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Abstract: Reaction of the incomplete
cuboidal cationic cluster [W,;S,Hs-
(dmpe);]*  (dmpe =1,2-bis(dimethyl-
phosphino)ethane) with Cu'
pounds produces rare examples of cat-
ionic heterodimetallic hydrido clusters
of formula [W;CuCISH;(dmpe);]*
(1]*) and [W;Cu(CH;CN)S H;-
(dmpe);]** ([2]**). An unexpected con-
version of [1]" into [2]**, which in-
volves substitution of chloride by
CH;CN at the copper centre, has been

com-

complex does not occur in neat aceto-
nitrile and requires the presence of
water. The kinetics of this reaction has
been studied and the results indicate
that the process is accelerated when
the water concentration increases and
is retarded in the presence of added
chloride. Computational studies have
also been carried out and a mechanism
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for the substitution reaction is pro-
posed in which attack at the copper
centre by acetonitrile or water causes
disruption of the cubane-type core.
ESI-MS experiments support the for-
mation of intermediates with an open-
core cluster structure. This kind of pro-
cess is unprecedented in the chemistry
of M;M'Q, (M=Mo, W; Q=S, Se)
clusters, and allows for the transient
appearance of a new coordination site
at the M’ site which could explain

observed in CH;CN/H,O mixtures. Sur-
prisingly, formation of the acetonitrile

Introduction

The chemistry of multimetallic sulfido clusters has received
much attention owing to its relevance to the active sites of
metalloenzymes and industrial metal-sulfide catalysts."™ In
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some aspects of the reactivity and cata-
lytic properties of this kind of clusters.

the last 20 years, the reactivity and kinetics of ligand-ex-
change”™ and isomerisation reactions!'*'? at the M’ centres
in cuboidal M;M'’S, clusters (M=Mo, W; M'=Fe, Ru, Co,
Ni, Pd, Pt, Cu) have been intensely studied. The M;M'S,
units remain intact in all cases, thus indicating the robust-
ness of these units. Nevertheless, catalytic reactions and
mechanistic studies have been largely unexplored."” Excep-
tions to the latter are palladium- and nickel-based MosM'S,
systems where the molybdenum atoms are coordinated to
1,4,7-triazacyclononane, 1’-pentamethylcyclopentadienido or
aquo ligands, which catalyse a variety of processes including
the addition of methanol or carboxylic acids to electron-de-
ficient alkynes,” the intramolecular hydroamination of ami-
noalkynes,' the cyclisation of alkynoic acids to enol lac-
tones!™ and the hydrodesulfurisation of benzothio-
phene.l''7! Catalytic studies centred on MosRuS, clusters
have explored their behaviour as effective catalysts for N—N
bond cleavage in hydrazines.'®!

M;CuS, clusters coordinated to diphosphanes have at-
tracted attention because of their catalytic activity in the
intra- and intermolecular cyclopropanation of diazo com-
pounds™? and their particular non-linear optical proper-
ties.”!] These clusters are easily accessible by direct incorpo-
ration of copper into the homometallic M;(p;-S)(p-S); clus-
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ter framework by binding to the available lone pairs of the
bridging sulfur ligands or by displacement of less thiophilic
metal atoms. Multidentate ligands, such as diphos-
phanes,'”?"! dithiophosphates,”>?*l cyclopentadienidos,”! di-
thiocarbamates,®! dithiophosphinates or acetates,”” coordi-
nated to the molybdenum or tungsten atoms of the M,S,
unit favour the solubility of the M;CuS, products in organic
solvents. In all these cases, the copper atom is coordinated
to tricapped sulfur ligands and to one water molecule or hal-

ogen atom (Cl, Br, I) to complete a pseudotetrahedral ge-
[8,28]

ometry.
Herein we report the synthesis of the cationic hydrido
clusters [W;CuCIS,H;(dmpe);]*  ([1]*) and [W;Cu-

(CH,CN)S,H,(dmpe),;]** ([2]**), where each of the tungsten
atoms has a coordinated hydride. These compounds repre-
sent the second examples of heterobimetallic hydride
M;M'S, clusters after [W;Pd(CO)S,H,(dmpe);]*.*) The
high stability of [1]T, and its solubility in a wide variety of
solvents, makes it a potentially excellent substrate for inves-
tigating the mechanism of protonation of hydride com-
plexes. Thus, the terminal hydrides in [W;QH;(dmpe);]*
(Q=S, Se) and [W;Pd(CO)S,H;(dmpe);]* have previously
been shown to undergo acid-promoted substitution reactions
through the formation of dihydrogen-bonded adducts, with
the reaction kinetics and mechanism showing a strong de-
pendence on the coordinating capability of the solvent.**=
The results reported herein indicate that cluster [1] is not
as stable as [W;Pd(CO)S,H;(dmpe);]* in acidic media, and
products resulting from cluster core degradation are ob-
tained upon reaction with acids. During the course of this
work a very interesting and unexpected conversion of clus-
ter [1]* into [2]** was observed in CH;CN/H,O mixtures,
with formation of the acetonitrile complex [2]** from [1]*
being promoted by water. From a qualitative point of view,
this reaction can be considered a new example of a process
driven by solvation of the released chloride,* ! and a de-
tailed experimental and theoretical study has been carried
out with the aim of elucidating the kinetic and mechanistic
features of this process. These studies have revealed an
active role of the cluster core on the reactivity of the hetero-
metal site, which is unprecedented in the chemistry of these
compounds and opens up new possibilities for a better un-
derstanding of certain aspects of the reactivity and catalytic
properties of this kind of clusters.

Results and Discussion

Synthesis and structure: Trinuclear M;(us-S)(p-S); (M =Mo,
W) cubane-type clusters have been widely used as metallo-
ligands towards other transition metals to produce a large
variety of heterobimetallic M;M'(u;-S), complexes by the
so-called [3 + 1] building block approach.”*=** We have pre-
viously reported that the cationic cluster [W;CuBrS,Br;-
(dmpe);]* can be obtained from the reaction between
[W3S,Brs(dmpe)s]* and [Cu(CH;CN),]* in the presence of
(u-Bu,N)Br, or between [W,;S,Brs(dmpe);]* and CuBr, in
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moderate yields (58% and 37%, respectively).’!l In the
present work, we have explored different synthetic routes to
access cubane-type W;CuS, hydrides [Equations (1-4)].

[W;CuBrS,Br;(dmpe);]* + NaBH, — [W;S,H;(dmpe);]*

1)

[W3S,H;(dmpe);]" + CuCl, + NaBH, — 5
[1]" + [W;CuCIS,H,Cl;., (dmpe)5] " ?
[W3S4H;(dmpe);]" + CuCl — [1]* (3)
[W3S,Hs(dmpe)s]* + Cu(CH;CN),]" — [2]** )

Synthesis of W;CuS, hydrides was attempted by treating
the all-bromine cluster [W;CuBrS,Br;(dmpe);]PF, with
NaBH, in THF [Eq. (1)]; however, the trinuclear cationic
complex [W;S,H;(dmpe);]* was the only characterisable
product, as judged by ESI mass spectrometry and *'P{'H}
and 'H NMR spectroscopy. Addition of a DMF solution of
Cudl, to a suspension of [W;S,H;(dmpe);]PF,; and NaBH, in
THEF, as represented in [Eq. (2)], gives [1]* together with
[W;CuCIS,H,Cl; (dmpe);]* species, which were identified
by ESI mass spectrometry and NMR spectroscopy. Finally,
[W3S,H;(dmpe);]PF, reacts with CuCl [Eq. (3)] or [Cu-
(CH;CN)4]PF¢ [Eq. (4)] to give [W;CuS;H;Cl(dmpe);]PF,
([1]PF¢) and [W;CuS,H;(dmpe);(CH;CN)](PFy), ([2](PFy),),
respectively, in good yield (ca. 90%). Compounds [1]PF;
and [2](PF,), were characterised by ESI mass spectrometry
and IR and *'P{'H}, ®C and 'H NMR spectroscopy (see Ex-
perimental Section). Cluster [2]** decomposes in solution in
air (ca. 20% after 24 h) to give [W5S,H (OH); (dmpe)s]*
and copper salts, which were identified by ESI mass spec-
trometry and NMR spectroscopy.

Crystals of compound [1]PF; suitable for X-ray analysis
were obtained. [1]PFg crystallises in the hexagonal space
group P6;, and the intermetallic W—W distances are indica-
tive of a C; symmetry, in agreement with the presence of
two different resonance signals in the *'P{'H} NMR spectra.
Figure 1 shows an ORTEP drawing of the [1]t cluster
cation together with the atom numbering scheme.

The metal cluster core consists of a slightly distorted tet-
rahedral arrangement of one copper and three tungsten
atoms. Each tetrahedral face is capped by a ps;-coordinated
sulfide ligand to generate a cubane-like structure. The coor-
dination sphere around each tungsten atom is essentially oc-
tahedral, with each W(1) site coordinated to two phosphorus
atoms [P(1) and P(2)] located trans to p;-S(1) and p,-S(2),
respectively, and a vacant position associated with the hy-
dride ligand trans to the other ,-S(2) bridging ligand. The
existence of three hydride ligands, one on each W atom, was
fully supported by 'H and *'P NMR spectroscopy. The tetra-
hedral environment around Cu(1) is defined by three bridg-
ing sulfur atoms and one chlorine ligand. Table 1 shows the
most relevant bond distances within the cluster unit in
[1]PF, together with those found for its halogenated ana-
logue [W;CuBrS,Br;(dmpe);]*.
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Figure 1. ORTEP representation of cation [1]*. Hydrogen atoms have
been omitted for clarity.

Table 1. Selected average bond distances [A] for [1]PF; and
[W;CuBrS,Br;(dmpe);]PF,.1

Dist. [A] [1]PF, [W,CuBrS,Bry(dmpe);]PF,2!
W-W 2.7620(6) 27802

W—Cu 2.851(2) 2.88417

W—u3-S(1) 2.368(3) 2.363%

W—us-S(2)" 2.367(2) 23318

W—ps-S(2) 2.371(2) 2.3650

Cu—-S(2) 2.380(2) 2,320

W-X - 2.6271%

Cu—X 2.209(4) 2.303(2)

[a] Standard deviations for average values are given in brackets. X corre-
sponds to a hydride or bromine atom. [b] W—S—(W,Cu) trans distance to
W—X bond. [¢c] W=S—(W,Cu) trans distance to Mo—P(2) bond.

Cation [1]T shares structural features with its brominated
W;Cu analogue [W;CuBrS,Brs(dmpe);]t. The average W—
W and W—Cu bond distances of 2.7620(6) and 2.851(2) A,
respectively, are consistent with the presence of single bonds
between metal atoms. The most significant structural varia-
tion on going from [1]* to [W;CuBrS,Bry(dmpe);]* con-
cerns the intra-cluster Cu—S bonds.*"

Kinetic studies on the reactivity of cluster [1]*: Reactivity
and kinetic studies have shown that cluster [1]* is stable in
neat acetonitrile solutions, even in the presence of acids
such as HCI (see the Supporting Information). However, ad-
dition of water changes the stability of this compound. Thus,
kinetic experiments have shown that the reaction between
[1]* and HCl in CH;CN/H,O solution gives mainly
[W3S,Cly(dmpe)s] T and [2]* (see the Supporting Informa-
tion). Furthermore, a clean and unexpected conversion of
[1]* to [2]** occurs when water is added to an acetonitrile
solution of [1]* (see Eq.(5) below). Even though water
does not appear explicitly in Equation (5), its presence is re-
quired to drive the reaction to the right-hand side. *'P{'H}
NMR experiments (Figure 2) clearly show that it is possible
to observe the progressive conversion of [1]* (signals at 6=
6.66 and —5.25ppm) to [2]*T (signals at 0=5.69 and
—3.86 ppm) by adding different aliquots of H,O to an NMR
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Figure 2. *'P{'H} NMR spectra obtained after sequential addition of H,O
aliquots to a sample of [1]* (ca. 0.01m) in acetonitrile. The successive
spectra starting from the bottom show the gradual conversion of [1]*
into [2]* as the water content increases. The H,O/CH;CN ratio for the
different spectra is 0.15, 0.20, 0.25, 0.33 and 0.45.

tube containing a concentrated solution of [1]* in acetoni-
trile. These experiments also reveal that the process occurs
without accumulation of any other product detectable by
*'P{'H} NMR spectroscopy. The formation of [2]** (and not
the related aquo complex) as the reaction product is further
supported by ESI mass spectrometry—the mass spectrum
observed after H,O addition to an acetonitrile solution of
[1]7 coincides with that obtained for solutions prepared
from a sample of authentic [2]*T and neat acetonitrile. The
most intense signal appears at m/z 618.5 and corresponds to
the dicationic cluster [W;Cu(CH;CN)S,H;(dmpe),]**.

[M]* + CH,CN — [2** + CI- (5)

It is important to note the essential role of water in pro-
moting the reaction in Equation (5) despite the fact that
water addition is inevitably accompanied by a decrease in
the acetonitrile concentration in the resulting mixed solvent.
The NMR and ESI-MS experiments described above clearly
indicate that water causes the thermodynamics of the pro-
cess to change, an effect whose origin can be qualitatively
attributed to preferential solvation of the released Cl™ ion
by water acting as the driving force for the process. There
are several examples of inorganic and organic reactions in
which a similar effect has been observed.*™! The free
energy for transfer of this anion from acetonitrile to water is
—10.1 kcalmol ™!, and intermediate values have been mea-
sured for CH;CN/H,O mixtures of different composi-
tions.”* Thus, the solvation changes associated with the
presence of significant amounts of water favour the forma-
tion of the acetonitrile complex (by a few kcalmol ™). How-
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ever, the process represented in Equation (5) is more com-
plex as there is also a change in the charge of the cluster,
which must necessarily lead to additional significant solva-
tion changes. Moreover, the possibility of water also having
a kinetic effect by acting as an entering ligand cannot be
ruled out. Although the NMR experiments indicate that no
significant amounts of any intermediate are formed, forma-
tion of small amounts of an aquo complex as reaction inter-
mediate under steady-state conditions could provide a reac-
tion pathway of lower energy than that involving direct sub-
stitution of chloride by acetonitrile. To gain insight into
these important aspects, a detailed kinetic and density func-
tional theory (DFT) study of this process was carried out
(see below).

The kinetics of the reaction in Equation (5) was studied
by mixing an acetonitrile solution of cluster [1]* with mix-
tures of acetonitrile and water in the stopped-flow instru-
ment so that the CH;CN/H,O ratio in the resulting solution
varied between approximately 1:1 and 9:1 (v/v). The experi-
ments were carried out at 25.0°C in the presence of 0.1m
Et,NBF, and some experiments were also performed in
which the cluster concentration was changed for a given
composition of the mixed solvent. A typical example of the
spectral change with time is depicted in Figure 3, which

Absorbance

0.0

L | | | L
450 500 550 600 650
Wavelength / nm

Figure 3. Typical spectral changes with time for the reaction of an aceto-
nitrile solution of [1]* with H,O (1:1, v/v) at 25°C.

shows that conversion of [1]* into [2]** is accompanied by a
shift of the absorption band from 516 to 502 nm. These ex-
perimental data can be satisfactorily fitted by using a single-
step kinetic model—the values derived for the observed rate
constant (k) are independent of the cluster concentration,
which indicates that the process has a first-order depend-
ence with respect to [1]*.

The dependence of k., with water concentration is illus-
trated in Figure 4. The data can be satisfactorily fitted by a
linear dependence [Eq.(6), with k,=0.022+0.002 M 's™*
and k,=0.064+0.03 s7'], although a slightly better fit is ob-
tained with a saturation curve [Eq. (7), with k,=2.0+£0.3s7!
and k;=(1.8+0.4)x107>mM']. The medium effects in these
experiments are expected to be large given the extremely
large water concentrations required to drive the reaction in
Equation (5) towards product formation, so the choice be-
tween the two fits is always debatable. Furthermore, the

Chem. Eur. J. 2009, 15, 4582 —4594
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Figure 4. Plot of the observed rate constant versus [H,O] for the reaction
of [1]* with acetonitrile (25°C, 0.1m Et,NBF,). The lines correspond to
the best fit of the data using Equations (6) (solid) and (7) (dashed).

possibility that changes in Figure 4 (an increase in the rate
constant by a factor of about 4 for a fivefold change in the
water content) arise exclusively from changes due to solvent
composition cannot be fully ruled out. In any case, irrespec-
tive of the equation used to fit the data, the kinetic experi-
ments clearly indicate that water not only affects the ther-
modynamics of Equation (5), but also accelerates the kinet-
ics of the process.

The effect of added CI™ ion on the kinetics of the reaction
was examined by carrying out experiments in which the
chloride concentration was changed while maintaining a
fixed acetonitrile/water ratio. Figure 5 shows the results for
experiments at acetonitrile/water ratios of 1:1 and 7:3 (v/v),
and reveals a substantial decrease in the k., values when
the chloride concentration is increased. These experimental
results can be satisfactorily fitted by using Equation (8) or
its corresponding linear form [Eq. (9)]; the values derived
for the kinetic parameters are a=0.77+0.01s"' and b=
9.6+0.4m! for the 1:1 ratio, and a=0.53+0.02s~" and b=
204+3m! for the 7:3 ratio. No reaction is observed upon ad-
dition of small amounts of chloride ion (ca. 0.015M) when
the experiment is carried out with a 9:1 (v/v) acetonitrile/
water ratio. As expected, the a values agree well with the
ks values in the absence of added chloride. The value of b
differs by a factor of two between both sets of experiments
in Figure 5, but it is again not possible to determine how
much of this change is owed to a change in the concentra-
tions of the solvents appearing in the rate law and how
much is owed to a medium effect associated with the change
in solvent composition.

kobs = ka [HZO] + kb (6)
1+ ky[H,0]
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Figure 5. Plots of the observed rate constant versus [Cl ] for the reaction
of [1]* with acetonitrile in acetonitrile/water mixtures (25.0°C, 0.1m
Et,NBF,). The experiments marked with (@) were carried out in 1:1 (v/v)
acetonitrile/water, while the experiments carried out in 7:3 (v/v) acetoni-
trile/water are marked with (m). The solid line corresponds to the overall
fit of each set of data using Equation (8) with the values of a and b given
in the text.

a

Kobs = T4 B[CT] (8)
1 1 b,

ko a +-[C] )

The observed decrease in k,,, upon chloride addition pro-
vides very important mechanistic information. As the chlo-
ride concentrations used in the experiments are relatively
low and the dielectric constants of the solvents are quite
high, the possibility of the rate inhibition being owed to the
formation of less reactive ([1]Cl) ion pairs can reasonably
be ruled out, therefore the deceleration observed clearly in-
dicates that chloride is released prior to the rate-determin-
ing step.!! The simplest interpretation is to consider that
the reaction in Equation (5) goes through a dissociative
mechanism to give [W;CuS,;H;(dmpe);]** ([3]*"), as shown
in Equations (10) and (11). The rate law for this mechanism
coincides with the experimental one in Equation (8) with
the equivalencies a=k; and b=k_,/k,[CH;CN]. In this case,
the a values correspond to the rate constant for Cl~ ion dis-
sociation from the starting complex, and their changes with
water concentration should be ascribed exclusively to
medium effects caused by the change in the solvent compo-
sition. In other words, the experimental data appear to show
that chloride dissociation is accelerated when the water con-
tent is increased. The b values represent the discriminating
power of the coordinatively unsaturated intermediate, al-
though their change with solvent composition is difficult to
rationalize because they are the result of different contribu-
tions. In any case, the changes in the experimental values of
both parameters are not very large and it can be reasonably
accepted that they arise from solvent effects.

4586 ——
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] = 3 +Cr sk ko (10)

3] + CH,CN — 2] :k, (11)

However, there is also the possibility that the reaction
goes through a reaction intermediate such as [W;Cu-
(H,0)S,H;(dmpe);]**, which would result from substitution
of Cl™ ion by water [Egs. (12) and (13)]. The rate law for
this mechanism is mathematically equivalent to the previous
one, although it differs with respect to the definition of the
a and b parameters: a =k;[H,0] and b =k_5/k,[CH;CN].

[1]" + H,0 = [W;Cu(H,0)8,H;(dmpe);|**

+CI- (12

ks, ks

[W;Cu(H,0)S,H;(dmpe);]** +CH;CN —

(13)
R +H,O  ;ky

Theoretical studies: To obtain a deeper insight into the pro-
cess leading from [1]* to [2]**, a theoretical study of this re-
action was carried out using DFT procedures with the aim
of unravelling the details of the process from both a thermo-
dynamic and a mechanistic point of view. To simplify the
discussion of the DFT results, they will be presented in such
a way that thermodynamic aspects are discussed first and
then the several mechanistic possibilities are commented
and related to the experimental findings. Detailed data in
both solvents are provided as Supporting Information, but
to achieve a clearer presentation of the conclusions the en-
ergies in solution are discussed in the text in terms of the
average values of the energies obtained in both solvents,
which can be considered a reasonable approximation to the
values corresponding to solutions in 1/1 CH;CN/H,O mix-
tures.[*!

Thermodynamics: The gas-phase energy change on going
from [1]T+CH;CN to [2]**4Cl is calculated to be
140.88 kcalmol ™!, thus showing it is a very unfavourable pro-
cess, as expected from the fact that the reaction in Equa-
tion (5) begins with a monopositive cation and a neutral spe-
cies and ends up with a dipositive cation and a mononega-
tive anion. Such a charge separation needs a driving force to
make the process thermodynamically favourable. The sol-
vent can play this role and, the energy difference between
reactants and products is greatly reduced to 18.1 kcalmol ™
in acetonitrile, and further reduced to 8.0 kcalmol™! in
water. Thus, the DFT results indicate that there is a clear
thermodynamic medium effect of water favouring the pro-
cess such that substitution is 10 kcalmol ' more favoured in
water than in acetonitrile, which is qualitatively in agree-
ment with the experimental observations. Furthermore, we
have calculated the solvation free energies of [1]* (1.86 and
—8.15kcalmol™" in acetonitrile and water, respectively)
[2]** (-55.26 and —67.06 kcalmol™ in acetonitrile and
water, respectively), CH;CN (—0.84 and —3.39 kcalmol™ in
acetonitrile and water, respectively) and chloride ion
(—67.66 and —78.95 kcalmol ' in acetonitrile and water, re-
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spectively), which indicates that the promoting effect of
water is essentially caused by the preferential solvation of
Cl” ion in water because the changes for all the other spe-
cies compensate. It is also worth noting that no relevant
changes are observed between gas-phase and PCM-calculat-
ed geometries. The structures of [1]* and [2]** optimised in
the gas phase are shown in Figure 6.

@c
er
es
ew
@ Ccu
@®c
o

e H

Figure 6. Gas-phase-optimised structures of clusters [1]* and [2]**. The
H atoms of the diphosphanes have been omitted for simplicity.

Another point that must be considered is that specific in-
teractions of solvent molecules with the reactants can lead
to significant changes in the calculated energies. The chlo-
ride anion released during the process is the most hydrophil-
ic species, and discrete interactions between the water mole-
cules and the chloride ion could also act as a driving force
for the process. Previous experimental®*" and DFTH#! re-
sults show that microsolvation of halide anions with water is
more favourable than with acetonitrile molecules. For this
reason, calculations were also made including an increasing
number of water molecules in the theoretical model
[Eq. (14) with n=0-4]. For the reasons given above, these
molecules are considered to interact preferentially with the
released chloride, and their positions in the starting reagent
([1-+-nH,0]*) were optimised in the region of the coordinat-
ed chloride, so that they can be considered to represent the
preferential interactions of chloride with water instead of
acetonitrile in a better way than simple PCM calculations.
The corresponding optimised geometries and energies are
given in the Supporting Information. Relative energies to
[1]* +nH,0 are listed in Table 2. The results of calculations
considering specific interactions with an increasing number
of water molecules are illustrated in Figure 7, which clearly
shows that the energy cost for the process in Equation (14)
decreases significantly as a larger number of water mole-
cules are included in the model. Extrapolation of the results

Table 2. Reaction energies [kcalmol™'] relative to [1]*4+nH,0+ CH;CN
calculated in CH;CN/H,O (1:1).

n [1-nH0]* + CH,CN [3]** +[Cl-nH,0] + CH,CN [2**+ [Cl--nH,0]"

0 0.00 41.72 13.06
1 —4.61 34.04 538
2 934 27.79 —0.89
3 —12.62 22.33 —6.34
4 —15.86 17.64 —11.03

Chem. Eur. J. 2009, 15, 4582 —4594
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Figure 7. Energies [kcalmol™] in CH;CN/H,O (1:1) for the reaction in
Equation (14).

gives reaction energies close to zero, thus suggesting a ther-
moneutral character for this process.
[1---nH,0]" + CH;CN — 2*" +[Cl- - - nH,0]" (14)
Dissociative mechanism: Once it had been established that
DFT calculations with inclusion of specific interactions with
water molecules can explain the displacement of the reac-
tion in Equation (5) to the right-hand side when water is
added in a quite satisfactory way, calculations were also
made to obtain information about the mechanism of the re-
action. A dissociative mechanism with participation of the
coordinatively unsaturated species [3]** as reaction inter-
mediate was first considered [Egs. (15) and (16)]. The re-
lease of CI™ anion from the starting complex to give [3]*" is
a very high energy process with a cost of 48.22 kcalmol™! in
acetonitrile and 35.22 kcalmol ! in water (values for n=0).
These results clearly support that, in addition to the thermo-
dynamic effect commented above, there is a kinetic effect
associated with the addition of water which could explain
the acceleration observed experimentally as a medium
effect. This conclusion is independent of the number of
water molecules included in the model, with a slight de-
crease of the energy barrier of 1-8 kcalmol ™! being estimat-
ed when n increases (see Figure 8 and Table 2). However,
the energy barrier is in all cases too high to explain the ex-
perimental values of the reaction rate; that is, the process
should be expected to occur significantly more slowly if it
were to follow a dissociative mechanism. As this mechanism
is also unable to explain the deceleration observed in the
presence of added chloride because chloride would not be
released before the rate-determining step, alternative reac-
tion pathways had to be explored.

[1---nH,0]" — 3" 4 [Cl--- nH,0] (15)

[3]*" + CH;CN — [2** (16)
Mechanisms involving open-core cluster species: To avoid
having to pass through a coordinatively unsaturated inter-
mediate, attempts were made to find more effective associa-
tive mechanistic pathways involving coordination of a sol-
vent molecule—either CH;CN or H,0O—to the metal. Two
possible mechanisms were envisioned for coordination of
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[3]%* + [Cl--nH0 )

[1--nH,0]*
n=0-4

Figure 8. Energy profiles [kcalmol™'] obtained for the reaction in Equa-
tion (14) in CH;CN/H,O (1:1) assuming a dissociative mechanism and in-
cluding a variable number (1) of water molecules in the model. In the
case of [1-+-nH,0]*, the geometry shown corresponds to the species with
n=1.

this solvent molecule. In a first approximation, the associa-
tive mechanism represented in Equations (17) and (18), in
which the intermediate formulated as [W;Cu(Cl--H,0)-
(CH;CN)S,H;(dmpe);]* ([4--H,O]") is formed before con-
version to the final product, was considered. Only one water
molecule is included in the model for simplicity, although, as
stated above, the participation of more solvent molecules in
the real system is evident. The energetic reaction profile is
shown schematically in Figure 9.

1---H,0]" + CH;CN — [4---H,0]* (17)
[4---H,0]" — 2> +[Cl- - - nH,0] (18)

The acetonitrile molecule enters the coordination sphere
of the copper atom with a low energy barrier (1.9 kcal
mol™) to give [4~H,0]" as a stable reaction intermediate
(—4.5 kcalmol™"). The second reaction step, which has a
higher activation barrier of 10.8 kcalmol™, involves bond
dissociation between the hydrated chloride and Cu atoms to
give [2]** and an energy release of around 1 kcalmol™'.

nd

b
- :
@ %‘i\ 9 “'QJ"‘\ )
"%1 9 j j ) ‘4‘3 JJ
%

s g
@ ¢
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" 9 max2
" ] Biblert Yy
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46 plBh— 0 .45 7
[1-H,0T" [4-H;0T"

Figure 9. Energy profile [kcalmol '] in CH;CN/H,O (1:1) for the mecha-
nism represented in Equations (17) and (18).
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These results were unexpected because the coordination
number around the copper atom in species [4-H,O]" re-
mains equal to four: the rupture of an S—Cu bond is con-
comitant with the formation of a Cu—N bond ftrans to it
(bond distances of 2.116 A in water and 2.114 A in acetoni-
trile), which results in an “open” cluster core structure. The
longer Cu--S distance calculated for this structure (3.668 A
in water and 3.651 A in acetonitrile) contrasts with the other
two Cu—S bond lengths (average values of 2.519 A in water
and 2.518 A in acetonitrile), which are similar to those
found in [1]* and [2]*. This decoordination of sulfur from
the Cu heteroatom raises the question about the heterobi-
metallic nature of the metal-metal bonds in cluster
[4--H,O]". The calculated Cu—W distances in this cluster
are 3.070, 3.718 and 3.754 A in water (with similar values
obtained in acetonitrile), and hence one of the three Cu—W
bonds originally present in the reactant remains. It is worth
noting that the energy of the open [4-+-H,O]" cluster species
is very close to that of the hydrated [1--H,O]* cluster,
which means that it can provide accessible reaction path-
ways.

The two maxima represented in Figure 9 (max1 and
max2) correspond to the maxima linking the stationary
points along the reaction path, namely [1--H,O]* plus
CH,CN with [4-H,0]" (max1), and [4--H,0O]" with [2]*"
plus [Cl-“H,0]” (max2). The geometries of max1 and max2
are depicted in Figure 10. The Cu—N distance along the re-

» oy . e
‘ rl
.« ¢ . 3
? -
.3\ 2 ,_J‘ 2
&% " -:ﬁj ‘e
max1 max2

Figure 10. Gas-phase-optimised structures of max1 and max2.

action coordinate (2.400 A in maxl) is higher than that cor-
responding to [4--H,O]* (2.115 A), and one of the Cu—S
distances increases from 3.463 A in maxl to 3.660 A in
[4--H,O]". Alternatively, max2 shows a decrease of the Cu—
N and the Cu—S distances of 0.13 A with respect to
[4--H,O]*, thus recovering the cubane-type core cluster
structure in the path to [2]**. Rupture of the Cu—Cl bond
occurs on going from [4---H,0]* to max2,.

Because of the low energy barrier and almost thermoneu-
tral character of the first step, intermediate [4--H,O]" can
be considered to be formed in a rapid pre-equilibrium that
is followed by rate-limiting chloride dissociation, which
occurs with an activation barrier of 10.8 kcalmol™!. Al-
though this activation barrier is in better agreement with the
observed reaction rate values than that calculated for the
dissociative mechanism, this mechanism is unable to explain
the deceleration observed upon chloride addition, which
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clearly indicates that chloride elimination takes place before
the rate-determining step. For this reason, alternative reac-
tion pathways involving the species [W;Cu(H,O)-
(C1H,0)S,Hy(dmpe);**  ([5+H,0]"), [W;Cu(H,0)S,H;-
(dmpe);** ([6]°*) and [W5Cu(H,0)(CH;CN)S,H,-
(dmpe);]** ([7]**) were explored, and the mechanism de-
picted in Equations (19)-(22) were found to provide a more
reasonable alternative.

[1---2H,0]" - [5---H,0]" (19)
[5---H,O]* — [6]* +[Cl---H,0] (20)
[6]*" + CH,CN — [7** (21)
(77" — 2" + H,0 (22)

The energy profile for this mechanism (Figure 11) indi-
cates that intramolecular attack by a solvating water mole-
cule of the [1--2H,O]* species occurs with a low activation
barrier of 4.2 kcalmol™' to give the “open” cluster core
[5-+-H,0]*. Kinetically, this would be a less favourable step
than the equivalent process involving acetonitrile represent-
ed in Figure 9. The activation barriers in both cases are,
however, small and comparable, therefore both attacks are
expected to be fast. Moreover, [5--H,O]" is around 4 kcal
mol ' more stable than [4--H,0]* with respect to the reac-
tants and so this species is expected to be formed in acetoni-
trile/water solutions. The next step in this mechanism in-
volves release of the hydrated chloride, which occurs with
an energy barrier of 2.4 kcalmol™ to yield the ion pair-like
species [6][Cl-+H,0O]", a stable intermediate (—9.5 kcal
mol™!). A structural inspection of [6][Cl:~-H,O]" shows that
dissociation of [Cl-+-H,0]~ from [5--H,O]" leads to recovery

o 0 .9 3 .
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of the cubane-like structure. There is a continuous energy
increase from this point to the separated [6]** and
[Cl--H,0] species, as expected for a step involving separa-
tion of two species of different charge, hence the dissocia-
tion of chloride from [5--H,O]*t can be described as occur-
ring in two steps: decoordination of chloride from the
copper atom coupled with sulfur recoordination, with the
hydrated chloride still close by, and dissociation of the re-
sulting ion-pair-like species. The acetonitrile molecule enters
the copper coordination sphere in the next step, which re-
sults in decoordination of a sulfur atom and gives rise to the
new open-cluster species [7]*, which finally loses the water
molecule attached to the Cu atom to yield the reaction
products. The open-core species [5--H,0]t shows a large
Cu—S distance (3.5931& in acetonitrile, 3.590 A in water),
which indicates sulfur decoordination from the copper
centre, while the water molecule has entered the coordina-
tion sphere of copper; the distance between Cu and the
water oxygen is 2.089 A in acetonitrile and 2.096 A in water.
The water ligand in [5--H,O]*t is hydrogen-bonded to the
uncoordinated sulfur atom (2.670 A), which surely adds
some contribution to the stabilisation energy. The second
open-core cluster species appearing in Figure 11 corresponds
to [7]**. In this case, there is also a stabilizing hydrogen-
bonding interaction between one hydrogen of the H,O
ligand and the dissociated sulfur atom (2.481 A). Figure 11
also includes the energies of three additional structures
(max3, max4 and max5) which correspond to the maxima
along the scan calculations linking the stationary points
[1-2-H,0]* with [5+H,O]" (max3), [5H,O]" with the
ion-pair-like structure (max4), and [7]** with [2]** (max5).
The geometries of max3, max4 and max5 are in agreement
with each ligand substitution step, as shown in Figure 12.
This mechanism can account for the experimental results
in a better way than those dis-
cussed above because the dis-
sociation of Cl~ from the
copper centre occurs in an in-
termediate step before the
rate-determining one. Further-
more, the smoothness of the
] energy profile, the accessibility

(6] + [CI-H,0)
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Figure 11. Energy profile [kcalmol '] in CH;CN/H,O (1:1) for the mechanism represented in Equations (19)-
(22).
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of the energy barriers under
normal reaction conditions,
and the fact that the overall
process is not too energy-de-
manding ensure that this mech-
anism is possible under the ex-
perimental reaction conditions.
The highest energy point in
Figure 11 corresponds to maxs$,
that is, to the barrier for disso-
ciation of water from [7]** in a
step that follows chloride dis-
sociation. Thus, the processes
in Equations (19)—(22) could
occur as rapid pre-equilibria
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Figure 12. Schematic representation of max3, max4 and max5.

leading to small amounts of [5]**, [6]*" and [7]**; the rate-
determining step would be the process in Equation (22). In
any case, DFT calculations clearly reveal the possibility of
opening-up of the cluster core by water and acetonitrile and
that the resulting products can provide reaction pathways
for substitution of coordinated chloride more efficiently
than a simple dissociative mechanism in which the integrity
of the cluster is retained.

The quest for experimental evidence for the formation of
open-core cluster structures: In addition to the substitution
of the coordinated chloride discussed above, the open-core
cluster species described in previous sections also represent
a rational starting point for reaction pathways leading to the
experimentally observed fragmentation of [2]** to afford
the trinuclear cluster and Cu(NCCH,) fragments. Although
the existence of reaction intermediates with open-core clus-
ter structures has already been postulated,” to the best of
our knowledge there is no direct experimental evidence of
their presence or of the factors that favour their formation.
This work shows that operation of the mechanism in Equa-
tions (19)—(22) could lead to the formation of small amounts
of the open-core species [5--H,O]** and [7]**. Moreover,
according to the DFT results,
significant amounts of
[4-H,O]* could also be
formed even in acetonitrile so-
lution, where traces of water
promote the substitution pro-
cess and lead to small amounts
of [2]**. For these reasons, the
possibility of detecting some of 0

a)

100 618.5

%

L.

lead to more complex *'P NMR spectra, which is not ob-
served experimentally. Nevertheless, this finding does not
rule out the possibility that these species are formed. It is
likely that open-core clusters are formed as minor species in
equilibrium with the unperturbed starting cluster, which
means that their concentration could be below the detection
limit of the technique. Moreover, it should also be consid-
ered that different Cu—S bonds are broken each time, thus
causing the averaging of the NMR signals and the appear-
ance of simple two-signal spectra, as found experimentally.

The ESI mass spectra of acetonitrile solutions of [1]PFg
obtained under mild conditions (at a low cone voltage of
5V) show the expected pseudo-molecular ion [1]* (m/z
1232.9) as the base peak. The ESI mass spectra recorded
after the sequential addition of aliquots of water to acetoni-
trile solutions of [1]PF, show that the relative intensity of
the signal of [1]* decreases and the intensity of the signal
due to [2]** (m/z 618.5) increases. The ESI mass spectra
also reveal an identical chemical speciation, irrespective of
the acetonitrile/water ratio used as solvent, with the relative
intensity of the species detected being the most significant
difference. Remarkably, the temporal evolution of the spe-
cies detected remains largely unchanged (typically 20 mi-
nutes), thus suggesting that equilibration is reached rapidly
after increasing the water content. Figure 13 illustrates the
ESI mass spectrum of acetonitrile/water (3:1) solutions of
compound [1]PF,.

Besides the presence of unreacted [1]1 (m/z 1232.9), the
ESI mass spectrum shows a minor signal centred at m/z
1250.9 which, on the basis of its m/z value and the isotopic
distribution, formally corresponds to the addition of one
water molecule to the [1]* cation. Interestingly, this cation
is invoked as a crucial species in our proposed mechanistic
picture in the form of two plausible isomers, namely
[1-+-H,O]" or [5]" (see Figures 9 and 11, respectively). The
ESI mass spectrum also shows additional signals centred at

12?‘;2.9

these species by NMR spectro- 600
scopic and ESI-MS techniques
was explored both in acetoni- b)
trile and in solutions contain-
ing added water.
Unfortunately, NMR experi-
ments were of no help at this
point. As the opening of the
cluster core causes the molecu-
lar symmetry to decrease, the
formation of open-core cluster
species would be expected to
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Figure 13. a) ESI mass spectrum of compound [1]PF, in CH;CN/H,O (3:1). b) Expansion of the region m/z
590-630 and c) expansion of the region m/z 1220-1260.
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milz 598.0, 607.0 and 627.5 assignable to the dications [3]**,
[6]** and [7]**, respectively. The experimental detection of
dication [3]** suggests the operation of a simple dissociative
mechanism to account for the [1]* to [2]*" transformation
(see Figure 8); however, the formation of cation [3]°T as a
consequence of gas-phase dissociation of dications [6]** and
[7]** during the ESI process cannot be definitively ruled
out. Indeed, ESI-MS/MS of the solvent-coordinated [6]**
and [7]** dications affords [3]** as the only product ion at
low collision energies, thus indicating that the observation
of [3]** likely results from the gas-phase dissociation of
[6]*" and [7]**. When the amount of water in the CH;CN/
H,O mixtures is increased, the ESI mass spectra reveal the
exclusive presence of the [2]** dication as the base peak,
thus confirming the progressive conversion of [1]* into
[2]**. The ESI mass spectrometric characterisation of dicat-
ions [6]*T and [7]** and species [5]* (on the basis of either
m/z values or isotopic pattern simulations), and the absence
of the signal corresponding to [4]* (m/z 1273.9), strongly
supports the mechanism in Equations (19)-(22). These ESI
mass spectrometric experiments provide firm evidence re-
garding the formation of minor amounts of open-core clus-
ter species, thus supporting the operation of the mechanism
proposed above on the basis of DFT calculations.

Conclusion

The heterodimetallic W;CuS, hydride cubane-type com-
plexes [1]* and [2]** have been synthesised for the first
time by incorporation of CuCl or Cu(NCCH,)* into
[W3S,H;(dmpe);]*, respectively. Insertion of the heterome-
tal causes a decrease of the acidity of the W-H sites. The
crystallographic parameters of cluster [1]* show that there
are no significant changes in W—W bond lengths upon
copper coordination, as observed in the analogous W;CuS,
bromide cluster.”! However, an expansion of the S, tetrahe-
dron similar to that previously observed in a related Pd
complex occurs.”” Elongation of the heterometal-sulfur
bond has also been described by Holm and co-workers in
Fe;M'S, (M'=Ni, Pd, Pt) clusters, where a distorted cuba-
noid structure of the cluster-core unit reproduces the crystal-
lographic structures of carbon monoxide dehydrogenases.!
The most interesting feature in the chemical behaviour of
these compounds, however, is an unexpected conversion of
[1]* into [2]** that involves substitution of chloride by ace-
tonitrile at the copper centre. This process is favoured by
the presence of water both from a thermodynamic and ki-
netic point of view; that is, added water displaces the reac-
tion towards the acetonitrile complex and the reaction rate
increases with the amount of water added. Computational
studies have led to a rationalisation of these results and a
mechanistic proposal in which the opening of the cluster
core plays a fundamental role. These open-core species can
be formed by attack of acetonitrile or water on the cluster,
and their formation involves the breaking of one of the Cu—
S bonds; that is, the coordination mode of the heterometal-
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lic Cu centre to the trinuclear W,S, fragment changes
during the reaction to accommodate the entering ligand.
The mechanism proposed for this reaction resembles in
some way the well-established ring slippage in cyclopenta-
dienido-metal complexes,*>? where the hapticity of the Cp
ligand is reduced to accommodate an entering ligand. Simi-
lar processes have also been proposed to be relevant in the
chemistry of metallatricarbadecaboranyl complexes,®*>* and
the opening of carbonyl clusters has also been reported to
be an available reaction pathway for ligand addition or sub-
stitution.*>")

The possibility of opening the cluster structure proposed
in this paper clearly adds new perspectives to the classical
description of the reactivity pattern of M;M'Q, (M =Mo, W,
Q=S, Se) cubane-type clusters, whereby the presence of
metal-metal bonds in the cluster simply tunes the reaction
rates with only limited, if any, communication between the
metals.’! The opening of the cluster core also allows for the
transient appearance of an additional coordination site at
the M’ site which could explain the reported reactivity and
catalytic activities centred on the heterometal in Mos;M’'S,
derivatives when M’ is Ni, Pd, Ru. The oxidation state of
the heterometal in these clusters does not always present
well-defined values, thereby adding new interest to their po-
tential activity in catalysis. For the particular case of
Mo;CuS, clusters with diphosphanes, the lability of the
sulfur ligands can explain the activity and stability of these
stable Cu' cluster compounds in the inter- and intramolecu-
lar cyclopropanation of olefins. Despite the significant dif-
ferences between these compounds and the more biological-
ly relevant Fe/S cluster complexes, the occurrence of similar
processes in the latter is a possibility to be considered.

Experimental Section

[WS,H;(dmpe);]PF, was prepared according to literature methods.

CuCl was obtained from commercial sources and [Cu(CH;CN),|PF, was
synthesised from commercial Cu,0O and HPF; in acetonitrile.”” Solvents
for synthesis and electrochemical measurements were dried and degassed
by standard methods before use.

Physical measurements: Elemental analyses were performed with an EA
1108 CHNS microanalyzer at the Universidad de La Laguna.
3P{'H} NMR spectra were recorded with either a Varian Mercury 300 or
a Varian Unity 400 MHz spectrometer and were referenced to external
85% H;PO,. '"H and “C{'H} spectra were recorded with a Varian Inova
500 MHz spectrometer; the chemical shifts are reported in ppm from tet-
ramethylsilane with the solvent resonance taken as the internal standard.
IR spectra were recorded with a Perkin—Elmer System 2000 FT-IR using
KBr pellets. Electronic absorption spectra were obtained with a Perkin—
Elmer Lambda-19 spectrophotometer for samples in dichloromethane. A
hybrid QTOF I (quadrupole-hexapole-TOF) mass spectrometer with an
orthogonal Z-spray-electrospray interface (Waters, Manchester, UK) was
used to measure the mass spectra. The drying and nebulising gas was ni-
trogen at a flow of 800 and 30 L/h, respectively. The temperature of the
source block was set to 100°C and the desolvation temperature to 120°C.
A capillary voltage of 3.5 kV was used in the positive scan mode, and the
cone voltage was set to 5V unless otherwise stated. Increasing amounts
of water were added to acetonitrile solutions of compound [1]PF, and
the resulting mixture was infused with a syringe pump connected directly
to the ESI source at a flow rate of 10 pL/min. Different sample concen-
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trations were employed (typically between 5x10~* and 1x 107> m) and the
results were comparable. The observed isotopic pattern of each inter-
mediate perfectly matched the theoretical isotope pattern calculated
from their elemental composition using the MassLynx 4.0 program. ESI
MS/IS/MS spectra were obtained at various collision energies (typically
0-15 eV) by selecting the precursor ion of interest with the first quadru-
pole (Q1) with an isolation width of approximately 1 Da and analysing
the product ions with the time of flight analyzer (TOF). Argon was used
as collision gas and the pressure in the collision cell was maintained at
4x107 mbar.

Synthesis

[W;CuCIS ,H;(dmpe);]PF, ([1]PF,): CuCl (0.08 g, 0.09 mmol) was added
to a solution of [W;S,;H;(dmpe);]PFy (0.09 g, 0.07 mmol) in CH,Cl,
(40 mL) under nitrogen at room temperature, and a colour change from
pink to red was observed immediately. After stirring for 2 h, the reaction
mixture was filtered and the resulting solution was taken to dryness to
afford a red microcrystalline product which was subsequently character-
ised as [1]PFg. (yield: 0.09g, 93%). Elemental analysis calcd. for
C,sHs,CICuF¢P,S,W, (1377.2): C 15.70, H 3.73, S 9.31; found: C 15.75, H
3.72, S 9.25. '"H NMR (CD;CN): 6=0.17 (dd, ¥py=47.5, Jp 3 =28.5 Hz,
3H; hydride), 0.76 (d, %Jp;=9.0 Hz, 9H; CH,), 1.89 (m, 3H; CH,), 2.05
(d, Ypy=102 Hz, 9H; CH;), 2.14 (m, 3H; CH,), 2.24 (d, Y/py=9.5 Hz,
9H; CH;), 2.29 (m, 3H; CH,), 2.33 (d, %/p;=9.3 Hz, 9H; CHj), 2.88 (m,
3H; CH,); “"C{'H} NMR (CD;CN): 0=14.57 (d, Jcp=22.4 Hz; CH,),
21.17 (d, Jep=19.6 Hz; CH;), 21.52 (d, 'Jcp=12.0 Hz; CH;), 21.99 (d,
Jep=333Hz; CH,), 28.78 (dd, Jp=30.0Hz, *Jp=104 Hz; CH,),
29.35 (dd, Jcp=36.0 Hz, ?Jcp=10.9 Hz; CH,); *'P{'H} NMR (CD,Cl,):
0=-143.85 (sept, Jpr=704.0 Hz), —8.90 (s, Jpw=125.8 Hz), 0.69 (s,
Jew=175.4 Hz); IR (KBr): #=1769 (m, W—H), 1093 (s), 937 (i), 841 (i,
P—F), 748(m), 653 (m), 558 (i, P—F), 406 (w), 342 (d); UV/Vis (CH,CL,):
A=517, 408, 302 (sh), 264, 232 nm; ESI-MS (CH,Cl, 85 V): m/z: 1232.9
[M*], 982.9 [M*—CuCl—dmpe].

[W;sCu(CH;CN)S,Hy(dmpe)s](PFs);  ([2](PFy),):  [Cu(CH;CN),JPF,
(0.08 g, 0.09 mmol) was added to a solution of [W;S,H;(dmpe);]PF,
(0.10 g, 0.08 mmol) in CH,Cl, (40 mL) under nitrogen at room tempera-
ture, and a colour change from pink to red was observed immediately.
After 2 h of stirring, the reaction mixture was filtered and the resulting
solution was taken to dryness to afford a red microcrystalline product,
which was subsequently characterised as [2](PF),. This product decom-
poses after 3 h in solution. (yield 0.10 g, 83 %). Elemental analysis calcd.
for CyyHs,CuF,NPS,W; (1527.8): C 15.72, H 3.56, N 0.92, S 8.39; found:
C 15.71, H 3.67, N 0.88, S 8.34. 'HNMR (CD,CN): 6=0.11 (dd, YJpy=
48.7, *Jp1=29.3 Hz, 3H; hydride), 0.71 (d, 2/p5=9.5 Hz, 9H; CHs,,), 1.84
(m, 3H; CH,), 1.99 (d, ¥/py=10.4 Hz, 9H; CH;), 2.10 (m, 3H; CH,), 2.18
(d, 2Jpu=9.68 Hz, 9H; CHs,,), 2.25 (3H, CH,; m), 2.28 (d, */p=9.35 Hz,
9H; CH,), 2.81 (m, 3H; CH,); “"C{'H} NMR (CD;CN): 6=18.81 (d,
Yep=22.9Hz; CH;), 2541 (d, Yep=39.4Hz, CH;), 2536 (d, Jcp=
30.7 Hz; CH,), 26.24 (d, 'Jcp=34.8 Hz; CH;), 33.02 (dd, 'Jcp=30.7 Hz,
2Jep=9.6 Hz; CH,), 33.60 (dd, Jep=353Hz, Jp=10.5Hz; CH,);
'P{'H} NMR (CD;CN): 6=-143.80 (sept, Jpr=704.0 Hz), —4.00 (s,
Upw=118.2 Hz), 5.90 (s, Jpw=176.0 Hz); IR (KBr): #=2245 (s, CN),
1769 (m, W—H), 1681 (i, CN), 1644 (i, CN), 1419 (i), 1318 (i), 1288 (m),
1140 (m), 1085 (m), 1054 (m), 938 (i), 839 (i, P—F), 558 (i, P-F), 476 (w),
338 (d); UV/Vis (CH;CN): 1=508, 360, 303 nm; ESI-MS (CH,Cl, 25 V):
m/z: 618.5 [M**], 598.0 [M** —CH;CN].

Kinetic experiments: The kinetic experiments were carried out with an
Applied Photophysics SX17 MV stopped-flow spectrometer equipped
with a PDA1 photodiode array (PDA) detector. All experiments were
carried out at 25.0°C by mixing an acetonitrile solution of [1]PF, with an
H,0O, CH;CN or CH;CN/H,O solution containing the amount of Et,NBF,
required to achieve a constant ionic strength of 0.1 M in the solution arriv-
ing in the stopped-flow cell. Some experiments were carried out in pres-
ence of Et,NCI by adding the required amount of this salt together with
the Et,;NBF, required to achieve the desired ionic strength. The solutions
of the complex were prepared at a concentrations of around 1.0x 107> m,
and preliminary experiments were carried out for each reaction at two or
three different complex concentrations to confirm the first-order depend-
ence of the observed rate constants with respect to the complex. The re-
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action kinetics were monitored by recording the spectral changes with
time using the PDA detector, and the data were analysed with the SPEC-
FIT program using the appropriate kinetic model.[”? Reported values for
the rate constant correspond to the mean value of at least five determina-
tions, the standard deviation being lower than 5% in all cases.

X-ray diffraction studies: Crystals of compound [1]PF; suitable for X-ray
studies were grown by slow diffusion of diethyl ether into a sample solu-
tion in CH,Cl,. The red crystals obtained are air stable and were mount-
ed on the tip of a glass fibre with the use of epoxy cement. X-ray diffrac-
tion experiments were carried out with a Bruker SMART CCD diffrac-
tometer using Mok, radiation (4=0.71073 A) at room temperature. The
data were collected with a frame width of 0.3° in w and a counting time
of 20s per frame. The diffraction frames were integrated using the
SAINT package and corrected for absorption with SADABS.!"? The
structures were solved by direct methods and refined by the full-matrix
method based on F? using the SHELXTL software package.!”! The struc-
ture of [1]PF was successfully solved in the hexagonal P65 space group.
This structure was solved taking into account a racemic twinning yielding
a flack parameter of 0.518(15). All cluster atoms were refined anisotropi-
cally, whereas the positions of the hydrogen atoms from the diphosphane
backbone were generated geometrically, assigned isotropic thermal pa-
rameters and allowed to ride on their respective parent carbon atoms.
The C(2)—C(3) bond distance for the carbon atoms in the ethylene
bridge of the diphosphane was constrained at a fixed value. One inde-
pendent PF¢~ anion was found in a special position; only the phosphorus
atom was refined anisotropically. One molecule of dichloromethane was
encountered in the latest Fourier density map and refined isotropically as
a rigid group. Crystal data for [1]PF,: C;¢Hs;Cl;CuFP;S;W;, M =1462.08,
hexagonal, space group P6;, a=12.639(2), b=12.639(2), c=15.748(4) A,
V=21787(8) A, T=293K, Z=2, paa=2229gcm’, u(Moy,)=
9.049 mm~'. Reflections collected/unique =15133/3002 (R, =0.0456).
Final refinement converged with R,=0.0299 for 2416 reflections with
F,=40F,) and wR,=0.0714 for all reflections, GoF =1.039, max./min. re-
sidual electron density 0.953 and —1.255 e A=,

Theoretical calculations: All calculations were performed with the Gaus-
sian03 package!® at the B3LYP level.l**! All atoms were represented by
the relativistic core potential (LanL2) from Los Alamos with an associat-
ed double-z pseudo-orbital basis set.***”) Phosphorous atoms were aug-
mented by a p (¢=0.0298) and d (a=0.364) polarisation and diffuse
functions.* The geometry optimisations for each intermediate were per-
formed without any symmetry constraint followed by analytical frequen-
cy calculations to confirm that a minimum had been reached. The poten-
tial energy surface scan calculations were done by increasing the selected
reaction coordinate with a 0.10-0.20 A step size. The energies of all sys-
tems studied at the B3LYP level in the gas phase were recomputed with
single point calculations, in the case of the maxima of the scan, and reop-
timised, for each intermediate, by inclusion of solvent effects for acetoni-
trile (¢=36.64) and water (¢=78.39) according to the Polarisable Contin-
uum Model (PCM) scheme, as implemented in Gaussian. 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 water as solvent. We used electronic PCM
energies (E) and not Gibbs energies (G) to characterise the reaction
paths due to the difficulties encountered when calculating the entropy in
condensed phases. Several alternatives have been suggested in the litera-
ture, some of which completely neglect translational entropy, which is the
greatest contribution to the total entropy term.”'7*!
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