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The Role of Solvent on the Mechanism of Proton Transfer to Hydride
Complexes: The Case of the [W;PdS,H;(dmpe);(CO)]" Cubane Cluster

Andrés G. Algarra,””! Manuel G. Basallote,** Marta Feliz,"”
M. Jesiis Fernandez-Trujillo,””! Rosa Llusar,*" and Vicent S. Safont+™

Abstract: The kinetics of reaction of
the [W5PdS,H;(dmpe);(CO)]* hydride
cluster (1*) with HCI has been mea-
sured in dichloromethane, and a
second-order dependence with respect
to the acid is found for the initial step.
In the presence of added BF,” the
second-order dependence is main-
tained, but there is a deceleration that
becomes more evident as the acid con-

allel first- and second-order pathways
in which the coordinated hydride inter-
acts with one and two acid molecules,
and ion pairing to BF,” hinders forma-
tion of dihydrogen bonded adducts
able to evolve to the products of
proton transfer. Additional DFT calcu-
lations are reported to understand the
behavior of the cluster in neat acetoni-
trile and acetonitrile-water mixtures.

The interaction of the HCl molecule
with CH;CN is stronger than the W—
H--HCl dihydrogen bond and so the
reaction pathways operating in di-
chloromethane become inefficient, in
agreement with the lack of reaction be-
tween 17 and HCI in neat acetonitrile.
However, the attacking species in ace-
tonitrile-water mixtures is the solvated
proton, and DFT calculations indicate

centration increases. DFT calculations
indicate that these results can be ra-
tionalized on the basis of the mecha-
nism previously proposed for the same
reaction of the closely related [W,S,H;-
(dmpe);]* cluster, which involves par-

ladium -
fides

Introduction

Protonation of transition-metal hydrides plays an important
role in the study of catalytic ionic hydrogenation and reduc-
tion of H* to H,, as well as for understanding the mecha-
nism of biological systems as hydrogenases.'”! Many studies
carried out during the last decade focused on the proton
transfer mechanism between transition-metal hydrides and
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that the reaction can then go through
pathways involving solvent attack to
the W centers, while still maintaining
the coordinated hydride, which is made
possible by the capability of the cluster
to undergo structural changes in its core.

compounds

kinetics - sul-

acids to give dihydrogen complexes.** Therefore, it has
been shown that protonation of a transition-metal hydride is
a formally simple process between a proton donor and a
proton acceptor with several potential basic centers: the hy-
dride, the metal and a basic ligand X.11 Most of the informa-
tion available to date indicates that attack occurs preferen-
tially at the coordinated hydride and leads to formation of a
dihydrogen complex [Eq. (1) ], which can be stable or re-
lease H, in a subsequent step. The reaction steps and the po-
sition of the equilibrium of the proton-transfer reaction rep-
resented in Equation (1) depends on the relative acidity and
basicity of interacting molecules and on the interaction with
counterions,”*! or the solvent.”’) Theoretical and experimen-
tal investigations support the surrounding medium influence
on the potential energy surface (PES) of the reaction mech-
anism. !

[L,M-H]+HX = [LMH,)|" +X = [LM]"+H, + X"
1)

Processes like that in Equation (1) for cluster hydrides
with (Wy(u-Q)(1-Q)s) (Q=S, Se) and {W:Pd(u-S),} core
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units have been widely investigated in our research group,
motivated by the relevance of these cubane-type structures
as models for several biological and industrial catalytic pro-
cesses.'™!! These investigations revealed the role of the sol-
vent and counterion in the kinetics and mechanism of the
proton-transfer reaction. Thus, the protonation of the hy-
dride cubane-type cluster [W;Q.H;(dmpe);]* (Q=S, Se;
dmpe =1,2-bis(dimethylphosphanyl)ethane) with HX (X=
Cl, Br) in CH;CN and CH;CN/H,O mixtures to form the
corresponding  [W;Q,X;(dmpe)s]t  halide  complexes
[Eq. (2)] occurs with three kinetically distinguishable
steps,'>"! which include not only acid attack but also reac-
tion with solvent molecules to form [W;Q,H;(solv)-
(dmpe);]" intermediates. In contrast, kinetic studies on the
reaction of [W;S,H;(dmpe);]* with HCI in CH,Cl, shows a
second-order dependence on acid concentration and no in-
termediates with coordinated solvent are identified.

[W3Q,H;(dmpe);]" + 3 HX — [W;Q,X;(dmpe);]* + 3 H,
(2)

Experimental and computational results revealed the exis-
tence of two competitive reaction pathways for protonation
of the hydride ligands in CH,Cl,. Following the initial for-
mation of a dihydrogen-bonded W—H---H—Cl adduct, one of
the pathways consists of direct proton transfer within the
W-H--H—Cl adduct to form W—CI and H,, whereas the
other one requires the presence of a second HCI molecule
to form a W—H--H—Cl---H—CI adduct that transforms into
W-CI, H, and HCl in the rate-determining step, the role of
both HX molecules being to form a network of hydrogen
bonds that decreases the activation barrier for H, elimina-
tion. In addition, the kinetics and mechanism of proton
transfer in dichloromethane are largely affected by the for-
mation of ([W;S;H;(dmpe);]*, BF,”) ion pairs, in which
BF,” approaches the cluster at the proximities of one of the
coordinated hydrides."¥ Proton transfer in these ion pairs
takes place more slowly than for the case of W—H--H—Cl
adducts resulting from the unpaired cluster.

Recently, we reported a kinetic study of the proton-trans-
fer reaction between [W;PdS,H;(dmpe);(CO)]* (1%) and
HCI to yield [W;PdS,Cl;(dmpe);(CO)]* (2%) in CH,CN/
H,O mixtures. The initial step involves acid attack with a
first-order dependence with respect to the acid, and the
[W5PdS,(CH;CN);(dmpe);(CO)]*t intermediate was identi-
fied by ESI-MS.™™ Interestingly, there is no reaction be-
tween 17 and HCI in neat acetonitrile, which strongly sug-
gests an important role of water in the proton-transfer reac-
tion.

In the present work we
P\ extend the previous studies and

report a kinetic and mechanistic

/| ) 4 study of the proton-transfer re-

S—S"lvlv/ action using a weakly coordi-

|/ | / | J nating solvent such as CH,Cl,.

P_/VIV_ P Kinetic experiments show that

P cubane cluster 1% reacts with
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HCl in CH,CI, to yield 2% with a second-order dependence
with respect to the acid, and no intermediate is identified
experimentally. The kinetic effect of BF,” counterions is
also reported. In addition computational studies aimed to
elucidate the effect of changing the nature of the solvent on
the mechanism of proton transfer are presented. The results
indicate the relevance of the molecular interactions between
cluster species and the solvent, as well as the possibility of
formation of reaction intermediates with significant changes
in the cluster. In this sense, we recently reported the opera-
tion of an open-core mechanism for ligand exchange on the
copper atom in the [W;(CuCl)S,H;(dmpe);(CO)]* cluster in
which one Cu—S bond is elongated upon solvent attack.!'’!
The results in the present work suggest the existence of in-
termediates in the proton-transfer reaction in which coordi-
nation of a solvent molecule causes an increase of the coor-
dination sphere of one tungsten atom and elongation of one
Pd—W bond, which adds further support to an active role of
the cluster core in the reactions of M;M'Q, clusters.

Results and Discussion

Reaction kinetics of 1* with HCI in CH,Cl,: The kinetics of
reaction of cluster 1t with acids in neat acetonitrile and ace-
tonitrile-water has been reported previously,"” and it was
found that in those solvents the coordinating ability of ace-
tonitrile allows the reaction to go through intermediates
containing coordinated CH;CN. As for the closely related
trinuclear [W;S,H;(dmpe);]* cluster,'>'” it was found that
the reaction in the less coordinating CH,CIl, solvent pro-
ceeds through a different mechanism in which dihydrogen-
bonded adducts evolve directly to the final product, we de-
cided to study the kinetics of reactions of 1* with HCl in
this solvent. The reaction of 1% with HCl in dichlorome-
thane to form the trichlorocomplex 2% [Eq. (3)] occurs with
spectral changes as those shown in Figure 1. The final spec-
trum shows a shoulder at about 520 nm and it coincides with
that observed for 2* in CH;CN-H,O, thus showing that the
spectrum of this species does not show significant changes
with the nature of the solvent and that the spectral changes

0.20
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Figure 1. Spectral changes observed for the reaction of cluster 1% with
HCl in CH,ClL,.
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in Figure 1 correspond to complete conversion to the reac-
tion product. A satisfactory fit of these spectral changes re-
quires of three consecutive exponentials. The rate constants
derived for the first step (ki.,) show a clear second-order
dependence with respect to the acid concentration
(Figure 2), and a fit of the data by Equation (4) gives k=
(1.8440.07)x10°m 2 s at 25.0°C.
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Figure 2. Plot of the dependence with respect to the acid concentration
of the observed rate constant for the reaction of 17 with HCl (CH,Cl,,
25.0°C).

1* + HCl(excess) — 2" +3H, (3)

klubs = kl [HX}Z (4)

The dependence of the rate constants for the next two
steps with the acid concentration is not so clear from the
values of the observed rate constants deduced from the fit-
ting procedure and so they will not be discussed in the
paper. For the related trinuclear [W;S,H;(dmpe);]*t clus-
ter,'>'”1 a second-order dependence with respect to HCI
could be deduced in CH,Cl, for the first two steps, the third
one also showing an undecipherable dependence with re-
spect to the acid that converted to a second-order in experi-
ments with added BF, .[""l Thus, although no definitive con-
clusions can be obtained for the last two resolved steps in
the kinetics of reaction in Equation (3), comparison with its
closely related analogue makes reasonable the assumption
that all the three steps are second-order with respect to
HCI. In any case the value of k; above is close to that found
for the reaction of [W;S,H;(dmpe);]* with HCI in dichloro-
methane, for which k;=(2.41+0.04)x10°m s~ thus
showing that the introduction of the Pd(CO) fragment only
leads to minor changes in the rate constants observed for
the reaction with HCI in CH,Cl,, a conclusion similar to
that previously derived in acetonitrile-containing solvent
mixtures.™

The kinetic results for the reaction in Equation (3) can be
rationalized on the basis of the mechanism previously pro-
posed for [W5S,H;(dmpe)s]*, which is depicted in Equa-
tions (5)—(8) for a single metal center.'”’ The starting com-
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plex can interact with one or two HCl molecules to give W—
H---H-Cl or W—H-+-H—CIl--H—Cl dihydrogen-bonded ad-
ducts in two rapid equilibria [Eqgs. (5) and (6)]. These ad-
ducts can evolve to the reaction products through two com-
petitive processes that are first- and second-order with re-
spect to HCI, respectively [Egs. (7) and (8)], but the experi-
mental observation of a second-order dependence indicates
that the contribution of the process in Equation (7) to the
rate of reaction is negligible under the experimental condi-
tions used. In that case the value of k;=(1.84=+0.07)x
10°m2s™' corresponds to the product K, xK,xk, As
pointed out previously for [W;S,Hs(dmpe);]*,"” formation
of significant amounts of (HCI), dimers in dichloromethane
contributes, at least in part, to the second-order dependence
with respect to HCL.

W-H+H-Cl=W-H---H-Cl K, (5)

W-H..-H-Cl+H-Cl=W-H..-H-Cl---H-Cl K,
(6)
W-H..-H-Cl - W-Cl+H, k; (7)
W-H..-H-Cl---H-Cl—- W-Cl---HCI+H, &k, (8)
As a decelerating effect of added BF,” was observed for
the reaction of [W;S;H;(dmpe);]* with HCl in dichloro-

methane," similar experiments were carried out for cluster
1" The results are illustrated in Figure 3 that shows a clear
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Figure 3. Plot showing the decrease in the value of kj, for the reaction
of 1* with 2.4x10*m HCI (CH,Cl,, 25.0°C) when the reaction is carried
out in the presence of different concentrations of BF,".

decrease of ks when [BF,] increases. The experiments
were carried out with a constant HCI concentration of 2.4 x
1073m and the data can be fitted by Equation (9) with a=
1.0940.06 s7' and b=16+2m"". These results can be inter-
preted in terms of formation of a stable (1%, BF,") ion pair
that is unable to evolve to the reaction products. In that
case the mechanism would be represented by adding Equa-
tion (10) to Equations (5)—(8), and the rate law would be
given by Equation (11). The value of a coincides with the
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rate constant measured for that concentration of acid in the
absence of added BF,, and b measures the equilibrium con-
stant for the formation of the ion pair. The value of Ky, de-
termined for 1% is one order of magnitude smaller than that
previously determined for the [W;S,H;(dmpe);]* cluster, for
which Kgg, is 7x10°m "' Although there is the possibility
that the rate changes with added BF,” were caused by
medium effects or by association of this anion with HCI to
form a weaker acid, we favor the interpretation based on
ion pairing because formation of ion pairs between this kind
of cluster and BF,” has been previously demonstrated by
using 'H, "F-HOESY NMR spectra.¥

a

Kors = T BBE] ©)

W-H +BF,” = (W-H, BE,") Ky, (10)
2

L (1)

1+ Kgm[BF, ]

Computational studies: To obtain additional information
about the intimate details of the reaction mechanisms of
proton transfer from HCI to cluster 17, DFT calculations
were carried out using the theoretical model
[W5Pd(CO)S,H;(PH;)s]* (3%), in which the dmpe ligands
are substituted by PHj; in order to achieve reasonable com-
puting times. For the same reasons, calculations were limited
to reaction at a single W—H site. Calculations were initially
carried out to understand the kinetics and reaction mecha-
nism in CH,Cl,, in which a second-order dependence with
respect to HCl and a deceleration in the presence of added
BF,” is observed. As these calculations are similar to those
previously described for the related [W;S,H;(PH;)¢]* clus-
ter, the results will be only briefly commented. Additional
calculations were carried out aimed to understand the differ-
ent kinetics and reaction mechanism observed in acetoni-
trile—water solvent mixtures, in which three kinetic steps can
be resolved for the reaction at each metal center and the
formation of an intermediate containing coordinated aceto-
nitrile is observed.!™! In this sense, the recent report!'® show-
ing that formation of open-core cluster structures upon
CH;CN or H,O attack can provide efficient alternative reac-
tion pathways for the substitution of coordinated chloride in
the [W;CuCIS,H;(dmpe);]* cluster provided an attractive
starting point for the calculations.

Reaction mechanism between 3* and HCI in CH,Cl,: The
theoretical approach for the reaction in dichloromethane as-
sumes that the attacking species in the proton-transfer pro-
cess is the HCI molecule. The formation of Cl~ or homocon-
jugated HCl,™ species can be ignored, because of the low
degree of dissociation of HCI in dichloromethane. Previous-
ly reported B3LYP/Lanl2DZ calculations have shown that
the proton transfer to the hydrido [W;S,H;(PH;)s]* cluster
is clearly favored at the W—H bonds with respect to attack
at the bridging sulfide ligands, even when two acid mole-
cules are included in the calculations.'>'"! In this work, the

1616 ——
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interactions of one and two HCI molecules at different sites
of the model complex 3* were computed in CH,Cl, at the
same level previously used for the trinuclear cluster. The re-
sults are summarized in Figure 4, which indicates that the

32 HCl

3* 3*HCI

-2 +

“——Pd-CO-HCI--HCI

s [ :
£ \ i
r— _ Y, ‘\— =S
g W HO 13-S-HCI--HC
w N 13-SHCI WeH--HCI
51 .
. Pd-CO-HCI; W-H-HCI
1i-S-~HCI--HCl
5 _} 12-S-HCI; W-H-HCI
74
8 ‘—— W-H-HCI-HCI

Figure 4. Reaction energies calculated in CH,Cl, for the interaction of
one and two HCI molecules at different sites of model cluster 3*. All
values are reported in Table S1 (see Supporting Information).

stabilization energy associated to the formation of the 37
--HCI adduct is maximized when the interaction occurs with
a coordinated hydride to form a dihydrogen-bonded W—
H---H—CI adduct, the stabilization achieved with interactions
at the p,-S* or ps-S*~ ligands or the Pd(CO) fragments
being lower. Similar conclusions are obtained when a
second HCI molecule is included in the calculations, forma-
tion of the W—H---H—Cl---H—Cl adduct being clearly favored
with respect to other possibilities in which both HCI mole-
cules interact with the same or different centers of the clus-
ter (see Figure 4). The optimized geometries for the W—
H-+-H—Cl and W—H--H—Cl---H—CI adducts are included in
Figure 5, which shows that the interaction of the second
HCI molecule causes a decrease of the H-+H distance from
1.30 to 1.15 A, so that the interaction with two HCI mole-
cules makes the system more prepared for H, release.

Once established the geometries and energies of the ad-
ducts formed by 3* and HCI, the corresponding reaction
products, [W;PdS,CIH,(PH;)s(CO)]* (47) and 4*---HCI with
the HCI molecule hydrogen bonded to the coordinated hy-
dride, were optimized and their energies calculated in
CH,Cl,. In both cases the reaction was found to be thermo-
dynamically favored, as indicated graphically in Figure 6
and numerically in Table S2 (see Supporting Information).
Figure 6 also shows the energy barriers associated to conver-

Chem. Eur. J. 2010, 16, 1613 -1623
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Figure 5. Optimized geometries and H--H distances for the most stable
adducts formed by cluster 3% with one and two HCI molecules.
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Figure 6. Energy profile showing the competitive first- and second- order
pathways for the reaction between 3* and HCL. Note that, for consisten-
cy, two HCI molecules have been written for both pathways, although
only one of them was used in the calculations corresponding to the upper
pathway. Represented values have been calculated in CH,Cl,. All values
are reported in Table S2 (see Supporting Information).

sion of the W—H---H—Cl and W—H:--H—Cl---H—Cl adducts to
the reaction products. The process occurs through transition
states TSO1 and TSO2 (in which O1 and O2 refer to order
1 and 2, respectively), the geometries of which are shown in
Figure 7. The structure of TSO1 can be described as a dihy-
drogen complex ion-paired to Cl°, with a very short H-H

Figure 7. Optimized geometries for the transition states TSO1 and TSO2
calculated for the conversion to the final products of the W—H:--H—Cl
and W—H--H—Cl--H—Cl adducts resulting from the interaction of 3%
with HCIL. The H--H distances are expressed in the figure.

Chem. Eur. J. 2010, 16, 1613 -1623

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

distance (0.78 A) and two non-equivalent W--H distances
(2.19 and 2.33 A), the activation barrier for this pathway
(17.07 kcalmol™) being slightly higher (ca. 4 kcalmol™)
than that described for [W;S,H;(PH;)s]"." Conversion of
the W—H--H—Cl---H—Cl adduct to the final product occurs
through a transition state (TSO2) that can be described as a
dihydrogen complex ion-paired with a HCl,~ anion, with a
H-H distance of only 0.76 A and W—H distances of 2.57
and 2.69 A. In agreement with the shorter H-H distance,
the activation barrier for this pathway (11.29 kcalmol™ in
CH,Cl,) is lower than that involving TSOI1, thus justifying
the second-order dependence with respect the acid experi-
mentally observed. It is interesting to note that the results
of the DFT calculations for the 3% cluster clearly favor the
second-order pathway (energy barriers of 17.07 and
11.29 kcal for pathways involving one and two HCI mole-
cules, respectively), whereas for the related trinuclear
[W3S,H;(dmpe);]* cluster the energy barriers for both path-
ways were quite similar (13.38 and 12.23 kcal for one and
two HCI molecules, respectively). Nevertheless, the second-
order pathway is expected to be favored for both complexes
provided there is HCI enough to allow for the formation of
W-H:--H—Cl---H—Cl adducts.

In order to explain the deceleration observed when the
reaction with HCI is carried out in the presence of added
BF,~, the geometry of the (3*, BF,") ion pair was also opti-
mized and it is shown in Figure 8. The anion approaches to
the cluster at the proximities of one coordinated hydride,

adduct-1

adduct-2 adduct-3

Figure 8. Optimized geometries for the (3%, BF,") ion pair and the (3%,
HCI, BF,") adducts. Relevant distances are expressed in the figure.
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the shortest H-F distance being 2.69 A. Because of the
simplification of the model, significant interactions between
the F atoms of the anion and the hydrogens of PHj; are also
observed (shortest H-F distances of 1.90 and 1.95 A) and
they surely contribute to some extent to the docking of the
anion. The ion pair is found to be 7.30 kcalmol™' more
stable than the separated ions. This energy is quite similar
to that found for the BF,™ ion pair formed by the trinuclear
[W5S,H;(PH;)]* cluster (6.37 kcalmol ™), so that the calcu-
lations are unable to explain the lower stability of the (17,
BF,") ion pairs deduced from the Kgp, values. With regards
to the deceleration observed upon addition of BF,, it was
established for the related trinuclear cluster that it is caused
by the formation of cluster-HCI-BF,” adducts in which ion-
pairing and dihydrogen-bonding compete with each other,
so that the most stable structures contain a BF,” ion placed
at positions that make the H--H distance in the dihydrogen
bond to increase up to values too large to allow formation
of H,.'" To confirm this hypothesis, the corresponding ad-
ducts were also optimized for the case of the 3" cluster and
the resulting geometries are also included in Figure 8. As
for the case of the trinuclear cluster, two adducts with close
values of energy were found. The species labeled adduct-1
and adduct-2 in Figure 8 are 16.57 and 17.31 kcal more
stable in CH,Cl, than the three separate components, the
values for the corresponding species in the case of the trinu-
clear cluster being quite similar (15.64 and 15.76 kcal, re-
spectively). The large H---H distances in these species (4.97
and 2.70 A in adduct-1 and adduct-2, respectively) make
them a dead-end in the mechanism of proton transfer to the
coordinated hydride and the reaction must go through alter-
native pathways, such as that involving adduct-3 in Figure 8
in which the dihydrogen bond with the HCI molecule is
formed with a W—H bond different from the one interacting
with BF,”. Nevertheless, adduct-3 is 2.15 and 2.38 kcal mol !
less stable than adducts-1 and -2 respectively, so that it will
be only a minor species in solution and the rate of reaction
will result significantly decreased. Thus, it appears that for
this kind of cluster ion pairing to BF,” decreases the rate of
proton transfer to the coordinated hydride because the BF,~
competes with HCI in the interaction with the coordinated
hydride, a behavior different from that observed for the re-
action of frans-[FeH(H,)(dppe),]* with NEt,, in which the
BF,” follows the proton along the proton transfer, thus
making the reaction to go faster in the presence of this
anion,[181°]

Calculations on the reaction between 3™ and HCI in neat
CH;CN: The simplest approach to the mechanism of reac-
tion in acetonitrile is to consider the reaction pathways dis-
cussed above for CH,Cl,. In this way, the energy profiles cal-
culated for the pathways involving one and two HCI mole-
cules by application of the polarizable continuum model
(PCM) in acetonitrile are quite similar to those obtained in
dichloromethane. Thus, the stabilization achieved for the
formation of the reaction products and the energy barriers
through the transition states TSO1 and TSO2 are very simi-
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lar in both solvents (see Figure S1 in the Supporting Infor-
mation), which suggests that reaction between 1% and HCIl
in CH;CN should occur through the same pathway observed
in dichloromethane. However, these results are unable to
explain the previously reported absence of reaction between
1*-PF,~ and HCI in neat acetonitrile™ and so it must be
concluded that the lack of reaction is caused by a factor not
considered in those calculations.

The major goal to be achieved with additional calculations
in neat acetonitrile would be thus to explain the absence of
reaction between 3% and HClI in this solvent despite the oc-
currence of the process in dichloromethane and the similari-
ty of the energy profiles calculated for proton transfer in
CH;CN and CH,Cl,. Although the calculations described
above take into account solvent effects by using the PCM
method, it is evident that specific interactions of the re-
agents with solvent molecules can modify substantially the
energy profiles, especially in the case of good donor solvents
as acetonitrile. It is important to note that in order to start
the proton transfer, an M—H--H—X dihydrogen bond must
be formed from (M—H),,,, and (H—X),,,, and this process re-
quires significant rearrangement of the solvent molecules at
the proximities of the dihydrogen bond. In particular, any
solvent molecule placed along the direction defined by the
two hydrogen atoms must be displaced in order to allow for
the short H--H distance required for the formation of a di-
hydrogen bond able to evolve to the reaction products. The
energy required for such reorganization is expected to
change significantly depending on the nature of the reagents
and the solvent, being most important in cases where there
is a strong interaction of the solvent with at least one of the
reagents. One clear case is that of the interaction of an acid
as HCI with solvents as CH;CN and CH,Cl,, the interaction
with acetonitrile being expected to be significantly stronger
than with dichloromethane. A simple way of estimating this
effect is calculating the energy change associated to the in-
teraction of HCI with a single solvent molecule [Eq. (12)].

HCI + solv = solv—HCI (12)

The calculations were made optimizing the solv—HCI spe-
cies for solv=CH,Cl, and CH;CN in the gas phase and then
applying the PCM method in the corresponding solvent. In
the case of CH,CI, different optimizations were made as-
suming formation of adducts with either HCl--HCCLH or
CIH---CICCIH, interactions, but in both cases they led to a
minimum for a structure of the type CIH---CICCIH,. The re-
sults indicate that the stabilization achieved with the interac-
tion of HCI with a molecule of CH;CN is of 9.14 kcalmol ',
but is only of 1.68 kcalmol™' in CH,Cl,. From these values,
it is expected that whereas the energy profiles discussed
above will not change significantly in dichloromethane, the
picture will change in the case of acetonitrile, in which the
CH;CN--HCI interaction is stronger than M—H--H—X and
introduces a contribution that hinders formation of the dihy-
drogen bond. Nevertheless, this conclusion must be taken
with care because the solvent molecule in CH;CN--HCI can
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interact with the dihydrogen-bonded species and the corre-
sponding stabilization energy may cancel, at least partially,
the energy cost required for breaking the specific solv—HCI
interaction.

To obtain more information about the effect of solvation,
additional calculations were made considering one solvent
molecule interacting with each one of the reagents involved
in the formation of the dihydrogen bond. The calculations
were carried out for both 3% and HCI interacting with one
molecule of CH,Cl, or CH;CN placed at the proximities of
the W—H or H—Cl bonds. In order to estimate the energy
changes associated to the reorganization of the solvent mol-
ecules upon formation of the dihydrogen bond, the geome-
try of the dihydrogen-bonded 3*---HCI species was also opti-
mized with two solvent molecules placed at the proximities
of the dihydrogen bond. Those calculations indicated that
neither the CH,Cl, nor the CH;CN molecules interact signif-
icantly with the coordinated hydride, the optimized geome-
tries of 3*--solv showing the solvent molecule placed away
from the W—H bond and the stabilization energy being only
of 2.88 (CH,Cl,) or 2.40 kcalmol™' (CH;CN). These struc-
tures are reported in the supplementary material. With re-
spect to the calculations involving the W—H:-H—Cl---2solv
species, the results differ significantly for both solvents. For
CH,CI, there is a weak interaction that results in an stabili-
zation energy of only 3.18 kcalmol ™, and the optimized ge-
ometry (see Figure 9) indicates that the H-+H distance in

J.‘ﬁ

o

e el
ROl v, s

Figure 9. Geometries resulting from optimization of the dihydrogen
bonded 3*--HCI species interacting with two molecules of CH,Cl, and
CH;CN, respectively.

the dihydrogen bond does not change significantly upon in-
clusion of the two solvent molecules (1.26 vs 1.30 A in the
absence of solvent molecules). As the stabilization energy
for this species (3.18 kcalmol ™) is close to that achieved for
the interaction of one solvent molecule with each one of the
M—-H and HCI species (4.56 kcalmol ™), it can be concluded
that consideration of specific interactions with solvent mole-
cules are not expected to change significantly the energy
profiles for proton transfer in CH,Cl, shown in Figure 6.

In contrast, the results are very different when the calcu-
lations are carried out with two acetonitrile molecules. Al-
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though the stabilization energy (7.48 kcalmol™) is only a
few kcal smaller than that achieved with the interaction
with the separate reagents (11.54 kcalmol™"), the H--H dis-
tance in the dihydrogen bond increases to a value (2.83 A)
that hinders proton transfer. These results clearly show that
the consideration of specific interactions with acetonitrile
molecules will make unviable in this solvent the reaction
pathways in Figure 6, thus justifying the absence of reaction
observed experimentally.

The reaction between 3 and HCI in CH;CN/H,O mixtures:
In contrast to the absence of reaction in neat acetonitrile, ki-
netic experiments showed that 1*-PF,™ reacts with HCI in
CH,CN:H,O (1:1) mixtures to give 2%, although the process
occurs with three resolved kinetic steps.” The first step
(kiops) shows a first-order dependence with respect to the
acid and leads to the formation of [W;PdS,(CH;CN);-
(dmpe);(CO)]** as the reaction intermediate, a proposal
made on the basis of NMR results and kinetic data with
other acids in neat CH;CN. Following this initial step there
are additional absorbance changes that lead to the spectrum
of 2%, although the kinetic analysis reveals that the process
occurs with two resolved steps (kyy,s and ksq,,) both of them
independent of the acid concentration. The absorbance
changes corresponding to the k,y, step are very small and
limited to a short wavelength range, and they were inter-
preted as corresponding to some unknown secondary pro-
cess. Nevertheless, it must be pointed out that for the closely
related [W;S,H;(dmpe);]*t cluster the nature of the inter-
mediate formed in the second resolved kinetic step was
demonstrated to be the corresponding [W;S,(H,0)s-
(dmpe);]** aqua cluster™ and so, the possibility of forma-
tion of a similar triaqua cluster cannot be ruled out in the
case of the Pd compound. The third resolved kinetic step
leads in all cases to the formation of the final trichloro com-
plex. Additional calculations were made aimed to explain
these experimental observations, in particular the occur-
rence of reaction in acetonitrile-water mixtures and the
change in the kinetics of reaction with respect to that ob-
served in CH,Cl,.

The calculations described in the previous section clearly
show that the HCI molecule is unable to transfer the proton
to the coordinated hydride of 1% in neat acetonitrile, be-
cause the stability achieved with the formation of the W—
H--H—CIl dihydrogen bond is unable to compensate the in-
teraction of HCI with solvent molecules, and a similar situa-
tion is expected to occur in acetonitrile-water mixtures.
However, in the latter solvent mixtures the HCI molecule is
dissociated with formation of solvated Cl~ and H™, so that
the protonating agent must be the solvated proton. Al-
though in 1:1 acetonitrile-water solvent mixtures the proton
can interact with molecules of both co-solvents, preferential
solvation with water is expected to occur because with re-
spect to proton acetonitrile is a much weaker base than
water,?*!I and actually there is experimental evidence sup-
porting the preferential interaction of protons with a varying
number of water molecules.’>?!! For simplicity, H;O* was
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chosen as a model in the calcu- °
lations, which were performed @
in all cases by optimizing geo-
metries in the gas phase fol- @
lowed by consideration of the J“*
solvent effect by making PCM
calculations in both CH;CN
and H,0O. However, for simplifi- e
cation the results will be dis-
cussed using in all cases the
mean value of the energies ob-
tained in both solvents, which
can be considered a reasonable

L . Qg 2
estimation of the energies in 1:1 ?
acetonitrile/water  mixtures."! M
To simplify the presentation,
the results of calculations re-
garding acid attack to the coor-
dinated hydride to give species
with coordinated acetonitrile or
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Figure 10. Gas-phase-optimized structures of the species involved in proton transfer to the coordinated hy-

drides of 3% in acetonitrile-water solvent mixtures (see the energy profiles in Figure 11). Hydrogen atoms and

water, and those involving sub-
stitution of coordinated solvent
by CI” will be discussed sepa-

phosphine ligands for the non-active tungsten atoms have been omitted for clarity.

rately.
According to the calcula- 35— max5-6 + 1,0
tions, attack of H;O% to one of ol +CI'+ CH;CN
the coordinated hydrides of 3* TS37+ HO o |
. . L -7+ Hy - .
leads to formation of inter- » +H;0" +Cl
: TS3-5+ H,0 ‘.
mediate [W,PdS,H;(H;0)- 00 L or o CHLEN . 210 G .
< T+ CHyC R - ,
(PH;)s(CO)** (5°%), the struc- R / S (:113(21N,"
ture of which can be described = L TS39+ H;0" 9t H,0° "\
. = | b - N S ~ \
as a dihydrogen complex hy- ERRU §rCr T CHON Ok CTLCN "
5 — . Y
drogen bonded to a water mol- 5 ; THHH0 el
ecule (see Figure 10). The H— oL // FROTHCE el
H distance is 0.79 A, whereas . X o
X S| 3 0+ 1O R S—
the W—H° distances are 1.99 17 +ClI+ CH,CN " 6% + 1,0 + H,
and 2.22 A. Formation of this ok iC; 3;‘20 +Cl + CH,CN
intermediate occurs through :

transition state TS3-5 (see ge-
ometry in Figure 10 and energy
profile in Figure 11) with an
energy barrier of 20.6 kcal
mol ' in 1:1 CH;CN:H,O (13.7 and 27.4 kcalmol ' in neat
acetonitrile and water, respectively). From intermediate 5°*
the reaction can proceed with substitution of coordinated H,
by the water molecule, and scan calculations indicate that it
occurs with an additional barrier of 14.6 kcalmol™" in the
mixed solvent (14.7 and 14.5 kcalmol ! in neat acetonitrile
and water, respectively). The result of the substitution pro-
cess is intermediate [W;PdS,H,(H,O)(PH;),(CO)]** (6**),
which has a structure similar to the starting compound
except that the hydride has been replaced by a water ligand.
It is interesting to note that intermediate 5°* represents the
first case in which theoretical calculations with this kind of
cluster lead to a structure typical of dihydrogen complexes
as stable intermediate, although they use to appear as transi-
tion states (see for example transition states TSO1 and
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Figure 11. Energy profiles for the attack of H;O*, H,O and CH;CN to cluster 3* with formation of com-
pounds containing coordinated water (6**) and coordinated acetonitrile (8*%).

TSO2 in Figure 7). However, we have been unable to obtain
any experimental evidence on the formation of dihydrogen
complexes as intermediates with any of the hydride clusters
studied to date. In addition, kinetic studies™ indicate that
the conversion of the starting complex to the acetonitrile-
containing intermediate occurs in a single step. For these
reasons, if reaction with HCI in acetonitrile-water mixtures
were through this mechanism, it should be assumed that
conversion of 3% to 6°* occurs in a single step with a barrier
of 29.4 kcalmol™ (21.9 and 36.9 kcalmol ™' in neat acetoni-
trile and water, respectively). The subsequent conversion of
6°* to the final chloro complex will be discussed below.
Although the reaction pathway in the previous paragraph
is not exceedingly energy demanding, the recent report of
the possibility of generating open-core cluster structures by
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acetonitrile or water attack to the [W;CuS,] cluster™ led us
to consider an alternative pathway involving direct acetoni-
trile attack to cluster 3% to generate a species that retains
the hydride but contains a coordinated CH;CN, namely
[W5PdS,(CH;CN)H;(PH,)4(CO)]* (7F). The coordination
number of the reactive tungsten center, without considering
the metal-metal bonds, increases from six in complex 37 to
seven in 7% (see the optimized geometry in Figure 10). The
W-H bond length in compound 7+ is 1.70 A, so that it is
not significantly affected by coordination of the nitrile
ligand. The P-W-H angle increases from 72.06 to 134.76°,
whereas the S-W-S angles in the same coordination plane
decrease from 111.09 to 81.44°. In addition, the W—Pd bond
length increases from 2.99 in 3* to 3.84 A in 7*, thus lead-
ing to further distortion of the cubane cluster unit. However,
the W—S bond lengths and one of the Pd—S distances closer
to the center of reaction increase only by about 0.1 A, in op-
position to the larger Cu—S bond elongation observed in
open-core species derived from the [W;CuCIS,H;(dmpe);]*
cluster.'! Formation of 7% occurs through transition state
TS3-7 (see geometry in Figure 10 and energy profile in
Figure 11) with an energy barrier of 20.6 kcalmol™ in 1:1
CH,CN:H,O (20.0 and 21.2 kcalmol™' in neat acetonitrile
and water, respectively), and the relative energy of 7+ with
respect to 3T+CH,CN is 7.3 kcalmol™ (7.1 and
7.5 kcalmol ™" in neat acetonitrile and water, respectively),
thus showing that significant amounts of 7% are not expect-
ed to be formed in neat acetonitrile. However, H;O" attack
to this intermediate leads to formation of the acetonitrile
complex without any additional energy barrier, so that the
energy profile for this pathway in Figure 11 indicates that
formation of [W;PdS,(CH;CN)H,(PH;)s(CO)]** (8°F, see
Figure 10), which represents the experimentally detected
[W5PdS,(CH;CN);(dmpe);(CO)]** intermediate, occurs with
a single activation barrier, thus supporting the operation of
this mechanism for the initial proton transfer to the coordi-
nated hydride. A similar reaction pathway can be obtained
by considering an initial attack of water to 3% to give inter-
mediate 9%, which contains hydride and water coordinated
simultaneously to the same metal center. This attack occurs
through TS3-9 with an activation barrier of 18.6 kcalmol™
(18.1 and 19.0 in CH;CN and H,O, respectively). The inter-
mediate 9% is 4.7 kcalmol ™! less stable than 7+ in CH;CN-
H,O mixtures, and it converts to the aqua complex 6" with-
out additional barrier.

According to the calculations, the pathways in Figure 11
involving CH;CN and H,O attacks do not differ very much
in energy, so that the intermediates 8" and 6% containing
coordinated acetonitrile and water, respectively, are expect-
ed to be formed. Although we have no experimental evi-
dence (ESI-MS and NMR spectroscopy) on the formation
of aqua complexes as intermediates in experiments carried
out in CH;CN/H,O mixtures, the possibility of formation of
small amounts of this complex cannot be completely ruled
out and, actually, they could be the responsible of the minor
spectral changes observed in the second resolved kinetic
step in acetonitrile-water solvent mixtures. In view of the
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present results, the detection of the aqua intermediate in the
reaction of the closely related [W;S,H;(dmpe);]* cluster ap-
pears to indicate that the relative energies of both pathways
in Figure 11 can change when the structure of the cluster is
modified.

Once 8" is formed, the acetonitrile ligand has to be sub-
stituted by the chloride. To investigate this process, a bidi-
mensional scan taking as reference coordinates the W—Cl
and W—NCCH; distances was carried out. From the poten-
tial energy surface (Figure 12) obtained in this way it can be

4
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o
WWNKN==O0O

oMo nmo

Energy / keal mol
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28

2.6
CH_?) /A 24 22

Figure 12. Potential energy surface calculated for the substitution of ace-
tonitrile by chloride in cluster 8%.

deduced that the process connecting 8** with 4% is a two-
step process passing through an intermediate with small
values for both distances. Hence, the substitution mecha-
nism appears to involve chloride attack to 8% to give the
[W;PdS,(CH,CN)CIH,(PH;),(CO)]* (10%, see Figure 13) in-
termediate, which finally dissociates the acetonitrile ligand
to give the reaction product 4*. Complex 10" is isostructur-
al to 7, with W—Pd, W—N, and W—CI bond lengths of 3.82,
2.18, and 2.69 A, respectively, and its formation reveals that

9

<9

10* 11* 4

Figure 13. Gas-phase-optimized structures of intermediates 10* and 11+
and product 4%. Hydrogen atoms and phosphine ligands for the non-
active tungsten atoms have been omitted for clarity.
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structural changes in the cluster core can also provide effi-
cient reaction pathways for this substitution. The cubane-
type cluster structure is recovered for 4%, with W—Pd and
W—Cl bond lengths of 3.04 and 2.53 A, respectively.
Figure 14 depicts the energy profile for the substitution pro-
cess. Intermediate 107 lies 1.2 kcalmol™! over 8%, and the
activation barrier on the passage from 8% to 10* is of
3.7 kcalmol . On the other hand, the reaction product 4+
lies 20.7 kcalmol™! below 8%, and the activation barrier on
going from 10* to 4" is of 7.4 kcalmol .

TS10-4
s 2H,0 +H,
TS8-10 .
0 2H;0+H, 10°+2H,0
. el T H, .
5 . —_— |
82" +2 H,0 '
-10 +H,+Cr

20 —

Figure 14. Reaction profile for the substitution process occurring at the
latter stages of the reaction between the hydride cluster and HCI in ace-
tonitrile-water solvent mixtures.

Conclusions

The experimental and theoretical results obtained for the
[W3S,H;(dmpe);Pd(CO)]* cluster illustrate the rich mecha-
nistic chemistry of proton transfer from acids to the coordi-
nated hydride in this kind of cluster. A variety of mechanis-
tic pathways can operate depending on the nature of the
acid, solvent and the presence of external anions (see
Figure 15). Thus, in solvents of low dielectric constant, such
as dichloromethane, acids exist in molecular form (for ex-
ample HCI) and reaction goes through the initial formation

1
W-H-- BF ~HCI
L_)N N S BF, 7 m H, (a)
T \ o ™ W-H--HCI
\ = W-H-HCl--HCl —=
(W-H,BF,) +HCI + H,

\ SN BF

' o _HO_ W-NCMe  (f)
0, W-(H,) T T +H,+H0
I _H MeCN
3 o W AN (d)

0"
o} & “H,0 S\ H-Hel
ERANON -O-. R w( - H
MeCN

Figure 15. Alternative pathways for proton transfer from acids to coordi-
nated hydride in [W;PdS,H;(dmpe);(CO)]* and related clusters.
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of a dihydrogen bonded adduct that evolves to the reaction
product in the rate determining step. This pathway is in
competition with another one in which the product is
formed through an adduct with two acid molecules (path-
way b in Figure 15), so that kinetic studies reveal that the re-
action occurs in a single step which is first- or second-order
with respect to the acid depending on which pathway domi-
nates. In this kind of solvent the cationic clusters have a
high tendency to form ion pairs with external anions as
BF, ;"1 although ion pairs have been found to provide effi-
cient reaction pathways for proton transfer in other com-
plexes,'™ in these clusters formation of ion pairs hinders
proton transfer and so they represent dead-end in the reac-
tion (pathway c in Figure 15), which is signalled in kinetic
studies by a decrease in the rate of reaction. When the reac-
tion is carried out in a solvent of higher basicity as acetoni-
trile, there are stronger interactions between the acid mole-
cule and the solvent that, at least in cases as HCI, cannot be
compensated with the stabilization achieved with formation
of a dihydrogen bond, which makes pathwaysa and b in
Figure 15 inoperative. Although in the present case the clus-
ter does not react with HCI in acetonitrile, there is reaction
with other acids and also there are other clusters that do
react with HCI in this solvent; in those cases the reaction
can go through intermediates with open-core cluster struc-
ture resulting from solvent attack to the metal center (path-
ways d and e in Figure 15), a type of pathway recently pro-
posed to be operative in reactions of these clusters. Finally,
when the reaction is carried out in acetonitrile-water sol-
vent mixtures the attacking species is the solvated proton,
which can carry out the proton transfer to coordinated hy-
dride through two alternative mechanisms: direct attack to
the coordinated hydride (pathway e in Figure 15) or through
attack to an open-core intermediate resulting from solvent
attack (pathway f in Figure 15). In these cases, the result of
proton attack is a cluster containing a coordinated solvent
molecule that can be replaced by the anion of the acid in
subsequent substitution processes. As a consequence, kinetic
studies reveal in those cases a polyphasic kinetics in which
only the initial step is dependent on the concentration of
the acid.

Experimental Section

Synthesis and physical measurements: Compound 1*-PF;~ was prepared
as previously described.™ *'P{'"H} NMR spectra were recorded on a
Varian Unity 400 spectrometer and they were referenced to external
85% H;PO,. 'H and “C{'H} Spectra were recorded on a Varian Inova
500 spectrometer, the chemical shifts being reported in ppm from tetra-
methylsilane with the solvent resonance taken as the internal standard.

Kinetic experiments: The kinetics of the reaction of the 1% cluster with
acids was studied by using an Applied Photophysics SX17MV stopped-
flow instrument provided with a PDA1 photodiode array (PDA) detec-
tor, and the data were analysed with the SPECFIT program using the ap-
propriate kinetic model.””) The experiments were carried out at 25.0°C
using neat CH,Cl, as solvent and pseudo first-order conditions of acid
excess by mixing solutions of the cluster compound and the acid. For ex-
periments in the presence of Et,NBF, this salt was added to the cluster
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solution before mixing it with the acid in the stopped-flow instrument.
The concentrations of acid were determined by extracting an aliquot
(5 mL) of the CH,CI, solution with an excess of water (50 mL) and then
titrating the water solution with a previously standardized KOH solution.

Theoretical calculations: The calculations were performed with the Gaus-
sian03 package® at the B3LYP level.””?! All atoms were represented
by the relativistic core potential (LanL2) from Los Alamos with associat-
ed double-z pseudo-orbital basis set.”” The geometry optimizations were
performed without any symmetry constraint followed by analytical fre-
quency calculations to confirm that a minimum or a transition state had
been reached. For the case of transition states, once this vector was char-
acterized, it was possible to trace the intrinsic reaction coordinate”®” path
connecting each transition structure with the two associated minima by
using the second-order Gonzélez-Schlegel integration method.*"*! The
energies of all the systems studied at the B3LYP level in the gas phase
were recomputed with single-point calculations by inclusion of solvent ef-
fects of dichloromethane (¢ =8.93), acetonitrile (¢ =36.64) and water (e=
78.39) according to the polarizable continuum model (PCM) scheme as
implemented in Gaussian, and the united atom topological model with
UAHF radii was used.’>* Energies in CH;CN:H,O (1:1) mixtures were
estimated as the average of computed energies in acetonitrile and in
water solvents. Electronic PCM energies E and not Gibbs energies G are
used for characterizing the reaction paths, due to the difficulties in calcu-
lating entropy in condensed phases. Several alternatives have been sug-
gested in the literature, some of them even fully neglecting translational
entropy, which is the greatest contribution to the total entropy term.**!
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