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Proton Walk in the Aqueous Platinum Complex [TpPtMeCO] via a Sticky
s-Methane Ligand
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Introduction

Nature meets difficult chemical challenges, such as the de-
protonation of high-pKa species and activation of inert
bonds under mild conditions, through the meticulous spatial
positioning of protein functional groups that operate in con-
cert. A well-studied example of such polyfunctional machi-
nery is the catalytic triad, which shuttles protons from water
consecutively through three protein residues and back to
water.[1] Application of Nature s strategies to nonbiological
domains could lead to the catalysis of demanding chemical
transformations. Of particular significance is the domain of
transition-metal chemistry, in which diverse oxidation states
and rich coordination geometries provide metal atoms not
only with catalytic properties, but also with the ability to or-
chestrate the relative orientation and chemical cooperativity
of several functional groups within its coordination sphere.

An important class of difficult chemical reactions is the
functionalization of saturated hydrocarbons. Selective meth-
ane oxidation by transition metals has been a major chal-
lenge in chemistry and a target of extensive experimental
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and theoretical efforts.[2–10]

Nevertheless, mechanistic un-
derstanding of the methane C�
H activation process in the
very few successful cases re-
mains inconclusive.[2,3] A possi-
ble deprotonation of a s-meth-
ane metal complex has been
proposed in parallel with the
deprotonation of its isomeric
methyl hydride (methanido hy-
drido) complex.[3,5] Although the direct deprotonation of
metal hydridoaryl complexes[11–13] and of a metal dihydrogen
complex[14–19] is known, no clear evidence for deprotonation
of a s-alkane ligand is available.

We recently reported that [TpPtIIMe(CO)] (1, Tp=hydri-
dotripyrazolylborate) reacts with H2O to form the thermally
and air-stable complex [TpPtIVMe(H)2] (2), which equili-
brates rapidly with [TpPtIIHACHTUNGTRENNUNG(s-CH4)] in solution without lib-
eration of either methane or dihydrogen even at elevated
temperatures.[20,21] We attributed the thermal stability of 2 to
the rigidity of the Tp ligand which prevents trans coordina-
tion of two pyrazolyl rings.[22] The transitory formation of a
s-methane complex was supported by computational studies
and by the observation that when 2 was dissolved in a deu-
terated protic solvent, such as [D4]methanol, D2O/[D8]THF,
or D2O/[D6]acetone, only [D5]-2 was produced.

Herein we show that when complex 1 is dissolved in a
mixture of D2O and an organic solvent, its methyl ligand
surprisingly undergoes H/D exchange prior to its complete
conversion into 2 (Scheme 1). This transformation is clearly
identified by the observation of [D1]-1 and [D2]-1 isotopo-
logues in the 1H NMR spectra of the reaction mixture, as
well as 2 and its isotopologues. We propose that these re-
sults could be interpreted in terms of a three-station proton
walk mechanism.[23] The observed experimental results and
conclusions are compared with a computational study con-
ducted using density functional theory (DFT) methods.

Results and Discussion

When 1 was dissolved in either D2O/[D8]THF or D2O/
[D6]acetone, the isotopologues [D1]-1 and [D2]-1 were ob-
served by 1H NMR spectroscopy along with 2, [D1]-2, and
[D2]-2 (Figure 1).[24] In principle, H/D scrambling in 1 can
proceed directly from 1 or by the reverse transformation of
2 into 1. The latter option cannot be excluded since CO2 in-
sertion into M�H bonds is known to lead to metal formate

Abstract in Hebrew:

Scheme 1. H/D scrambling in 1 and its conversion into 2.

Figure 1. 1H NMR spectra (300 MHz, 1:1 D2O/[D6]acetone) showing H/D
exchange at the methyl ligand of 1: [D1]-1 appears as a 1:1:1 triplet and
[D2]-1 as a 1:2:3:2:1 quintet. Dd[D1]=d ACHTUNGTRENNUNG(CH3)�d ACHTUNGTRENNUNG(CDH2)=0.016 ppm;
Dd[D2]=d ACHTUNGTRENNUNG(CH3)�d ACHTUNGTRENNUNG(CD2H)=0.031 ppm; 2JH,D=1.5 Hz; digital resolu-
tion=0.069 Hz/point. All complexes show 195Pt (natural abundance
33.8%) satellite couplings. (*) Satellite coupling of 1; (^) satellite cou-
pling of 2 ; (*) satellite coupling of [D1]-1/[D2]-1; (~) satellite coupling of
[D1]-2/[D2]-2 ; (+ ) spinning side band of 1, symmetrically disposed.
Owing to the poor solubility of 2, some of it precipitated in the NMR
tube. Also, the vertical scales of these spectra were not normalized.
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complexes.[25] In order to examine this possibility, two
freeze–pump–thaw cycles were carried out every 12 h to
remove any CO2 generated in the reaction of 1 with D2O.
This procedure, however, did not affect the H/D exchange
rate. Furthermore, when a solution of 2 in either D2O/
[D8]THF (1:1) or D2O/[D6]acetone (1:1) was kept under
CO2 (1 atm, room temperature) for more than a week, only
[D5]-2 was formed, but neither 1 nor any other complex
could be detected by 1H NMR spectroscopy. Consequently,
2 is not involved in the H/D exchange reaction in 1.

A direct proton transfer or a multistep mechanism? H/D
scrambling in 1 thus likely occurs via a s-methane inter-
mediate[26] prior to the loss of CO2. Two mechanistic routes
are possible for the formation of a s-CH4 intermediate in
aqueous solutions of 1. Intuitively, this intermediate could
be formed by either direct protonation at the methyl ligand
by the solvent or by protonation at the metal to form a
metal hydride followed by reductive coupling of the methyl
and hydride ligands. A less trivial, multistep mechanism
could involve the other ligands. To check whether these in-
tuitive options are possible, the reactivity of 1 in protic
media was compared with that of the isoelectronic ana-
logues 3–5. When complexes 3 and 4, in which the CO is re-
placed by an electron-withdrawing and an electron-donating

ligand, respectively, were heated at 55 8C for two days in
either D2O/[D8]THF (1:1) or D2O/[D6]acetone (1:1), H/D
exchange products were not detected. The tripyrazolylme-
thane (TpC) complex 5 is a cationic, isoelectronic analogue
of 1. Although cationic, electron-deficient complexes are ex-
pected to undergo slower protonation than their neutral an-
alogues, the H/D exchange in 5 was found to be much faster
than that in 1 under the same conditions (Figure 2). These
findings disfavor a mechanism of direct protonation/depro-
tonation at either the methyl ligand or the metal center.
Furthermore, they highlight the crucial role of the Tp and
CO ligands in the H/D exchange reaction.

Therefore, it is apparent that the observed H/D exchange
in 1 originates from a multistep mechanism. We propose a
mechanism that commences with a nucleophilic attack by
water on the carbonyl to give a hydroxycarbonyl complex, B
(Scheme 2). Electron-deficient metal carbonyls are known
to be susceptible to reversible nucleophilic attack by activat-
ed water, resulting in the formation of electron-rich metal
hydroxycarbonyls.[27–29] The reversible nature of similar reac-
tions was demonstrated by carbonyl oxygen exchange with
H2

18O.[27,28] The carbonyl in 1, especially in the h2-Tp form,
1b, observed by X-ray crystallography,[30] is electron-defi-
cient and thus nucleophilic attack is conceivable. Moreover,
the nitrogen atom of the pendant pyrazolyl ring is well situ-
ated to activate a water molecule for concerted attack on
the CO ligand, as shown in A. The structure of B is support-
ed by related reports[31,32] and by our previous observation
that 1 is quantitatively converted into 6 under acidic condi-
tions.[20]

Possible reaction pathways : Scheme 2 presents three possi-
ble pathways for the formation of a s-CH4 intermediate
from B. One could envision that B, which bears two acidic
protons, could lead to the s-methane complexes C or D via
transition state TS ACHTUNGTRENNUNG(B-C) or TS ACHTUNGTRENNUNG(B-D). Each transition state
features a weak interaction between the Pt�Me bond and
either the pyrazolium or the carboxy proton, respectively. In
addition, the oxidative addition product, E, could also be an

Figure 2. The 1H NMR spectra (300 MHz, 1:1 D2O/[D6]acetone) for H/D
exchange at the methyl ligand in 5, showing [D1]-5 and [D2]-5, with [D1]-
5 exhibiting a triplet (1:1:1) and [D2]-5 a quintet (1:2:3:2:1). Dd[D1]=d-
ACHTUNGTRENNUNG(CH3)�d ACHTUNGTRENNUNG(CDH2)=0.016 ppm; Dd[D2]=d ACHTUNGTRENNUNG(CH3)�d ACHTUNGTRENNUNG(CD2H)=0.031 ppm;
2JH,D=1.5 Hz; digital resolution=0.069 Hz/point. All complexes show
195Pt (natural abundance, 33.8%) satellite couplings. Complex 8 is
[(TpC)Pt(H)2CH3]OTf.
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intermediate on the way from B to C through two reversible
redox transformations.

It is hard to determine which route is preferred. In a
closely related theoretical study of the Shilov system, the de-
protonation of a PtII

ACHTUNGTRENNUNG(s-CH4) and its PtIVMe(H) isomer was
found to be competitive.[33,34] Furthermore, on the basis of
population analyses of stable PtIV complexes, it has been
suggested that both PtIV�H and PtIV�CH3 are best described
as covalent bonds,[35] indicating a higher energy barrier for
deprotonation of the Pt�H bond in E. On the other hand,
complexes B and E could represent the possible protonation
products of 1 in acidic aqueous solution. As protonations at
nitrogen and oxygen atoms are often kinetically favored
whereas metal protonation is thermodynamically favored,[36]

the routes represented by TS ACHTUNGTRENNUNG(B-C) and TS ACHTUNGTRENNUNG(B-D) could be
preferred over E. A more thermodynamically stable inter-
mediate E, relative to B, would result in a high activation
energy for the back reaction in a reversible process.

To gain a better understanding of the H/D exchange
mechanism in 1, we carried out the reaction at different
temperatures in the hope of detecting a reaction intermedi-
ate. Solutions of 13C-labeled 1 in either H2O/[D6]acetone
(1:1) or D2O/[D6]acetone (1:1) were kept at 20, 10, 0, and
�20 8C and monitored over a period of eight hours by
13C{1H} NMR spectroscopy.[24a] Remarkably, the 13CO2 signal
was observed in all of the reaction mixtures, including the
one at �20 8C in D2O/[D6]acetone. However, signals other
than those associated with 1 and 2 could not be detected.
The 1H NMR spectra of these mixtures, taken after the 13C
NMR monitoring period, showed small amounts of [D1]-1
and [D2]-1, particularly at the higher temperatures. Even at

�20 8C, a very weak 1:1:1 trip-
let corresponding to [D1]-1 was
detected. Our inability to ob-
serve stable intermediates,
such as E, might suggest that
H/D exchange might occur via
an intramolecular s-bond
metathesis mechanism,[34] as
described in TS ACHTUNGTRENNUNG(B-C) and TS-
ACHTUNGTRENNUNG(B-D). Nevertheless, the mech-
anistic route involving E
cannot be excluded.

The role of the uncoordinated
pyrazolyl nitrogen atom as a
proton carrier : The role of the
uncoordinated pyrazolyl ligand
in the H/D exchange in 1 was
revealed by the reactivity of
the cationic complexes 6 and 7,
in which the nitrogen atom of
the uncoordinated pyrazolyl
ring is unavailable as a free
base. When 6 was dissolved in
either D2O/[D8]THF (1:1) or
D2O/[D6]acetone (1:1), neither

H/D exchange at the methyl ligand nor methane liberation
could be observed by 1H NMR spectroscopy, even after
three months at room temperature. Only [D1]-6 and free
pyrazole were formed in these mixtures along with some
black precipitate. The same result was observed when 6 was
generated in situ from 1 and HBF4 (1.0–1.5 equiv). Likewise,
a very similar outcome was obtained when 7 was kept in
either D2O/[D6]acetone (1:1) or CD2Cl2 saturated with D2O
for a week.

It could be argued that H/D exchange does not occur in
complexes 6 and 7 because their carbonyl ligands are not
susceptible to nucleophilic attack by water. To examine this
issue, oxygen-exchange experiments with H2

18O were per-
formed. 13CO-labeled complexes, 1, 5, 6, and 7, were dis-
solved in H2

18O/[D6]acetone and the 18O isotope-induced
shift[37] in the 13C{1H} NMR spectra was monitored
(Figure 3). All four carbonyl complexes exhibited moderate-
to-slow oxygen exchange with H2

18O, thus indicating that
these complexes do indeed undergo nucleophilic attack by
water. In agreement with their higher electron deficien-
cies,[27–29] the cationic complexes 5, 6, and 7 exhibited much
faster oxygen exchange than 1 (relative rates: 1<5�6<7).

The observation that complexes 6 and 7 undergo oxygen
exchange with water, but neither H/D exchange at the
methyl group nor methane liberation indicates that their hy-
droxycarbonyl intermediates can be formed, but their s-
methane intermediates cannot. It has been demonstrated
that in the absence of a base, the equilibrium between metal
carbonyls and metal hydroxycarbonyls lies heavily towards
the former.[29] Accordingly, the above results can be inter-
preted in terms of a fast equilibrium between the carbonyls

Scheme 2. Possible routes for H/D exchange in 1.
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and hydroxycarbonyls with very low steady-state concentra-
tions of the latter, thus preventing the formation of the s-
methane intermediate. We suggest that the uncoordinated
pyrazolyl nitrogen atom in 1 and 5 serves as a base that sta-
bilizes the hydroxycarbonyl intermediate. This pyrazolyl ni-
trogen atom probably acts as a proton shuttle that takes a
proton from water, delivers it to the methyl group, and car-
ries out the reverse sequence, thus exhibiting dual function-
ality as both a base and an acid. These considerations make
the mechanistic route involving TS ACHTUNGTRENNUNG(B-D), which does not re-
quire the involvement of a free pyrazolyl ligand, less likely
than the one via TS ACHTUNGTRENNUNG(B-C).

The structure of the transition state TS ACHTUNGTRENNUNG(B-C), featuring a
zwitterionic, three-atom hydrogen-bonding N+�H···CH3�
PtII� moiety, is supported by the crystallographic data of a
zwitterionic platinum(II) complex reported by van Koten
and co-workers.[38] In that complex, a bridging proton was
found to point towards the middle of the Pt�Br bond, exhib-

iting a strong N+�H···Br�PtII� electrostatic interaction, with
the N�H bond being longer than usual (0.98 R).[38,39] This
three-atom hydrogen bond was also manifested by the lack
of spin–spin couplings between the proton and either the
15N or 195Pt nucleus. In marked contrast, such couplings are
observed in all zwitterionic PtII�···H�N+ complexes in which
the proton bridges only two atoms, platinum and nitrogen,
with the N�H bond length being 0.88 R.[39]

The high electron density in B could encourage proton
transfer from the pyrazolium site to the Pt�Me bond via TS-
ACHTUNGTRENNUNG(B-C). In contrast, an analogous transformation in electron-
deficient carbonyl complexes via TS ACHTUNGTRENNUNG(B-C)’ would be less fa-
vorable. Indeed, dissolving 1 in dry CD3CO2D to produce

[D1]-6 and keeping it for over three weeks at room tempera-
ture did not lead to any observable reaction by 1H NMR
spectroscopy, indicating that neither H/D exchange nor
methane liberation occurred under these conditions. This
observation is consistent with the notion that the Pt�Me
bond in 6 is too electron-deficient to be protonated. We also
conclude from this observation that even if formation of the
s-methane intermediate ever took place in 6 under these
conditions, H/D exchange would not occur because the pyr-
azolium nitrogen atom is no longer available as a base for
the deprotonation step. The efficient proton exchange be-
tween the uncoordinated pyrazolyl nitrogen atom and the
Pt�Me bond in 1 and 5 may reflect similar Lewis basicity of
these two sites. A similar proposal has been made for an
equilibrium between a metal hydride and its tautomer.[11]

NMR and ESI-MS evidence for the formation of a s-meth-
ane ligand in 5 : Experiments with the TpC complex 5 pro-
vided evidence for the existence of a s-methane intermedi-
ate during the H/D exchange reaction. Small amounts of
CH3D and CH2D2 were identified by 1H NMR spectroscopy
in a solution of 5 in D2O/[D6]acetone (1:1) (Figure 4). As
[(TpC)Pt(H)2CH3]OTf (8) (an analogue of 2), is also pro-
duced in aqueous solutions of 5 (the analogue of 1), we car-
ried out the same reaction with 8 at room temperature for
24 h, but no free methane could be observed in the mixture.
Clearly, the observed CH3D and CH2D2 resulted from the
reaction of 5 with D2O, but not from 8.

Moreover, ESI-MS revealed a new compound (m/z 472)
in the solution of 5 (m/z 452) in H2O/acetone (1:1 to 3:1)
(Figure 5). The mass of the new peak at m/z 472, the intensi-
ty of which increased with increasing water concentration in
the solvent, is consistent with the formula [(TpC)Pt ACHTUNGTRENNUNG(CO2H)-

Figure 3. 13C{1H} NMR spectra (75.5 MHz) showing 16O/18O exchange of
the carbonyl ligand of 1 and 6 (top) and 5 and 7 (bottom) in 0.8 mL
[D6]acetone and 100 mL of H2

18O. Dd=d ACHTUNGTRENNUNG(C16O)�d ACHTUNGTRENNUNG(C18O)=0.035–
0.038 ppm; pulse width=308 ; delay time, d1=0.5 s; number of transients,
ns=32; digital resolution=0.38 Hz/point, with a line broadening of
0.3 Hz. The signals due to 195Pt satellite couplings are not shown.

www.chemeurj.org F 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 2812 – 28232816

J. M. L. Martin, E. Keinan et al.

www.chemeurj.org


ACHTUNGTRENNUNG(H2O)]+ . We suggest that displacement of the s-methane
ligand in C’ by water (Scheme 3) results in the formation of
this aqua complex [(TpC)Pt ACHTUNGTRENNUNG(CO2H) ACHTUNGTRENNUNG(H2O)]+ .

Based on these experiments we conclude that a s-meth-
ane intermediate also exists in an aqueous solution of 1. In a
control experiment, saturating a solution of 1 in H2O/
[D8]THF (1:1) with CD4 did not lead to any detectable free
CH4 or its isotopologues even after two weeks at room tem-
perature. We thereby conclude that the s-methane ligand is
more tightly bound in 1 than in 5.

DFT mechanistic study : To better understand the exchange
mechanism, density functional theory (DFT) calculations
were performed on the system at a number of levels of
theory. The data in Table 1 allows comparison of the results
obtained at each level. For the purposes of the following dis-
cussion, the COSMO ACHTUNGTRENNUNG(H2O)-PW6B95/SDB-cc-pVTZ//
PW6B95/SDD results are considered although the other
levels yield similar conclusions (see Table 1). The PW6B95
results were chosen for the discussion since a recent study
showed that this functional, of all those tested, was the most
reliable for calculations involving transition-metal com-
plexes and associated reaction barriers.[40] Figure 6 depicts
the structures of all the calculated complexes and Figure 7
illustrates the energy profiles of the proposed pathways
shown in Scheme 2 and Scheme 4 below. (The reaction pro-
files at the other levels of theory are included in the Sup-
porting Information.) Based on the results presented in
Table 1, Figure 7, and the Supporting Information, one notes
that one would make similar conclusions with the other
functionals.

These calculations show that complex 1 prefers the h2-Tp
mode, 1b, over the h3-Tp mode, 1a, by DG298=

5.2 kcalmol�1. It is known that PtII complexes generally
prefer 16-electron square-planar over 18-electron pentacoor-
dinate complexes, and this geometric preference is support-
ed by an X-ray crystallographic study.[30] A water-coordina-
tion complex A was found in which a water molecule is hy-
drogen-bonded to the free pyrazolyl nitrogen atom. The for-
mation of this complex is endergonic. Activation of the O�
H bond in water via TS ACHTUNGTRENNUNG(A-B1) involves an overall barrier of
DG

�

298=24.7 kcalmol�1, leading to complex B1 with an
N···H�O hydrogen bond. Two other similar complexes were
found and all three are of a similar energy. In complex B2

the COOH moiety is rotated and in complex B3 the hydro-
gen bridges the pyrazolyl nitrogen atom and the platinum
center. Such a complex is not unprecedented and resembles
a zwitterionic PtII�···H�N+ moiety, observed by NMR and
X-ray crystallography to have a proton bridging the plati-

num and nitrogen centers.[38] A
similar complex has an NH
proton directed towards the
middle of a Pt�Br bond (vide
supra).[38] The barriers to the
interconversions of B1, B2, and
B3 are not expected to be sig-
nificant, especially in a protic
solvent.

The key mechanistic ques-
tion is which of the three H/D

Figure 4. 1H NMR spectra (300 MHz, D2O/[D6]acetone, 1:1) of 5 exhibit-
ing CDH3 and CD2H2 as a 1:1:1 triplet and a 1:2:3:2:1 quintet, respective-
ly. Dd[D1]=d ACHTUNGTRENNUNG(CH4)�d ACHTUNGTRENNUNG(CDH3)=0.015 ppm; Dd[D2]=d ACHTUNGTRENNUNG(CH4)�d-
ACHTUNGTRENNUNG(CD2H2)=0.031 ppm; 2JHD=2.0 Hz. The observed trace amounts of CH4

could result from residual DHO present in D2O.

Figure 5. ESI-MS spectrum of 5 in H2O/acetone (1:1 �3:1), along with a
computer simulated isotope distribution pattern (inset) of [(TpC)Pt-
ACHTUNGTRENNUNG(CO2H) ACHTUNGTRENNUNG(H2O)]+ (8). The mass spectrometer was set to detect positively
charged mass ions.

Scheme 3.
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exchange pathways discussed
above is the most plausible.
Calculations show that the bar-
rier to proton transfer from the
pyrazolyl nitrogen atom to the
methyl group, TS ACHTUNGTRENNUNG(B3-C1), is
DG

�

298=29.8 kcalmol�1, and this
step has a reaction energy of
DG298=14.5 kcalmol�1. The
barrier to TS ACHTUNGTRENNUNG(B2-D), in which
the proton is transferred from
the carboxy group, is slightly
higher (DG

�

298=30.7 kcalmol�1).
The third potential pathway is
an oxidative addition/reductive
elimination route from B3 via
E1 to C2 (which differs from C1

in the orientation of COOH).
This route entails two barriers,
TS ACHTUNGTRENNUNG(B3-E1) with DG

�

298=

27.2 kcalmol�1 and TS ACHTUNGTRENNUNG(E1-C2)
with DG

�

298=23.8 kcalmol�1.
The reaction was carried out

in a protic medium (i.e. , water),
and thus participation of a
second water molecule in the
H/D scrambling process is also
possible. Complexes B3+H2O
and C1+H2O were optimized,
along with the associated transi-
tion state. Although the addi-
tional water molecule some-
what destabilizes complexes B3

and C1, the overall barrier
height does not change signifi-
cantly.

Regardless of by which path-
way the reaction proceeds, the
effective barrier to the reaction
would be the relative energy of
the highest transition state. TS-
ACHTUNGTRENNUNG(B3-E1) and TS ACHTUNGTRENNUNG(E1-C2) are
clearly lower than any of the
single-step reactions. It is thus
reasonable to assume that the
s-methane complex is generat-
ed via a two-step oxidative ad-
dition/reductive elimination
mechanism rather than a con-
certed proton transfer. From
our previous work on H/D ex-
change in 2,[22] we know that
the barrier for the rotation of
coordinated methane is on the
order of a few kcalmol�1, which
is less than the reverse barrier
from C2 (DG

�

298=8.1 kcalmol�1),

Figure 6. Calculated structures (PW6B95/SDD) of the intermediates and transition states involved in H/D ex-
change in 1 and its conversion into 2. Note that in A, the second hydrogen of the water molecule is obscured
by the oxygen atom. (Color code: C: brown; H: white; Pt: orange; N: blue; O: red; B: purple.)
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thereby allowing for H/D exchange via the s-methane com-
plex. Likewise, methane loss from any of the s-methane

complexes is unlikely for similar
reasons as methane loss from 2
is not observed, specifically the
rigidity of the Tp ligand and the
resulting high energy prod-
ucts.[22]

In addition to H/D scram-
bling, complex 1 also reacts
with water to give 2. One plau-
sible route would be the loss of
CO2 from D to give complex G
and subsequent protonation of
the platinum center by the pro-
tonated pyrazolyl ring yielding
complex 2 (Scheme 4). 13CO2

was observed in the 13C{1H}
NMR spectra recorded during
the reaction of 13CO-labelled
1.[20] Although this was found to
be a downhill process, the large
barrier to TS ACHTUNGTRENNUNG(B2-D) precludes
this route. However, complex G
can also be reached starting
from E1. Initial rotation of the
COOH ligand gives complex
E2 ; this step is nearly isergonic.

Here, the pyrazolyl ring can dissociate and deprotonate the
COOH ligand to give the CO2 complex F. Loss of CO2 from

Table 1. Computed relative energies [kcalmol�1] for all the complexes in the DFT study at different levels of theory.[a] Unless indicated otherwise, all en-
ergies were calculated using the PW6B95/SDD geometries and the SDB-cc-pVTZ basis set, and include bulk solvent affects (COSMO).

Geometry PW6B95 B1B95 PBE0 BMK//
BMK[b]

BMK/
DZ[b,c]

B971//
BMK[b]

t-HCTHh/DZ//
BMK[b,c]

mPW1K/
DZ[c,d]

B97-1/DZ//
mPW1K[c,d]

1a 5.2 4.8 4.5 4.6 3.9 4.7 2.4 4.0 4.0
1b 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
A 5.4 7.4 6.1 6.0 3.4 6.1 2.7 6.0 4.5
TS ACHTUNGTRENNUNG(A-B1) 24.7 25.9 22.4 25.5 19.2 23.1 14.1 19.5 18.3
B1 12.0 13.2 10.3 13.5 7.9 13.1 5.4 5.1 6.5
B2 9.9 10.8 7.8 11.8 6.4 11.6 3.9 1.9 4.1
B3 8.3 9.2 5.0 10.2 4.8 8.8 1.0 1.8 2.9
B3+H2O 13.5 17.6 12.8 15.7 6.2 15.1 3.0 NR[e] NR
TS ACHTUNGTRENNUNG(B3-C1) 38.1 38.3 34.7 41.6 35.5 33.1 32.2 33.4 34.2
TS ACHTUNGTRENNUNG(B3+C1)+H2O 38.5 40.6 33.9 41.3 29.9 39.8 24.7 NR NR
TS ACHTUNGTRENNUNG(B2-D) 40.6 41.1 38.0 43.6 38.6 43.1 33.8 39.8 39.8
TS ACHTUNGTRENNUNG(B3-E1) 35.6 36.4 33.0 32.9 25.9 34.1 25.3 27.5 25.9
TS ACHTUNGTRENNUNG(B2-F’) 44.3 44.5 40.2 47.2 NR NR NR NR NR
C1 22.8 24.3 22.4 22.8 18.0 25.3 19.3 17.1 19.1
C2 23.4 24.9 23.1 23.9 19.1 26.3 20.3 17.4 19.3
C1+H2O 29.4 32.7 28.4 31.5 22.4 32.8 21.6 NR NR
D 18.0 19.3 17.3 20.8 16.0 21.6 14.6 16.1 17.8
E1 7.7 8.2 4.8 4.0 �2.5 9.8 �0.5 �0.6 1.1
E2 8.8 9.2 6.0 5.2 �1.0 10.7 0.7 3.0 4.6
TS ACHTUNGTRENNUNG(E1-C2) 31.5 32.0 28.8 31.8 25.3 32.4 23.2 24.0 25.5
F 30.1 30.9 26.7 30.8 24.8 31.1 20.4 24.3 21.1
F’ 16.8 18.1 13.1 14.1 NR NR NR NR NR
G 1.3 1.0 �0.1 5.2 0.7 1.8 �5.8 �2.5 �4.4
TS ACHTUNGTRENNUNG(G-2) 13.4 13.1 12.8 11.1 6.4 12.3 5.9 14.1 10.4
2 �4.9 �5.0 �5.3 �7.6 �12.9 �3.5 �12.8 �10.0 �10.8

[a] Energies measured relative to 1b as zero reference. [b] The BMK/SDD geometries were employed in the energy calculations. [c] The SDB-cc-pVDZ
basis set was employed in the energy calculations. [d] The mPW1K/SDD geometries were employed in the energy calculations. [e] Calculations not car-
ried out.

Figure 7. Reaction profiles (DG298 [kcalmol�1], COSMO ACHTUNGTRENNUNG(H2O)-PW6B95/SDB-cc-pVTZ//PW6B95/SDD) of the
different possible reaction profiles for H/D scrambling in 1 and its conversion into 2. (Color key: black, mech-
anism common to all possible profiles; green, H/D exchange via C1; blue, H/D exchange via D and conversion
into 2 ; maroon, H/D exchange via C1 assisted by H2O; red, H/D exchange via E1 and C2 ; pink, formation of 2
via E1 and F ; purple, formation of 2 by direct deprotonation of the COOH moiety).
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F is easy and gives complex G. This is a highly exergonic
step and only a small barrier (TS ACHTUNGTRENNUNG(G-2), DG

�

298=12.1 kcal
mol�1) separates G from 2. The barrier to the formation of 2
equates to the overall reaction energy going from E1 to F
and is DG

�

298=22.4 kcalmol�1.
Complex E1 turns out to be the linchpin in the overall

scheme. From here, there are three possible reactions: 1) C�
H reductive coupling to give the s-methane complex C2 ;
2) N�H reductive elimination to return to the starting mate-
rials 1+H2O; 3) CO2 deprotonation. The first two are in-
volved in the H/D exchange process while the last leads to
the product 2. The barriers from E1 for these three reactions
are DG

�

298=23.8, 27.8 and 22.4 kcalmol�1, respectively. These
values are far too close to make any definitive statements
regarding their relative magnitudes, especially considering
the error bars of 3–5 kcalmol�1 that even the best DFT
method would have. Moreover, a difference of about
1.4 kcalmol�1 in barrier height would lead to a difference in
reaction rate of one order of magnitude. Nonetheless, the
three barriers of similar height explain both the H/D ex-
change in 1 and the slower conversion of 1 into 2.

Conclusions

The H/D exchange reaction between 1 and D2O was found
to involve the formation and deprotonation of a sticky s-
methane ligand. Theoretical calculations support such a
premise. The efficiency of this nontrivial process can be at-
tributed to the spatial organization of functional groups that
operate in concert to activate a water molecule and then
achieve a multistep proton walk from water to the uncoordi-
nated pyrazolyl nitrogen atom, to the platinum�methyl
bond, and then back again to water by the reverse route.

There are some parallels between the mechanisms of the
complexes studied here and Nature s catalytic triad in serine
proteases.[1] The spatial orientation of the ligands in complex
1 is important in directing the attack of water on the carbon-
yl and in transporting the proton around the molecule. The
critical role played by the free pyrazolyl nitrogen atom,
acting as both base and acid, resembles the dual functionali-
ty of the histidine residue in the catalytic triad of natural
serine proteases. This machinery highlights the opportunities
emerging for the use of biological concepts and strategies in
organometallic catalysis. It also underscores the growing evi-

dence that proton transfer processes in aqueous organome-
tallic complexes play crucial roles in biology[41] and medi-
cine.[42]

Experimental Section

General methods : Unless otherwise specified NMR spectra were record-
ed at room temperature on either a Varian Mercury-300, a Bruker DRX-
500 or a Bruker DRX-600 spectrometer. The 1H and 13C NMR signals
are reported in ppm downfield from tetramethylsilane and referenced to
residual solvent resonances (1H NMR: d=5.32 ppm for CD2Cl2, 4.67 ppm
for D2O/[D8]THF (1:1) and D2O/[D6]acetone (1:1), 3.30 ppm for CD3OD,
2.04 ppm for [D6]acetone; 13C NMR: d=53.8 ppm for CD2Cl2, 29.8 ppm
for D2O/[D6]acetone (1:1)); the chemical shifts are followed in parenthe-
ses by multiplicity, coupling constants, J, in hertz and integration. Radial
chromatography was carried out with a Harrison Research Chromatotron
under argon using silica gel plates that were prewashed with deoxygenat-
ed eluent saturated with D2O. Removal of the small amount of protio-
water from the eluting solvent (up to 500 mL) was carried out by extrac-
tion with D2O (99.9% D, 3T5 mL). The resulting eluent was further satu-
rated with 5 mL of D2O during the chromatographic separation. Electro-
spray mass spectra (ESI-MS) were acquired on a Finnigan LCQ ion-trap
mass spectrometer. GC–MS analyses were obtained on a Hewlett-Pack-
ard 5971A spectrometer with an electron ionization source. All reactions
were conducted in J. Young NMR tubes with resealable Teflon caps. The
tubes were pre-silylated with 1,1,1,3,3,3-hexamethyldisilazane and flame-
dried under vacuum to avoid any acid-catalyzed hydrophilic reactions.
Unless otherwise noted, all manipulations were performed by a combina-
tion of standard Schlenk and vacuum-line techniques.[43]

Materials : All deuteriated solvents were purchased from Cambridge Iso-
tope Laboratories and were deoxygenated by bubbling argon through
commercially supplied containers. Labeled water, 95.2 at% 18O, was pur-
chased from Rotem Industries, Israel. [13C]Carbon monoxide (99 at%
13C, 99.93 at% 16O) was purchased from Isotec. [D4]Methane (99 at% D)
was purchased from Cambridge Isotope Laboratories. For H/D and
16O/18O exchange reactions, [D6]acetone, [D8]THF, CD2Cl2, and
CD3CO2D were dried according to published procedures[44] and vacuum-
transferred prior to use. Sephadex LH-20 (Fluka) was used to separate
charged species. Tetramethylammonium triflate (Me4NOTf),[45] which
was used as an internal standard in NMR reactions, and compounds 1,[46]

3,[47] 4,[21] 5,[48] and 6[20] were prepared according to literature methods.

Synthesis of 7: Complex 1 (122.3 mg, 0.271 mmol) was placed in a
Schlenk flask and vacuum-line techniques were followed. Under a posi-
tive argon pressure, Me3OBF4 (40.1 mg, 0.271 mmol) was added to the re-
action flask and Schlenk techniques were performed briefly. CH2Cl2
(10 mL, dried over CaH2) was then added through a cannula and a clear
solution resulted within 5 min. The reaction was stirred at room tempera-
ture for 6 h under argon. Any insoluble species were then filtered off
through a glass-fritted funnel using a cannula under vacuum and dry
CH2Cl2 (5 mL) was used to rinse the reaction flask and the filter funnel.
The solvent of the combined filtrate was removed under vacuum and the
solid residue was further dried over P2O5 in vacuo to give 7 as a white
foamy solid in a quantitative yield (162.0 mg). This complex is somewhat
moisture-sensitive and should be stored in a gas-tight desiccator.
1H NMR (CD2Cl2): d=8.11 (d, J=2.4 Hz, 1H), 8.10 (d, J=2.3 Hz, 1H),
8.06 (d, J=2.7 Hz, 1H), 7.93 (d, J=2.4 Hz, 1H; JPt,H=16.8), 7.86 (d, J=
2.1 Hz, 1H; JPt,H=10.2), 7.35 (d, J=2.7 Hz, 1H), 6.64 (t, J=2.4 Hz, 1H),
6.62 (t, J=3.0 Hz, 1H), 6.60 (t, J=2.4 Hz, 1H), 3.92 (s, 3H), 1.10 ppm (s,
2JPt,H=70.2 Hz, 3H). 1H NMR ([D6]acetone): d=8.44 (d, J=2.7 Hz, 1H),
8.32 (d, J=2.4 Hz, 1H), 8.30 (d, J=2.1 Hz, 1H), 8.20 (d, J=2.4 Hz, 1H;
JPt,H=12.0), 8.14 (d, J=2.4 Hz, 1H; JPt,H=17.8), 7.72 (d, J=3.3 Hz, 1H),
6.74 (t, J=3.0 Hz, 1H), 6.72 (t, J=2.7 Hz, 1H), 6.66 (t, J=2.4 Hz, 1H),
4.00 (s, 3H), 1.04 ppm (s, 2JPt,H=70.5 Hz, 3H); 13C NMR (CD2Cl2,
75.5 MHz): d=163.34 (JPt,C=1911.6 Hz, CO), 145.24 (JPt,C=35.3 Hz),
143.17 (JPt,C=67.3 Hz), 141.04 (JPt,C=28.2 Hz), 139.51, 139.10 (JPt,C=

Scheme 4.
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31.7 Hz), 138.85, 108.62 (JPt,C=19.6 Hz), 108.28 (JPt,C=42.1 Hz), 107.61,
38.88 (N-CH3), �16.87 ppm (JPt,C=527.1 Hz, Pt,CH3).

Synthesis of 8 : The same procedure described previously for the forma-
tion of 2 from 1 was followed to generate 8 from 5.[20] The title complex
was isolated by Sephadex LH-20 column chromatography (CD3OD/
CH2Cl2 1:2) as an off-white solid in around 60% yield (purity estimated
to be 90%).
1H NMR (D2O/[D6]acetone 1:1): d=9.97 (s, 1H), 8.65 (d, J=3.0 Hz,
2H), 8.63 (d, J=3.3 Hz, 1H), 8.28 (d, J=2.4 Hz, 2H), 8.16 (d, J=2.2 Hz,
1H), 6.82 (t, J=2.4 Hz, 2H), 6.77 (t, J=2.4 Hz, 1H), 1.31 (s, 2JPt,H=

67.2 Hz, 3H), �18.50 ppm (s, 1JPt,H=1275.6).

Synthesis of 13CO-labeled carbonyl complexes 1, 5, 6, and 7: The proce-
dures previously described for the synthesis of the 12C analogues were
followed, but with 13C-labeled CO instead of the unlabeled gas.

H/D exchange in complexes 1 and 5

Complex 1: In a typical experiment, a J. Young NMR tube was charged
with 1 (6.8 mg, 0.015 mmol) and an internal standard (Me4NOTf, 0.4 mg)
and Schlenk techniques were applied to deoxygenate the solid mixture.
The deuteriated solvent (0.8 mL), either D2O/[D8]THF (1:1) or D2O/
[D6]acetone (1:1), was added under argon and the resulting solution was
further deoxygenated by two freeze–pump–thaw cycles. The reaction
mixture was then kept at room temperature under subdued light, and the
progress of the reaction was monitored by 1H NMR spectroscopy. The re-
action rate in D2O/[D8]THF or in D2O/[D6]acetone was found to be quite
similar. However, the solubility of product 2 in D2O/[D6]acetone (1:1)
was only moderate and an appreciable amount of 2 in its crystalline form
built up on the wall of NMR tubes. The crystalline 2 was analytically
pure, as verified by 1H NMR spectroscopy. During the course of the reac-
tion (up to 14 days), additional methyl signals associated with [D1]-1 and
[D2]-1, along with 2 and isotopologues of 2, appeared in the NMR spec-
trum, while all other proton signals of 1 remained unchanged. Complete
deuteriation of the methyl ligand in 1, as verified by 1H NMR spectrosco-
py, was achieved by putting the above NMR tube in an oil-bath at 60 8C
for 30–60 min. The resulting mixture was then subjected to radial chro-
matography on a Chromatotron (SiO2, 1 mm, hexane/ethyl acetate (5:2),
presaturated with D2O) under argon to give [D3]-1 in 25% yield. By
using H2O instead of D2O under the above-described conditions, complex
[D1]-1 reverted back to 1.

H/D exchange reaction of 1 at 55–60 8C : The reaction was conducted in
D2O/[D8]THF (1:1) and followed by 1H NMR spectroscopy. When the H/
D exchange reaction of 1 was carried out in an oil-bath at 55–60 8C, a
dramatic decrease in integration along with signal distortion in the
methyl region was observed within 8 h in the 1H NMR spectrum of the
reaction mixture and the above-stated signals had disappeared complete-
ly after 24 h. The same isotopologues as described above were identified
during the reaction course, but no methane liberation, or that of its isoto-
pologues, could be detected in the NMR spectra. The combined molar
ratio of 2 and its isotopologues became dominant within 4 h, as deter-
mined by the signals associated with the Tp ligand of 1 and that of 2, re-
spectively. The combined molar ratio of 1 and [D1]1/[D2]1, which contain
detectable methyl protons, decreased over time compared to that of [D3]-
1, as determined by the corresponding integrations of the Tp and residual
methyl signals in 1.

H/D exchange reactions of 1 at low temperatures : The reactions were
conducted in H2O/[D6]acetone (1:1, 0.8 mL) and D2O/[D6]acetone (1:1,
0.8 mL) with 13C-labeled complex 1 (20.5 mg, 0.045 mmol) in NMR
probes directly and were followed by 13C{1H} NMR spectroscopy for 8 h.
In attempts to observe reaction intermediates during the exchange pro-
cess, the reactions were monitored at 20, 10, 0, and �20 8C, respectively,
and the 13C{1H} NMR spectra were measured on a Bruker DRX-600
spectrometer using a 30o pulse width, a delay time (d1) of 0.5 s, a transi-
ent number (nt) of 256, and a spectral window of up to 250 ppm. In each
reaction, signals associated with the 13C-carbonyl in 1 and 13CO2 were ob-
served. Even at �20 8C in D2O/[D6]acetone (1:1), a trace amount of
13CO2 was detected within 2 h. Other signals corresponding to starting
material 1 and product 2 were observed and could be clearly identified
when a greater number of transients (nt) was used. No other signals,

either between 120 and 200 ppm or in other regions, could be detected in
the 13C{1H} NMR spectra of the reaction mixtures.

After the above-stated 13C{1H} NMR monitoring period, a 1H NMR spec-
trum was recorded for each reaction conducted in D2O/[D6]acetone (1:1).
Small amounts of [D1]-1/[D1]-2 were observed for reactions at 0–20 8C
and the concentrations of 2 and the deuterium-containing isomers of 1
and 2 decreased at lower temperatures. Although the associated signals
were weak at lower temperatures, the splitting patterns in most cases
could be identified unambiguously and the corresponding chemical shifts
matched well the isotope-induced shifts. Note that even at �20 8C, a very
weak 1:1:1 triplet, corresponding to [D1]-1, was detected.

Complex 5: The same procedure as described above for the H/D ex-
change reactions of complex 1 was followed. H/D exchange at the methyl
group was complete in less than two days. H/D exchange rate in 5 was
much faster than in 1. Likewise, complex 5 reacted faster with water than
1 to give the corresponding dihydridomethylplatinum(IV) complex.
Therefore, the rate of actual deuterium incorporation into the methyl
group in 1 and 5 was not determined as a result of this competing path-
way. A qualitative rate ratio for H/D exchange, based on initial rate mea-
surement by ESI-MS, was found to be over seven-fold greater in 5 than
in 1. Sephadex LH-20 (CD3OD/CH2Cl2 (1:2), dried) was used to isolate
[D3]-5 under argon and subdued light. However, owing to chromato-
graphical difficulties, [D3]-5 was isolated in �85% purity based on signal
integration of the 1H NMR spectrum (yield undetermined). No further
purification was performed. The isolated [D3]5 reverted back to 5 on
treatment as described above for complex [D3]-1.

During the H/D exchange process in 5, small amounts of CDH3 and
CD2H2, as well as a trace amount of CH4, were detected. The resulting
organometallic complex derived from the loss of methane was not char-
acterized. However, its corresponding protio-complex was identified in
the ESI-MS spectrum (1:1 to 3:1 H2O/acetone) and was consistent with
the formula of [(TpC)Pt ACHTUNGTRENNUNG(H2O)ACHTUNGTRENNUNG(CO2H)]+ , as verified by the computer
simulation of the isotope distribution pattern. Efforts to unambiguously
identify the deuterium-incorporated mass-ion peak in D2O/[D6]acetone
(1:1–3:1) were not successful, probably because the concentration of the
corresponding deuteriated isomer, [(TpC)Pt ACHTUNGTRENNUNG(D2O) ACHTUNGTRENNUNG(CO2D)]+ , was too low
in D2O/[D6]acetone compared with that in H2O/acetone as a result of iso-
tope effects. This latter assumption is likely, especially in light of the fact
that nucleophilic attack at the carbonyl carbon by H2

18O was reported to
be a factor of 4.5 faster than that by D2

18O.[49]

H/D exchange in complexes 3, 4, 6, and 7

Complexes 3 and 4 : The same procedure as described above for complex
1 was followed. The resulting samples were then placed in an oil-bath at
55–60 8C for two days and the progress of the reactions was monitored by
1H NMR spectroscopy. No detectable change was observed in the methyl
signal.

Complex 6 : The same procedure as described above for complex 1 was
followed. A solution of 6 in D2O/[D6]acetone (1:1) was monitored by 1H
NMR spectroscopy at room temperature for more than three months
under subdued light. No H/D exchange of the methyl ligand was ob-
served. The only change was the appearance of free pyrazole along with
a black precipitate containing metallic platinum. The molar ratio of un-
reacted 6 to pyrazole was 1:3 after 3 months. The presence of pyrazole in
the mixture was confirmed by addition of a small amount of an authentic
sample of pyrazole to the mixture. The same results were obtained when
complex 6 was generated in situ from 1 and HBF4·Et2O (1.5 equiv). Like-
wise, when the reaction of 1 with dry CD3CO2D was monitored by 1H
NMR spectroscopy, no H/D exchange at the methyl group or methane
signal was observed over 3 weeks at room temperature, although trace
amounts of free pyrazole were detected.

Complex 7: The same procedure as described above for complex 1 was
followed. No H/D exchange at the methyl group or methane liberation
was detected in D2O/[D6]acetone (1:1) or in CD2Cl2 (saturated with
D2O) prior to the complete decomposition of 7 (up to 1 week). Similar to
the results observed with 6, a B�N bond cleavage product was obtained,
resulting in the formation of N-methylpyrazole. The identity of this latter
was confirmed by GC-MS. Other decomposition products were not char-
acterized.
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16O/18O exchange in 13CO-labeled complexes 1, 5, 6, and 7: Using com-
plex 1 as an example, a J. Young NMR tube was charged with 13C-labeled
1 (15.8 mg, 0.035 mmol) and Schlenk techniques were applied to deoxy-
genate the solid. Under argon, [D6]acetone (0.8 mL) was added, followed
by H2

18O (100 mL, 5.0 mmol). The resulting mixture was further deoxy-
genated by two freeze–pump–thaw cycles and the NMR tube was then
immediately placed in a methanol/dry-ice bath prior to NMR measure-
ment. The progress of the reaction was monitored by 13C NMR spectros-
copy at room temperature using a 308 pulse width and a delay time (d1)
of 0.5 s with the number of transients (nt) set to 32. Owing to other com-
peting reactions, such as CO2 elimination to produce [TpPtIV(H)2Me] (in
the case of 1) and B�N bond cleavage to produce free pyrazole (in the
case of 6), only relative rates are provided.

Methane ligand exchange reaction in 1: The same procedure as described
above for complex 1 was followed. CD4 (200 mL) was bubbled for 1 min
into a solution of 1 (6.8 mg, 0.015 mmol) in H2O/[D8]THF (1:1, 0.8 mL)
and the reaction was monitored by 1H NMR spectroscopy, in which a
water presaturation program was used. Neither signals associated with
free CH4 and its isotopomers nor deuterium incorporation into the
methyl group in 1 could be detected after 2 weeks at room temperature.

Digital resolution for 1H and 13C NMR spectra in isotope exchange reac-
tions : The isotope exchange reactions were monitored with a Varian
NMR spectrometer for which digital resolution is defined as sw/ ACHTUNGTRENNUNG(fn/2),
where sw is the sweep width and fn the processing data points. For H/D
exchange reactions, a digital resolution of 0.069 Hz per data point along
a line broadening of 0.2 Hz was applied to the 1H FIDs. For 16O/18O ex-
change reactions, a digital resolution of 0.38 Hz per data point along a
line broadening of 0.3 Hz was applied to the 13C FIDs.

Computational details : All calculations were carried out using a locally
modified version of Gaussian 03, Revision C.01.[50] The modifications in-
clude the implementation of new functionals (PW6B95, BMK, and t-
HCTH) and the patch from the research group of Prof. D. Truhlar (Uni-
versity of Minnesota) to the bb95.f that circumvents numerical “0/0”
errors.[51] A number of exchange-correlation (XC) functionals were em-
ployed. A recent study has shown that for reactions involving late transi-
tion metals, the most recommended functional, of the long list tested,
was PW6B95, closely followed by PBE0 and B1B95.[40] PW6B95 is a par-
ametrization by Zhao and Truhlar[52] that involves the modified Perdew–
Wang exchange functional with Becke s B95 correlation functional; it is
classified as a hybrid meta-GGA functional. Other functionals were also
used to evaluate the reaction pathway. PBE0 (also known as PBE1PBE)
is the hybrid variant, incorporating 25% HF exchange, of the Perdew–
Burke–Ernzerhof nonempirical GGA functional.[53] B1B95 combines
Becke s GGA exchange functional, 28% HF exchange, and the Becke-95
meta-GGA correlation functional.[54] The Boese–Martin XC functional
for kinetics (BMK), a hybrid meta-GGA functional that was developed,
in part, by one of the authors for use in studying chemical reactions, was
used.[55] Although it has been shown to have exceptional performance for
main-group properties and barrier heights (a traditional deficiency of
DFT[56,57]), its accuracy for reactions involving transition-metal complexes
was less than stellar;[40] nonetheless, it was applied to the reaction system
of interest. mPW1K,[58] a high-percentage HF hybrid functional exten-
sively employed in our previous studies, t-HCTH,[59] and B97-1[60] were
also employed.

With these functionals, three basis set–RECP (relativistic effective core
potential) combinations were used. The first, denoted SDD, is the combi-
nation of the Huzinaga–Dunning double-z basis set used for lighter ele-
ments and the Stuttgart–Dresden basis set–RECP combination[61] for
transition metals. The second, denoted SDB-cc-pVTZ, combines the
Dunning cc-pVTZ basis set[62] for the main-group elements and the Stutt-
gart-Dresden basis set–RECP for transition metals with two f- and one g-
type polarization functions taken from the appendix to reference [63].
Geometry optimizations were carried out using the former basis set
whereas the energetics of the reaction were calculated on these geome-
tries with the latter basis set; this level of theory is conventionally denot-
ed as PW6B95/SDB-cc-pVTZ// PW6B95/SDD. Bulk solvent (water) ef-
fects were approximated by PW6B95/SDB-cc-pVTZ single-point energy
calculations using the conductor screening model (COSMO).[64,65] The

identities of the transition states were confirmed by performing intrinsic
reaction coordinate (IRC) calculations.[66–68] In certain cases, energies
were computed using the SDB-cc-pVDZ basis set. This is similar to its
triple-z counterpart, but involves the use of the cc-pVDZ basis set for
the main-group elements and the SDD basis set–RECP for the transition
metals supplemented by a 1f polarization function taken as the average
of the two f functions in the TZ variant.
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