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An investigation of the chemical and electrochemical redox behavior of the bimetajligNHgPt (COug"™ (n

= 4—6) clusters shows that they display electron-sink features encompassing up to six different oxidation states.

As a corollary, these studies provide an indirect proof of the presence of hydride atomswhérand 5. The
difference in the formal electrode potentials of consecutive redox couples of bothg#NICOug]>~ and

[NizgPts (COngl®~ is almost constant and amounts on the average to ca. 0.33 and 0.28 V, respectively. Such

constancy oAAE within each species points out the absence of a well-defined HOM@MO gap in both clusters.
Besides, its value is an indication of their semiconductor rather than metallic nature. A plot of the avEBrage

exhibited by the known carbonyl clusters displaying electrochemically reversible multiple redox changes versus
their nuclearity suggests that the transition from semiconductor to metallic behavior might occur upon a ca. 50%

increase of the today available cluster nuclearities.

Introduction

Because of the work of L. F. Dahiind complementary work
carried out in our laboratorya wide series of icosahedral nickel
carbonyl clusters containing group 146 elements has been
synthesized. This comprises non-centeredgM-ER),(CO) g2~
(E=P, As, Sb, Bi; R=alkyl or aryl substituent)2¢ E-centered
[Ni1t12E)(COY7 2= 2aNji-centered [Nio(et12-Ni) (ue-E)o(COQg ™™
(E = Sbh, Bi, Se)}t"2deand [Niio(u12-Ni)(ue-ER)(CO)g]"™~ (E
= Sn, R= alkyl substituentd E = Sh, R= Ni(C0O)3).2>¢ The
non-centered and E-centered nickel clusters possess the expect

number of skeletal electron pairs (SEP) and do not display any |,
reversible redox propensity. In contrast, the Ni-centered species
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show a higher number of SEP and electrochemically reversible
redox aptitudes. In particular, the Ni-centeredifjti1o-Ni)(ze-
E)(CO)el™™ (E = Sb, Bi) and [Nio(u12Ni)(1e-Sb—Ni(CO)s)2-
(CO)g™ derivatives display three different oxidation states,
which are sufficiently long-lived to permit isolation of each
species. Homoleptic carbonylmetal clusters rarely display a
redox propensi§* comparable to that shown, for instance, by
the Fe-S cubane clustetor fullerene EHMO analysis of
several Nig(u12M)E2(CO) s model compounds pointed out that
the out-of-phase combinations of the d orbitals of the interstitial
om with those of the icosahedral;blt, cage were sufficiently

w in energy to be populated by electrons wher=wNi. 2¢)

his justified the exceptional electron count of the Ni-centered
clusters. Furthermore, it suggested that the presence of an
interstitial nickel atom and concomitant stabilization of the metal
core imparted by the peripheral main-group elements could
trigger electron-sink behavior also in carbonyl clusters. This
conclusion was later authorized by electrochemical studies of
[Ni32(‘ug-C)6(CO)35]6_ and [Hs—nNisg(us-C)s(COMa™™ (N
4—6), which contain highly connected (12 and 13) nickel and
bulk carbide atoms$.Indeed, these high-nuclearity carbide
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Figure 1. The metal frame of the [HNiPi(CO)g]®>~ penta-anion.

clusters display a wide redox aptitude encompassing five redox

changes with features of electrochemical reversibifty.

Fabrizi de Biani et al.
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Figure 2. Cyclic voltammograms of (a) [NiPt(COugl® (4 x 1074
M) and (b) [HNigPi(COkgl®>™ (4 x 1074 M) recorded at a platinum
electrode. DMF solution containing [NBJJPFs] (0.2 M). Scan rate

The clusters containing interstitial platinum atoms apparently 9.2 v s,

show contrasting cyclic voltammetric behavior. Both ;fPt
(COXg* and [Ps4(CO)o]2~ exhibit electrochemically revers-
ible redox change®8ab In contrast, [Pi(CO)2]%2~ and
[Ptzg(CONql?~ display mainly irreversible behavié.lt was,

= 4—6) salts suitable for electrochemical studies could only be
obtained in dimethylformamide (DMF) and acetonitrile solu-
tions. Nevertheless, the observed current densities were very

therefore, of interest to investigate the related chemical and jow due to the conceivably low diffusion coefficients. The

electrochemical redox behavior of bimetallic dHNisgPls
(COug]™ (n = 4—6) clusters, which contain six interstitial
platinum atoms. These have been found to display electron-
sink features comparable to those of thesfiig-C)s(CO)e®~
and [Hs—nNizg(us-C)s(CO)z]™ (n = 4—6) clusters. As a

[HNi 3gPt5(COugl>~ hydride is unaffected by these solvents. On
the contrary, [HNizgPis(COugl* significantly deprotonates to
the former, as inferred from IR monitoring of the solutions,
according to eq 2.

We found that [NigPt(CO)gl®~ and [HNigPis(COugl>™

corollary, these studies provide an indirect proof of the presence gisplay an unusually rich redox aptitude and exhibit five redox

of hydride atoms when = 4 and 5.

Results and Discussion

processes having features of chemical and electrochemical
reversibility on the cyclic voltammetric time scale. Typical
cyclic voltammograms are shown in Figure 2. The low current

The synthesis and the complete structural characterization ofdensity made rather troublesome the experimental measurement

the [HNissPts(CO)gl®~ pentaanion have been reporfédts
“cherry” NiszgPts metal frame is depicted in Figure 1. Other

of the number of electrons involved in each redox step by
controlled potential coulometry. At any rate, the first two

structural investigations carried out on crystals of the corre- reduction steps were one-electron processes for botiaHii
sponding tetra- and hexa-anions disclosed the presence of afCO),g ¢~ and [HNigPts(COugl®~. Because of the presence of

identical metal frame. However, their full structure could not
be determined owing to the poor quality of their crysfals.
The [Hs-nNizgPs(COuel™ (n = 3—5) members of the above

multiple redox steps of equal intensity, we may confidently
assume that also the remaining redox changes of both species
are monoelectronic. The formal electrode potentials of the

series were formulated as hydrides on the basis of their electron transfers displayed by dHNizgPts(COug™ (n = 5,

progressivedeprotonation equilibrian solvents of increasing
dielectric constant (eqs-13).° Unfortunately, NMR experiments
could not substantiate the presence of hydride atoms.

[HNigPt(CO),gl®™ <2 [H Ni gPt(CO)d* + HY (1)

[HZNi38PTG(CO)48]4_ acetonitrile

[HNi 3gPt(CO),d> + H*

acetone

@
[HNi 35Pt(CO)d® === [NiygP(CO)d® +H'  (3)

The above purported deprotonation equilibria egs3)Land
the low molar solubility of the tetrasubstituted ammonium or
phosphonium salts of [HnNizgP(COlg" (n = 4—6) in all
organic solvents strongly limited the choice of the solvent for
redox studies. Concentrations of thes[lENizgPts(COg]"™ (n

6) are summarized in Table 1. In all cases, attribution of the
occurring redox change has been made by voltammetry at
mercury or platinum electrodes with periodical renewal of the
diffusion layer.1° This proves that [NigPts(CO)g]®~ undergoes
one oxidation and four reductions, whereas [BHRIs(CO)g]°>~
undergoes one or two oxidations (depending on the working
electrode) and three reductions.
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Table 1. Formal Electrode Potentials (in V, vs SCE) for the Redox Changes Exhibited by ¢heNjgtPi(CO)g]"™ (n = 5, 6) Clusters in
DMF and Acetonitrile Solution

compound B34 B4 5 Es /6" E” 17~ E78 E%g /9 E”9 710
[NizgPt(COgl® 2 —0.62 —0.97 —1.29 —154 ~1.75
[HNi 3sPt(CO)gl5~ 20 —0.61 —0.98 ~1.28 ~155
[HNi 3gPt(CO)gls P ~0.25 —0.62 —0.96 ~1.28 ~1.62
[HNi36Pt(CO)sgl5 o —0.28 —0.60 ~0.93 ~1.25 ~158

aMeasured by using an Hg electroddDMF as solvent® Measured by using a Pt electrodedcetonitrile as solvent.

The [H:NissPt(COugl* tetraanion also exhibits redox Table 2. Infrared Carbonyl Absorptions of the [MP&(CO)g" (n

aptitude; however, its partial deprotonation in acetonitrile to — 5-9) Anions
[HNi3sP%(CO)el>~ (see eq 2), combined with a low current compound solvent veo(+2 cn)
density, gives rise to overlapped and broad cyclic voltammetric  [HNisgPts(CO)gl>~ CH:CN 2003 s, 1861 ms
profiles. Owing to that, the redox potentials were barely [Ni3gPts(COg :’ CH:CN 2005 s, 1862 ms
reproducible. Therefore, this species has not been investigated mwgtggg)ﬁei gm:z iggg 2 ggg mz
in more details. o _ [NisoPt(COYe] DMF 1980's, 1830 ms
The above experiments indirectly support the chemical [Ni3gPt(COMgl® DME 1968 s, 1820 ms
evidences of the hydride nature of{HNizgP(COug"™ (N = [Ni3gPt(COug]*~ DMF 1956 s, 1802 ms

4, 5). Thus, the differences in the voltammetric responses in

the three cases can only be interpreted as due to the perturbingonstituted by the presence of an extra oxidation process at
effect of the presence of hydride atoms. Furthermore, the —0.25 V in the former and an extra reduction process k75
electrochemical experiments on RyR(COgl® point out the V in the latter. Apparently, that represents the only perturbing
reversible access only to the corresponding pentaanion, whereagffect of neutralizing one of the negative charges of the hexa-
the sequential formation of isoelectronic penta-, tetra-, and tri- anion with a proton.

anion is obtained upon protonatidhiThe possible existence of The electrochemical results have partially been validated by
a given anion both as even-electron hydride and odd-electronchemical reduction of [NEPt:(CO)g]® with sodium naphtha-
paramagnetic species has previously been documented in lowetenide in DMF by monitoring with IR. The stepwise addition

nuclearity clusters, e.g., the [HKg3-S)(CO4] /[Fes(us-S)- of three equivalents of reducing agent gives rise to a decrease

(CO)4]~ pair of compounds! of 10—15 cnt! per equivalent in the frequency of the infrared
Interestingly, the redox potentials of the first oxidation of carbonyl absorptions (see Table 2). This can be considered as

[NisgPts(COgl® and the first oxidation of [HNiPt(CO)g]®~ an evidence of the sequential formation of the hepta-, octa-,

are very close in value; the same holds for the other redox and nona-anion. Indeed, such shift is in the opposite direction
processes. It should be noted, however, that at the potential ofand close in value to that observed upon sequential protonation
the redox couple [NsP(COugl®>~ the deprotonatecpenta- of [NizgPi(COugl®.° The observed species are stable in solution
anion undergoes aeduction step, whereas th@rotonated under a rigorously inert atmosphere, as inferred from their IR
[HNi 2gP15(COugl®>~ undergoes anxidationstep. This behavior ~ features after several hours. However, their attempted isolation
is understandable in terms of electron occupancy. Thus,tfie 5 in the solid-state failed owing to partial reoxidation during the
6— change of [NigPts(COugl®~ corresponds to the 45— workout. The sequential addition of 3 equiv of tropylium
change of [HNigPi(CO)gl,5 being the two species isoelec- tetrafluoroborate to [NEP%(CO)gl®~ quantitatively regenerates
tronic. A related diagonal correspondence holds for the other the parent [NisP(COug®~ hexa-anion, through the intermedi-
redox changes. A similar behavior has previously been observedate formation of [NigPts(CO)g|®~/"~. Addition of 1 equiv of
in the [Hs—nNizg(ug-C)s(CONz™ (n = 5, 6) seriedC but not the oxidizing agent to [NEP(CO)gl®", both in DMF and
for the [Ruo(ue-C)(CO)4)?~ and [HRuo(ue-C)(CO)4~ pairs acetonitrile, leads to a species which shows infrared carbonyl
of clusterst? In the latter case, the irreversible reduction of the absorptions coincident with those of [HARE(COugl®>~. Whether
dianion occurs at a more negative potential than the correspond-his is the even-electron [H#P%(CO)gl >~ or the odd-electron
ing irreversible reduction of the isoelectronic hydride monoan- [NizgP%(COkgl>~ could not be unambiguously established
ion. If allowance is made to neglect the non-thermodynamic owing to lack of both EPR and NMR response of its solution.
meaning of irreversible processes, such a difference could ariseHowever, the stability of this species in a highly ionizing solvent
from a different stereochemistry of the hydride atom (e.g., such as DMSO strongly favors the second hypothesis.
interstitial rather than edge bridging, as in the latter). Indeed The reported electrochemical results point out the existence
interstitial atoms do not alter the number of bonding orbitals of of two different series of clusters having the following general
a given cluster because the interaction of their orbitals with those formulas: [NisPs(COug™ (n = 5—10) and [HNggP(COhgl>~
of the cage generates an equal number of bonding and anti-(n = 3—8). Despite a widespread belief that clusters are electron
bonding orbital$3 Therefore, it seems reasonable to suggest reservoirs}® a redox aptitude such as that of HNizsPts
that a hydride atom interstitially lodged in one of the miscel- (COlg"™™ (n = 5, 6) is rather exceptional for homoleptic
laneous octahedral cavities of [HiyP(COlg]®~ would have carbonylmetal clusters? Other relevant examples are {Rt
little influence on the energy and composition of its frontier (CO)2]*™ 42 and [Pp4(CO)sq?~,8 both containing interstitial
orbitals. platinum atoms. These undergo consecutive pairs of close-
The second main difference between the electrochemical spaced one-electron redox changes with features of electro-
responses of [HNjP(COlgl®~ and [NigPls(COgl® is chemical reversibility, separated by ca. 6&7 V. It seems,
therefore, reasonable to conclude that the presence of bulk

(11) Calderoni, F.; Demartin, F.; lapalucci, M. C.; Longoni, G.; Zanello,
P. Inorg. Chem.1996 35, 898. (13) (a) Mingos, D. M. PJ. Chem. Soc., Dalton Tran4976 1163. (b)

(12) Cifuentes, M. P.; Humphrey, M. G.; Heath, G.lAorg. Chim. Acta Mingos, D. M. P.; Zhenyang, LJ. Chem. Soc., Dalton Tran$988
1997, 259, 273. 1657.
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124 between the frontier one-electron energy levels. Within this
1.1+ premise, the almost constant spacing found ig-_[MNizsPt-
104 (COug]™™ (n = 5, 6) first points out the absence of a well-
0.9 defined HOMO-LUMO gap, as it has been anticipated by
0.8 theoretical calculations on a model PNICOug]™™ compound-®
07 Second, it allows to gather an approximate value of 0.3 eV for
S 6] the average energy separation between the frontier one-electron
uF 0 energy levels of [lH-nNizgPts(COug]"™ (n = 5, 6). Such an
< energy separation suggests that these clusters should still have

0.4 4 . . .
1 semiconductor rather than metallic nature. However, according

03] to Figure 3, the transition from semiconductor to metallic

027 behavior might occur for clusters with a nuclearity beyond a

011] value of ca. 65. As above, this threshold should only be taken

e e e S L S A S L L L S B N S L A R B S I as a crude attempt to experimentally envision where transition
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100

from semiconductor to metallic behavior of a homoleptic
carbonyl cluster might be expected to occur. It is worth of note
Figure 3. Alinear plot of the experimental average separation between that such a nuclearity is not beyond reach, as shown by the

Cluster Nuclearity

i ornal eletode petentls of onsecuive fecex ous(n - recent soltion of the carbonyl-sUbStuted REO)(PM)e
0-2):14 2, [CaC(COYs |™ (n = 1-4)4a 3, [Nilllsbz(CO)lg]”* (n= derivative? tha_t represents the hlg_hest nuclearity cIus_ter so far
2—4)2¢ 4, [NiyBi(COg™ (n = 2—4)2¢ 5, [HF&Ph(CO)d™ (n = fully characterized by X-ray studies. Furthermore, it seems
2-5);16 6, [NitzSh(COYd™ (N = 2—4) 7, [C0iCo(CORg™ (n = rewarding that spectroscopic studies on CO adsorbed on
3—6);428, [Irig(COX7"™ (n = 0—2);17 9, [Ptig(CO)y" (n = 3—7);%2 palladium islands deposited on alumina film point out that
10, [AgiF&(COYy" (n = 3—5);"8 11, [Pba(COkq]"™ (n = 1-5)8 aggregation of ca. 100 Pd atoms is necessary in order to observe

12, [Niz,Ce(COXe]"™ (n = 5-10);¢ 13, [HNizeCos(CO)g]" (n = 4-8);' transition from molecular to metallic featurds.
14, [NizgCs(CO2™ (n = 5—9);7¢ 15, [HNizgePtu(COWs]"™ (n = 4—7);1%0
16, [NizsPty(COlg]"™ (n = 5—9);*" 17, [HNi3sPts(COlg]" (n = 3—7); Experimental Section

18, [NizgPts(COug"™ (n = 5-9).
(NieP(CONe™ ( ) Apparatus and materials for electrochemical measurements are

latinum. as well as nickel. can trigger electron-sink behavior described elsewhefé.Potential values are referred to the saturated
P ’ ’ 99 calomel electrode (SCE). Under the present experimental conditions

also in homoleptic carbonylmetal clustelrs. ) ) the one-electron oxidation of ferrocene occurEdt= +0.38 V in
The present results and the data available in the literature  acetonitrile and-0.47 V in DMF. The [H_NisgPt(CO)g™ (n = 4—6)

suggest that the average separations between the formahnions have been prepared according to liter&thisolated as NMg

electrode potentials of consecutive redox couples of carbonyl salts, and crystallized from acetonitrile and diisopropy! ether.
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