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The 'H,'°F HOESY spectra of the title compounds in CD,Cl, solution indicate that the cluster cations form ion pairs
with the BF,~ and PFg~ anions with a well-defined interionic structure that appears to be basically determined
essentially by the nature of the X~ ligand. For the clusters with X = H and OH, the structure of the ion pairs is
such that the counteranion (Y~) and the X~ ligands are placed close to each other. However, when the size and
electron density of X~ increase (X = Br), Y~ is forced to move to a different site, far away from X~. The relevance
of ion-pairing on the chemistry of these compounds is clearly seen through a decrease in the rate of proton
transfer from HCl to the hydride cluster [W3S;Hs(dmpe)s]* in the presence of an excess of BF,~. The kinetic data
for this reaction can be rationalized by considering that the ([W3S;Hs(dmpe)s]*, BF,~) ion pairs are unproductive
in the proton-transfer process. Theoretical calculations indicate that the real behavior can be more complex. Although
the cluster can still form adducts with HCl in the presence of BF,, the structures of the most-stable BF,~-containing
HCI adducts show H---H distances too large to allow the subsequent release of H,. In addition, the effective
concentration of HCI is also reduced because of the formation of adducts as CIH---BF,~. As a consequence of
both effects, the proton transfer takes place more slowly than for the case of the dihydrogen-bonded HCI adduct
resulting from the unpaired cluster.

Introduction nism, by providing alternative reaction pathwaysor this
) ) reason, there is nowadays a growing interest aimed at

In nonaqueous solvents of low dielectric constants, the g cidating the structure of transition-metal complexes in
electrostatic interactions between cations and anions areso|ution. Very useful NMR procedures have been developed
significantly stronger than in water, which favors the for this purpose, with special emphasis on the interaction
formation of ion pairs and higher aggregates. As a conse-petween cationic complexes and fluorine-containing arfions.
quence, ionic complexes do not usually exist in those solventsThe experimental NMR procedures developed for the study
as simply solvated species but as ion pairs, which may lead
to different reactivity patterns depending on the nature of (1) (a) Trost, B. M.; Bunt, R. CJ. Am. Chem. Sod.99§ 120, 70. (b)

the counteriort. lon-pairing can affect both the thermody- Kovacevic, A.; Gfindemann, S.; Miecznikowski, J. R.; Clot, E;
. . . . . Eisenstein, O.; Crabtree, R. Bhem. Commur2003 2580. (c) Gruet,
namics of a reaction, by changing the relative energies of K.; Clot, E.; Eisenstein, O.; Lee, D. H.; Patel, B.; Macchioni, A;
the reagents and the products, and its kinetics and mecha-  Crabtree, R. HNew J. Chem2003 27, 80.
(2) (a) Romeo, R.; Arena, R.; Scolaro, L. M.; Plutino, R. IMorg. Chim.
Acta 1995 241, 81. (b) Kovacevic, A.; Gindemann, S.; Mieczni-

*To whom correspondence should be addressed. E-mail: kowski, J. R.; Clot, E.; Eisenstein, O.; Crabtree, RGHem. Commun
llusar@exp.uji.es (R.L.); manuel.basallote@uca.es (M.G.B.). 2002 2580. (c) Barge, A.; Botta, M.; Parker, D.; PuschmannChem.
T Universidad de Cdiz. Commun2003 1386. (d) Aullm, G.; Esquius, G.; Lledg A.; Maseras,
* Universitat Jaume 1. F.; Pons, J.; Ros, Drganometallics2004 23, 5530.
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(IW3QsX3(dmpe)}] ™, Y7) lon Pairs

of these interactions and the relevance of ion-pairing in Chart 1

inorganic and organometallic chemistry have been discussed [ X m ] @
in two recent review$.As a summary, it can be stated that P_| _a_|_P
the information available to date indicates that anions do not ( W=
necessarily approach the metal complex at sites where the P IR/ Tx
distance to the metal center is minimized; instead, other Q\VIV/Q
unexpected sites are often preferred. These observations x~ | ~p
support the idea of an asymmetric distribution of the positive 'L/
charge in cationic metal complexes, which can no longer be  Cluster Q X
considered as being the positively charged spheres assumed " s u
in classical treatments on the formation of outer-sphere
complexes. 2 s oH

On the other hand, cubane type clusters with metal centers 3 S Br
bridged by sulfides or selenides are a topic of current interest X
because of their relevance to metalloenzymes and industrial 4 Se H
catalysi§ together with their applications in fields such as 5 Se OH
nonlinear optics® and mediciné. For the past few years, o Se Br
we have been studying the chemistry of incomplete cuboidal
clusters of formula [MQ4X3(diphosphinej * (M = Mo, W; a deeper understanding on the reactivity of these compounds

Q=S, Se; X=H, OH, Cl, Br; diphosphine= dmpe, dppe),  could be achieved through a better knowledge of the structure
focusing our attention not only on their synthetic, structural, of the ion pairs formed in solution by theses® cluster
and theoretical aspeéfsbut also on their applications and  cations. The single positive charge in J@Xs(diphosphine]
elucidation of the mechanisms of some of their relevant may be delocalized over the whole trinuclear cluster, and
reactions:*** During these investigations, we realized that several sites of interaction with the anion are possible. Anion

(3) (a) Bellachioma, G.; Cardaci, G.; Macchioni, A.; Reichenbach, G.;

interaction at specific cluster sites could provide relevant

Terenzi, S.Organometallics1996 15, 4349. (b) Macchioni, A, information regarding the preferred approach position by an
Bellachioma, G.; Cardaci, G.; Gramlich, H./&per, H.; Terenzi, S. - external reagent. For this reason, this work focuses on the

Organometallicsl 997, 16, 2139. (c) Hofstetter, C.; Pochapsky, T. C.

Magn. Reson. Cherg00Q 38, 90. (d) Macchioni, A.; Zuccaccia, C..  interactions between the complexes;WXs(diphosphinej ™
Clot, E.; Gruet, K.; Crabtree, R. Drganometallic2001, 20, 2367. (Q =S, Se; X=H, OH, Br) and two different fluorinated

(e) Zuccaccia, C.; Bellachioma, G.; Cardaci, G.; Macchioni] AAm.

Chem. S0c2001, 123 11020. (f) Drago, D.; Pregosin, P. S.; Pfaltz, ~ counterions, namely BF and Pk". These anions have been
A. Chem. Commur2002, 286. (g) Macchioni, AEur. J. Inorg. Chem. selected not only because of their inert character (as a matter
2003 195. (h) Kumar, P. G. A.; Pregosin, P. S.; Goicoechea, J. M. of fact, their salts are often used to control the ionic strength

Whittlesey, M. K. Organometallics2003 22, 2956. (i) Martnez-

Viviente, E.; Pregosin, P. $norg. Chem2003 42, 2209. (j) Pregosin, in kinetic experiments involving charged reagents) but also
P. S.; Martnez-Viviente, E.; Kumar, P. G. ADalton Trans.2003 because of their potential as probes for detecting specific

4007. (k) Zuccaccia, D.; Sabatini, S.; Bellachioma, G.; Cardaci, G.;

Clot, E.. Macchioni, Alnorg. Chem 2003 42, 5465. () Zuccaccia, interactions_ by NMR techniques_;. Chart 1_ summarizes the
D.; Stahl, N. G.; Macchioni, A.; Chen, M. C; Roberts, J. A;; Marks, complexes investigated and their numbering scheme.

T.J.J. Am. Chem. So2004 126, 1448. (m) Schott, D.; Pregosin, P.
S.; Veiros, L. F.; Calhorda, M. Drganometallics2005 24, 5710.

A reaction in which ion-pair formation may become

(n) Appelhans, L. N.; Zuccaccia, D.; Kovacevic, A.; Chianese, A. R.; particularly important is the proton transfer from acids to

Miecznikowski, J. R.; Macchioni, A.; Clot, E.; Eisenstein, O.; Crabtree,
R. H.J. Am. Chem. So@005 127, 16299.

metal-coordinated hydrides. The interaction betweenH

(4) () Macchioni, A.Chem. Re. 2005 105, 2039. (b) Pregosin, P. S.; and H-X fragments leads initially to the formation of an

(5) Probably the most-popular treatment of this type is that of Fuoss

(Fuoss, R. MJ. Am. Chem. S0d958 80, 5059), which is frequently drogen complex depending on the aclthse properties of
used to estimate the equilibrium constant for the formation of the outer- the reagent$! Proton-transfer mechanism elucidation is

sphere complex in substitution reactions occurring through an Eigen
Wilkins mechanism.

essential for understanding heterolytic activation efafdd

(6) Stiefel, E. I.; Matsumoto, KTransition Metal Sulfur ChemistrACS catalytic hydrogenation$, and the trinuclear [\W&;Hs-
S}émrigggm Series 653; American Chemical Society: Washington, (dmpe}]+ hydride a+) has revealed very useful information
(7) (a) Hou, H. W.; Xin, X. Q.; Shi, S. Gord. Chem. Re 1996 153 25. in this regard>13Thus, the reaction df* with an excess of

(b) Zhang, C.; Song, Y. L.; Wang, X.; Kuhn, F. E.; Wang, Y. X.; Xu,  HCI| and other acids in dichloromethane solution occurs with

Y.; Xin, X. Q. J. Mater. Chem2003 13, 571.
(8) Feliz, M.; Garriga, J. M.; Llusar, R.; Uriel, S.; Humphrey, M. G.;

Lucas, N. T.; Samoc, M.; Luther-Davies, Biorg. Chem.2001, 40, (12) Basallote, M. G.; Feliz, M.; Fefndez-Trujillo, M. J.; Llusar, R.;

6132.

Safont, V. S.; Uriel, SChem—Eur.

J.2004 10, 1463.

(9) (@) Yu, S. B.; Watson, A. DChem. Re. 1999 99, 2353. (b) Yu, S. (13) Algarra, A. G.; Basallote, M. G.; Feliz, M.; Fémdez-Trujillo, M.
J.; Llusar, R.; Safont, V. SChem. Eur. J2006 13, 1413.
Inorg. Chem.200Q 39, 1325. (14) (a) Jessop, P. G.; Morris, R. Boord. Chem. Re 1992 121, 155.

B.; Droege, M.; Segal, B.; Kim, S. H.; Sanderson, T.; Watson, A. D.

(10) (a) Feliz, M.; Llusar, R.; Ande J.; Beski, S.; Silvi, BNew J. Chem.
2002 26, 844. (b) Llusar, R.; Uriel, SEur. J. Inorg. Chem2003
1271. (c) Feliz, M.; Llusar, R.; Uriel, S.; Vicent, C.; Coronado, C.;
Gomez-Garta, C. J.Chem. Eur. J2004 10, 4308.

(11) Basallote, M. G.; Estevan, F.; Feliz, M.; Fendaz-Trujillo, M. J,;
Hoyos, D. A,; Llusar, R.; Uriel, S.; Vicent, Q. Chem. Soc., Dalton
Trans.2004 530.

(b) Heinekey, D. M.; Oldham, W.

Them. Re. 1993 93, 913. (c)

Basallote, M. G.; Dum, J.; Fernadez-Trujillo, M. J.; Mdez, M.;

Rodrfguez de la Torre, J. Chem. Soc., Dalton Tran$998 745. (d)

Peruzzini, M., Poli, R., EdsRecent Adances in Hydride Chemistry
Elsevier: Amsterdam, 2001. (e) Kubas, GMktal Dihydrogen and
o-Bond Complexes: Structure, Theory and Redtgti Kluwer: New

York, 2001. (f) Bakhmutov, V. IEur. J. Inorg. Chem2005 245.
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Table 1. Chemical Shifts for the Signals Observed in #{'H} and
1H NMR Spectra of Clusterd*—6" in CD,Cl, Solution

phosphorus signéls proton signal®

cluster  P(19 P(2) Me(6) Me(5) Me(1) Me(2) other
1 11.8 -7.6 045 170 215 2.38 —0.9Z
2 10.6 -5.1 0.65 157 189 217 3.40
3 1.2 -1.4 095 182 224 242
4 15.9 -11.2 057 1.87 230 255 -24%
5 13.8 -7.2 0.62 155 185 232 3.95
6 7.9 -2.3 096 189 250 251

aSee Figure 1 for the nomenclature of the phosphorus and methyl signals.
aThe spectra obtained for the BFand Pk~ salts do not show any
significant difference. The positions of the protons in the ethylenic chain
of the dmpe ligand have been omitted for simplicRy2hosphorus trans to
u3-Q?~. ¢ Hydride signald OH signal.

et
a secc_)nd-qrder_dependence with reSPeCt to the acid that Carlligure 1. Structure of clustelt showing the notation used in this work
be rationalized in terms of the formation of ¥#i---H—ClI- for the different NMR signals. The environment on one metal site has been

-*H—Cl adducts, which evolve into the chloro complex with omitted for clarity.

H. releasé? The reaction occurs through a transition state

that can be described as a dihydrogen complex ion-pairedthat correspond to the diastereotopic hydrogen atoms of the
to HCl~. As ion-pairing with BR~ has recently been shown  €thylene bridge of the phosphine. The hydride signal in
to provide an efficient pathway for the proton transfer from clustersl™ and4* appears as a doublet of doublets because
the dihydrogen complexans[FeH(H,)(dppe)]* to a basé® of the coupling with the nonequivalent phosphorus atoms,
we wondered how the ([¥8:Hs(dmpe}]*, BF,") ion-pair and the signal for the hydroxyl proton appears as a broad
formation could affect the kinetics and mechanism of proton singlet in the spectra of complex2s and5*. On the basis
transfer in this case. The results of both kinetic experiments Of the results obtained with selective phosphorus decoupling

and theoretical calculations are also included in the paper.and NOESY1D NMR experiments (see the Supporting
Information), we could assign the signals to the different

Results and Discussion unequivalent phosphorus and methyl groups, and the results
are also included in Table 1 using the notation in Figure 1.
The interionic structure of the BF and BR~ salts of
clusters1t—6" was then investigated by recording their
IH,%F HOESY spectra in CELl, solution. Dipolar interac-
tions between the protons of the cluster methyl groups and
the fluorine nuclei of the anion are observed in all cases.
The potential contacts between the anion fluorine nuclei and
the protons in the ethylene group are significantly weaker;
although some weak signals could be detected when looking

NMR Studies on the Interaction of the [W5QsXsdmpes]
Clusters with PFs~ and BF,~ in CD,Cl; Solution. The'H
and3'P{*H} NMR spectra of the BF and Pk~ salts of the
cationic clusterd™—6" recorded in CRCl, solution (Table
1) are similar to those previously reported for salts with other
anionst121719 The 31P{1H} spectra show the AX pattern
expected for two nonequivalent phosphorus nuclei but the
small 2Jp_p values usually result in the appearance of two

singlets with the characteristic satellite peaks caused byat the internatH projections in some of the HOESY spectra,

i 18 i 1
coupling to the "™ nuclei. The ™ s.pectra SHoWSiour the signal-to-noise ratio is not large enough to obtain reliable
resonances for the methyl protons, which appear as dOUblet%easurements For hydroxo compléX, a significant

ith 2 =0— . . .
with *Ju-p = 9—11 Hz, and four strongly coupled resonances interaction was seen between the ;BFanion and the

hydroxyl ligands (see Figure 2) that was not observed in
(15) (a) Esteruelas, M. A.; Oro, L. AChem. Re. 1998 98, 577. (b)

Bullock, R. M. Voges, M. HJ. Am. Chem. So@00Q 122, 12594 any other system. In this case, the proton of the OH group
(c) Rautenstrauch, V.; Hoang-Cong, X.; Churlaud, R.; Abdur-Rashid, bears a partial positive charge that favors the interaction with

K.; Morris, R. H.Chem—Eur. J.2003 9, 4954. (d) Clapham, S. E.; ; ;
Hadzovic, A.. Morris, R. HCoord. Chem. Re 2004 248 2201. () U1€ Negatively charged BF anion. The absence of such a

Justice, A. K.; Linck, R. C.; Rauchfuss, T. B.; Wilson, S.RAm. signal for the other hydroxo complex studi&d)is probably
Chem. S02004 126 13214. (f) Bullock, R. MChem-Eur. J.2004 due to the lower signal-to-noise ratio in the spectrum. No
10, 2366. (g) Abbel, R.; Abdur-Rashid, K.; Faatz, M.; Hadzovic, A.; . . 9 P .

Lough, A. J.; Morrris, R. HJ. Am. Chem. So2005 127, 1870. (h) interionic contacts were observed between the anions and

Casey, C. P.; Johnson, J. B.Am. Chem. SoQ005 127, 1883. (i) the hydride ligands in clusters™ and 4.
Hamilton, R. J.; Leong, C. G.; Bigam, G.; Miskolzie, M.; Bergens, S.

H.J. Am. Chem. So005 127, 4152. (j) Lamle, S. E.; Albracht, .~ Because of the special arrangement of the methyl groups
P.J.; Armstrong, F. AJ. Am. Chem. So@005 127, 6595. (k) Guan, in the incomplete cuboidal structure, the contacts between
g;cl'%%rg'l'g; %%%ee' M. P.; Norton, J. R.; Zhu, G.Am. Chem. tha nrotons in the cationic cluster and the fluorines in the
(16) Basallote, M. G.; Besora, M.; DimaJ.; Ferfndez-Truijillo, M. J.; anion provide very useful information for determining the
;g’e;gsv A.; Mahez, M. A.; Maseras, Rl. Am. Chem. So@004 126, anion-preferred sites of approach and the interionic structure
(17) Llusar, R.; Uriel, S.; Vicent, CJ. Chem. Soc., Dalton Trang001, in solution. The signals observed in the HOESY speptra of
18) 2C81tf>- £ A Mandal S. K Chim. Actal992 192 71 the BR~ and Pk~ salts of clusterd*—6" are summarized
otion, F. A.; Manaal, 5. Knorg. Im. AC . . . . . .
(19) Cotton, F. A Llusar, R.. Eagle. C. 3. Am. Chem. S0d989 111, in Table 2 with the intensities normalized through the factor
4332. [ming/(ny + ng)], wheren, and ns stand for the number of
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F1
(ppm}
0.5
1.0
1. 5{ e
2.0
1 Figure 3. Proposed interionic structure in GO, solution for the ion
Z.57 pairs formed by the [\WQsX3(dmpe}]™ clusters with the BF and Pk~
] anions. The anion is represented by A, and the figure is particularized for
3.0 cluster2*. Drawing (a) corresponds to the ion pairs formed by clustérs
| ] 2+, 4%, and5", whereas (b) represents the preferred site of approach of the
3 5_' anions to the3* and 6™ clusters.
‘‘‘‘‘‘‘‘ e F1
-153.18 -153.26 (ppm}
Fz (ppm) 0.5
Figure 2. H,'F HOESY spectrum of [\WS4(OH)s(dmpe}](BF4) in CD- ]
Cl, solution. 1.0 ©
Table 2. Intensity of the Cross-Peaks Observed in tHg!%F HOESY 1.54
Spectra of the Salts of Clustet$—6" in CD.Cl, Solution ]
proton signals and normalized NOE intensities 2.0
cluster anion Me(6) Me(5) Me(1) Me(2) OH ] =
1 =
1* BFs 050 1.00 0.94 Me(2) 257
1+ PR~ 0.89 1.00 0.84 ]
2+ BF4s~ 0.18 1.00 0.34 0.29 3.0
2t PR~ 0.43 1.00 0.46 0.17 b
3t BFs~ 0.36 1.00 0.57 3.5
3* PR~ 0.25 1.00 0.59 T
4+ BF47 013 100 022 MU LU L
4t PR~ 0.20 1.00 0.52 -153.42 -153.60
5  BFs  0.28 1.00 0.31 F2 (ppm)
57 PR 1.00 0.46 . 11 19 .
&+ BF,~ 0.35 0.49 1.09 1.0G Figure 4_. H,1%F HOESY spectrum of [\4&,Brs(dmpe}](BF4) in CDy-
6+ PR 1L0G 1o Cl; solution.

o tahTethem(i‘;‘zlﬂ]rgr&‘zztzg’f;eﬁ;rsate intensities is hindered by the overlappingp|ane but directed upward and downward, respectively. In
gnats: contrast, Me(6) and Me(1) are roughly parallel to the plane

but point toward opposite directions. The site of approach

p of the BR™ and Pk~ anions is that defined by the Me(5),

spectrum. Me(1), and Me(6) triangle, depicted in Figure 3a, although
From the whole set of spectra, it can be established thatthe relative intensities of the HOESY signals show that the

there is a unique preferred interionic structure for each preferential site of approach within the triangle occurs closer

cluster-anion combination, although the interionic structure © the Me(5)-Me(1) edge and the Me(5) vertex. Although

of the hydride and hydroxo clusters @ H, OH) differs only one triangle has been. represented in Figure 3, there are

from that of the bromide complexes € Br). Thus, for the ~ actually three equivalent sites imposed by Gysymmetry

1+, 2%, 4*, and5* cations, the strongest contact corresponds of the cluster. The contact observed between the BRion

to the interaction between the fluorine atoms of the anion @nd the OH group in cluste@” supports the above

and the Me(5) protons. There is also a signal for the fluorine Interpretation, where the anion approaches the upper side of

nuclei interaction with the Me(1) protons and a weaker the)/\&tnangle; however, replacement of BRoy the larger

contact with Me(6) (see Figure 2). In only one cas@l-( PR~ anion or substitution of the OH group by the hydride

PR), a very weak signal for the interaction with Me(2) is ligand resqlt in the ab;ence of _intgraqtion between the
observed. These results can be interpreted on the basis ofXtérnal anion and the’Xligand, which indicates that small
the interionic structure shown in Figure 3a. In this figure, changes in the cluster or anion sizes may determine the
the cluster is represented with thesWiangle defining a observation or the absence of Xanion interactions in the
plane that divides the cation in two parts. TheQ, X, and  SPectra. _

P(2) atoms are placed above this plane, whereas P(1) and The HOESY spectra for the salts of the bromine complexgs
the u>-Q ligands are located below it. The methyl groups 3" and6™ (see Figure 4) suggest a structure for the ion pair

Me(5) and Me(2) are roughly perpendicular to the metal that is different from the one just described for the hydride
and hydroxo complexes. For clustgt, the intensities of

(20) Macura, S.; Emst, R. RMol. Phys 198Q 41, 95. the contacts indicate that the anion approaches the cluster

equivalent nuclei of both typedH{ and%F),2° and then scaled
by arbitrarily fixing to 1 the most-intense contact in eac

Inorganic Chemistry, Vol. 45, No. 15, 2006 5777



pointing toward the triangle defined by the Me(1), Me(2),
and Me(6) methyl groups (see Figure 3b) and having the
Me(1)—Me(2) edge and the Me(1) vertex as preferential
positions. In consequence, substitution of the &t OH-
ligands by the larger and more-electron-rich Bnion results

in a change in the interionic structure, in such a way that
the anion moves away from the Xigand and approaches
the metal triangle from the bottom side. For the other bromo
complex, Se clustest, the structure of the ion pair formed
with the Pk~ anion is roughly the same as the one found
for the analogous S compound (Figure 3b); however, the
intensities of the contacts for the p&ir—BF,~ suggest that

Algarra et al.

Absorbance

|

700

0.00

450 500 550 600 650

Wavelength (nm)

the anion approaches the cluster cation on both sides of therigure 5. Electronic spectra calculated for the starting complix the

W; triangle @ andb in Figure 3); i.e., the small increase in
the cluster size upon replacement of S by Se seems to b
enough to allow the accommodation of the smaller; BF
anion at positions close to the bromide ligand.

These results demonstrate that the;AXz(dmpe)]™
clusters form in CBRCI, solution ion pairs of well-defined
interionic structure with the BF and Pk~ anions. The
interionic structure in solution appears to be mainly deter-
mined by minimization of the repulsive electrostatic interac-
tions between the counteranion and the ligands negative
charges. Thus, although stronger interactions with the metal
centers could be achieved by approaching at the less stericall
hindered proximities of thes-Q or u,-Q ligands, the electron

density on these ligands forces the counteranion to approaci‘f

at different directions and the preferred site is that shown in
Figure 3a when the Xligand is small (H, OH"). However,
when the size and electron density of Kcrease (Br), the
repulsion with the fluorinated anion becomes more important
and forces the counteranion to approach at the direction
shown in Figure 3b.

Once the solution structures of the BRand Pk~ salts of

these trinuclear complexes have been established, it is

interesting to make a comparison with the corresponding
structures in the solid state. The crystal structures gfW
Brs(dmpe}](PFs) ([3]PFs) and [WsSeBrs(dmpe}](PFs) ([6]-

PFs) have been previously reported in the literatutéand

the structures of [\W6,(OH)s(dmpe}](PFs) ([2]PFs) and [Ws-
SeHs(dmpe}](PFs) ([4]PFs) have been determined in this
work. In this way, the effects of changing the nature of both
the chalcogen and the"Xigand on the interionic solid-state

structure can be analyzed. Inspection of the crystal structures

of the four Pk~ salts (see the Supporting Information)
reveals interionic interactions similar to those found in,€D
Cl; solution, but there is no clear tendency in the anion
cation interactions when changing the nature of the chalco-
genide or the X ligand, which suggests that the solid-state
arrangement must be mainly determined by crystal-packing
forces.

The Effect of lon-Pairing on the Kinetics of Reaction
of [W3S;Ha(dmpe)]t with HCI. The findings in the
previous section about the structure of clustanion ion

reaction intermediateds(andl,), and the final reaction producg) from
he spectral changes with time observed during the reaction of cliister

ith HCI in CHClI; solution at 25.0°C in the presence of 0.05 M Et
NBF;.

approach of other negatively charged reagents; so, significant
differences in reactivity may result from approaches at sites
a andb in Figure 3 in reactions such as the substitution of
the X~ ligands. However, the only substitution processes in
these clusters whose kinetics has been previously repblted
are the acid-promoted substitutions of coordinated hydrides
in 1* and4t, and these reactions involve the attack by neutral
X molecules. Nevertheless, as these reactions occur through
the initial formation of W-H---H—X dihydrogen bonds, the
ormation of ion pairs with fluorine-containing anions
interacting with the cluster at the proximities of the coor-
dinated hydrides still anticipates the possible observation of
changes in the kinetics of proton transfer from the acid to
the hydride. Actually, ion-pairing with BF has been
recently reported to provide an alternative and efficient
pathway for the proton transfer frotrans[FeH(H)(dppe}]*
to a basé’® For these reasons, the effect caused by the
addition of BR~ on the kinetics of the acid-promoted
substitution of the coordinated hydrides in thiecluster was
studied in CHCI; solution using HCI as the acid (eq 1).
Although the complex concentrations used in the kinetic
experiments are lower than those in the NMR studies and,
consequently, ion-pair formation may be expected to occur
at lower extent, the kinetic results clearly evidence changes
that can be associated only with the formation of ion pairs.

[W,S,Hs(dmpe)] " + 3HCI— [W,S,Cl(dmpe)] " + 3H,
)

In the presence of an excess ofNBF,, the spectral changes

for the reaction in eq 1 are similar to those previously
observed for the same reaction in the absence of any added
salt® and can be fitted by three consecutive exponentials,
which yields the rate constantk;fps Koons andksend and

the spectra of the reaction intermediates and the final product
included in Figure 5. The calculated spectra are also similar
to those derived from experiments in the absence of added
salt, for which it was established that the three kinetically

pairs in dichloromethane solution can be useful in order to resoluble steps correspond to the sequential substitution of
rationalize the reactivity of these clusters because it is the coordinated hydrides by CIThe observed rate constants
reasonable to think that the preferred sites of interaction in for the three steps show a second-order dependence with
the ion pairs also represent the most-favorable sites for therespect to the acid concentration (eq 2) that is illustrated in
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W—H + H—Cl = W—H---H—Cl; K, ()
W—H:+*H—Cl + H—CI = W—H-+-H—Cl---H—Cl; K, (4)
W—H:+H=Cl-+*H—CI = W—Cl-*-HCI + H,; ks, (5)

kobs = k3ptKa1Ka2[HCI] 2 (6)

kiobs/s

The kinetic data obtained in the presence of addeg B&n

be easily interpreted by including in this mechanism the
formation of ion pairs betweefr" and the anion (eq 7). If
these ion pairs do not lead to product formation, the rate
law is given by eq 8; the presence of added BB expected

0 to cause a decrease in the reaction rate by a factor oftd:(1
0.000 0.005 0.010 0.015 0.020 0.025 Ker4[BF47]). In agreement with this expectation, a consistent
value ofKgrs = (7.8 4 0.4) x 10* M~ is obtained from the
Figure 6. Plots of the observed rate constant vs the acid concentration de.crea_se in they values at, two different concentrations of
for the first step in the reaction df* with HCI in CH,Cl, solution at 25.0 this anion. Although a quite close value of (A30.6) x

°C: (O) in the absence of added BiBFs; 3 (v) in the presence of 0.025  1(0? M~ can be obtained from thke, decrease, this value
e e O B o st ofTTESPONGS 10 the eqilirium constant or the formation of
the acid concentration. an ion pair between BF and [WsS4H,Cl(dmpe}]*. The
similarity between both values indicates that substitution of
one H by CI~ does not significantly change the stability of
the ion pair. Unfortunately, no estimation &&r4 can be

[HCIYM

Table 3. Summary of Kinetic Data for the Reaction df with HCI in
CHyCl, Solution at 25.0°C

[ELNBF,] (M) ki (M%7 keM2s) k(M5 made from theks values because of the different units of
8a025 ((21-41{&* 8-8g;§ ig (l(éofi g-cl’f’)xxlézo“ 1;8 Yy the rate constant derived in the absence of added salt.
0.050 (63 02)x 1 (2.9+01)x 1®  7.6+0.2 Although the description of the system in terms of one-to-

one ion pairing, as represented in eq 7, is probably a
aData from ref 13 In the absence of addedSiBF,, this rate constant . ipe p 9 P . q . P . y
has a value of (4 1) x 10° s and does not show any dependence with  Simplification and other anions may also interact simulta-

the acid concentration. neously with the cluster cation, these last aggregates are
expected to be less stable on the basis of electrostatic and
steric grounds. The excellent agreement calculated by
considering ion pairs with only one BF anion indicates
that ion pairs involving more anions, if they exist, are in
much lower concentrations.

Figure 6 for the case df;ops This figure also shows that
addition of EfNBF, causes a significant decrease in the
values ofkjos and that the deceleration becomes more
important when the concentration of added salt increases.

The nu_merical values included in Table 3 shoyv that the same W—H + BF,” = (W—H, BF,); K @
effect is observed foka.ns and ksons although in the latter 4

case, a direct comparison is not possible because the values KspKaiKa JHCI?

derived in the absence of added salt could not be satisfactorily bs = (8)

fitted to the rate law in eq £ 1+ Kee [BF, ]
Theoretical Studies on the Effect of lon Pairing on the
Kops = K[HCI? (2 Mechanism of Proton Transfer to the Coordinated
Hydride. The experimental results in the previous sections
From a combination of experimental and theoretical data, it indicate that Bl forms an ion pair witfl" where the anion
) . ' " is placed close to the coordinated hydrides, which causes a
was previously established that the second-order dependenc8ece|eration of the proton-transfer process from HCI that can

with respect to the acid results from the formation of e jny,itively understood invoking steric reasons. However,
dihydrogen-bonded adducts between thecluster and one i 145 been previously reported that ion-pairing with,BF

or two HCI molecules (eqs 3 and.kﬁ)AIthough both ofthese  jncreases the rate of deprotonation of dihydrogen complex
adducts may evolve to the final product through two trans[FeH(H)(dppe)] + .16 Although in that case the reaction
competitive first- and second-order pathways, the adduct with \ya5 monitored in the reverse direction, microscopic revers-
two HCI molecules is favored with respect to that with a jpjjity dictates that the formation of ion pairs with this anion
single molecule in the presence of an excess of acid; themust also result in an increase in the rate of proton transfer
reaction then goes through the second-order pathway in eqo the coordinated hydride. However, the results in the
5. If the equilibria leading to the formation of both adducts present work for the reaction df* with HCI indicate just

are considered to be displaced toward the starting reagentsthe opposite effect, so that the deceleration observed upon
the rate law for this mechanism (eq 6) coincides with eq 2 the addition of BE™ reveals that ion-pairing does not in this
with the equivalencég= kspKaiKaz case provide an alternative efficient pathway for proton
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Table 4. Summary of Energies Calculated for the Different Species BF,~ and the hydrogens of Rtare observed in the model

ﬁgslglting from the Interaction of the Model Clusten* with BF,~ and used (shortest-~H distances of 1.93 and 1.97 A), and they
surely contribute to the docking of the BFanion. When a
gas phase dicholoromethane solution second B is added to the model, the calculations reveal
species AE (kcal molY) AE (kcal mol?) AG (kcal mol?) the formation of a new Im*, 2BF,”) species with an
Wbl 17"1;.86“0' Adductfz % o6 optimized ggometry (Figure 7) that shows eachﬁB@ion
W—H---H—Cl---H—Cl 901 77 378 close to a different W-H bond. However, the stabilization
HCI—BF.~ Adducts achieved with the second anion (2.04 kcal mMdh CH,-
Cl—H-+BF4~ -16.85 -7.16 -6.29 Clp) is significantly lower than that with the first one. For
g:::::g::: B T30 oy ey this reason and because the experimental kinetic data show
LT —HCI—BF i~ Adducts a _clear depe_ndence on the Bquncentr:a_tlon W|t_h0ut
(Am*, BFs) —65.80 _6.37 —4.04 evidence of higher-order contributions, a single anion was
(Im*, 2BFR") —90.00 —-10.27 —6.08 included in the ion pair model used to theoretically inves-
a —1aee e P tigate potential interactions with HCI molecules.
4 -73.31 -11.72 -5.82 Once the structure of théifi*, BF,~) ion pair had been
o el o Tiaek established, the geometries and energies of the adducts
7t —91.16 2455 1837 resulting from the interaction of this ion pair with one and
8t —80.13 —17.51 —9.93 two HCI molecules were calculated to make a comparison
%t :gg gé :;i;g :?19; with the corresponding adducts in the absence of BFhe

. ] ] _ inclusion of one HCI molecule in the calculations leads to
o 1A3II the values are given relative to the separated spetibata from the formation of stable:l(m+, BE, ", HC|) adducts, for which
the optimized geometries resulting from HCI approach at
transfer, as observed for the Fe complex. In an attempt todifferent sites were calculated (see Figure 7). The results
understand the reasons that lead to such a different behavioindicate that there are two almost degenerate struct@tes (
in both complexes, theoretical studies were carried out usingand3t) in which the HCI molecule approaches the ion pair
model cluster [WSH3(PHs)s]™ (Im*), which has been  atthe proximities of the BF anion. The most stable of these
previously revealed to be very useful for understanding the structures 2t) is stabilized by 7.36 kcal mot with respect
rate law and mechanism of the reaction of the cluster with to the dm*, BF,") ion pair, with the HCI molecule located
HCI.13 Although the HOESY spectra indicate the location close to both ions. The optimized geometry shows-aHH
of the fluorinated anion at the proximities of the methyl distance (2.68 A) too large to be considered a dihydrogen
groups of the cluster and inclusion of these groups in the bond and henc@t must be considered unproductive for
calculations would be desirable, attempts to make calcula-proton transfer.
tions with a model including the dmpe ligands are extremely  Actually, in the absence of BF, the calculations revealed
slow with the computer power available even for the isolated the formation of a W-H---H—Cl adduct with a much
cluster, which precludes calculations on the interaction with stronger H--H interaction @—= 1.36 A)!3 that facilitates
the anion and the acid. Despite the limitations of the the release of KHin the next step. In the alternativét
simplified model, clarifying results could still be obtained. structure, which is only 0.80 kcal mdiless stable thaft,
As the DFT calculations carried out involve the formation the HCI molecule interacts with BF; there is no W-H--
of adducts that contain a variable number of species, the-HCI interaction, which makes this adduct unproductive for
entropy contributions can be specially important; thus, the proton transfer as well. The stabilization observed for both
discussion in the next paragraphs is on the basis of the free2t and 3t can be attributed to the interaction of HCI with
energies calculated for each adduct in dichloromethanethe anion and, as a matter of fact, theoretical calculations
solution. However, Table 4 also includes the corresponding reveal the formation of cluster-free CIHBF,~ adducts
values of the potential energies in both the gas phase andstabilized by 6.29 kcal mot in CH,Cl, solution. This
CH,CI, solution, facilitating comparison with the values indicates that most of the stabilization achieved in 2te
reported for related systems. The Cartesian coordinatesand3t adducts can be considered to come from an additive
corresponding to the different adducts discussed in the textinteraction of B~ with both the cluster and the acid. It is
are given in the Supporting Information. also important to note that the stability of GHBF,~ implies
The interaction betweedm™ and BR~ leads to the  the formation of significant amounts of this species in
formation of a {m*, BF,") ion pair stabilized by 4.04 kcal  dichloromethane solution, causing a decrease in the effective
mol~tin CH,CI, solution whose optimized geometry (Figure HCI concentration and the subsequent deceleration of the
7) shows the anion at the proximities of the coordinated proton-transfer process; BFacts as a scavenger for the HCI
hydride with three short HF distances of 2.67, 2.98, and molecules.
3.19 A. This structure agrees with the NMR results, although ~ Although our theoretical results just discussed clearly
the presence of the methyl groups probably makes theindicate that ion-pairing with BF hinders the formation of
distances somewhat larger in the real system, as revealedHCI| adducts capable of undergoing proton transfer, the
by the absence of WH---F signals in the HOESY spectrum. validity of this conclusion is limited to adducts in which HCI
Actually, significant interactions between the F atoms of approaches the WH bond close to the BF anion.

5780 Inorganic Chemistry, Vol. 45, No. 15, 2006



(W3QsX3(dmpe)}] ™, Y7) lon Pairs

Figure 7. Optimized geometries for the different species resulting from the interaction of model dustewith BF,~ and HCI.
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However, the possibility that HCI approaches the cluster at oL Am oroucts
= N T ———

one of the other W-H bonds cannot be ruled out. The SN ~--- WAl

optimized geometry obtained for the corresponding adduct, i AN AN

N WH-HCI--HCL o Pt

products

\ N\ (m* BF,)
\ v

4tin Figure 7, shows a WH---H—CI dihydrogen bond with
a H---H distance (1.17 A) that is shorter than that found for

~

\ 1m ,2BF, -\\ AN 4t
\(1m
(—4)\

the corresponding adduct in the absence of BE.36 A); —__— CHBRyT \g\\f -
consequently4t can evolve into the reaction products. g [ CIH-CIH-BF " \ \i\\ oot
However, 4t is significantly less stable tha2t (5.58 kcal g -10 - \\L \\\gpmm
mol~! in CH,Cl, solution); the interaction of one HCl & [ ST T}\i\:: ““““ o
molecule with the Im", BF,") ion pair would occur - - "\ a
preferentially at the unproductive YAH site, thus justifying 151 \\ \{?}
the deceleration of the proton-transfer process. - N

The results obtained when a second HCI molecule is added I AN

to the theoretical model lead to conclusions similar to those
derived from calculations with a single molecule of acid. Figure 8. Relative free energies calculated in &Hp solution for the
When the second HCl approaches #teand 3t adducts at |y adducts formed by the frem* cluster, the BE- anion, and thel(m®,
the proximities of the previously existing HCI molecule, two BF,7) ion pair.
almost degenerate adduct &nd6t, see optimized geom-
etries in Figure 7) arise, both of them containing a hydrogen ~ Figure 8 summarizes the results of the theoretical calcula-
bond between the HCI molecules and being ca. 3.5 kcal tions on the formation of adducts betweem™ and one or
mol~! more stable than the corresponding adducts with a two HCI molecules in both the absence and presence of.BF
single HCI. However, as seen f8t, the molecules of acid  lon-pairing to BR™ leads in all cases to stabilization, but it
in 6t are placed too far away from the coordinated hydride is important to note that the most-stable HCI adducts are
to allow proton transfer. Analogously t2t, the proton- unproductive for proton transfer. In any case, the variety of
hydride distance in the WH---HCl---HCI arrangement of ~ adducts possible leads to the conclusion that the mechanism
5t is too large (2.92 A) to consider it a dihydrogen bond; of proton transfer from HCI to clustet in the presence of
this adduct is unproductive for the proton-transfer process added BE~ can be more complex than that depicted in egs
as well. Moreover, the most-stable adduct resulting from the 3—5 and 7. From the distribution of energies in Figure 8, a
interaction of (m*, BF;") with two HCI molecules does  mixture of adducts must be reasonably expected to be formed
not show a HGE+HCI hydrogen bond. Instead, the acid in solution, and this allows for a variety of reaction pathways
molecules in the optimized structui# {n Figure 7) approach ~ t0o complex to be analyzed in detail. However, one important
different F atoms of the BF anion, so that7t can be conclusion is that BF interacts with both reagents (the
described as the result of the interaction of the cluster with cluster and HCI) to form quite stabl&,(BF,"), CIH---BF4~,
a CIH-+*BF,~++*HClI unit. Adduct7t is 3.39 kcal mof* more CIH---CIH---BF4~, and ClH--BF, ---HCI adducts that re-
stable tharbt in CH,Cl, solution, but the shortest proten duce the concentrations of the free reagents in solution and
hydride distance is again too large (3.16 A) and makes thiscause a deceleration of the proton transfer through the
adduct unproductive. In addition, cluster-free GHBF,++-HCI pathway operating in the absence of ;BFIn addition,
and CIH--CIH---BF,~ aggregates are found to be quite stable although the 1, BF,7) ion pairs can form several types of
in CH,Cl, solution, with stabilization energies of 12.68 and adducts with HCI, the most stable of these adducts will
9.59 kcal mot?, respectively. The formation of significant represent dead-ends in the mechanism because they do not
amounts of these species under the conditions of the kineticcontain the W-H---HCI dihydrogen bonds required to
experiments can be again invoked to explain, at least in part,complete the proton transfer. The only BFecontaining
the observed deceleration. adducts capable of evolving into the reaction products are
Theoretical calculations were also carried out considering those in which at least one HCI molecule forms a dihydrogen
that the second HCI molecule approaches the cluster at thePond with one of the W-H centers far from the Bf anion,
proximities of metal centers far from the BFanion. Inthis ~ but the contribution of possible pathways involving these
way, adducts8t—10t were obtained, whose optimized adducts will not be important because they are significantly
geometries are also shown in Figure 7. A|th0ugh all of these less stable than other adducts and actually, their formation
adducts contain WH---HCI dihydrogen bonds with H-H is less favored than that of the cluster-free €iBF, ---HCI
distances of 0.96 Agt), 1.18 and 1.23 Aqt), and 1.19 A adduct.
(10t) that make possible the subsequent release,pthdy At this point, it is interesting to compare the effect of ion-
are expected to be formed at low concentrations because ofairing on proton-transfer processes in our cluster hydride
their lower stability with respect t@t (8t, 9t, and10t are and other related mononuclear hydride complexes. In our
8.44, 11.43, and 7.00 kcal mdl less stable tharrt, case, the reaction goes through the formation of dihydrogen-
respectively). Actually, the stabilization achieved in &ie bonded adducts, where the simultaneous interaction gf BF
10t adducts through the interaction of o™ ion with one (and related anions) with both the metal hydride and the

BF,~ and two HCI molecules is lower than that achieved in
the cluster-free CIH:-BF, ++-HCI adduct.
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absence of ion-pairing. This effect causes a decrease in thdmpe}]*, BF,~) ion pair, with a structure in which BF

proton-transfer reaction rate and contrasts with recent reportsapproaches the cluster at the proximities of one of the
showing that ion-pairing can even result in a shortening of coordinated hydrides, constitutes an excellent example of
the H-H distance in dihydrogen mononuclear complexes reactivity changes due to ion pairing. In this case, the kinetics

(1.05 A for free [Cp*OsH(PPh)]* and 0.94 A for its adduct
with BF,~; 1.35 A for free [Os(H)Cl(dppe)]* and 1.11 A
for its ion pair with PE~, 0.855 A for [NbCp(H.),]* and
0.836 Aforitsion pairwith HTFAY", TFA=trifluoroacetate}* 23

However, these complexes differ from the dihydrogen-

bonded adducts WH+HCI reported in this work, because

and mechanism of proton transfer from an acid (HCI) to the
coordinated hydride is largely affected for several reasons.
First, the formation of 1+, BF,"), CIH---BF,~, CIH---Cl-
H---BF4~, and CIH--BF, ---HCI reduce the concentrations
of 1 and BR~ and make the reaction slower through the
formation of BR~-free HCIl adducts of*. Second, although

the H—H bond of stable mononuclear dihydrogen complexes (1", BF,~) can still interact with the HCI molecules ap-
cannot be broken as a consequence of weak interactions wittproaching at the proximities of BF, the resulting adducts
the anion. Nevertheless, these interactions can lead tolack W—H---HCI dihydrogen bonds and are thus unable to

relatively small changes in the++H distances that, at least

undergo proton transfer. Third, the interaction of HCI with

for the quoted examples, appears to be favored in the sense¢he other two W-H bonds opposite to the BFanion leads

of a shortening the HH bond. In contrast, the hydrogen

to dihydrogen-bonded species capable of providing efficient

atoms involved in a dihydrogen bond are only weakly bound pathways for proton transfer; however, the lower stability

to each other, and the-HH distance can undergo more-

of these adducts reduces the contribution of potential

pronounced changes upon interaction with an external anion.pathways involving these species to the net rate of the

For the case of BF and other fluorinated anions interacting
with an M—H---H—X dihydrogen-bonded adduct, the-F
BF---H—X interactions will reduce the capability of the acid

to participate in dihydrogen bonding, which can lead to quite

large increases in the -HH distance. The extreme case
would be that represented by structures sucBtaw 6t, in
which the fluorinated anion inserts between-M and H-X

and causes the complete breaking of the dihydrogen bond
thus blocking this reaction pathway. However, there is also

the possibility that BF interacts with the M-H---H—X

reaction.

Experimental Section

Synthesis and Physical Measurementd he PRk~ salts of the
molecular triangular clusteds'—6", [W3Q4X3(dmpe}](PFs), were
prepared according to literature methéti&171924The correspond-
ing tetrafluoroborate salts were prepared by the same procedure
but using acetone solutions of NapBiRstead of KPE during the

‘chromatographic work up. The purity of the samples was confirmed

by electrospray mass spectra (recorded on a Micromass Quattro
LC instrument using nitrogen as the drying and nebulizing gas and

dihydrogen-bonded adduct to form a stable ternary speciescp,cy, as the solvent).

without largely perturbing the +-H distance. This is the
case of the reaction afans[FeH(Hy)(dppe)] ™ with NMes,

The 31P{1H}, NOESY1D, andH NMR spectra were obtained
using CDBCl, solutions of the complexes (ca. 0.01 mol dinwith

for which the calculations revealed that the interaction with a Varian Inova 400 spectrometer, using the standard pulse sequences

BF,~ leads to only a minor change, from 1.211 to 1.283 A,

provided by the manufacturer. THel,’®F HOESY experiments

in the H+-H distance of the dihydrogen-bonded intermediate; were recorded with the same instrument using the hoesy_da pulse

the BR~ follows the proton along its transfer, and the

additional stabilization achieved through the formation of

stable (HNMg", BF,") ion pairs as reaction products leads
to an acceleration of the proton-transfer procéss.

Conclusion

NMR techniques have been used to demonstrate the

formation of ion pairs between the B@,X3(dmpe}]™ (Q=
S, Se; X= H, OH, Br) cationic clusters and the BFand

sequence with a mixing time of 0.4 s.

X-ray Data Collection and Structure Refinement. Crystals
suitable for X-ray studies of the BFsalts of cluster@* and4+
were grown by slow diffusion of ether into GBI, solutions. The
crystals are air-stable and were mounted on the tip of a glass fiber
with the use of epoxi cement. X-ray diffraction experiments were
carried out at room temperature with a Bruker SMART CCD
diffractometer using Mo K radiation ¢ = 0.71073 A). The data
were collected with a frame width of @.3n w and a counting
time of 20 s per frame. The diffraction frames were integrated using
the SAINT package and corrected for absorption with SADABS.

PFs~ anions in dichloromethane solutions. These ion pairs The structures were solved by direct methods and refined by the

have well-defined structures that depend on the nature offy|l-matrix method on the basis &R using the SHELXTL software
both the cluster and the external anion, and although thepackage?’

interactions within these ion pairs are significantly weaker

Crystal Structure of [2](PF¢). The structure was successfully

than covalent bonds, experimental and theoretical evidencessolved in space group23 considering a merohedral racemic
accumulated in recent times clearly indicate that this kind twinning with final BASF (batch scale factor) values of 0.50(4).
of species cannot be ignored when a precise understanding”‘" the non-hydrogen atoms within the cluster except carbons were

of the reactivity of the complexes is desired. The {SiH;-

(21) Webster, C. E.; Gross, C. L.; Young, D. M.; Girolami, G. S.; Schultz,
A. J.; Hall, M. B.; Eckert, JJ. Am. Chem. So005 127, 15091.

(22) Gusev, D. GJ. Am. Chem. So@004 126, 14249.

(23) Bakhmutova, E. V.; Bakhmutov, V. I.; Belkova, N. V.; Besora, M.;
Epstein, L. M.; Lleds, A.; Nikonov, G. I.; Shubina, E. S.; Torsal.;
Vorontsov, E. V.Chem—Eur. J.2004 10, 661.

refined anisotropically, whereas the positions of the hydrogen atoms

(24) Estevan, F.; Feliz, M.; Llusar, R.; Mata, J. A.; Uriel, Blyhedron
2001, 20, 527.

(25) SAINT, Bruker Analytical X-ray Systems: Madison, WI, 2001.

(26) Sheldrick, G. MSADABS Empirical Absorption Prograrfdniversity
of Gattingen: Gitingen, Germany, 2001.

(27) Sheldrick, G. M.SHELXTL Brucker Analytical X-ray Systems:
Madison, WI, 1997.
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were generated geometrically, assigned isotropic thermal param- Theoretical Calculations. The theoretical study has been
eters, and allowed to ride on their respective parent carbon atoms.conducted with the Becke hybrid density functional (B3L%P)
One of the P~ anion lies on a special position (intersection of method as implemented in the Gaussian98 progfarhe doubleg
three 2-fold axis), and its atoms were also refined anisotropically. pseudo-orbital basis set LanL2DZ, in which W, S, and P atoms
This accounts for six out of the eight negative charges within the are represented by the relativistic core LanL2 potential of Los
unit cell. The other set of independentePRons revealed in the  Ajamos3t was used. Solvent effects were taken into account by

Fgurier map as highly disordered were refined as a rigid 9roup 1055 of polarized continuum model calculat®nsing standard
with perfect octahedral geometry, placing the phosphorus atom Onoptions. The energies of solvation were computed in dichlo-

the highest electron density peak. . i - -
The site occupancies of the highly disordered-Paions were romethaned = 8.93) at the geometries optimized in the gas phase.

assigned to ensure a clustergPFatio of 1, compatible with the Ack led t Ei ial t the S ish
observed cluster charge. The refinement gives thrge &fgeners cknowledgment. Financial support from the spanis

around a 3-fold axis that filled part of the existing structure hole. Ministerio de Ciencia y Tecnolégiand the EU FEDER
This kind of disorder is often observed in fM'Qu(dmpe}Xs][PF¢] Program (Grants CTQ2005-09270-C02-01 and BQU2003-
complexes that crystallize in the cubic space gr@8%17 Empirical 04737), FundacidBancaixa-UJl (Projects P1.1A2002-04,
formula GigHs103F6P7S,Ws; FW = 1326.17; crystal system cubic;  p1.1B2005-15, and P1.1B2004-19), Junta de Andaluci
gm;é:gllzdlr;-ensnonsa=20.7;9;2)_Aé.voltimg=zgglg.3(11.5) '&;Tf (Grupo FQM-137), and Generalitat Valenciana (Project
= 293(2) K; space group2 EZ S HT O mm . no. 0 GV04B-029) is gratefully acknowledged. We also thank the
reflections collected= 20 195; no. of independent reflectiors . e

Servei Central D’Instrumentaci€ientifica (SCIC) of the

1956 [R(int)= 0.0437]; Final R indicesl[> 20(I)] R1 = 0.0497, i ) Al : )
WR2 = 0.1297; R indices (all data) R% 0.0500, wR2= 0.1301. Universitat Jaume | and the Servicios Centrales de Ciencia

The highest residual electron density was 3.13gh&ar the tungsten Y Tecnoloda of the Universidad de ‘@& for providing us
atoms with the mass spectrometry, NMR, and X-ray facilities. Mr.
Crystal Structure of [4](PFe). The structure was successfully 3 M. Duarte is also gratefully acknowledged for his

solved in the monoclinic space gro@2/c. All the non-hydrogen assistance with the NMR experiments. Some helpful com-

atoms except the fluorine atoms in the sPRon were refined ts by th . f h iqinal ot |
anisotropically. The positions of the hydrogen atoms were generatedmen S by the reviewers of the original manuscript are also

geometrically, assigned isotropic thermal parameters, and allowegdratefully acknowledged.
to ride on their respective parent carbon atoms. Two independent
PR~ anions with the phosphorus atoms both in the special position ~ Supporting Information Available: Comments, with figures,
4e were found in the structure. The last Fourier map showed one-o0n the assignment of the signals in the proton and phosphorus NMR
half a molecule of dichloromethane. spectra of the [WQ4X3s(dmpe}] ™ clusters and the crystal structure
Empirical formula Gg sHs.CIFsP,SeW3;; FW = 1508.23; crystal of [W3QuX3(dmpe}](PFs) complexes; X-ray crystallographic files
system monoclinic; unit cell dimensiorss= 25.750(7) A,b = in CIF format for compounds 2]JPF; and H]PFs Cartesian
21.090(6) A.c = 16.839(5) A,5= 111.056(6): volume= 7425- coordinates of the theoretically calculated structures. This material
(3) A% T = 293(2) K; space grouf2/c; Z = 8; u = 11.843 mm; is available free of charge via the Internet at http:/pubs.acs.org.
no. of reflections collecteer 19 341; no. of independent reflections
= 5580 [R(int)= 0.1890]; Final R indiced [> 20(l)] R1 = 0.0784,
wR2 = 0.1555; R indices (all data) R% 0.1680, wR2= 0.1986.
Kinetic Experiments. The kinetic experiments were carried out  (29) (a) Lee, C.; Yang, Y.; Parr, R. ®hys. Re. B: Condens. Matter
at 25.0°C using an Applied Photophysics SX17MV stopped-flow Mater. Phys.1988 37, 785. (b) Becke, A. DJ. Chem. Phys1993
instrument provided with a PDA.1 diode-array detector, and the @0) ?:?isi?:‘?v-l. 3 Trucks, G. W.; Schlegel, H. B.: Scuseria, G. E.; Robb,
results were analyzed with the SPECFIT progfémihe complex M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
([1]PFs) solutions contained the amount of,EBF, required to Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
keep a constant ionic strength, at the concentrations indicated in ~ A- D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
the previous section, in the resulting solutions. Reaction of CIgiMe \éiiﬁg%sys's"!‘ﬂécﬁferfsn;;: ? P'Velfgrgggﬂ" g"’ :. ?rxsgllé,cﬁ.p\\(o.l?rggi', %j;
with MeOH was used to obtain HCI in neat @E,. The Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
concentration of acid was determined in each case by titration with Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
a previously standardized KOH solution. These titrations were B. B.; Liu, G.; Liashenko, A,; Piskorz, P.; Komaromi, I.; Gomperts,
carried out after diluting an aliquot {122 mL) with water (50 mL).
All kinetic experiments were carried out under pseudo-first-order

R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
conditions of acid excess, the concentrations of the cluster being
within the range (0.65.2) x 10*M.
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Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98Pittsburgh,
PA, 1998.

(31) Hay, P. J.; Wadt, Rl. Chem. Phys1985 82, 270.

(32) (a) Tomasi, J.; Persico, Nbhem. Re. 1994 94, 2027. (b) Amovilli,

(28) Binstead, R. A.; Jung, B.; Zubéitner, A. D. SPECFIT-32 Spectrum
Software Associates: Chappel Hill, NC, 2000.
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C.; Barone, V.; Cammi, R.; CansgE.; Cossi, M.; Menucci, B.;
Pomelli, C. S.; Tomasi, JAdv. Quantum Cheml998 32, 227.





