistic alternative consistent with the kinetic data is proposed, in which sequential oxidative addition 
and reductive elimination occur, and the second equivalent of acid serves to stabilize trifluoroacetate anion in solution. 

INTRODUCTION 

C–H activation of methane is famously challenging, and 
it is necessary for the catalytic generation of liquid fuel or 
other value-added products from methane.1–6 Platinum 
complexes have shown particular promise for mediating 
methane activation and functionalization.6–15 In order to 
achieve improved methane activation at a platinum 
center, it is important to understand the possible 
reaction mechanisms. One key approach is to study the 
microscopic reverse reaction: protonolysis of a Pt–Me 
bond to generate methane.16–24 

Two plausible mechanisms for the protonolysis of a Pt–
Me bond in a square planar Pt(II) methyl complex have 
been proposed (Scheme 1), and distinguishing between 
the two mechanisms has proved challenging.17–27  

Scheme 1. Proposed20 mechanisms for methyl 
protonolysis by a general Pt(II) square planar 
complex 

 

One proposed mechanism for protonolysis is the 
concerted mechanism (SE2), in which the Pt–C σ bond 
undergoes direct electrophilic attack by an acidic proton 
to generate a three-centered transition state and form a 
methane σ-complex in a single step. Methane is released 
by associative displacement with the conjugate base.28,29 
The other proposed mechanism is the oxidative 
mechanism (SE(ox)30), in which oxidative addition of the 
acid to generate a Pt(IV) hydride is followed by reductive 
elimination to form the Pt(II) methane σ-complex before 
associative displacement of methane. The two 
mechanisms are difficult to distinguish by kinetic 
measurements; even the observation of Pt hydride 
complexes does not mean that these species are 
intermediates on the reaction pathway.17,20,21,23,31–35  

In the study of organometallic reaction mechanisms, 
kinetic isotope effects (KIEs, commonly defined as the 
ratio of rate constants kH/kD for a given reaction) are an 



 

informative and widely used tool, but they are also 
difficult to interpret.36–42 KIEs can be measured either by 
competition experiments in one reaction vessel, or by 
separate measurements of reaction rates for parallel 
reactions. Very large KIE values (e.g. above ~7 for a C–H 
bond breaking or above ~11 for an O–H bond breaking) 
are not accounted for by the typical simplified models of 
zero-point energy differences in just one bond 
vibration.36,42–46 Such large KIE values have been 
explained by proton tunneling, complex vibrational 
effects, or compound effects from multiple reaction steps, 
but their mechanistic origins are difficult to assign.36 In 
the case of protonolysis of Pt(II) complexes, researchers 
have observed large KIEs for many years, but have not 
reached a conclusive mechanistic interpretation or used 
them to distinguish definitively between the SE2 and 
SE(ox) mechanisms.20  

In 1978, Romeo and colleagues observed a KIE of ~6 
for the protonolysis of Pt–aryl complexes with excess 
H(D)Cl in MeOH(D)/H2(D2)O by measuring separate rate 
constants for parallel reactions.47,48 They concluded at 
the time that this relatively large KIE supported the SE2 
pathway, since the only (and therefore rate-limiting) 
transition state of that mechanism is proton transfer, 
which would be expected to have a significant KIE. After 
decades of further research they expanded their 
interpretation to propose that the large KIE is consistent 
with either an SE2 pathway or an SE(ox) pathway as long 
as protonation is rate-limiting.49,50,17 Puddephatt and 
coworkers pointed out that reductive elimination could 
also carry a large KIE, and therefore the large KIE does 
not distinguish between mechanisms.33 

Large KIE values that vary based on reaction 
conditions have also been observed. The Bercaw group 
found that the KIE for protonolysis of (tmeda)PtMeCl 
(tmeda=N,N,N′,N′-tetramethylethylenediamine) by triflic 
acid in methanol changed from 9.1 at 0 ºC by a 
competition experiment to 2.3 at -40 ºC by parallel 
reactions. They ascribed the large KIE to fractionation 
factors and stated that it could thus not be used to 
distinguish between the SE2 and SE(ox) mechanisms.16,44 
Roddick and coworkers similarly observed a very large 
KIE of 18 ± 2 upon treatment of (dfepe)PtMe2 (dfepe = 
(C2F5)2PCH2CH2P(C2F5)2) with a mixture of TFAH 
(trifluoroacetic acid, HOOCCF3) and TFAD (DOOCCF3) at 0 
ºC, and found a much smaller KIE of 3.6(4) for the 
protonolysis of (dfepe)PtMe(trifluoroacetate) at 150 ºC 
from rates of parallel reactions with TFAH and TFAD. 
Like the Bercaw group, they concluded that large KIEs 
could arise from partitioning effects, and therefore do not 
distinguish between the SE2 and SE(ox) 
mechanisms.23,44,51  

It was later proposed that the SE2 mechanism is 
favored for complexes featuring electron-withdrawing 
ligands, while the SE(ox) mechanism is likely favored for 
complexes with electron-donating ligands.52 Work by the 
Tilset group with diimine ligands supports the SE(ox) 
mechanism for Pt–Me protonolysis with evidence from 
trapping studies and kinetic activation parameters.24,32 
The Tilset group also observed a large KIE for a related 
Pt–Ph system, and noted that both tunneling and 

compound effects from multiple steps could be 
responsible for the large KIE.53 

The Bercaw group has reported especially large KIEs 
for protonolysis, such as KIE = 25.9 ± 0.3 at 0 ºC for the 
reaction of (cod)PtMe2 (1, cod = 1,5-cyclooctadiene) 
treated with a mixture of TFAH and TFAD in C2D4Cl2 to 
produce (cod)PtMe(trifluoroacetate) (2). The KIE for the 
same reaction at 25 °C was reported as 18.0 ± 0.9 in 
CD2Cl2 (Scheme 2).18–20,54 The calculated KIE for 
protonolysis of 1 (without tunneling corrections) was 
only ~5.19 

Scheme 2. Reaction of 1 with a mixture of TFAD and 
TFAH in CD2Cl2 to produce 2 and methane. 

 

Bercaw and coworkers concluded in a combined 
theoretical/experimental study that the mechanism is 
SE2 for this reaction. While they originally further 
proposed that a large KIE could be an indicator of an SE2 
mechanism more generally, they ultimately published a 
report titled “Large Kinetic Isotope Effects for the 
Protonolysis of Metal Methyl Complexes Are Not 
Reliable Mechanistic Indicators.” The titular conclusion 
was based on the evidence that the observed KIE for a 
series of metal–methyl complexes did not correlate with 
their ability to undergo oxidative addition. The Bercaw 
group ascribed the large KIE for protonolysis of 1 to 
possible proton tunneling, while emphasizing that many 
factors can contribute to large KIE values.  

Two additional density functional theory (DFT) studies 
of the protonolysis of 1 also support the SE2 mechanism. 
Mai and Kim showed that a computational model of the 
SE2 mechanism with a multidimensional tunneling 
correction produced similar KIE and activation 
parameters as observed experimentally by the Bercaw 
group, and they concluded that a large KIE could 
generally indicate an SE2 pathway with tunneling.55 A 
broader computational study of Pt–Me protonolysis also 
supported an SE2 mechanism for protonolysis of 1, while 
showing that SE(ox) may be at play for other systems.56 
Experimentalists have used these theoretical results in 
interpreting new data: Puddephatt and coworkers more 
recently observed a very large KIE of about 40 for the 
protonolysis of a Pt–alkyl bond at 25 ºC for parallel 
reactions in CH3OH or CH3OD, and based on the 
theoretical work from Mai and Kim connecting a large 
KIE to the SE2 mechanism, they suggested an SE2 
pathway with tunneling.21,27 

Despite the nearly half-century of progress described, 
both the mechanism for Pt–Me bond protonolysis and the 
cause of the large observed KIEs have remained 
uncertain. The leading proposed mechanism for 
protonolysis of 1 by TFAH(D) is a concerted SE2 
mechanism with proton tunneling. We report herein a 
detailed kinetic and mechanistic analysis of the reaction 
of 1 with TFAH(D). Our most surprising observations 
include a large apparent KIE that varies based on 
reactant concentrations, and approximately second-
order dependence of reaction rate on acid concentration. 



 

We conclude that the reaction mechanism involves 
multiple reaction steps, as does the SE(ox) mechanism, 
and also multiple acid molecules, a mechanistic feature 
that has not been previously considered. Because of the 
multi-step, multi-molecular mechanism, the large 
apparent KIE can be explained by compound isotope 
effects; proton tunneling need not be invoked. We hope 
that this mechanistic explanation for the large KIE in Pt–
Me protonolysis will prove broadly useful in further 
experimental investigation and interpretation of large 
KIEs in organometallic systems and in the understanding 
of C–H activation mechanisms. 

RESULTS AND DISCUSSION 

To replicate the large KIE measurement by Bercaw and 
coworkers for the protonolysis of 1 by competition 
experiment, compound 1 was treated with a large excess 
of acid, in a ratio of 170:17:1 TFAD:TFAH:1, in CD2Cl2 
(Scheme 2). The KIE was then calculated from the ratio of 
the dissolved products CH4 and CH3D as determined by 
1H NMR integration and averaged across three runs. The 
KIE was calculated to be 12.0 ± 0.5. We identified an 
arithmetic error in the original report by Bercaw et. al.; 
the corrected KIE value of about 13.5 for their 
experiments is comparable to our results.20,54  

Next, we repeated the competition experiment in 
triplicate using a much smaller 17:17:1 ratio of 
TFAH:TFAD:1. The observed KIE dropped significantly to 
7.9 ± 0.2. Trials at lower total acid concentrations 
indicated even lower KIE values. This observation that 
the observed KIE changes was an early indication that 
the reaction of 1 with TFAH may be more complex than 
previously understood. To investigate further, we 
decided to make parallel measurements of the rates of 
protonolysis and deuterolysis of 1. Monitoring of the 
reaction by 1H NMR spectroscopy revealed no observable 
side products or intermediates (Figure S4). 

We then turned to UV-vis spectroscopy to gather high 
resolution rate data over a range of reagent 
concentrations. Compound 1 (0.4 mM) was treated with 
TFAH or TFAD (0.5, 1.0, 1.5, 2.0, or 8.0 equiv). A solution 
of acid in CH2Cl2 was added by gas-tight syringe to a 
cuvette in the spectrometer containing a continuously 
stirred solution of 1 in CH2Cl2 maintained at 296 K. 
Reaction progress was monitored by the decay of the 
absorbance at 288 nm (Figure 1).57,58 

 

Figure 1. (a) The full absorbance profile of 1 (0.4 mM, dark 
red) decaying (red to purple) following treatment with 
TFAD (2.0 equiv). Spectra shown were collected at 3 sec 
intervals. (b) The plot of the decrease in the absorbance at 
288 nm of a solution of 1 (0.4 mM) in CH2Cl2 at 296 K upon 
addition of 0.5, 1.0, 1.5, 2.0, and 8.0 equivalents of TFAH. 

Similar decay behavior was observed for the other two 
λmax values at 318 and 358 nm. Notably, a minimum of 2.0 
equivalents of TFAH were required for the protonolysis 
reaction to near completion (93% conversion, compared 
to 63% conversion with 1 equivalent of acid). In addition, 
the decay profiles with 1 or 2 equivalents of acid did not 
fit well to a simple second-order model.59 Preliminary 
KIE values determined by comparing approximate rates 
for reaction of 1 with 0.5 to 2 equivalents of TFAH and 
TFAD were lower than the values of 12-14 obtained by 
NMR competition experiment in which acid was used in 
large excess. The initial UV-vis kinetics experiments, 
requiring 2.0 equivalents of acid and exhibiting variable 
KIE, suggested that the protonolysis was not a simple 
bimolecular single-step reaction. 

Imagining that a large excess of acid might generate 
simplified rate behavior, we turned to stopped-flow UV-
vis spectroscopy to measure fast rates under excess acid 
conditions. Compound 1 (1.6 mM) was rapidly mixed 
with TFAH or TFAD (34, 100, 250, or 375 equiv) in the 
stopped-flow cell. The experiments were performed as 
triplicates of triplicates to confirm reproducibility.  

Indeed, the absorbance decay observed under excess 
acid conditions fit well to a single exponential decay 
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(Figure 2a), providing evidence that the protonolysis 
reaction rate has first-order dependence on the 
concentration of 1, and allowing calculation of pseudo-
first-order observed rate constants.  

 

Figure 2. (a) the absorbance decay of 1 (light blue, 0.1 mM 
[1] with 32 equiv TFAH) overlaid with the nonlinear least-
squares fitting of the absorbance - time profile to a first-
order exponential decay (black; R2 = 0.9998). (b) the log-log 
plot of k(obs)H versus [TFAH] (blue) and of k(obs)D versus 
[TFAD] (red) to give an order in acid of 1.8 for TFAH and 1.9 
for TFAD. 

KIE values were calculated from these rate constants 
and found to be similarly high for each of the four 
concentrations of acid, averaging about 14 (Table 1). The 
KIE remained comparable (14.3 ± 0.8) when the 
concentration of 1 was increased to 4.0 mM and a larger 
excess of acid was used (100 equivalents). The 
consistently large KIE values obtained from ratios of 
observed rate constants are similar to the reported large 
KIE values determined from product ratios by NMR 
spectroscopy (~13.520,54). 

The observed rate constants from stopped-flow 
spectroscopy under excess acid conditions were also 
used to calculate the order in acid from a log-log plot of 
the observed rate constant versus the concentration of 
acid. The slope of the linear regression is approximately 
2 for both TFAH and TFAD, indicating approximately 
second-order dependence of the reaction rate on acid 
concentration (Figure 2b). This order is consistent with 
the necessity of 2 equivalents of acid for the reaction to 
reach completion and is further evidence that the 
reaction mechanism is not simply bimolecular, as had 
been assumed.  

Table 1. Values for k(obs)H, k(obs)D, and KIE from 
stopped-flow UV-vis spectroscopy.  

entry 
[1], 
mM 

[TFAH 
(D)], mM 

Equiv 
Acid 

k(obs)H 

(sec-1) 
k(obs)D 

(sec-1) 
KIE 

1 1.6 54 34 5.1 ± 0.4 0.30 ± 0.01 16 ± 4 

2 1.6 160 100 35.8 ± 0.3 2.40 ± 0.01 12.6 ± 0.7 

3 1.6 400 250 134 ± 2 10.6 ± 0.1 14.9 ± 0.5 

4 1.6 600 375 264 ± 4 19.5 ± 0.5 13 ± 1 

5 4.0 400 100 139 ± 7 9.7 ± 0.2 14.3 ± 0.8 

 

Once the large KIE values and the reaction order in 
acid and 1 had been confirmed using the high 
concentration conditions and stopped-flow spectroscopy, 
we returned to time-dependent traditional UV-vis 
spectroscopy to investigate the lower KIE values 
observed under the lower concentration conditions. The 
rates of protonolysis and deuterolysis of 1 were 
measured for a range of concentrations of 1 (0.1 to 1.6 
mM) and acid (0.2 to 3.2 mM) by traditional UV-vis 
spectroscopy.  

Absorbance decay profiles under each set of reaction 
conditions were measured in at least triplicate. Since the 
rate behavior for the protonolysis or deuterolysis of 1 
without excess acid could not be modeled by simple 
exponential fits, observed rate constants were 
determined by the initial rates method when 8 or fewer 
equivalents of acid were used, and by a pseudo-first-
order fit when 8 or more equivalents of acid were used. 
Both methods were used for the reactions of exactly 8 
equivalents of acid, and the resulting rate constants were 
the same within error.  

We compared initial rates from traditional UV-vis 
spectroscopy to the data from the stopped-flow 
conditions, using the same concentration of 1 (1.6 mM) 
and a far lower concentration of acid (3.2 mM) (Table 2, 
entry 1). The key final point for the log-log plot collected 
under the lower acid conditions falls in line with the 
other data and confirms that the reaction order in TFAH 
or TFAD is about 2 (Figure 2b), so the mechanism may 
involve two molecules of acid. Additionally, the KIE (18 ± 
3) with 2 equivalents of acid (Table 2, entry 1) was 
consistent with the results for up to 375 equivalents of 
acid (Table 1). This consistency shows that the different 
sets of conditions are comparable and that a large excess 
of acid is not required for a large KIE. 

The KIE values under the lower relative acid 
concentration conditions (3.2 mM) were consistent with 
the large KIE values at higher acid concentrations. A 
small increase in KIE values was observed when the 
concentration of 1 was increased (0.1, 0.4, and 1.6 mM; 
Table 2, entries 1,2,3; Figure 3), but since three values 
were either within error of each other or nearly so, 
further exploration was needed.  

A dramatically lower KIE was revealed when we 
decreased the concentrations of both reagents while 
holding their ratio constant at 2:1 (Table 2, entries 1,4,6; 
Figure 3). The observed KIE decreases from 18 ± 3 to 9.8 
± 0.6 as the concentration of 1 decreases from 1.6 mM to 
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0.4 mM. At the lowest observed overall concentration of 
both reagents (0.1 mM 1 and 0.2 mM acid), the KIE is at 
its lowest (5.5 ± 0.2). 

 

Table 2. Values for k(obs)H, k(obs)D, and KIE from 
time-resolved UV-vis spectroscopy.  

entry 
[1], 
mM 

[TFAH 
(D)], mM 

Equiv 
Acid 

k(obs)H                   

(10-6 sec-1) 
k(obs)D              

(10-6 sec-1) 
KIE 

1 1.6 3.2 2 140 ± 20 7.9 ± 0.6 18 ± 3 

2 0.4 3.2 8 20 ± 2 1.4 ± 0.1 15 ± 1 

3 0.1 3.2 32 1.8 ± 0.1 0.100 ± 0.003 13.2 ± 0.5 

4 0.4 0.8 2 2.5 ± 0.1 0.30 ± 0.01 9.8 ± 0.6 

5 0.1 0.8 8 0.30 ± 0.01 0.040 ± 0.001 6.7 ± 0.2 

6 0.1 0.2 2 0.070 ± 0.003 0.010 ± 0.002 5.5 ± 0.9 

 

Figure 3. Bar graph illustrating the dependence of KIE on 
reagent concentration. 

The variable KIE was intriguing, and we sought to 
determine whether varying the concentration of acid 
alone would affect the KIE. We found that the KIE did 
decrease with decreasing acid concentration when the 
concentration of 1 was held at a low value (0.1 mM) as 
we moved from 32 to 8 to 2 equivalents of acid (Table 2, 
entries 3,5,6; Figure 3). In contrast, when the 
concentration of 1 was held constant at a higher value 
(1.6 mM), and the amount of acid was varied from excess 
to even larger excess (34 – 375 equivalents), the KIE 
values stayed about the same (Table 1). Overall, the KIE 
is smallest at the lowest overall concentration of both 
acid and 1. 

Since an elementary reaction is expected to have a 
constant KIE, the variable KIE observed is evidence for a 
multi-step reaction mechanism. Not only does a multi-
step mechanism rule out the single-step SE2 pathway, but 
it also provides an explanation for the large KIE values 
that does not rely on tunneling. The simplified classical 
limit for a KIE only applies to one bond and one 
elementary reaction step. The compound effect of KIEs 
and equilibrium isotope effects (EIEs) from multiple 
reaction steps can lead to a large overall observed KIE for 

a multi-step reaction.16,23,36–41,60–67 The partitioning effects 
or fractionation factors mentioned by the Bercaw and 
Roddick groups to explain large KIEs that varied with 
changes in reaction conditions are only relevant under 
direct competition conditions, so they cannot explain the 
large and variable KIEs we observed as ratios of rates 
from parallel reactions.16,23,44 

Once we had determined that the protonolysis reaction 
requires more than a single equivalent of acid (based on 
the reaction order and UV-vis conversion studies), we 
further investigated the involvement of multiple acid 
molecules by 1H NMR spectroscopy. Compound 1 (0.02 
M) was treated with TFAH (0.5, 1, or 2 equiv) in CD2Cl2 at 
room temperature (Figure 4). A singlet at 4.78 ppm with 
platinum satellites, corresponding to the alkene protons 
of complex 1, immediately decreases and two new 
inequivalent singlets with platinum satellites appear 4.57 
and 5.52 ppm, assigned to the alkene protons of the 
product (cod)PtMe(trifluoroacetate) (2) (Figure S1). 
Methane is observed as a singlet at 0.21 ppm. Even after 
72 hours of additional equilibration time, only the sample 
with 2.0 equiv of TFAH reaches complete conversion 
(95%), compared to 73% with 1.0 equiv of TFAH. The 1H 
NMR data thus further support the involvement of two 
acid molecules. 

An additional 1H NMR experiment was carried out with 
a large excess (100 equiv) of TFAH. The alkene 
resonances assigned to the cod ligand of complex 2 were 
shifted significantly compared to the spectrum for the 
sample containing only 2 equiv of acid. The excess acid 
was then removed under reduced pressure and an 
additional 1H NMR spectrum collected and compared 
again to the sample containing 2 equiv of acid (Figure 
S6). The removal of excess acid resulted in a shift of both 
alkene signals, returning them to a chemical shift similar 
to that observed with 2 equiv of acid. The shift of alkene 
resonances for compound 2 under excess acid conditions 
indicates a change in electron density at the Pt center in 
the presence of excess TFAH, which suggests that excess 
TFAH in the reaction mixture interacts with the Pt 
complexes present.  

 



 

Figure 4. Stacked 1H NMR spectra of the reaction mixture for 
the treatment of 1 (open circles) with 0.5 to 2.0 equiv of 
TFAH in CD2Cl2. The product 2 is indicated by solid triangles. 
The percent conversion of 1 as determined by integration 
relative to the internal standard 1,2,3-trimethoxybenzene 
for each experiment is given for each spectrum. 

Taking all our experimental evidence together, we 
conclude that the protonolysis of 1 with TFAH proceeds 
by a multi-step reaction mechanism that involves more 
than one acid molecule, rather than the single-step 
bimolecular mechanism previously proposed. To imagine 
a possible proposed mechanism consistent with these 
conclusions, we considered the wealth of experimental 
and theoretical data on the system18–20,55,56 alongside our 
own experimental data. 

The established multi-step mechanistic possibility for 
this reaction is the SE(ox) pathway. The SE(ox) pathway 
was ruled out based on calculated energies in three 
separate reports, by Bercaw and coworkers, Mai and 
Kim, and Sicilia and coworkers, and it also only involves 
one acid molecule.19,55,56 We propose that the second acid 
molecule could serve to make a modified SE(ox) pathway 
possible by stabilizing the trifluoroacetate anion in 
solution and thus facilitating formation of a 5-coordinate 
Pt(IV) hydride intermediate (Scheme 3). 

In calculations by Sicilia et al. and by Mai and Kim, the 
SE(ox) pathway for the reaction of 1 with TFAH was 
modeled as direct formation of a 6-coordinate cationic 
Pt(IV) hydride intermediate (cod)PtMe2(TFA)(H) (A), 
followed by direct reductive elimination from A to 
generate the cationic methane σ-complex 
(cod)PtMe(CH4)+ (C). In calculations by Bercaw and 
coworkers, the SE(ox) pathway was modeled as 
formation of a 5-coordinate cationic Pt(IV) hydride 
intermediate (cod)PtMe2(H)+ (B), followed by reductive 
elimination to generate the same σ-complex (C). Each 
pathway was calculated to be energetically unfavorable 
compared to the SE2 mechanism. 

We propose that the 6-coordinate and 5-coordinate 
Pt(IV) hydride intermediates A and B could both be 
necessary, along with additional acid, to make the 
mechanism possible. The 5-coordinate intermediate B is 
necessary as a precursor to kinetically accessible 
reductive elimination.19,35,68–75 At the same time, the 6-
coordinate intermediate A is thermodynamically favored 
over B and a free trifluoroacetate anion, and would 
dominate an equilibrium between the two. DFT 
calculations show that A is favored relative to B and a 
free trifluoroacetate anion by over 20 kcal/mol in the 
absence of additional acid, but the difference is only 
about 11 kcal/mol when one explicit additional molecule 
of acid is present to interact with the trifluoroacetate 
anion in the product (see SI). We propose that the role of 
additional acid is to favor the formation of the 5-
coordinate intermediate by stabilizing the TFA– anion in 
solution, and possibly assisting its dissociation (Scheme 
3).75–85  

Scheme 3. Modified SE(ox) mechanism for reaction of 
1 with TFAH, including potential role for additional 

TFAH  

 

This modified SE(ox) mechanism is consistent with our 
experimental results that point to a multi-step 
mechanism involving two equivalents of TFAH. The 
proposed mechanism can also be used to explain the 
variable KIE observed. At the lowest reactant 
concentrations, we imagine that the earlier bimolecular 
steps in the reaction (formation of A and B) are slower 
and thus determine the rate and therefore the KIE. At 
higher overall reactant concentrations, the earlier steps 
become faster, a later step (formation of C) becomes rate 
determining. Under these conditions, the observed KIE 
represents a multiplicative compound effect of KIEs and 
EIEs from all reaction steps up to and including the rate 
limiting step. 

The possible mechanism presented does not require 
invocation of proton tunneling to explain the large 
observed KIE, since the large KIE can now be explained 
instead by compound effects in a multi-step mechanism. 
One key piece of experimental data that supports the 
multi-step pathway is the dependence of KIE on the 
concentration of reagents. Based on this finding and 
related work across organometallic 
chemistry,16,17,23,38,61,62,64,86–94 we propose that a dilution 
test be carried out when a large KIE is observed 
experimentally, to help interpret the large KIE. If the 
large observed KIE changes when the reaction is diluted, 
then that is evidence that the large observed KIE does not 
originate from a single elementary reaction step, and is 
likely to be a compound effect from multiple steps. This 
experimental design allowed us to identify a multiple-
step pathway in an important system where 
distinguishing between a single-step and multiple-step 
pathway had proved challenging, and to show that 
proton tunneling is not necessary to explain the large 
KIE. 

CONCLUSION 

The protonolysis of 1 by TFAH was examined using 
kinetic measurements over a wide concentration range 
using stopped-flow and traditional UV-vis spectroscopy, 
along with 1H NMR studies. We found that the reaction 
requires two equivalents of acid to reach completion and 
the rate dependence is second-order in acid, so we 
conclude that the reaction mechanism involves two 
molecules of TFAH. We also observed that the KIE is 
consistently high across several spectroscopic techniques 
and reaction conditions, with a highest value of 18 ± 3, 
but it decreases significantly to a low of 5.5 ± 0.9 when 
the reaction is carried out at lower overall concentration. 



 

Since an elementary reaction would have a constant KIE, 
we conclude that the reaction mechanism must contain 
multiple steps.  

We suggest one possible mechanism consistent with 
multiple reaction steps and multiple acid molecules: a 
modified SE(ox) pathway, in which oxidative addition of 
TFAH occurs to generate a Pt(IV) hydride intermediate 
and a second molecule of TFAH assists in stabilization of 
the TFA– anion in solution so that a 5-coordinate 
intermediate can form and undergo reductive 
elimination (Scheme 3).  

We found that the large observed KIE need not be 
explained by proton tunneling and can instead be 
explained by a composite of kinetic and equilibrium 
isotope effects for multiple reaction steps. Indeed, we 
propose that large KIE values be considered a possible 
mechanistic indicator of multiple reaction steps 
occurring before the rate limiting step. A dilution test can 
be used more generally: if a large observed KIE varies 
based on reaction concentration, a multi-step mechanism 
may be responsible. 

Overall, we have shown that a simple protonolysis 
reaction that is a long-studied model for potential 
methane activation involves more steps and more 
molecules than previously believed; we suggest one 
mechanism consistent with these findings. Further, we 
find that a large KIE can provide mechanistic information 
by indicating the possibility of multiple reaction steps. 

EXPERIMENTAL 

General Information 

All reagents were purchased from commercial 
suppliers and used as received unless otherwise noted. 
The platinum complex 1, (cod)Pt(Me)2 (78-0700), was 
purchased from Strem Chemicals, Inc. Anhydrous 
trifluoroacetic acid (TFAH) (900518) was purchased 
from Sigma Aldrich. 1,2,3-trimethoxybenzene was 
purchased from Sigma Aldrich and purified by 
sublimation. Methylene chloride (CH2Cl2) was dispensed 
from a Pure Process Technology Solvent Purification 
System and stored over 3 Å molecular sieves in an amber 
glass bottle under N2 atmosphere before use. CD2Cl2 
(DLM-23-25) and TFAD (DLM-46-10X0.75) were 
purchased from Cambridge Isotope Laboratories. CD2Cl2 
was degassed and stored over activated 3 Å molecular 
sieves for at least 24 hours before use.  

All 1H NMR and UV-vis samples were prepared inside 
of a VAC Genesis Glovebox under N2 atmosphere. New 
ampules of TFAD and TFAH were used to prepare the 
acid stock solutions in all experiments. Aliquots of TFAH 
or TFAD were added to UV-Vis or NMR samples using a 
500-μL gastight syringe from Trajan Scientific and 
Medical (Cat #: 500R-GT).  

1H NMR spectra used for the CH4/CH3D product ratio 
KIE calculation were collected on a Bruker 600 MHz 
Avance III spectrometer at 298 K. 1H NMR spectra used in 
stoichiometry experiments were collected on a 400 MHz 
Bruker Avance I at 298 K. Spectra were analyzed using 
the MestReNova software package and chemical shifts 
were referenced to the residual protio signal of the 
deuterated solvent.95  

UV-vis absorption spectra were recorded on an Agilent 
Cary 60 spectrometer with a Quantum Northwest 
Versa20/Cary 60 temperature control unit. Constant 
temperature was maintained at 296 K with a 
temperature controller. Samples of 1 were prepared in 
gastight screw-cap 3.5-mL quartz cells with an optical 
pathlength of 1 cm obtained from Starna Cells, Inc. 
(GL14-C). 

 
1H NMR KIE experiments. Stock solutions for KIE 

product ratio experiments were prepared as follows. (i) 
Stock solution of compound 1 (50 mM) was prepared by 
dissolving 1 (84 mg, 0.25 mmol) in CD2Cl2 in a 5-mL 
volumetric flask; (ii) TFAD/TFAH (10:1 v/v) stock 
solution was prepared by combining 900 μL of TFAD 
with 90 μL of TFAH; (iii) TFAD/TFAH (1:1 v/v, 1.3 M) 
was prepared as follows: two separate 2.6 M stock 
solutions of TFAD and TFAH were prepared by diluting 
200 μL of neat TFAD or TFAH with CD2Cl2 in a 1-mL 
volumetric flask. An aliquot (500 μL) of TFAH stock 
solution (2.6 M) was combined with a corresponding 
aliquot (500 μL) of TFAD stock solution (2.6 M). 

Complex 1 (0.015 mmol, 300 μL aliquot of 50 mM stock 
solution in CD2Cl2) was added to a 5 mm NMR tube, then 
diluted with 400 μL of additional CD2Cl2. The tube was 
capped with a rubber septum, taken out of the glovebox, 
and allowed to equilibrate for 5 min in a 297 K water 
bath. A 500-μL gas-tight syringe was used to add 
TFAD/TFAH stock solution (200 μL) dropwise to the 
NMR sample with occasional shaking to mix. Immediately 
after the addition of acid solution, five single-scan spectra 
were collected with a delay time of 180 seconds between 
scans. Each experiment was performed in triplicate. The 
relative integration of the CH3D and CH4 signals were 
used to calculate the KIE. Below is an example calculation 
for KIE determination using 10:1 TFAD:TFAH.  

𝐾𝐼𝐸 =  

10
4  ×  (∫ 𝐶𝐻4)

1
3  ×  (∫ 𝐶𝐻3𝐷)

  =    

10
4  × (1.28)

1
3 × (0.79)

  =  
3.20

0.26
 = 12.3 

 
1H NMR stoichiometry experiments. Complex 1 (35 mg, 

0.1 mmol) was dissolved in CD2Cl2 in a 1 mL volumetric 
flask to generate a stock solution of 1 (0.1 M). 1,2,3-
trimethoxybenzene (TMB) (17 mg, 0.1 mmol) as an 
internal standard was dissolved in CD2Cl2 in a 1 mL 
volumetric flask to generate a stock solution of TMB (0.1 
M). Samples were prepared by adding an aliquot of 1 
stock (90 μL) and an aliquot of TMB stock (90 μL) each to 
5 separate PTFE-stoppered NMR tubes and diluting each 
with CD2Cl2 to a total volume of 450 μL (0.02 M). Samples 
were removed from the glovebox and 1H NMR spectra 
were collected to quantify the initial concentration of 1 
for each sample. The tubes were then returned to the 
glovebox, and TFAH was added (0.0, 0.5, 1.0, 2.0, or 100 
equiv from a 0.2 M stock solution in CD2Cl2). All tubes 
were inverted a minimum of three times to ensure 
mixing and 1H NMR spectra were obtained of each 
sample immediately. The samples were then allowed to 
stand in the glovebox for 72 h and additional spectra 
were collected. Every 24 h the tubes were inverted an 
additional three times.  



 

Molar extinction coefficients for 1. In the glovebox, a 
stock solution of 1 (35 mg, 0.1 mmol) was prepared with 
CH2Cl2 in a 1 mL volumetric flask (0.1 M). A 10µL aliquot 
of the stock solution was added to 3 mL of CH2Cl2 in a 
quartz cuvette. The solution was removed from the 
glovebox and stirred at 1500 rpm for 2 minutes before 
collecting the absorbance spectrum from 200-400 
nm. The cuvette was then returned to the glovebox, 
another 10 µL aliquot was added, removed from the 
glovebox, and the absorbance collected. This was 
repeated through 50 µL of 1 stock added in total. Local 
absorbance maxima for 1 were determined to be λmax = 
288, 318, 358 nm. Molar extinction coefficients at each 
λmax were calculated from the slope of the absorbance 
maxima versus the concentration of 1 collected from 
triplicate experiments.  

UV-Vis KIE Experiments. Solutions of complex 1 were 
prepared as follows: Complex 1 (20 mg, 0.06 mmol) was 
dissolved in CH2Cl2 (1 mL) to generate a stock solution of 
1 (0.06 M). (i) 80 µL of the stock solution was added to a 
blanked cuvette containing 2870 µL CH2Cl2 to generate a 
final solution of concentration 1.6 mM, and (ii) 20 µL of 
the stock solution was added to a blanked cuvette 
containing 2930 µL CH2Cl2 to generate a final solution of 
concentration 0.4 mM. Complex 1 (20 mg, 0.06 mmol) 
was dissolved in CH2Cl2 (10 mL) to generate a second 
stock solution of 1 (0.006 M). 50 µL of this stock was 
added to a blanked cuvette containing 2900 µL CH2Cl2 to 
generate a final solution of concentration 0.1 mM. 
Concentrations of all final solutions of complex 1 were 
quantified using UV-vis spectroscopy prior to the 
addition of TFAH or TFAD. 

Solutions of acids were prepared as follows: stock 
solutions of TFAH or TFAD (1 M) were prepared by 
diluting 77 µL of neat TFAH or TFAD with CH2Cl2 in a 1 
mL volumetric flask. (i) a 191 µL aliquot of the 1 M stock 
was diluted with CH2Cl2 in a 1 mL volumetric flask to 
generate a working solution of TFAH or TFAD (0.2 M). An 
aliquot (50 µL) of the TFAH or TFAD working solution 
(0.2 M) was added to the cuvette containing 1 and 2950 
µL of CH2Cl2 to give a final concentration of 3.2 mM TFAH 
or TFAD. (ii) a 48 µL aliquot of the 1 M stock was diluted 
with CH2Cl2 in a 1 mL volumetric flask to generate a 
working solution TFAH or TFAD (0.05 M). A 50 µL aliquot 
of the working solution of TFAH or TFAD (0.05 M) was 
added to the cuvette containing 1 and 2950 µL of CH2Cl2 
to give a final concentration of 0.8 mM TFAH or TFAD. 
(iii) a 60 µL aliquot of the 1 M stock was diluted with 
CH2Cl2 in a 5 mL volumetric flask to generate a working 
solution of TFAH or TFAD (0.01 M). An aliquot (50 µL) of 
the TFAH or TFAD working solution (0.01 M) was added 
to the cuvette containing 1 and 2950 µL of CH2Cl2 to give 
a final concentration of 0.2 mM TFAH or TFAD. Following 
the addition of acid, protonolysis and deuterolysis 
reactions were monitored at 0.5-second intervals until 
the slope of the decay curve had plateaued (5-500 
minutes) with a scan rate of 9600 nm/min between 200-
400 nm for full scans or at 288 nm, 318 nm, or 358 nm 
for kinetic data acquisition. The reaction mixture was 
stirred at 1800 rpm throughout the experiment.  

Rate calculations. Observed rate constants for the 
protonolysis (k(obs)H) and deuterolysis (k(obs)D) 

reaction of 1 with TFAH and TFAD were calculated by the 
method of initial rates, by pseudo-first-order fitting, or 
both. For the method of initial rates, the slope of a plot of 
absorbance versus time was measured for the first 9% 
reaction conversion. Pseudo-first-order observed rate 
constants were determined from nonlinear least-squares 
fitting of the absorbance versus time profiles to a single 
exponential decay equation.59 The “GRG Nonlinear” 
method within the SOLVER function in Excel software 
was used with convergence value of 0.000001. KIEs were 
calculated from an average of triplicate k(obs)H and 
k(obs)D values.96,97 

Stopped-flow UV-vis spectroscopy 

Sample preparation: Stock solutions of compound 1 
(3.2 mM) were prepared by dissolving compound 1 (10.7 
mg) in CH2Cl2 (10.0 mL). Stock solutions of TFAH and 
TFAD (0.108, 0.320, 0.800, 1.200 M) were prepared by 
diluting neat TFAH (41.5, 122.5, 306.0, or 459.0 μL) or 
neat TFA-d1 (41.9, 123.5, 309.0, or 463.0 μL) to 5.00 mL 
with CH2Cl2 in a volumetric flask. Stock solutions were 
loaded into syringes (Hamilton 1000 series, gas-tight) 
with rubber septa over the ends and carried from the 
glovebox to the stopped-flow spectrophotometer in 
sealed Ziploc bags immediately after they were prepared.  

Data acquisition: Stopped-flow data were collected 
using an Applied Photophysics SX-20 stopped-flow UV-
vis spectrometer equipped with a removable 20 μL 
quartz cell and a photodiode array detector. 
Measurements were acquired at ambient lab 
temperature (294 K). The stopped flow apparatus was 
rinsed thoroughly with dry, degassed CH2Cl2 before use; 
nitrogen gas flowed through the apparatus throughout 
the experiments. Equal-volume injections were made of 
the stock solutions of 1 and of acid for rapid mixing in the 
cell. For each sample syringe, the apparatus was rinsed 
with at least four injections of sample before three 
separate injections were used to collect the reported data 
in triplicate. This entire procedure was repeated in 
triplicate to produce a final set of data as a triplicate of 
triplicates for each of the eight experimental conditions. 

UV-visible absorbance data were collected using an 
optical pathlength of 2 mm over a wavelength range from 
180 to 730 nm. Data were collected every 1 ms for a time 
period sufficient to observe complete decay (0.5 to 40 
sec). The absorbance values at 318 nm over time were fit 
to a single exponential using the SX Pro-Data software 
version 2.5.1852 (Applied Photophysics) to extract 
observed rate constants. 

Computational Details 

Calculations were completed using the Extreme 
Science and Engineering Discovery Environment 
(XSEDE)98 Bridges-2 at the Pittsburgh Computing Center 
(PSC) with Gaussian1699 suite of programs, and results 
were visualized using GaussView06100. The structures 
were optimized to a minima using the B3LYP101–103 level 
of theory with a split basis set (def2svpp104–107 for all light 
atoms, def2tzvpp104–107 for Pt). Gibbs free energies were 
obtained from thermally corrected energy values from 
the frequency calculations on minimized structures.  
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