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Abstract: The dihalide capped trinuclear nickel clusters(Mi-X)2(uo-dppm} (X = 1 (1a), Br (1b); dppm= Phx-
PCH,PPh) were synthesized and converted to their respective monocatiog(g ) 2(u-dppm}] ™ (X = | (1a"),

Br (1b™)) via a single electron oxidation. Clustefisa and 1a" were characterized by X-ray crystallography.
Displacement of a triply-bridging iodide ligand in 4dis-1)2(uo-dppm} (18) by s-acceptor ligands produces a class
of 48-electron trinuclear nickel clusters of the general formula(fiiL)(us-1)(u2-dppm}] ™ (L = CO (2a); CNR, R

= CHjz (3a), 2,6-(CH)2CeH3 (43), i-C3H7 (5), CeH11 (6), t-C4Hg (7), CHCeHs (8), CsHs (9), p-CeHal (10), p-CoHa-

Br (11), p-CeHaCl (12), p-CsH4F (13), p-CeHaCHs (14), p-CeH4CFs (15), p-CsH4OCHs (16), andp-CsH4CN (17)).

A similar but less extensive study was conducted with the dibromide capped dbst@he X-ray crystal structure

of cluster2a, as the PF salt, was also obtained. Cluste?2s-17 possess strikingly similar spectroscopic and
electrochemical properties. This is ascribed to the lack of interaction betwees th#MO of clusters2—17 and

the molecular orbitals of the cappimgacceptor ligands. The unexpected appearante@i(C=N) bands in the
FT-IR spectra of cluster8—17 was demonstrated to be the result of a Fermi resonance involving(@=N)
fundamental and the first overtone of th@l—C(alkyl)) fundamental of the capping isocyanide. In addition, molecular
orbital calculations ori—17 provide insights into the differences in the physical properties and reactivities of clusters
of this class capped ly-donor () or -acceptor ligands—17).

Introduction of this area has been made by Puddephatt and co-workers, who

thesized th -faced clust -CO)(uz-d +
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transition metal complexes bridged by bis(diphenylphosphino)- pcaned that a variet : L ;

. y of triply-bridging units such as®Hg,
methane (dppm= Ph,PCHPPh) has developed considerably = pjiqest and vinylidenes could be incorporated into the
over the past 15 years. More recently it has become evidentg,cqyre.  Our laboratory has reported the synthesis and
that dppm can also stabilize trinuclear clusters containing nickel ¢\ ~ture of [Ni(iea-CNCH) (ies-1) (u2-dppm)] + and its precur-
or copper group metals with these triangular clusters containing o [Nis(1t3-CNCHy) (u3-1) (-dppmy(CNCH)] * 80 These clus-
at least one triply-bridging liganti.’ An extensive exploration ters contain the first structurally characterized examples of

isocyanides bound in a symmetiig-»* fashion. Related to
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Table 1. NMR and UV—Vis Data for [Ni(us-L)(us-X)(u2-dppm)]™ (n = 0, 1) Clusters

H NMR2

UV —vis?
X L 3P NMR2 CH® Ph Amax

la 1~ 1~ —14.0 5.10 7.56.6 651.2 (7.8)
514.0 (6.1)

lat - I~ e e e 563.2 (12.6)
434.0 (6.2)
1b Br- Br- —11.5 4.28 7.46.6 672.0 (5.9
542.0 (7.9)

1b* Br- Br- e e e 554.0 (11.8)
446.0 (6.0)
2a 1~ CcO 3.1 4.10 7.36.8 520.0 (6.3)
2b Br- CcOo 2.3 3.99 7.76.8 516.0 (4.9)
3a I- CNCHs 0.4 4.05 7.36.8 527.0 (3.8)
3b Br- CNCH; 0.6 4.00 7.66.7 520.0 (3.2)
4a I- CN(2,6-(CH)2CeHs) -1.9 4.10 7.26.7 542.2 (3.4)
ab Br- CN(2,6-(CH;)2CeH3) -25 4.28 7.46.8 534.0 (5.8)
5 I- CN(i-CsH-) -0.2 4.10 7.36.8 534.4 (4.5)
6 1~ CNGsH11 0.3 414 6.77.2 536.5 (5.0)
7 I~ CN(t-CaHo) -0.6 4.10 7.26.7 539.2 (3.8)
8 1~ CNCH,C¢Hs 0.4 411 7.36.8 529.3 (4.3)
9 1~ CNGCeHs 0.9 4.10 7.56.8 529.6 (3.6)
10 I- CN(p-CeHal) 0.8 4.13 7.26.7 515.0 (4.0)
11 I- CN(p-CsH4Br) 1.2 4.08 7.36.8 528.4 (4.1)
12 I- CN(p-CeH.Cl) 1.2 4.08 7.56.7 544.0 (4.2)
13 I- CN(p-CsH4F) -0.7 4.14 7.36.7 540.0 (4.1)
14 I- CN(p-CeH4CHs) 0.8 4.10 7.16.8 531.2 (4.1)
15 I- CN(p-CsH4CF) -1.0 4.16 7.46.7 526.0 (4.4)
16 I- CN(p-CsHsOCHs) 0.7 4.09 7.26.8 529.6 (3.7)
17 I- CN(p-CeH4CN) 1.7 4.09 7.66.7 519.2 (4.8)

a2 Chemical shifts given in ppm1a, 1b recorded in @De. 23, 33 4a, 5

—8 recorded in CRCN. 1a*, 1b*, 2b, 3b, 9—17 recorded in CBCls.

4b recorded in GD¢O. P Recorded in CHCN; extinction coefficient (M~t-cm x 10°) given in parenthese§Chemical shift is assigned to the
center of multiplet, dppm ligand protons oniRecorded in toluene.Paramagnetic.

Nis(us-1)2(u2-dppm} has been used in the photochemical
generation of the radical anion of carbon dioxide,,€Qwhich

labeled methyl isocyanides (GN'C, CH'>NC, 3CHNC, CD:NC)
were preparedia the literature method using the appropriate combina-

can subsequently be used in the synthesis of organic dicarboxyliction of labeled potassium cyanide and methyl ioditfé. The carbene

acids from olefing’ Thus, although some of the important

reactions of this class of nickel clusters have been com-
municated, a full description of their synthesis and electronic
structure and a systematic discussion of their novel physical
properties have yet to be reported. Herein, we report the

synthesis, structure, and electrochemistry of a family of clusters,

[Nis(us-L)(us-X)(uz-dppm}] ™. In addition, a theoretical study
of the electronic structure of these clusters is described.

L | n+
e 7 [Norrn, p=0 N
Ni /™ ]——Ni X=I,Br =TI, Br
'h,P~ -
" N7 L=1,Br  L=I,Br,CO,CNR
th\)'(/ Ph,

Experimental Section

Materials and Physical Measurements. All manipulations were
performed under an Natmosphere using an inert atmosphere glovebox
or Schlenk techniques. Solvents were reagent or HPLC grade and drie
over the appropriate drying agents. Anhydrous,Nihd isopropyl
isocyanide were purchased from Strem and 2,6-dimethylphenyl iso-
cyanide was purchased from Fluka. Dpptert-butyl isocyanide,
cyclohexyl isocyanide, benzyl isocyanidegHsNH,, p-1CsH4NH>,
p—BrCeH4NH2, p—C|C5H4NH2, p—FC6H4NH2, p—CF3C6H4NH2, p-CH3C5H4-

NH,, p-CHsOCsHsNH,, p-NCCGsHsNH,, KB3CN, KCN, CHsl, CDsl,
and ®CHjsl were purchased from Aldrich; G@ was purchased from
Matheson. All materials were used as received. Ni(C&B and
methyl isocyanid® were prepared by literature methods. Isotopically

(16) Blaine, C.; Mann, K. R.; Wittrig, R. E.; Ferrence, G. M,
Washington, J.; Kubiak, C. ®rganometallicsSubmitted for publication.

(17) Morgenstern, D. A.; Wittrig, R. E.; Fanwick, P. E.; Kubiak, C. P.
J. Am. Chem. S0d.993 115 6430.

method of isocyanide synthesis was used to prepgreNiC, CsDs-

NC, p-ICeH4NC, p-BrCsH4NC, p-CICeH4NC, p-FCsH4NC, p-CRCgHa-

NC, p-CHsCsH4NC, p-CH;OCsH4NC, andp-NCCsHNC 28 1H and3P
NMR spectra were obtained on Varian XL-200 or General Electric QE-
300 spectrometers3!P chemical shifts were referenced with respect
to external 85% KPO,. All NMR spectra were obtained in GON

or CD,Cl, unless otherwise noted. Cyclic voltammetry was performed
in acetonitrile containing 0.1 M tetrabutylammonium hexafluorophos-
phate (TBAP) using a Princeton Applied Research Model 173 poten-
tiostat/galvanostat and Model 175 universal programmer. A gold
working electrode, a platinum wire counter electrode, and a ferrocene/
ferrocenium reference electrode were employed. Plasma desorption
(PD) mass spectra were measured on an Applied Biosystems Bio-lon
20R spectrometer. Calculated’z for molecular ions are averages.
UV-vis, %8P NMR, and selectedH NMR data for 1-17 are
summarized in Table 1; the FT-IR, MS, and electrochemical data are
collected in Table 2.

Preparation of Nis(us-1)2(uo-dppm)s (1a). The preparation of

complexlahas been described previousty Anhydrous Nib (0.57 g,

1.8 mmol) was dissolved in hot 2-methoxyethanol (150 mL). In a
separate flask, Ni(CODR)1.0 g, 3.6 mmol) was dissolved in 10 mL of
doluene and 1.5 equiv of dppm (2.10 g, 5.5 mmol) was added, with
stirring, to afford a red solution. This red intermediate was added to
the Nil; solution leading to the immediate formation Id as a green
precipitate. The product was isolated by filtration and washed with

(18) Schunn, R. A;; lttel, S. D.; Cushing, M. A. Inorganic Syntheses
Angelici, R. J., Ed; Wiley: New York: 1990; Vol. 28, pp 948.

(19) Guerrieri, F.; Salerno, Gl. Organomet. Chenl976 114 339.

(20) Casanova, J.; Schuster, R. E.; Werner, NJDChem. Socl963
4280.

(21) Mottern, J. G.; Fletcher, W. FSpectrochim. Actd962 18, 995.

(22) DeLaet, D. L.; del Rosario, R.; Fanwick, P. E.; Kubiak, CJP.
Am. Chem. Sod 987, 109, 754.

(23) Weber, W. P.; Gokel, G. WTetrahedron Lett1972 17, 1637.

(24) Morgenstern, D. A.; Rothwell, A. P.; Bonham, C. C.; Wood, K.
V.; Kubiak, C. P.Polyhedron1995 14, 1129.
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Table 2. Infrared, Electrochemical, and Mass Spectral Data fog(INiL)(us-X)(uz-dppm)]™* (n = 0, 1) Clusters
X L FT-IR2y(C=N) Eu2(+/0)° (vs SCE) mass spéan/z
la I~ - <=2.0¢8 1583 (1583)
lat I~ I~ —0.6¢ 1583 (1583)
1b Br- Br- <-15 1491 (1489)
1bt Br- Br- —0.80 1488(1489)
2a I~ CO 1726 -1.12 1484 (1484)
2b Br- CcO 1724 -1.13 1437 (1437)
3a I~ CNCHs 1927, 1872 —1.18 1497 (1497)
3b Br- CNCH; 1917, 1851 —1.26 1450 (1450)
4a I~ CN(2,6-(CH;)2CsHa3) 1849, 1822 —1.08 1587 (1586)
4b Br- CN(2,6-(CH),CeH3) 1854, 1824 —-1.16 1540 (1540)
5 I~ CN(i-CsH7) 1876, 1815 —-1.18 1525 (1526)
6 I~ CN(t-CaHg) 1780 (broad) —1.12 1539 (1540)
7 I~ CNGCgH11 1885, 1832 -1.17 1564 (1564)
8 I~ CNCH,C¢Hs 1887, 1801 —-1.11 1573 (1572)
9 I~ CNGCsHs 1818, 1759 —1.06 1560 (1558)
10 I~ CN(p-CeHal) 1794, 1751 —1.00 1684 (1685)
11 I~ CN(p-CsH4Br) 1812, 1758 -1.14 1639 (1638)
12 I~ CN(p-CsH4Cl) 1811, 1756 -1.14 1594 (1594)
13 I~ CN(p-CsH4F) 1805, 1757 -1.16 1577 (1577)
14 I~ CN(p-CsH4CHg) 1820, 1771 —1.18 1574 (1573)
15 I~ CN(p-CsH4CR) 1800, 1731 —1.09 1628 (1629)
16 I~ CN(p-CsH4OCH) 1804 (broad) -1.19 1590 (1589)
17 I~ CN(p-CsH4CN) 1782, 1718 -1.13 1584 (1584)

aRecorded as KBr pellets, crh ? Cyclic voltammograms recorded in GEN. ¢ Plasma desorption, 15 000 V, calculated mass in parentheses.

dRecorded in 1,1,1-trichloroetharfe=AB. f»(CO).

hexane to yield 2.5 g (87%) dfa. Anal. Calcd for GsHeel 2Ni3Ps:
C, 56.90; H, 4.20. Found: C, 57.02; H, 4.39.

Preparation of [Niz(us-1) 2(u2-dppm)s][PFe] (1at). Clusterla(0.21
g, 0.13 mmol) was dissolved in 200 mL of THF and 0.034 g (0.13
mmol, 1.0 equiv) of AgPFwas added, leading to an immediate color
change from green to purple corresponding to the oxidatiobadb
la*. Silver metal was removed by filtering the solution through Celite.
The product can be isolated by the addition of pentane. Yield: 0.16
g (68%).

Preparation of Nis(us-Br)2(u2-dppm)s (1b). This compound was
made by a procedure similar to that used for the diiodide clulster
Anhydrous NiBg (0.40 g, 1.83 mmol) was dissolved in 60 mL of hot
methoxyethanol to form a slightly cloudy solution which was filtered
before use. A solution of Ni(COR)(1.0 g, 3.64 mmol) and dppm
(2.10 g, 5.47 mmol) in 10 mL of toluene was added to the MiBr
solution. A brown microcrystalline precipitate formed immediately.
After cooling to—10°C, the solution was filtered and the solid washed
with methanol and hexanes and dried under vacuum. Yield: 1.89 g
(68%). Anal. Calcd for @HesPsNisBr: C, 60.48; H, 4.47. Found:

C, 60.20; H, 4.65.

Preparation of [Ni(us-Br) o(u2-dppm)s][BF 4] (1b"). Clusterlbt
was prepared frortib following a method similar to that used faa".
From 1b (0.50 g, 0.34 mmol) and AgBH0.065 g, 0.34 mmol)1b*™
was obtained as a purple solid. Yield: 0.35 g (66%).

Preparation of [Nis(u3s-CO)(us-1)(u2-dppm)3][l] (2a). Clusterla
(0.39 g, 0.25 mmol) was dissolved in 50 mL of &F,. An excess of
CO gas was bubbled through the green solution for 3 min and the
solution was stirred fol h until the color changed to purple. The
solution was purged with Nand the product precipitated by addition
of 150 mL of pentane, recovered by filtration, and dried under vacuum.
Yield: 0.34 g (85%).

Preparation of [Nis(u3s-CO)(u3-Br)(u2-dppm)s][Br] (2b). Cluster
2b was prepared using a modification of Puddephatt’s procedure for
the synthesis of [N{u3-CO)(us-Cl)(ua-dppm}][CI]. 2° Nix(uz-dppm)-
(u-C0O)BR2>26 (0.20 g, 0.19 mmol) was refluxed in toluene for 24 h
and then evacuated to dryness. The residue was extracted into CH
Cl, (40 mL) and the product was precipitated with pentane (150 mL).
Yield 0.16 g (83%).

Preparation of [Nis(us-CNCH3s)(us-1)(u2-dppm)s][l] (3a). The
preparation of the methyl isocyanide derivatia)(is representative
of the synthetic procedure used f8+17. Clusterla (0.54 g, 0.34

(25) Gong, J. K. Ph.D. Thesis, Purdue University, 1990.
(26) Gong, J. K.; Fanwick, P. E.; Kubiak, C. . Chem. Soc., Chem.
Commun.199Q 1190.

mmol) was dissolved in 50 mL of Ci&l, and 1 equiv of methyl
isocyanide (18.L) was added with stirring. The solution turned violet
within 5 min. The solution was stirred f@ h to ensure complete
reaction after which time 150 mL of pentane was added to induce
precipitation. Cluster3a was recrystallized using GEl.,/hexane.
Yield: 0.40 g (71%). 'H NMR (CDsCN): ¢ 4.20 (s, 3H, EisNC).

The PR~ salt of 3a can be obtained by stirring a GEIN solution of
3awith a 10-fold excess of NaRF After removal of the acetonitrile,
cluster3a is extracted into CECly, filtered, and precipitated using
hexane.

Preparation of Isotopically Labeled [Nis(us-L)(us-1)(#2-dppm)s]-

[I], L =CNCHj5 (3a-13C), C!NCHj3 (3a-15N), CN**CHj3 (3a-°CH3),
CNCDs (3a-CDs). Preparation of the isotopically labeled isocyanide
capped trimers was similar to that f@a with substitution of the
appropriately labeled methyl isocyanide.

Preparation of [Nis(u3-CNCH3)(u3-Br)(u2-dppm)3][Br] (3b). Ni-
(uz-dppm(u-CNCHg)(CNCHg),?? (1.54 g, 1.53 mmol) was dissolved
in 50 mL of THF and NiBs (0.33 g, 1.52 mmol) in 25 mL of THF
was added. The reaction mixture was allowed to stirffdr during
which time a purple solid formed. This was filtered, rinsed with
pentane, and vacuum dried to obtain 0.98 g (52%) of(fidppm)-
(us-CNCHg)(u3-Br)(CNCHg),][Br] (18). IR (KBr) »(CN): 2167, 1951
cm L 3P NMR (CDiCN) 6 1.92, 1.84 (AABB'). Subsequentlyl8
(0.98, 0.79 mmol) was dissolved in 50 mL of gEN to which dppm
(0.40 g, 1.04 mmol) was added. The reaction was refluxed for 2 days
and filtered, and the filtrate was dried under vacuum. The residue was
extracted into 50 mL of CkCl,, precipitated with pentane (150 mL),
and filtered to givesh. Yield: 0.89 g (74%).*H NMR (CDsCN): ¢
4.25 (s, 3H, GI3NC). Cluster3b can also be prepareda addition of
CNCHs to 1b.

Preparation of [Nis(u3-CN(2,6-MeCeH3))(s-1)(p2-dppm)s][l] (4a).
Following a method similar to the preparation 34, 1a (1.0 g, 0.63
mmol) and 2,6-dimethylphenyl isocyanide (0.083 g, 0.63 mmol) gave
4a. Yield: 0.58 g (63%). 'H NMR (CDsCN): 6 2.11 (s, 6H,
((CH3)2CeH3)NC).

Preparation of [Nis(#3-CN(2,6-Me;CeH3)) (u3-Br)(u2-dppm)s][Br]

(4b). Following a method similar to the preparation3z 1b (0.50 g,
0.34 mmol) and 2,6-dimethylphenyl isocyanide (0.043 g, 0.33 mmol)
gave4b. Cluster4b was recrystallized from THF/hexane to give a
red-brown solid. Yield: 0.21 g (40%)*H NMR (CDsCN): 6 2.15

(s, 6H, ((AH3)2CeH3)NC).

Preparation of [Nis(u3-CN(i-CsH7))(u3-1)(e2-dppm)3][l] (5). Fol-
lowing a method similar to the preparation3zf 1a(0.25 g, 0.16 mmol)
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Table 3. Summary of Crystallographic Data fdm, 1a*, and2a
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lar3(CH:CeHs) [1a'][CFsSOy [2a][PFe]-2(C4HsO)
formula GoeHool 2Ni3Ps CreHeeF3l2NizO3PsS CgaHgoF3INi 303P;
fw 1859.57 1732.21 1773.43
cryst size, mm 0.3& 0.25x 0.22 0.63x 0.63x 0.13 0.50x 0.25x 0.06
cryst system triclinic orthorhombic monoclinic
space group P1 Pnma P2,
a, 15.116(2) 29.852(3) 10.847(2)
b, A 16.016(3) 22.190(2) 26.068(7)
c, A 19.957(2) 10.6564(9) 14.379(2)
o, deg 74.32(1) 90.0 90.0
B, deg 70.377(9) 90.0 98.76(2)
y, deg 70.40(1) 90.0 90.0
V, A3 4279(1) 7059(2) 4018(3)
z 2 4 2
temp,°C 23 23 23
Deale, g CNT3 1.443 1.630 1.473
u, et 15.25 18.79 12.82
radiation ¢, A) Mo Ka (0.71073) Mo K (0.71073) Mo K (0.71073)
reflcns measd 11146Hh,£k,l) 5175 ¢-h,—k,+l) 5399 hk,l)
reflcns used 6494 with> 30(1) 4000 withl > 30(1) 5386
variables 851 436 897
R 0.042 0.060 0.047
Ry 0.05F 0.08G 0.097

3Ry = [JW(Fo — FFTWFAY2 PRy = [YW(Fo? — FA)ZyW(F?)? 2

and isopropyl isocyanide (0.11 g, 4B) gave5. Yield: 0.23 g (88%).
IH NMR (CDsCN): 6 4.75 (m, 1H, CNEI(CHs),), 1.80 (d, 6H, CNCH-
(CHa)2).

Preparation of [Nis(us-CN(t-CsHg))(#3-1)(2-dppm)s][l] (6). Fol-
lowing a method similar to the preparation3# 1a (1.0 g, 0.63 mmol)
andtert-butyl isocyanide (0.052 g, 0.63 mmol) gae Yield: 0.72 g
(76%). H NMR (CDsCN): ¢ 1.84 (s, 9H, CNC(El3)s).

Preparation of [Nis(u3-CNCgH 11)(us-1)(u2-dppm)s][l] (7). Fol-
lowing a method similar to the preparation3# 1a (1.0 g, 0.63 mmol)
and cyclohexyl isocyanide (0.068 g, 0.62 mmol) gdveYield: 0.67
g (72%). 'H NMR (CDsCN): 6 2.61 (m, 1H, @), 2.35-2.00 (m,
8H, CHy), 1.85 (m, 2H, ¢1y).

Preparation of [Nis(us-CNCH2CeHs)(us-1)(#2-dppm)s][l] (8). Fol-
lowing a method similar to the preparation3# 1a (1.0 g, 0.63 mmol)
and benzyl isocyanide (0.073 g, 0.62 mmol) g&veYield: 0.57 g
(61%). *H NMR (CDsCN): 6 5.6 (m, 2H, GH,CeHa).

Preparation of [Nis(#3-CNCeHs)(us-1)(u2-dppm)s][l] (9). Fol-
lowing a method similar to the preparation3z 1a(0.37 g, 0.24 mmol)
and phenyl isocyanide (0.027 g, 0.26 mmol) g&veYield: 0.29 g
(74%).

Preparation of [Nis(us-CN(p-CeHal))(ps-1)(z2-dppm)s][l] (10).
Following a method similar to the preparation 34, 1a (1.0 g, 0.63
mmol) and p-iodophenyl isocyanide (0.14 g, 0.63 mmol) gaie
Yield: 0.52 g (60%).

Preparation of [Nis(#3-CN(p-CeH4Br))(p3-1)(p2-dppm)3][I] (11).
Following a method similar to the preparation34d, 1a (0.45 g, 0.28
mmol) andp-bromophenyl isocyanide (0.055 g, 0.30 mmol) gave
Yield: 0.40 g (80%).

Preparation of [Nis(us-CN(p-CeH4Cl))(u3-1)(u2-dppm)s][I] (12).
Following a method similar to the preparation3d, 1a (0.49 g, 0.31
mmol) andp-chlorophenyl isocyanide (0.043 g, 0.032 mmol) gae
Yield: 0.40 g (75%).

Preparation of [Nis(us-CN(p-CeH4F))(us-1)(u2-dppm)s][l] (13).
Following a method similar to the preparation 34, 1a (1.0 g, 0.63
mmol) andp-fluorophenyl isocyanide (0.08 g, 0.66 mmol) gai@
Yield: 0.72 g (67%).

Preparation of [Nis(s3-CN(p-CeH4CH3))(us-1)(#2-dppm)3][I] (14).
Following a method similar to the preparation3d, 1a (0.50 g, 0.31
mmol) andp-methylphenyl isocyanide (0.038 g, 0.34 mmol) gdve
Yield: 0.35 g (65%).*H NMR (CD.Cly): 6 2.55 (s, 3H, GH4CHy).

Preparation of [Nis(#s-CN(p-CeH4CF3)) (u3-1)(p2-dppm)s][l] (15).
Following a method similar to the preparation 34, 1a (1.0 g, 0.63

mmol) andp-(trifluoromethyl)phenyl isocyanide (0.11 g, 0.64 mmol)

gavel5. Yield: 0.48 g (43%).
Preparation of [Nis(u3s-CN(p-CeéHsOCH3))(r3-1)(u2-dppm)s][l]
(16). Following a method similar to the preparation3s, 1a (0.30 g,

0.19 mmol) andp-methoxyphenyl isocyanide (0.027 g, 0.20 mmol)
gavel6. Yield: 0.24 g (74%).'H NMR (CD.Cly): ¢ 4.06 (s, 3H,
CsH4OCH3).

Preparation of [Nis(u3-CN(p-CeH4CN))(p3-1)(u2-dppm)s3][I] (17).
Following a method similar to the preparation34, 1a (0.31 g, 0.20
mmol) andp-cyanophenyl isocyanide (0.028 g, 0.21 mmol) gave
Yield: 0.26 g (78%). IR (KBr): »(C=N) = 2222 cnt™.

Crystal Data Collection and Reduction for 1a. Crystals ofla
were grown by slow diffusion of pentane into a toluene solutiohaf
A dark green crystal was mounted in a glass capillary in a random
orientation. The X-ray data were collected with an Enraf-Nonius CAD4
diffractometer with clusteta crystallizing in the space groupl with
two molecules of the complex and six molecules of toluene per unit
cell. The crystal data and general conditions of data collection and
structure refinement are given in Table 3. The positions of the nickel
atoms were determined using the direct methods program SHELX-
86*"2and the remaining non-hydrogen atoms were located in difference
Fourier maps after least-squares refinement. Reflection data were
corrected for absorption using the method of Walker and Stéanl
H atoms were included at their idealized positions using®psp
geometry and were constrained to ride on the parent C atom. Selected
bond distances and angles fbai are given in Table 4.

Crystal Data Collection and Reduction for 1a". Crystals ofla”
as a triflate salt were grown by slow diffusion of pentane into a
dichloromethane solution dfa*. A dark purple crystal was mounted
in a glass capillary in a random orientation. The X-ray data were
collected with an Enraf-Nonius CAD4 diffractometer with cluster
crystallizing in the space groupnma The crystal data and general
conditions of data collection and structure refinement are given in Table
3. The positions of the nickel atoms were determined using the direct
methods program SHELX-8&and the remaining non-hydrogen atoms
were located in difference Fourier maps after least-squares refinement.
Reflection data were corrected for absorption using the method of
Walker and Stuart® All H atoms were included at their idealized
positions using shor s geometry and were constrained to ride on
the parent C atom. Selected bond distances and anglekafoare
given in Table 5.

Crystal Data Collection and Reduction for 2a. Crystals of2a as
the PRk~ salt were obtained by diffusion of hexanes into a THF solution

(27) (a) Sheldrick, G. M. SHELXS-86. A Program for Crystal Structure
Determination. Institufiir Anorganische Chemie der Univeristat Gottingen,
1986. (b) Sheldrick, G. M. SHELXS-93. A Program for Crystal Structure
Determination. Institufiir Anorganische Chemie der Univeristat Gottingen,
1993.

(28) (a) Walker, N.; Stuart, DActa Crystallogr.1983 A39 158. (b)
Flack, H. D.Acta Crystallogr.1983 A39, 876.
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Table 4. Selected Bond Distances (A) and Angles (deg) for
Ni3(/43-|)2(,uz-dppm);-3C7Hg (la-3C7H8)

Morgenstern et al.

Table 6. Selected Bond Distances (A) and Angles (deg) for
[Nis(us-CO)(us-1)(u2-dppm}|[PFs] - 2C4HsO ([28][PFe]-2C4H=0)

Ni(1)—-Ni(2) 2.474(2) Ni(2-I(1) 2.690(1) Ni(1}-P(13) 2.187(3)
Ni(1)—-Ni(3) 2.505(2) Ni(2)-1(2) 2.745(1) Ni(2}-P(21) 2.180(3)
Ni(2)—Ni(3) 2.480(2) Ni(3)}-I(1) 2.662(1) Ni(2-P(23) 2.187(3)
Ni(1)—I(1) 2.750(1) Ni(3}-1(2) 2.721(1) Ni(3)-P(31) 2.192(3)
Ni(1)-1(2) 2.694(1) Ni(1-P(12) 2.196(3) Ni(3}P(32) 2.195(3)
Ni(1)—-Ni(2)-Ni(3)  60.75(5)  Ni(1}-Ni(2—P(23)  156.90(9)
Ni(2)—Ni(3)-Ni(l) ~ 59.50(5)  Ni(1}-Ni(3)—P(32)  154.10(9)
Ni(3)—Ni(1)-Ni(2)  59.75(5)  Ni(2F-Ni(1)-P(12)  96.85(8)
I(1)—Ni(1)—1(2) 115.20(4)  Ni(2FNi(3)—P(31)  156.76(9)
I(1)—Ni(2)—1(2) 11555(5)  Ni(2)-Ni(1)—P(13)  154.55(9)
I(1)—Ni(3)—1(2) 117.32(5)  Ni(2rNi(3)—P(32)  94.61(8)
P(12)-Ni(1)-P(13) 108.4(1)  Ni(3}Ni(1)—-P(12)  156.22(9)
P(1)}-Ni(2)—-P(23) 105.8(1)  Ni(3}Ni(2)—P(21)  156.31(9)
P(31)}-Ni(3)-P(32) 108.0(1)  Ni(3yNi(1)-P(13)  94.83(8)
Ni(1)—-Ni(2)-P(21)  96.31(8)  Ni(3}Ni(2)—P(23)  97.78(8)
Ni(1)—-Ni(3)-P(31)  97.83(8)

Table 5. Selected Bond Distances (A) and Angles (deg) for
[Nis(us-1)2(u2-dppm}][CFsSOy] ([1a][CFsSQy])

Ni(1)—Ni(1) 2.503(2) Ni(1)}1(2) 2.614(1) Ni(1}-P(11) 2.237(3)
Ni(1)—Ni(2) 2.526(2) Ni(2)-1(1) 2.635(2) Ni(1)-P(12) 2.225(3)

Ni(1)—I(1) 2.668(1) Ni(2)-1(2) 2.717(2) Ni(2)-P(21) 2.221(3)
Ni(1)—Ni(1)-Ni(2)  60.30(3) Ni(1}-Ni(1)-P(11)  96.17(8)
Ni(1)-Ni(2)-Ni(1)  59.41(6) Ni(1)}-Ni(1)—P(12) 155.38(7)
I(1)—Ni(1)—1(2) 114.30(5) Ni(1}Ni(2)-P(21)  97.60(7)
I(1)—Ni(2)—1(2) 111.98(6) Ni(1¥Ni(2)—P(21) 156.69(9)
P(11)-Ni(1)-P(12) 108.3(1)  Ni(2rNi(1)-P(11) 156.10(9)
P(21)-Ni(2)—P(21) 105.0(1)  Ni(2rNi(1)-P(12)  95.09(8)

containing2a as an iodide salt and an excess of tetrabutylammonium

Ni(1)—Ni(2) 2.408(3) Ni(2)-1(2) 2.71(3) Ni(1-P(2) 2.189(6)
Ni(1)—Ni(3) 2.400(3) Ni(2-C(1) 1.90(2) Ni(2}-P(3) 2.213(6)
Ni(2)—Ni(3) 2.397(2) Ni(3)-I(1) 2.781(3) Ni(2)-P(4) 2.207(6)
Ni(1)—I(1) 2.724(2) Ni(3F1(2) 2.79(3) Ni(3)-P(5) 2.179(6)
Ni(1)—I(2) 2.73(3) Ni(3-C(1) 1.97(2) Ni(3)-P(6) 2.196(6)
Ni(1)-C(1) 1.94(2) Ni(1}P(1) 2.227(5) C(BO(1) 1.28(2)
Ni(2)—I(1) 2.735(3)

Ni(1)—-Ni(2)-Ni(3)  59.9(1)  Ni(1)-Ni(3)—P(6) 156.3(2)
Ni(2)-Ni(3)-Ni(1)  60.3(1)  Ni(2-Ni(1)-P(1)  96.8(2)
Ni(3)—Ni(1)-Ni(2)  59.82(6) Ni(2}-Ni(3)—P(5) 156.0(2)
I(1)—Ni(1)—C(1) 104.6(5)  Ni(2rNi(1)-P(2) 155.0(2)
I(1)—Ni(2)—C(1) 105.4(7)  Ni(2rNi(3)—P(6)  97.6(2)
I(1)—Ni(3)—C(1) 101.8(6)  Ni(3yNi(1)—P(1) 156.4(2)
PA)-Ni(1)—-P(2)  108.2(1)  Ni(3yNi(2)—P(3) 157.3(2)
PB)-Ni(2-P@)  104.7(2)  Ni(ByNi(1)-P(2)  95.2(2)
P(5-Ni(3)-P(6)  105.3(2)  Ni(3yNi(2)—P(4)  97.8(2)
Ni(1)-Ni(2)-P(3)  98.1(2) Ni(1}C@1)-O(1) 141(2)
Ni(1)—-Ni(3)-P(5)  97.8(2)  Ni(2C(1)-O(1) 136(2)
Ni(1)—-Ni(2)-P(4)  156.6(2)  Ni(3yC(1)-O(1) 124(2)

reaction is between Ni(CORand dppm in toluene to produce

a red-orange intermediate. This intermediate is incompletely
characterized but has frequently been employed by Shaw and
co-workers as well as by our group to produce a variety!®fd

di% and #—d° binuclear nickel complexe®:3°31 The most
reasonable assignment of the structure of the Nifppm
intermediate involved, by analogy to the well-characterized
species Pgluz-dppm)32—34and Pi(uo-dppm},3>3bis the dimeric
species Ni(u-dppm)}. Most previous reactions leading to

hexafluorophosphate. A dark plate was mounted in a glass capillary trinuclear nickel clusters have involved reaction 6f-ed*®

in a random orientation. The X-ray data were collected with an Enraf-
Nonius CAD4 diffractometer with cluste2a crystallizing with two
molecules oRaand four molecules of THF per unit cell. The crystal

binuclear complexes with Ni(ll) compounds or halocarbdHs.
Consistent with this synthetic approach, the addition of an
alcoholic solution of anhydrous NpX(X = I, Br; 0.5 equivus

data and general conditions of data collection and structure refinementNi(COD)z) to the putative Ni(u-dppm} leads to the instan-
are given in Table 3. The positions of the nickel atoms were determined {3ne0us formation afaor 1b, as a dark green or brown solid,

using the direct methods program SHELX2®2nd the remaining non-

hydrogen atoms were located in difference Fourier maps after least-
squares refinement. An iodide atom on the carbonyl-capped face of

2a, with its position derived from I(1) ir2a, was also included due to
the presence of [Mius-1)2(uz-dppm}] [PFs ] (1af) in the crystal lattice.
The structure oRa was refined to give the iodide atom, 1(2), and the
carbonyl ligand, C(1) and O(1), at 8.6% and 91.4% occupancies,

respectively. Reflection data were corrected for absorption using the

method of Walker and Stua# The absolute structure determination
was determined by refinement of the Flack parameter, which refined
to a value of 0.060(6%° All H atoms were included at their idealized
positions using spor s geometry and were constrained to ride on
the parent C atom. Selected bond distances and angl2a &oe given

in Table 6.

Molecular Orbital Calculations. Extended Hakel MO calculations
were carried out with use of the program CACAO (Computer Aided
Composition of Atomic Orbitals)® Bis(diphenylphosphino)methane
ligands were modeled as RENd isocyanides were modeled as CNH.
The Ni(PHs)s core was arranged to have an idd2d, geometry.
Nickel—nickel and nicketligand distances and angles were derived
from structural information listed in Table 7.

Results and Discussion

Synthesis of Ni(us-1)2(u2-dppm)s (1a). The cluster Ni-
(us-1)2(uo-dppm}) (18) serves as the parent of many of the

carbonyl or isocyanide capped clusters reported here. A briefy;

report of its synthest4 and photochemist¥y has been pub-
lished. Clusterlais synthesizedia a conproportionation of
Ni(COD), (COD = 1,5-cyclooctadiene) with Nil in the

respectively (eq 1).

2Ni(COD), + 3dppm

2
toluene/MeOH

Ni3(ug-X) o(u-dppm); (1)
X =1(1a), Br (1b)

Clustersla and1b are isolated as analytically pure solids but
may be recrystallized from hot toluene after filtration through
Celite. Attempts to make Mjus-Cl)2(uo-dppm)y from an
analogous reaction with Niglere unsuccessful; other avenues
for the synthesis of N{us-Cl)2(uo-dppm} are currently being
pursued.

Oxidation of 1. Clusterslaandlb may be oxidized to their
monocations [Nj(us-X)2(uz-dppm}]t(X = | (1a"), Br (1b™))
by a variety of reagents including iodine and silver or ferroce-
nium salts. Use of excess oxidant does not lead to further
oxidation. The cluster catioha™ has an intense purple color
(Amax=563.2 nm¢ = 12.6 x 10®* M~1-cm™1) and is air-stable
in the solid state. The oxidation @& may also be accomplished
by irradiation of a solution ofla in methylene chloride or
chloroform (eq 2).

(30) Gong, J. K.; Kubiak, C. Anorg. Chim. Actal989 162, 19.

(31) Fontaine, X. L. R.; Higgins, S. J.; Shaw, B. L.; Thornton-Pett, M.;
chang, W.J. Chem. Soc., Dalton Tran$987, 1501.

(32) Caspar, J. VJ. Am. Chem. S0d.985 107, 6718.

(33) Stern, E. W.; Maples, P. K. Catal.1972 27, 120.

(34) Stern, E. W.; Maples, P. K. Catal.1972 27, 134.

(35) Chin, C.-S.; Sennett, M. S.; Weir, P. J.; Vaska,lihorg. Chim.

presence of dppm. A similar procedure is utilized to generate aActa 1978 31, L443.

the dibromide analog Mjus-Br)a(uz-dppm} (1b). The initial
(29) Mealli, C.; Proserpio, D. MJ. Chem. Educ199Q 67, 399.

(36) ManojlovicMuir, L.; Muir, K. W.; Grossel, M. C.; Brown, M. P.;
Nelson, C. D.; Yavari, A.; Kallas, E.; Moulding, R. P.; Seddon, K.JR.
Chem. Soc., Dalton Tran4986 1955.
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Table 7. Comparison of Bond Distances and Angles of lodide-Capped Nickel Trimers

compd dni-ni (A) dni—1 (A) dni-c (A) dni—p (A) Op-ni—p (deg)
Nis(us-1)2(uz-dppm): (13) 2.49(2) 2.70(3) 2.19(1) 107.4(8)
[Ni3(uea-1) 2(seo-dppm}] = (1a*) 2.52(1) 2.65(4) 2.23(1) 107.2(16)
[Nis(ua-CO)(ua-1)(u-dppmy] * (28) 2.40(1) 2.75(2) 1.94(2) 2.20(2) 106.0(11)
[Ni3(ta-CNCHg) (13-1) (u2-dppm}] = (33)2 2.42(2) 2.75(3) 2.01(1) 2.20(1) 105.2(4)
a Ratliff, K. S.; Fanwick, P. E.; Kubiak, C. FRolyhedron199Q 9, 1487.
. hv
NI3(/"3_|)2(/'£2_dppmk + CH2C|2 1 =254 nm
1
2 ; + - . IZM
[Ni5(ug-1)(u-dppm)] ™ + CI” + CHLCI" (2)
1a" 01 03 05 07 09 11 13 15

Photooxidation ofla to 1a" is accompanied by the reduction
of methylene chloride to chloride and chloromethyl radical.
The course of the photooxidation dia by CH,Cl, can be
monitored by UV~vis spectroscopy. The photooxidation (550

V vs. SCE

Figure 1. Cyclic voltammogram of a 1.0 mM solution of [Mics-
CN(p-CsH4OCH)) (uz- 1)(u2-dppm}][PFe] (16) in CHsCN with 0.1 M
TBAP as supporting electrolyte.

W Hg lamp) is complete in several minutes and is accompanied the product is the previously reported clusters[pi-CNCHg)-

by a clean isosbestic transformation frdra to 1a". Outer-

(us-1)(uz-dppm}] ™ (3).%15 All of the clusters2—17 were

sphere photoreduction of methylene chloride requires potentialscharacterized spectroscopically and, addition&liywas char-

negative of-2.4 V s SCE3” The preservation of the trinuclear
structure through the course of photooxidationlafby CH,-
Clto 1at can be attributed to the presence of multiple bridging
dppm and iodide ligands. In fact, the trinuclear structure of
these clusters is maintained under electrochefdidéland mass
spectrometri¢* conditions and also through capping ligand
substitutions gide infra). The photoinduced charge transfer
properties and structural stabilities b& and 1a* have been
employed to effect the reduction of G@irectly to the carbon
dioxide radical anion, C®".17 Traces ofla"™ dramatically
broaden théP NMR spectrum oflain solvents that dissolve
both oxidation states, such as THF and,CH. The broadening

acterized by X-ray diffraction. The clusters reported have
remarkably similar UV-vis and 3P spectra and can be
reversibly reduced at similar potentiats. —1.1 V vs SCE, as
summarized in Tables 1 and 2. The rather large cathodic
potentials required for reduction are attributed to the stability
of the 48-electron clusters (counting iodide as a six-electron
donor) as reduction generates a 49-electron neutral cludter (
infra). The cyclic voltammogram dE6, which is representative

of the carbonyl and isocyanide clusters, is shown in Figure 1.
The reversible nature of the single electron reduction of these
clusters is readily apparent from their cyclic voltammograms.
A useful technique for the identification of the clusters is plasma

is attributed to self-exchange electron transfer as the additiondesorption (PD) mass spectrometry as the molecular ion is
of a small amount of sodium naphthalenide or sodium boro- observed for each cluster (Table 2). A complete analysis of

hydride to a THF solution ofla/la" sharpens théP NMR
spectrum to a narrow singlet atl4.0 ppm. Bothlaandla'
have been characterized by X-ray diffractiandg infra).
Synthesis of Carbonyl- and Isocyanide-Capped Nickel
Clusters. While substitution of terminal ligands in clusters is
common and has been extensively studfedirect substitution
of face-bridging ligands is unusu#l. Dahl and co-workers
reported that [CgCps(us-CO)(us-NH)] could be converted to
[CosCps(us-NO)(us-NH)] ™ by reaction with NO[BR].4° Sub-
stitution of one of the capping halides @fby a variety of

the fragmentation patterns and matrix effects observed has been
reported separateff.

Cluster3a, generated from the reaction of CNghkind Ng-
(us-1)2(u2-dppmy, has been reported previousli® However,
this complex was initially synthesizeda the reaction of N
(u2-dppm)(u2-CNCHg)(CNCHg), with CHalp. A similar syn-
thetic strategy was used to synthesize the bromide congener,
[Ni 3(uz-CNCHg)(uz-Br)(uz-dppmy][Br], whereby Ni(u-dppm)-
(u2-CNCH;z)(CNCH), and NiBp were utilized to form3b. Of
note is thaB3b can also be prepareda the reaction of CNCHl

s-acceptor ligands proved to be facile at room temperature (Eqwith Niz(us-Br)(uo-dppm}y (eq 3). The bromidecarbonyl
3). The conversions are quantitative and, although the substitu-capped clusterg) was prepared using a method first outlined
tion of a second halide is not observed, only a stoichiometric by Puddephatt and co-workers in the synthesis of({NiCO)-
amount of isocyanide ligand is added to avoid the formation of (u5-Cl)(uo-dppm}][Cl]. 10 Specifically, thermal disproportion-

side products.

It x
phop /| X PPh
_ CHyCly 2: 2
Nis(u3-X)2(i2-dppm); + L pth -NiZT— ‘ / '~ ppn,
X=11a \_Ni
=Br, 1b /P
th\'/ th
X=1 X=1 £=1
L=00,2a L = CN(i-C3Hy), § L = CNC¢Hs, 9
— CNCH;, 3a = CN(t-C¢Ho), 6 = CN(p-CsHal), 10
=CN(2,6-(CH3),CgH3), 4a = CNCgHyy, 7 = CN(p-C¢HBr), 11
= CNCH,C¢Hs, 8 = CN(p-CgHyCl), 12
) = CN(p-CgHF), 13
X=Br = CN(p-C¢H4CHa), 14
L=0C0,2b = CN(p-CsH4CF3), 15
= CNCHs‘ 3b = CN(p»Csl'hOCHz), 16

= CN(2,6-(CH3)2C¢H3), 4b = CN(p-C¢H4CN), 17

When CNCH is used to effect substitution of an iodide ligand,

ation of Ni(uz2-dppmp(u-CO)Br produced [Ni(us-CO)(us-
Br)(u2-dppm}][Br] (2b) in good yield.

Structural Aspects of lodide-Capped Nickel Trimers.
Interpretation of X-ray structural data for clusters is frequently
complicated by considerations of site symméf§t All of the
clusters reported here have a nominglaRis passing through
the capping ligands and disorder about this axis can give rise
to an apparent crystallographig &xis which disguises the true

(37) Hawley, M. D. InEncyclopedia of the Electrochemistry of the
ElementsBard, A. J., Ed.; Marcel Dekker: New York, 1973; Vol. 14, p
24,

(38) Darensbourg, D. J. Iihe Chemistry of Metal Cluster Complexes
Shriver, D. F., Kaesz, H. D., Adams, R. D., Eds.; VCH: New York, 1990;
p 171.

(39) Band, E.; Muetterties, E. IChem. Re. 1978 78, 639.

(40) Bedard, R. L.; Rae, A. D.; Dahl, L. B. Am. Chem. Sod986
108 5924.

(41) Tsuge, K.; Yajima, S.; Imoto, H.; Saito, J.Am. Chem. S04992
114, 7910.
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Figure 3. ORTEP view of [Ni(us-1)2(u2-dppm}]* (1a*). CRSOs~
counterion not shown.

Figure 4. ORTEP view of [Nj(us-CO)(us-1)(u2-dppm)] * (28). PR~
counterion not shown.

symmetry of the molecule. However, none of the clusters
reported in Table 3 possessg §ite symmetry in the crystalline
form. The ORTEP diagrams for pics-1)2(u2-dppm} (18), [Niz-
(us1)2(u2-dppmy] (1a"), and [Ni(uz-CO)(uz-1)(uz-dppmy]*
(2a) are shown in Figures 2, 3, and 4, respectively. A
comparison of selected bond distances and anglekddtat,
and2a appears in Table 7.

The three nicketnickel bonds inla and 2a are crystal-

lographically independent and the metal triangle is essentially

equilateral with an average NNi distance of 2.49(2) A ila
and an average NiNi separation of 2.40(1) A irRa In
contrast, [Ni(us-1)2(uz-dppm}] ™ (1a+) crystallizes in the ortho-
rhombic space grouPnmaand the triangle of nickel atoms is

bisected by one of the crystallographic mirror planes. The metal

Morgenstern et al.

(dni—ni = 2.526(2) A) and one short sideh—n = 2.503(2)

A). The lowering of the molecular symmetry &f from Dan

to C,, upon oxidation tola’ is consistent with a degenerate
ground state (ide infra). The removal of one electron from
the doubly degenerate HOMO @&f to form l1a* results in a
Jahnr-Teller distortion, which would manifest itself as inequiva-
lent Ni—Ni bond lengths inla®. The average bond length is
only slightly affected by the oxidation, consistent with a HOMO
that is essentially nonbonding with respect to the trinickel core
(vide infra).

The parameters listed in Table 7 reveal other structural trends.
The average nickelnickel bond distances of the two diiodo
bridged clustersla and 1at, are longer than those in the CO
(28) or CNCH® (3a, averagedni—ni = 2.42(2) A) capped
clusters, a difference of approximately 0.09 A. This lends
support to the assignment dfa as a 52-electron species.
Increases in electron count in trinuclear metal clusters above a
cluster valence electron count of 48 are inevitably accompanied
by an increase in metaimetal bond distances. The mean
metal-metal distance in the 49-electron cluster {20 (u3-

S)] is 0.083 A longer than that observed for its 48-electron
counterpart [FeCHCO)(us-S)].*> Conversely, Dahl and co-
workers have shown that oxidation of the 48-electron cluster
[CosCp*3(us-CO)(us-NH)] to its 47-electron monocation causes
a minimal decrease of 0.019 A in the average metadtal
distance’® Alternatively, the shortening of the NiNi distances

in 2aand3a, as compared thaandla’, may also be attributed

to steric factors. The replacement of a large capping iodide
(1a, 1a") with smaller CO 2a) or CNCH; (3a) ligands could
conceivably lead to a compression of the-Wii distances in
the trinuclear nickel core in order to maximize-NCO or Ni—
CNCHs overlap. Thus, electronic and steric effects may be used
to account for the differences in NNi bond lengths.

Triply-bridging iodide ligands tend to stabilize clusters with
weak nicket-nickel bonds. In 1979, Stone tabulated a com-
parison of nicket-nickel bond lengths in dimers and clustéts.
All of the nickel-nickel distances which could be described as
bonding were in the range 2.32.47 A; nonbonding interac-
tions corresponded to distances above 2.64 A. If we restrict
our attention to clusters of three nickel atoms or more, only
two crystallographically characterized examples of niekel
nickel bond distances between 2.47 and 2.7 A have been
reported. These are clusteta and [N(PPh)3(us-1)(uz-1)3],
reported by Hoberg and co-workefswhich have average
nickel-nickel bond lengths of 2.52(1) and 2.655(2) A, respec-
tively. Both compounds possess a triply-bridging iodide, but
in the case ofla, the presence of bridging dppm ligands likely
accounts for the shorter observed-Mii bond distances.

The average Nil bond lengths inla (2.70(3) A) andlat
(2.65(4) A) are slightly shorter than those2a and3a, (2.75-

(2) and 2.75(3) A). The bonding between triply-bridging ligands
and the metal framework is complex in clusters, involving both
m- and o-symmetry hybrid ligand orbitals interacting with a
and e orbitals of the metal fragmet§t. Dahl and co-workers
recently reported that the-€0 and C-S bond lengths in the
series of clusters [Nfus-L)(us-L')Cpg], (L, L' = CO, CS)
showed evidence that the axial ligands competedrfelectron
density donated by the metal framewdrkThe small observed

(42) Stevenson, D. L.; Wei, C. H.; Dahl, L. B. Am. Chem. S0d 971,
27.

(43) Ziebarth, M. S.; Dahl, L. FJ. Am. Chem. Sod.99Q 112 2411.

(44) Davidson, J. L.; Green, M.; Stone, F. G. A.; Welch, AJ.JChem.
Soc., Dalton Trans1979 506.

(45) Hoberg, J.; Radine, K.; Kruger, C.; Romao, MZJ Naturforsch.
1985 40b, 607.

(46) Schilling, B. E. R.; Hoffmann, RJ. Am. Chem. Sod 979 101,

atoms thus form an isosceles structure with two long sides 3456.
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Figure 5. Interaction diagram for N{l)2(PHs)s (b) and [Ng(CNH)-
(D(PHa)e] ™ (d) derived from iodide (a), [N{I)(PHs)e] " (c), and CNH
(e) fragments. Only Ni-based orbitals in the HOMO and LUMO are
shown.

Ni—I bond distance changes may be rationalized by arguing
that r-acceptor ligands such as CO and CNGhteract more
strongly with z-symmetry metal fragment orbitals than does
the m-donating iodide ligand. Hence, replacement of one
capping iodide with CO or CNCHitends to weaken metal
ligand bonding to the remaining triply-bridging iodide. Ad-
ditionally, steric effects may contribute to the observed length-
ening of the Ni-I bonds in2aand3a. The smaller trinuclear
nickel cores irkaand3awould result in reduced Nil overlap,
lengthening the N1 bonds in2a and3a compared to those of
laandla*. Thus, steric and electronic effects cannot clearly
differentiate trends in NiNi or Ni—I bonding.

Molecular Orbital Calculations. Bonding schemes for
trinuclear clusters with either Mf0-46:48gr ML %9 vertices have

J. Am. Chem. Soc., Vol. 118, No. 9, 12885

Figure 5 emphasizes the differences between clusters contain-
ing thesr-accepting isocyanide ligand or thedonating iodide.
The latter system clearly has a filled doubly-degenerate HOMO.
We also find® that when Té is substituted fort to form Nis-
(uz-Tek(u-dppmy, the resulting ditelluride trimer is paramag-
netic. This observation is consistent with a half-fillédevel
(HOMO) in the 50-electron ditelluride complex, compared to
the completely filled HOMO in the 52-electron diiodide cluster,
la. The HOMO in Ngly(PHs)s is antibonding with respect to
the Ni=Ni bonds, and a small decrease in averageMibond
length whenlais oxidized tola’ (Table 7) is consonant with
the calculated MO scheme. The odd-electron diiodide cluster
1lat had no detectable EPR spectrum at room temperature in
solution or in frozen solution (100 K). This also supports a
doubly degenerate feHOMO for 1a. Rapid spin relaxation is
expected in a species suchlag in which the unpaired electron
occupies a pair of degenerate orbitals, resulting in a broadened
signal. Previous worketshave found such broadening in [&£o
Cps(us-CPh)]™ and Ziebarth and Dabhl did not observe an EPR
signal for [CaCp*3(us-CO)(us-NH)]™ down to 100 K%2

For the isocyanide derivatives-17 it appears that a stronger
o interaction and weaker interaction with the isocyanide
compared to the iodide leads to a HOMO efsgmmetry. The
inherently approximate nature of the calculations leaves this
conclusion open to question in the absence of corroborating
experimental information. However, Fenske and co-workers,
in their theoretical study of (M4)s clusters, reached a similar
conclusiorf8 The LUMO in complexesl—17 is composed
of in-plane nickel d orbitals of asymmetry. The energy of
the LUMO is little changed by the addition of capping ligands
since they possess no fragment molecular orbitals of like
symmetry. According to Figure 5, the addition of an electron
to the CNR or CO derivatives should have little effect on the
capping ligands. Infrared spectroelectrochemical studies have
shown that the capping carbonyl or isocyanide ligands remain
usn* upon reduction, although there is a significant shift of
v(C=N) or v(C=0) to lower frequency? It is interesting to
note that in other trinuclear clusters studied by Dahl and co-
workers, a similar effect was observed as the reduction af [Ni
(7°-CsHs)3(u-CO)] to the monoanion caused a 30-chde-
crease inv(CO); for [(175-CsMes)CoNix(175-CsHs)(us-CO)), a
decrease of 45 cm was observed? In these clusters, despite
the differences due to the presence of cyclopentadienyl ligands
instead of bis-phosphines, calculations show that the frontier
orbitals include anaMO of very similar characteristics to the

been discussed by other workers, but the specific types of @€ described for [N(CNH)(I)(PHs)e] *. In both [7>-CsMes)-

compounds reported in this paper (52-electron clusters with

CONix(37°CsHs)(13-CO)] and [Nis(CNH)(I)(PHs)e]* the &

z-donating ligands) have not been treated. We are interestedorbital is the LUMO. Thus, in each case, single electron

in relating the electronic structure df and 2—17 to their

reduction increases the occupancy of this molecular orbital. The

spectroscopic properties and reactivity. Results of Extended Weakening of the €0 bond in [¢°CsMes)CoNix(17°-CsHs)-
Hiickel MO calculations on these compounds are presented(#s-CO)] was explained by Dahl as being due to a raising of
(Figure 5). The bonding scheme was constructed by addingthe nickel core d orbital energies by the additional charge,
an iodide or isocyanide, modeled as HNC, to the fragment leading to more effective metaCO z* back-bonding. The

NisLgl™. The dppm ligands were modeled as sixsRigands

assignment of an,aLUMO to 2—17 is supported by EPR

arranged in the same geometry as the dppm phosphorus atomspectroscopy. ClusteBaand3aboth exhibit symmetric septet

The MO diagrams for Nix(PHs)s and [Ni(CNH)(I)(PHs)e] ™
are shown in Figure 5.

(47) North, T. E.; Thoden, J. B.; Spencer, B.; Bjarnson, A.; Dahl, L. F.
Organometallics1992 11, 4326.

(48) (a) Maj, J. J.; Rae, A. D.; Dahl, L. B. Am. Chem. So0d.982 104,
3054. (b) Rives, A. B.; Xiao-Zeng, Y.; Fenske, R.IRorg. Chem.1982
21, 2286.

(49) (a) Evans, D. G.; Mingos, D. Ml. Organomet. Chen1982 240,
321. (b) Mealli, C.J. Am. Chem. Sod.985 107, 2245. (c) Evans, D. Gl.
Organomet. Chen1988 335 397. (d) Puddephatt, R. J.; Xioa, J.; Kristof,
E.; Vittal, J.J. Organomet. Chen1995 490, 1.

solution EPR spectra when reduced by one electron with sodium
naphthelenide in THF withg factors of 2.065 and 2.067,
respectively. Coupling to the phosphorus nuclei is large (54.5
and 60.8 G), consistent with the prediction that the largely metal-
based LUMO'’s of2a and 3a lie in the plane containing the
metal triangle and phosphorus nucleidg suprg.

(50) Ferrence, G. M.; Fanwick, P. E.; Kubiak, CJPChem. Soc., Chem.
Commun.Submitted for publication.

(51) Enoki, S.; Kawamura, T.; Yonezawa, horg. Chem.1983 22,
3821.
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Electrochemistry of Trinuclear Nickel Clusters. Differ-
ences betweenr-Acceptor and #z-Donor Capping Ligands. v
The electrochemistry of the nickel clusters provides evidence 1872
of a dramatic effect of substitutingsaz:acceptor capping ligand
for a z-donor. All of the CO and isocyanide capped clusters
2—17 exhibit strikingly similar cyclic voltammetric properties.
As shown in Table 22—17 all undergo a reversible single-
electron reduction ata. —1.1 V vs SCE in acetonitrile. This
reductive couple corresponds to adding an additional electron y

=T AT e~ R
o
Sa

to a 48-electron cluster, hence the comparatively cathodic 5 | ¢ oot e

potential at which it occurs. Peak-to-peak separations are less; Wt Tem

than 80 mV in all cases. Clust8ais a known electrocatalyst

for the reduction of C@!516:52and the ease with which analogs .

may be prepared allowed it to be expanded into a family of 1908 preil

electrocatalysts. However, little variation in the voltammetric pn s po prs prs
properties is observed. This is most evident in Table 2, where Wavenumbers

itis shown that changing from alky8(5—8) to aryl (4, 9-17) Figure 6. Solid state FT-IR spectra of isotopically labeled (M-
isocyanides has negligible effects on the value€gf(0/+). CNCH)(ua-1)(12-dppmy] *. (a) CNCH (3a). (b) CNCD; (3a-CDy). (c)

In addition, varying the substituents in a series pHra 3CNCHs (3a-*3C). (d) C'SNCH;s (3a-'5N). () CNBCH; (3a-13CH3).

substituted phenyl isocyanide-capped nickel clusters resultedin =~ .
negligible changes in electrochemical properties. Control of retains its distinctive twa(C=N) band patterfi. A Jahn-Teller

the electrochemical properties of cobalt clusters by variation distortion was deemed unlikely on the basis of molecular orbital

of the capping ligand has been demonstraedHowever, in calculations {ide suprg and nondegenerate ground states of
the clusters studied here, the largely metal localized nature of2~17. The HOMO levels of these isocyanide-capped clusters
the @ LUMO accounts well for the limited variation iEy,(0/ ~ @ré of @ symmetry and are completely filled, removing the
+) with capping ligand. driving force for distortior?®> Also, in the solid state structure

The electrochemistry of the dihalide-capped clustérs does of_ 3a, no disto_rtion was evident as no significant differences in
not conform to the pattern established by the clusgerd?. Ni—Ni bond distances a_nd angles were observed. The presence
For 1a, two reversible oxidations at0.68 and—0.19 VysSCE ~ ©f @ "hot band” was rejected as the IR spectrumdaf(KBr
are seen. No reduction wave is observed as far negative ag’€!let) remained unchanged downc 40 K057 A combina-
—2.0VusSCE. Clearlylashould not be regarded as an analog 0N band mvolvmg the’(Ni—I) fundamental was not_compat!ble
of 2a, 3a, 4a, or 5—17 with the simple replacement of a CO or with the obser_vgnon of twq(CEN) bands for the isocyanide
isocyanide by an iodide. The substitution of an iodide for an ClUSters containing a bromide capi( 4b).5

isocyanide is accompanied by a significant electronic change _ 1he effects of Fermi resonance were considered in detail.
in the molecule concomitant with the transformation from a 48- Fermi resonance is defined as the mixing of a fundamental band

to a 52-electron cluster. Also, cluste?s-17 carry a positive ~ With an overtone (or combination) band of the same sym-
charge which enables them to be more easily reduced. .me'[ry?&59 In Fermi resonance, the intensity of the fundamental
Fermi Resonance in Symmetric gz-5%) Bridging Isocya- is shared with the overtone resulting in the appearance of two
nide Ligands. The most prominent FT-IR features of the bands. Fermiresonance is only possible when the fundamental
isocyanide-capped nickel clusters reported here are g ¢~ and the overtoneoth have the same symmetry and are close
stretching bands of the capping isocyanide ligands. In the iN €nergy. To investigate Fermi resonance effects, a series of
compounds studiedwo »(C=N) bands were observed in the isotopically labeled methyl isocyanide lcapped nickel clusters
infrared spectra (KB pellets), contrary to the expected single Weré_synthesized using CNGH3a), CNCH; (3a+°C),
band (Table 2). Puddephatt and co-workers reported two €. NCHs (32-*N), CN*CH; (3a*CH3), and CNCI (3a-

»(C=N) bands (KBr pellet) at 1989 and 1968 chor Pd:- CD3). All of these clusters were analyzed usitP NMR
(uz-dppm(us-CN(2,6-MeCsHz))2+ and attributed the two-band spectroscopy and electrochemistry and were found to be similar
pattern to matrix effects in the solid state, as only one band at 0 the parent cluste3a. The IR spectra of the various methy|
1972 cnr! was observed in CHCl, solution3* For the alkyl- isocyanide capped clusters are shown in Figure 6. The

substituted isocyanide complexe §—8), the »(C=N) bands frequencies of the(C=N) bands are listed in Table 8. Most

are too weak and broad to be observed in solution. However, Sking is the observation of aingle »(C=N) band for the
for the aryl-substituted specied, O—17), two v(C=N) bands CNCDs-capped cluster3a-CDs) andtwo variously shiftedy-

can be observed in THF solution. For example s{Mj-CN- (C=N) bands for the remaining isotopomers. If the spectrum
(2,6-MeCeHa)) (a1 (u2-dppm][l] (4a) shows twor(C=N) of 3a-CDs represents the non-resonant condition, then inspection

bands in THF solution at 1849 and 1822 dmthe same as  ©f the IR spectrum oBa-CD; can be used to estimate the
observed in the solid state (KBr pellet). This effectively rules (C=N) fundamental as 1898 cmh The observed frequency

out the possibility that matrix effects are accounting for the Of tév(C=N) band is nearly twice the(N—CH) fundamental

observation of twa/(C=N) bands in this class of isocyanide- e€Ported for free methyl isocyaniden(.c = 945 cnr).“* The

capped nickel clusters. (55) Drago, R. SPhysical Methods in Chemistraunders College:
Other possible sources of the two-band phenomenon wereOrlando, 1977; p 350. L

considered. The presence of two different isomers was not (56) Steel, D.Theory of Vibrational Spectroscop$aunders: London,

1971; pp 124.

consistent with X-ray ?ryStf?‘llOgraphiC results. B@fonly one (57)Ebsworth, E. A. V.; Rankin, D. W. H.; Cradock, Structural
cluster per asymmetric unit was observed yet this species still Methods in Inorganic ChemistryBlackwell Scientific: Oxford, 1987;
Chapter 5.
(52) Kubiak, C. P.; Ratliff, K. Slsr. J. Chem1991, 31, 3. (58) Cotton, F. AChemical Applications of Group Thegiiley: New
(53) Bedard, R. L.; Dahl, L. FJ. Am. Chem. S0d.986 108 5933. York, 1990; Chapter 10.
(54) Rashidi, M.; Kristof, E.; Vittal, J.; Puddephatt, R.Idorg. Chem. (59) Overend, J. Innfrared Spectroscopy and Molecular Structure

1994 33, 1497. Davies, M., Ed.; Elsevier: London, 1963; Chapter 10.
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Table 8. FT-IR Data for Isotopically Labeled (Methyl Isocyanide
Only) [Nis(us-CNCHg)(us-1)(u-dppm}]t Clusters

compd isocyanide cap »(C=N),2cm?
3a CNCH; 1927, 1872
3a-C B3CNCHs 1891, 1829
3aN C'NCH; 1894, 1833
3a°CHs CNCH;z 1905, 1832
3aCD; CNCD; 1898

aRecorded as KBr pellets.

Table 9. Fermi Resonance Eigenvalues for
[Nis(us-CNCHz)(us-1) (u2-dppm)] * (38)

3a free
band (cm?) obsd calcd CNCH® CNCDy®
v(C=N) 1898 1901 2166 2165
»(N—C) 939 945 877
2v(N—C) 1878 1890 1750
W 10

aTaken from the IR spectrum @&a-CD;s, recorded as a KBr pellet.
b Best fit for eigenvalues of eq 4 for all isotopes exc8ptCD; and
assuming otherwise harmonic isotopic shiftEree methyl isocyanide
in the gas phase, see: Mottern, J. G.; Fletcher, WSpkctrochim.
Acta 1962 18, 995.

two v(C=N) bands observed iB8a are interpreted as arising
from Fermi resonance involving thC=N) fundamental and
the first overtone of thes(N—C) band. Notably, in the IR
spectrum of free CNCEl the N—C (single bond) fundamental
band was observed to move from 945 to 877 énmpon
deuterium labeling, a change of 68 th#¥! The substitution

of CDj3 for CHs in 3a-CD; lowers the frequency of the(N—

C) fundamental sufficiently that the conditions for Fermi
resonance are no longer satisfied. Hence, only «(@=N)
band is observed f@a-CD;. Significantly, two bands are only
observed with the isocyanide-capped and not the carbonyl-
capped clusters, lending credence to the idea that Fermi
resonance arises from the interaction of theNCtriple bond

and the N-C single bond of the isocyanide £EN—C(alkyl)).

J. Am. Chem. Soc., Vol. 118, No. 9, 12867

manner, with av(C=N) fundamental near 1900 crh should
also exhibit twov(C=N) bands.

Summary. The dihalide-capped clusters Fis-X)2(u2-
dppm} (X = | (1a), Br (1b)) were synthesized and converted
to their respective monocatiods™ and 1b™. Complexesla
and lat were also characterized by X-ray crystallography.
Clustersla and 1b were used in ligand-substitution reactions
to conveniently generate a series of isocyanide-capped clusters
(3—17). Several of the isocyanide- and iodo-capped clusters
are known electrocatalysts for the reduction of carbon dioxide.
In addition, carbon monoxide is able to displace the iodide ligand
in la to generate the carbonyl-capped clu®ar Cluster2a
was also characterized by X-ray crystallography. The carbonyl-
and isocyanide-capped clust@rs17 have similar physical and
spectroscopic properties. The electrochemical properties are
also similar as cluster2—17 all undergo a reversible single-
electron reduction ata. —1.1 V vs SCE. A molecular orbital
study indicates that the LUMO &-17 is largely metal based.

It is the insensitivity of the LUMO to the capping-acceptor
ligands that is responsible for the narrow range of reduction
potentials measured f@-17. The molecular orbital study was
also the key to understanding the electronic differences between
the dihalide- 1) and isocyanide-cappe@®-<{17) clusters. An
unprecedented characteristic of the isocyanide-capped clusters
3—17is that IR spectra show twe(C=N) bands both in the
solid state and in solution. Isotope labeling studies demonstrated
that the appearance of twg(C=N) bands for this class of
isocyanide-capped clusters is due to a Fermi resonance involving
the »(C=N) fundamental and the first overtone of théN—
C(alkyl)) fundamental. The Fermi resonance is caused by the
unique symmetry and energetics @f-5* isocyanides. The
phenomenological basis for the Fermi resonanceéCaEN)
fundamental frequency afa. 1900 cnt?, close in energy to

the »(N—C(alkyl)) overtone,ca. 2 (945 cntl). In the uznt
geometry these modes will always possess the same symmetry.
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