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Addition of stannylene [{(SiMe3)2CH}2Sn:] (2) to the unbridged water results in the cleavage of an Ni–Sn bond and subsequent
opening of the cluster cage of 3 to form the trinuclearhomobimetallic Ni–Ni bond of [{PEt3Ni(η5-Cp)}2] (1) gives the

heterobimetallic, tetranuclear compound [{{(SiMe3)2CH}2Sn– compound [(η5-Cp)Ni{Sn(CH(SiMe3)2}2OH] (6) having an Sn–
OH–Sn bridge. The hydroxy proton in 6 can be exchanged byNi(η5-Cp)}2] (3) with a butterfly arrangement and leaves the

Ni–Ni bond of 1 intact. Elimination of both PEt3 ligands from deuterium within a few minutes, as determined by 1H-NMR
spectroscopy, giving the monodeuterio product, [D1]-6.the starting material 1 is observed, probably due to steric

restraints. Compound 3 is formally related to the hypothetical Compound 6 is reactive towards acetonitrile, leading to
cleavage of one Ni–Sn bond, elimination of onecloso-borane B4H4

2–. The Ni–Ni bond in 3 is only slightly
elongated [2.454(3) Å] when compared to the starting material [{(SiMe3)2CH}2Sn:] unit, and formation of the organotin

hydroxo complex [{(SiMe3)2CH}2(OH)Sn–Ni(η5-Cp)(CH3CN)]1 [2.41(1) Å]. Compound 3 displays a butterfly arrangement
with a hinge angle of 62.5°. An alternative route to 3 is by a (7). In this complex, acetonitrile is coordinated to Ni via its σ

lone pair, bearing the OH ligand in a terminal bonding modedirect reaction between nickelocene (5) and Lappert’s
stannylene [{(SiMe3)2CH}2Sn:] in 63% yield. Treating 3 with to tin.

result of the sterically crowded situation at both Ni atomsIntroduction
of 1, as revealed by X-ray crystallography and by 1H-NMR

Unbridged transition metal bonds (M2M) exhibit a high spectroscopy in solution. [2] Rotation of the PEt3 ligand
reactivity towards insertion and addition reactions of metal around the Ni2Ni bond vector is restricted, even in solu-
ligand fragments, especially when the M2M bond is polar- tion, due to steric hindrance. This sterically encumbered li-
ized. [1] For complexes containing homo-metallic M2M gand situation in 1 gives rise to cleavage of the Ni2Ni bond
bonds as in LxM2MLx-type dimers, usually little or no and insertion of a variety of low-valent main-group-element
electronic polarization effects are available to enhance the compounds. [2] [3] For example, group-14 chloride SnCl2, dis-
reactivity of the particular M2M bond. Drastic reaction playing carbenoid character, inserts into the Ni2Ni bond
conditions are therefore often necessary to enhance the re- of 1 giving [{(η5-Cp)Ni(PEt3)}2SnCl2]. Subsequent dehal-
activity of these M2M bonds towards insertion or addition ogention leads to the stannio(IV) monochloride complex
reactions. A unique way to activate homometallic M2M [{(η5-Cp)Ni(PEt3)}3SnCl]. [2] In our work reported here, we
bonds and to increase their reactivity towards further reac- set out to find new synthetic entries into Ni/Sn organomet-
tion is to sterically overcrowd the ligand periphery L at each allics by direct insertion routes into the M2M bond of 1.
LxM fragment. This results in a substantial weakening of Such Ni/Sn organometallics might be valuable single-source
M2M bonding, an increased reactivity, and consequently target compounds in MOCVD processes for the prep-
an easy homolytic scission of the M2M bond in such com- aration of Ni/Sn intermetallics, which recently gained inter-
plexes. est with respect to the nature of intermetallic phases like

We are interested in the reactivity of the dimer [{(η5- NiSn and Ni3Sn2. [4] Further interest is in their use as single-
Cp)Ni(PEt3)}2] (1) containing an unbridged Ni2Ni source precursors in bimetallic silica-supported catalysts
bond.[2] Although the M2M bond in 1 is in the usual range based on a combination of Ni2Sn, Pd2Sn and Pt2Sn,
for an Ni2Ni single bond and shows no significant elong- which up to now are only accessible from a mixture of Sn
ation, 1 displays an unusually high reactivity with respect and M (M 5 Ni, Pd, Pt) molecular precursors. [5a] Such bi-
to a scission of its unbridged Ni2Ni bond.[2] [3] This is a metallics have potential in CO oxidation reactions. [5a] In ad-

dition, Ni/Sn intermetallics have proven their catalytic
properties as cyclohexane dehydrogenation catalyst. [5b][a] Institut für Anorganische Chemie der Universität,

Universitätsstraße 527, D-45117 Essen, Germany A number of transition metal complexes of stannanediylsFax: (internat.) 1 49-(0)208/183-4195.
:SnR2 are known so far, and have proven their versatilityE-mail: joerg.schneider@uni-essen.de

[b] Dipartimento di Chimica, University of Siena, for coordination of transition metals. [6] We have choosen
Pian dei Mantellini 44, I-53100 Siena, Italy Lappert9s bis{bis(trimethylsilylmethyl)tin} [{{(SiMe3)2-[c] Max-Planck-Institut für Kohlenforschung,
Kaiser-Wilhelm-Platz 1, D-45470 Mülheim a. d. Ruhr, Germany CH}2Sn}2] (2), [7] as candidate for introducing an organic
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SnR2 group into transition metal compounds under mild
conditions. We have recently shown that addition of elemen-
tal Se and Te towards the unbridged Co2Sn bond of
[{(SiMe3)2CH}2Sn2Co(η2-ethene)(η5-Cp)], derived from
reaction of 2 with [(Cp)Co(ethene)2], leads to unique ter-
nary Co/Sn/E organometallics. [8]

We describe here, our studies on the reactivity of Lap-
pert9s bis(stannanediyl) 2 towards the Ni2Ni bond of 1,
leading to the formation of a bimetallic Ni2Sn complex 3
with a closo cage structure; 3 is formed by the addition of
subvalent SnR2 fragments to the Ni2Ni bond of 1. The tropic pattern corresponding to the composition Ni2Sn2
electrochemistry of 3 and of its cage-opened product 6 is (Figure 1). Figure 1 clearly indicates that 3 is thermally ro-
reported. In addition, the reactivity of 1 towards cage open- bust, propably leaving the Ni2Sn2 metal core intact upon
ing with water as a nucleophile and subsequent further re- vaporization. This is of significance for further MOCVD
activity of this product with acetonitrile is studied. applications of this compound.

Definitive proof of the spectroscopic data, especially the
loss of the PEt3 ligand came from a single-crystal X-rayResults and Discussion investigation, which showed 3 to be indeed a dinickel com-
plex (Figure 2). [9] Two {CH(SiMe3)}2Sn fragments bridgeReaction of [{(η5-Cp)Ni(PEt3)}2] (1) with
two 15e-{(η5-Cp)Ni} fragments, resulting in a tetrameric[{{(SiMe3)2CH}2Sn}2] (2)
Ni2Sn2 metal core. The metal atoms show a butterfly ar-
rangement with a hinge angle of 62.5(4)°. The two tin atomsOver the course of several days, 1 does not react with

2 at ambient temperature in diethyl ether. However, reflux display a distorted tetrahedral geometry with significantly
compressed bond angles {Si(CH3)3}2HC2Sn2CH-conditions in diethyl ether for 12 h led to a color change of

the initially deep green reaction solution to brown. Workup {Si(CH3)3}2, e.g. C62Sn2C7 102.9(2)°. A characteristic
feature of the structure of 3 is the Ni2Ni bond, which isby crystallization (from ether) gave brown-green crystals of

3 in 50% yield (Equation 1). only slightly elongated when compared to the Ni2Ni bond
in the starting material 1. [2.41(1) Å[2] vs. 2.454(3) Å]. Obvi-According to 1H and 13C NMR, 3 is diamagnetic and

does not contain any signals corresponding to the PEt3 li- ously, the steric repulsion upon addition of two :SnR2 stan-
nylene fragments to the Ni2Ni bond has only a minor im-gands originally present in the starting complex 1. This re-

sult is confirmed by mass-spectrometric studies which show pact on the geometry of 3. The Ni2Sn bond length is well
in accord with the Ni2Sn bond in [(η5-Cp)Ni){(µ-η1:η1-the molecular peak of 3 at m/z 5 1122, with a correct iso-

Figure 1. Top: experimental isotopic pattern of the molecular ion peak of 3; bottom: calculated isotopic pattern for the molecular ion of
composition C38H86Ni2Si8Sn2
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Cp){Sn(N(tBu))2SiMe3}2}] (4) [12] (Figure 3), containing a ether, under reflux conditions, to give brown crystals of 3

in 65% (Equation 2).somewhat similar {(η5-Cp)Ni2SnR3} unit with a tetracoor-
dinated Sn atom. The distance between the two tin atoms In contrast to Equation 1, formation of 3 here proceeds

by addition of two electronically unsaturated 15e-{CpNi}in 3 is 3.72 Å.

Figure 2. Molecular structure of 3 in the solid state; selected bond lengths [Å] and angles [°]: Sn2Ni 2.502, Ni2Ni 2.454, Sn2C7 2.208(6),
Sn2C6 2.230(6), Ni2X1A (1B) 1.74; C62Sn2C7 102.9(2), Ni2Sn2Ni9 58.7(1), Sn2Ni2Sn9 96.2(1)

Figure 4. Different reaction sites of nickelocene with an amphi-
philic Lewis acid/base stannylene ligand :SnR2

Figure 3. Molecular structure of 4 (reproduced from ref. [12] with
permission)

Equation 1 represents a rare case of addition of stanny-
lene fragments SnR2 towards an unbridged M2M fragments, generated thermally from nickelocene, to give

the tetranuclear Ni2Sn2 cluster 3. Veith and Stahl reportedbond.[13] [14] For electron bookkeeping sake, 3 formally
represents a hetero-closo structure according to Wade’s a similar reaction of nickelocene with the N-donor-substi-

tuted, but more basic, stannylene [Sn(NtBu)2SiMe2}] torules.[15] Taking into account that 3 does not contain any
PEt3 ligands (originally present in the starting material 1), yield 4. [12] Consequently, this reaction resulted in an attack

of this stannylene at the acidic Ni center and formal inser-finding a direct synthesis to 3 was challenging. Stannylenes
:SnR2 are either able to react as donor or acceptor mol- tion of a stannanediyl fragment into the nickelocene sand-

wich structure. Obviously, the bis(silyl)stannyleneecules due to their carbenoid character and the electron-
accepting empty π orbitals on tin. Electron-rich metalloc- [:Sn{CH(SiMe3)2}2] (2) is basic enough to follow this reac-

tion pathway.enes like nickelocene (5) offer either acidic metal sites or
basic ligand sites, at which substitution chemistry may pro- With respect to the reactivity of 3, we observed that if a

mixture of 1 and 2 (Equation1) containing 3 is not directlyceed (Figure 4). We therefore found that 5 reacts with 2 in
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crystallized from the initial reaction mixture, but still To prove the assumption that 6 is not a direct reaction

product of 1 and 2, but is indeed formed by reaction of 3further purified by column chromatography (SiO2, pen-
tane), aside from 3, a second compound 6 can be isolated with water, which must then be responsible for the Ni2Sn

bond cleavage of the closo cluster 3, a direct reaction of 3in varying yields. The yield of 6 depends on the chromatog-
raphy time and age of the stationary SiO2 phase used. Older with H2O was conducted (Equation 3).

Stirring of an ethereal solution of 3 with a fourfold excesscharges of SiO2 containing higher water contents, conse-
quently gave higher yields of 6. Compound 6 was charac- of N2-saturated H2O resulted in a color change from brown

to red-brown within a few minutes. Workup furnished 6 asterized by spectroscopic data (NMR, MS, and IR). In the
mass spectrum, the molecular base-peak for 6 is found at brown crystals in 63% yield. All spectroscopic data of 6

obtained by this independent route are in accord with them/z 5 1016, showing a characteristic Sn/Ni atom isotopic
ratio of 2:1 and an initial mass loss of m/z 5 [1016 2 17], material obtained by chromatography of 3 on wet SiO2 as

described before. As a result of these experiments it is obvi-owing to the loss of an OH unit. The OH grouping shows
up in the IR spectrum with a sharp OH stretching absorp- ous that 3 is prone to the opening of the butterfly structure

by oxidative addition of water. We found that 6 is alsotion at ν̃ 5 3623 cm21.
The 1H-NMR spectrum of 6 gives a characteristic broad formed in a one-pot reaction by addition of excess water to

a reaction mixture of 5 and 2 under reflux conditions, fol-OH proton resonance at δ 5 1.46 with a 119JSn2H coupling
of 12 Hz, which characterizes the Sn2OH2Sn bridge in 6. lowed by subsequent crystallization of the crude material

from ether.Unambigous proof of this assignment and the existence of
such a bridging µ-OH ligand came from a deuterium ex- A preliminary X-ray crystallographic study of 6 confirms

the connectivity of the heavy-atom skeleton containing Snchange experiment.
Addition of N2-saturated D2O to a freshly prepared and Ni, as well as the complete silicon/carbon framework.

However, the µ-OH bridge could not be unambigously pin-NMR sample of 3 in N2-saturated C6D6 resulted in a sub-
stantial broadening of the initially very sharp OH signal pointed due to the poor crystal quality of 6 obtained so

far. [16]after 5 min contact time, and complete disappearance of the
OH proton resonance signal after 30 min, indicating the
formation of 5[OD] by H/D exchange. The remaining pro-
ton signals in the 1H-NMR spectrum broaden significantly Electrochemistry of 3 and 6
but do not change their chemical shifts and relative inten-
sity ratios. Figure 5 shows the cyclic voltammetric profiles exhibited

by complexes 3 and 6 in dichloromethane solution. The di-
nickel complex 3 displays a rather complicated oxidation
pathway (Figure 5, upper trace), in which only the first an-
odic step exhibits features of transient chemical reversibility
(Figure 5, lower trace left). In contrast, the mononickel
complex 6 undergoes a single oxidation process, chemically
reversible in character on the cyclic voltammetric timescale
(Figure 5, right trace).

Controlled potential coulometry (Ew 5 10.5 V) showed
that the oxidation of 6 involves the removal of one electron/
molecule. The solution resulting from exhaustive oxidation

Figure 5. Cyclic voltammetric responses recorded at a platinum electrode in CH2Cl2 solutions containing [Bu4N][PF6] (0.2 mol dm23)
and 3 (9 3 1024 mol dm23) (upper and lower left trace) or 6 (7 3 1024 mol dm23) (right trace)

Eur. J. Inorg. Chem. 1999, 1987219931990



Bis(µ-σ-stannanediyl)dinickel Butterfly Cluster FULL PAPER
exhibits a cyclic voltammetric profile quite complementary sults in brick-red rectangular-shaped crystals of 7 contain-

ing a terminal Ni-bonded {Sn{CH(TMS)2}2}OH ligand,to the original one, thus testifying the chemical reversibility
of the redox change 6/61 (E°9 5 10.25 V) also during the and a CH3CN ligand according to spectral data (see Exper-

imental Section) (Equation 4). The OH stretching fre-long times of macroelectrolysis.
The analysis of the cyclic voltammograms of 6 with the quency of 7 at ν̃ 5 3624 cm21 is well in accord with the

one observed for 6.scan rate varying from 0.02 Vs21 to 1.00 Vs21 indicates
that the anodic step is substantially reversible also from the The molecular structure of 7 in the solid state was deter-

mined by X-ray crystallography[9] and displays a two-leggedelectrochemical viewpoint, in that the peak-to-peak separ-
ation, particularly at slow scan rates, deviates slightly from piano-stool geometry at the Ni center (Figure 6), with a

trigonal planar structure at Ni as its most prominent fea-the theoretical value of 60 mV.[17] For instance, at 0.05 Vs21

it is equal to 70 mV, quite paralleling the value we obtain ture. The tin atom is coordinated in a strongly distorted
tetrahedral environment. The Sn2O bond length [2.017(2)for the one-electron oxidation of ferrocene under the same

experimental conditions (E°9 5 10.38 V). In this picture, Å] points towards an Sn5O π-bond contribution as it is
discussed for [{SnR2(OH)}2(µ-O)] containing a µ-the electrochemical reversibility suggests that no significant

structural reorganization should accompany the electron re- Sn2O2Sn bridge, and two terminal Sn2OH groups
[2.032(5) Å]. [18] In contrast to 7, organotin hydroxides oftenmoval from 6.

As far as complex 3 is concerned, we limited our study have a bridging OH as in 6 or [Sn(µ-OH)(phenyl)3]`. [19] Be-
sides [{SnR2(OH)}2(µ-O)], [18] tris(tropolone)tin hydrox-to the first, partially reversible anodic step (at 0.05 Vs21,

ipc/ipa 5 0.7; E°9 5 20.01 V). Controlled potential coulo- ide[20] and [{CH(SiMe3)2}2Sn(H)(OH)], [21] 7 represents an-
other rare case of a compound having a terminal OH func-metry (Ew 5 10.2 V), even if affected by severe electrode-

poisoning phenomena which required repeated cleaning of tionality.
the electrode surface, seems to involve one electron/mol-
ecule. It is important to take into account that after com-
pletion of electrolysis a number of new waves appear, which
testify the occurrence of framework-destroying processes,
but none of this was attributable to the 6/61 system. This
means that the redox-induced cleavage of the cage of 3, in
spite of the unavoidable presence of traces of water in solu-
tion, follows a path different from that illustrated in Equa-
tion 3.

Reactivity of 6 Towards CH3CN

The Sn2OH2Sn bridge in 6 is reactive, and can be
opened by a nucleophilic attack, e.g. by acetonitrile. Ad-
dition of a large excess of CH3CN to an ethereal solution
of 6 results in a color change from brown-red to blood-red.
Prolonged cooling (weeks) of this solution eventually re- Figure 6. Molecular structure of 7 in the solid state; selected bond

lengths [Å] and angles [°]: Ni2Sn 2.472(1), Ni2N 1.829(3),
Sn2C13 2.209(3), Sn2C6 2.203(3), Sn2O 2.017, N2C51 1.138(5);
C132Sn2C6 109.3, O2Sn2Ni 109.6(1), C132Sn2O 102.0(1),
O2Sn2C6 102.5(2), C132Sn2Ni 112.0(2), C62Sn2Ni 119.6(1),
N2Ni2Sn 93.7(1)

Conclusion

Bulky SnR2 fragments are able to add to the Ni2Ni
bond of 2, forming the tetranuclear Ni2Sn2 cluster 3 with a
closo cage structure. However, steric demands require that
both PEt3 ligands are eliminated in this addition/elimin-
ation-type reaction. A novel feature in this complex is the
bulky R2Sn-bridged Ni2Ni bond which is without pre-
cedent so far. Compound 3 displays reactivity towards cage
opening with H2O, leading to the trinuclear µ-OH bridged
complex 6. SnR2 elimination and cleavage of the µ-OH
bridge in 3 can be achieved by reaction with acetonitrile.
The free coordination site generated by this cleavage is oc-
cupied by a σ-donor NRNi dative bond of the CH3CN
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Synthesis of [(η5-Cp)Ni(µ-OH){Sn(CH(Si(CH3)3)2)2}2] (6): A four-ligand to the Ni atom. The fact that 3 can be obtained in
fold excess of N2-saturated H2O was added a solution of 3 in di-high yield under mild conditions and is prone to cage open-
ethyl ether {prepared from 0.571 mmol of [{Sn{CH(SiMe3)2}2}2]ing of its Ni2Sn2 skeleton offers some useful features for
(2) and 1.14 mmol of 4}. After stirring the initial brown solutionfurther studies. It can be envisaged that addition of various
for about 5 min, a color change to bright red was observed. Ad-nucleophiles other than H2O are also able to open a syn-
ditional stirring for 2 h, followed by vacuum removal of all volatiles

thetic useful pathway into new Ni2Sn organometallics by and recrystallization of the crude residue from diethyl ether at
the cage-opening reaction route of 3. 230°C, gave 368 mg (0.363 mmol, 64%) of 6. 2 MS (EI, 70 eV,

The 1:1 Ni/Sn stoichiometry of 3, as well as its promising Tvap 5 130°C); m/z (%): 1016 (20) [M1], 999 (10) [M1 2 OH]
evaporation characterictics (1022 Torr/100°C, without de- 857(30), [M1 2 CH(SiMe3)2], 697(100), [M1 2 [CH(SiMe3)2]2]. 2

IR (KBr): ν̃ 5 3623 cm21 (s) (OH), 2949 (s), 2898 (s), 1402 (s),composition) make 3 an outstanding candidate as single-
1250 (s), 839 (br.), 784 (br.) (all tms), 1348 (s), 1315 (s), 1294 (s),source precursor to intermetallic nanostructured binary Ni/
1139 (s), 959 (s) [all Cp]. 2 1H NMR ([D6]benzene): δ 5 5.23(s,Sn phases[4] [22] by MOCVD techniques. Very recently we
Cp, 5 H), 1.46 [br. s, 2J(119Sn,H) 5 12 Hz, OH, 1 H], 0.67 (s, CH,have shown that the presence of the bulky mixed hydrocar-
4 H), 0.42 (s, SiMe3, 36 H), 0.24 (s, SiMe3, 36 H). 2 {1H}13C NMRbyl/organosilyl ligand {CH(SiMe3)2} in volatile organo-bi-
([D6]benzene): δ 5 88.4 [s, 2J(119Sn,C) 5 19 Hz, Cp], 20.66 (s, CH),metallic main-group complexes is in no way detrimental
5.17 [s, 3J(Sn,C) 5 15 Hz, SiMe3], 4.29 [s, 3J(119Sn,C) 5 15 Hz,

towards a succesful MOCVD application of organometallic SiMe3]. 2 C33H82NiOSi8Sn2 (1015.79): calcd. C 39.00, H 8.14,
complexes containing this ligand.[23]

found C 39.06, H 8.15.

Synthesis of [(η5-Cp)(CH3CN)Ni2Sn(OH){CH(Si(CH3)3)2}2]
(7): A fourfold excess of N2-saturated H2O was added to a solution
of 3 in 50 mL of diethyl ether {prepared from 0.571 mmol ofExperimental Section
[{Sn{CH(SiMe3)2}2}2] (2) and 1.14 mmol of 4}. After stirring of

General: All reactions were carried out under dry nitrogen with the initial brown solution for about 5 min, a color change to bright
standard Schlenk techniques. Compounds 1 and 2 were prepared red was observed. After additional stirring for 2 h, 25 mL of ether
according to published procedures. [2] [6] 2 Microanalyses were per- was removed under vacuum and replaced by 20 mL of acetonitrile.
formed by the microanalytical laboratory of the Chemistry Depart- This solution was filtered and stored for two weeks at 220°C
ment of the University2GH Essen. 2 All solvents were dried ap- whereupon 730 mg (0.72 mmol, 79%) of brick-red crystals of 7
propriately and were stored under nitrogen. 2 The NMR spectra could be isolated, co-crystallized with 220 mg (0.25 mmol) of 1.
were recorded with a Bruker AC 300 spectrometer (300 MHz for These two compounds were then separated mechanically. 2 1H
1H, 75 MHz for 13C) and referenced against the remaining protons NMR ([D6]benzene): δ 5 5.29 (s, Cp, 5 H), 1.48 (br. s, J 5 24 Hz,
of the deuterated solvent. NMR samples were prepared by vacuum OH, 1 H), 0.78 (s, C2CH3, 3 H), 0.43 (s, SiMe3, 36 H). 2 {1H}13C
transfer of solvents onto the appropriate amount of solid sample, NMR ([D6]benzene): δ 5 94.48 (s, CSp), 88.58 [s, Cp, 2J(Sn,C) 5
followed by flame sealing of the NMR tube. 2 MS spectra were 14.3 Hz], 20.88 [s, CH, 1J(119Sn,C) 5 117 Hz, 1J(Si,C) 5 39.0 Hz],
recorded with a MAT 8200 instrument using standard conditions 5.36 [s, SiMe3, 3J(Sn,C) 5 16 Hz]. 2 IR (KBr): ν̃ 5 3624 cm21

(EI, 70 eV) and the fractional sublimation technique for compound (OH), 3220, 2271, 1371 (CH3CN), 2947, 2923, 2894, 1249, 1015,
inlet. 2 Materials and apparatus for electrochemistry and coupled 841, 663, 608, 521 (all tms), 3088, 2961, 2835, 1400, 1346, 1292,
EPR spectroscopy have been described elsewhere. [24] 2 Either a 1242, 1108, 779 (all Cp).
BAS 100 A or a BAS 100 W were used in cyclic voltammetric meas-
urements. The potential values reported refer to the saturated calo-
mel electrode (SCE).
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