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The cl& cation [Ni3(lLpc1) )Gc-dppm)sl+ (l), dppm = PbrgcItBph, wm prepared, m the chloride 

of 1, m the BP4- dt, 
ealt, by l" of [Ni2Gc-co)(co Y b d P P d 2 l  with c2H4% by " d N~-H)W)(W),cr-dppm)nl+ 
with CH2C12, or by heating [Ni2C&(r-C0)@dppm),1 under vacuum. The 

structure, baeed on 6506 unique reflections with I 1 3 u Q ,  waa refined to R = 0.036 and R, = 0.041. The 
cation 1 complefee the firet triad of group 10 cluetens, namely [M3Gcpcl)OcpCO)Oc-P@H$Ph2)3]+, where 
M = Ni, Pd, or Pt. 

Introduction 
The coordinatively unsaturated cluster cations [M3- 

(p3-CO)bdppm)3]2+, M = Pd or R, cau add many Bmau 
ligands in a way which often mimics chemieorption on a 
metal eurfce.l For example, ae shown in eq 1, they add 
halide ione X- to give the corresponding cluetera [M3- 
Gc3-X) &-CO) Ocdppm)d +.13 

The analogoue nickel complexes have not been reported, 
although there is a similar cluster [Ni3Gc3-I)(p3-CNMe)- 
Gc-d~pm)~]+, and there appears to be no complete triad 
of nickel group clueters of any kind? This papera reporta 
the synthesis and etructure of [Ni3(fi3-C1)(p3-CO)b- 
d ~ p m ) ~ ] +  (1) which completea the f i t  triad of group 10 
duetere, namely the cations [ M 3 ~ C l ) ~ - C O ) g l . d p p m ) ~ + ,  
M = Ni, Pd and Pt. 

Results 
The formal oxidation state of the metal a t o m  in [M3- 

Gc3-CO)Gc-d~~m)312+ or [M3Gc3-C1)Gc3-CO)Gc-d~~m)31+ is 
+2/3 and there are a number of logical ways to prepare 
euch complexes. For example, 2Ni(0) + Ni(II) or Ni(0) + 
2Ni(I) might give 3Ni(2/3). A number of euch reactions, 
for example [Ni2b-CO)(CO)2Gc-dppm)2]4 with [ N i c k  

(1) For a d e w ,  BOO: Puddephtt, R J.; ManojlovibMuir, Lj.; Muir, 
K. W. Polyhedron leeO,9,2767. 

( 2 )  (a) ManojlovibMuir, Lj.; Muir, K. W. Unpublhhed work. (b) 
ManojloviE-Muir, Lj.; Muir, K. W.; Lloyd, B. R; Puddephtt, R J. J. 
Chem. Soc., Chem. Commun. 1985,536. (c) Lloyd, B. R.; Bradford, A.; 
Puddephtt, R J. Organometolliu 1987,6,424. (d) Forgunon, G.; Lloyd, 
B. R; Puddephtt, R J. Organometollicr 1988,5,344. 

(3) Ratliff, K. 5.; Fanwick, P. E.; Kubiak, C. P. Polyhedron 1990,9, 
1487. 

(4) (a) zhrurp, Z-2.; Wmg, H.-K.; Wmg, H A . ;  W m g ,  R.J.; Zhao, 
W.-J.; Ymg, L.-M. J. Organornet. Chem. 1988,347,269. (b) Onborn, J. 
A.; Stanley, C. C.; Bird, P. H. J. Am. Chem. SOC. 1988,110, 2117. (c) 
Holah, D. C.; Hugh-, A. N.; Mirza, H. A. Imrg. Chim. Acta 1987, l I ,  
L7. 
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(dppm)l, [NiCUdppm)dP or [Ni2ChG-CO)Gcdppm)d6 in 
the required ratio, were attempted unauccBsBfuLIy. The 
cluetere [M3(p3-CO)(pdppm)3]2+ with M = Pd or Pt are 

with CO/&O, but thie mute wae ale0 unaucc8BBN when 
M = Ni. Finally, the cluster [Ni,Gc8-C1)0r8-CO)0c- 
dppm)&l wae prepared by reaction of [Nb(p-CO)- 
(CO)&dppm)J4 with refluxing 12di- This 
reaction UB%B the solvent 1,2dichloroethnne ae both oxi- 
dant and mum of chloride, according to eq 2. A oimilar 
reaction u d q  1,2-dib"oethane ae oxidant wan unsuc- 
C808fu1 since more complete oxidation to nickel(II) ap- 
peared to occur. 
3[Ni2Gc-CO)(CO)2(p-dppm)21 + 2C2H4C12 - 

-ib mp=d by red- of [M(W~a)z(dPpm)l 

2[Ni3&-C1)&-CO)Gc-dppm)3]C1+ 2CzH4 (2) 

A similar preparation of [Ni3(fi3-C1)(fi3-CO)(fi- 
dppm)d [PFB] waa obtained by the elow decompoeition of 
[Ni?Gc-H)Gc-CO)(CO),Oc-dppm)d [PFJ in &chloromethane, 
which occurs almost quantitatively. The complex 1C1 was 
ale0 prepared by heating [Ni2Cl2(p-CO)gldppm)J briefly 
to 100 "C under vacuum. The intention wae to drive off 
CO and form [Ni2C12Gc-dppm)21, by analogy with the 
companding reactions when M = Pd or Pt,' but the only 
product wae lCl-. A possible stoichiometry is shown in 
eq 3, though the volatile product wae not characterized. 
3[Ni2C12(p-CO)Gc-dppm)2] - 

2[ Ni3Gc3-C1) (p3-C0) (~ -dppm)~]  C1+ COCl2 (3) 
Thus the trinuclear cation 1 can be prepared by mild 

oxidation of Ni(0) or mild reduction of Ni(1) but the ex- 
perimental auditions are critical for euama For example, 
brominated or iodinated solventa appear to oxidize Ni(0) 
through to Ni(II) and so the desired clusters could not be 
obtained. The formation of trinuclear 1 from binuclear 

(6) Booth, C.; Chtt, J. J. Chem. Soc. 1966,3238. 
(6) (a) Gong, J. K.; M o ~ o M ~ o ~ ,  D.; Fanwick, P. E.; Kubiak, C: P. 

Abrtrock of hper6,lWth National MMtbg Of th@ A"- C h m d  
Society; American Chemical Society:. Warhirutqn, DC 1989. (b) 
ManojlovibMuir, L' * Muir, K. W.; Dam, W. M.; Mma, H. A; Pudda 
phatt, R J. Inorg. &em. 1992,31,904. 

(7) Pringle, P. G.; Shw, B. L. J. Chem. Soc., Dalton T ~ M .  1983, g%g 
and referencxa therein. 
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Figure 1. View of the etruckve of 1, in which the dieordered 
h-CO and mC1 ligands are shown in the arrangement with oc- 
cupancy factor of 0.70 (2). In the phenyl rings the atoms are 
numbered cyclically, C(n1) to C(n6), where n = A, B, C, D, E, 
F, 0, H, I, d, K,or L, and the C(n1) atom ie bonded to p h o e p h ”  
For clarity, only the C ( d )  atom are labeled. 

precureors clearly requires cleavage and reformation of 
Ni-Ni md Ni-P bonds, and the detailed mechanisms r e  
main obscure. Once formed, the cluster 1 is thermally 
stable and t mildly air eensitive. 
The reaction product, lCl-, was cryetallized from a di- 

c h b ” e / p e n t a n e  mixture in the preeence of NaBPh, 
and the identity of the product was then established by 
an X-ray diffraction study of 1[BPh,]C2H4ClP 

In tb uyhd st” of the salt, the solvent mol& 
C&,Cl, are looeely entrapped in what would have been 
voids and their relatively high atomic displacement pa- 
rameten suggeet that they may be somewhat disordered. 
Tbe gemndzy ofthe [BPhJ ione ie as expected [B-c 1.631 

The rtruckve of the cationic cluster 1, shown in Figure 
1, b cloeely similar to thoee of the complexes [Pd3(p3- 
X)(~t&O)(pdppm)~]+, X = C1 or 1,’s and [Ni3(p3-1)(p3- 
CNMe)(pdppm)J+? It contains a triangular Ni3 cluster, 
with Ni-Ni distances [2.381(1)-2.418 (1) A] indicative of 
nickel-nickel sin& bonds (237-2.69 The edges of 
the Ni8 tiangle are bridged by three dppm ligands to form 
a roughly planar [ N i p , # +  skeleton, with the Ni-P bond 
le& [2.196 (21-2.214 (2) A] lying within the range of 
thaw previously obeerved (2.18-2.26 A1.W The capping 
si* above the oppoeite faces of the Ni3 cluster are m- 
pied by triply bridging C1 and CO ligands, forming a die- 
torted-trigonal-bipyramidal [ Ni3(p3-C1) (p3-CO)] + unit. 
Cloee similnrity of 1 with its pauadium analogue, [Pd3- 
~Cl)~-CO)Gc-dppm)3]+,18b extends to the observed 
Cl/CO dieorder, each ligand spanning the capping sitea on 
both aid- of the Nis cluster (Figure 2). The two resulting 
orientations of the [Ni,&-Cl)&-CO)]+ unit occur with 

(9)-1.6M (9) A, C-B-C 104.0 (5)-112.7 ( 5 ) O j .  

(8) (a) De Lat, D. L; Powell, D. R; K u b d ,  C. P. Organometallics 
lW, 4,964. (b) De Lst, D. L; del Raeerio, R; Fanwick, P. E.; Kubiak, 
C. P. J. Am Ckm. Soc. 1937, I@, 754. (c) Gong, J.; Hung, J.; Fanwick, 
P. E.; Kub& C. P. Angew. Chem., Int. Ed. Engl. 1998, 29, 396. (d) 
htliff, K. 8.; Brook, C. K.; Fanwick, P. E.; Kubiak, C. P. Ibid. ISSO, 
29,m. 

(B) De ht, D. L.; Fanwick, P. E; KubiaL, C. P. Organometallics 
1m, 5,1807. 

Figure 2. View of the [Ni3 O)GcpCl)]’ fragment illustrating 

tactore are a [0.70 (2)] for C(1), 0(1), and Cl(1) and 1 -a for C(13, 
O(l’), and Cl(1’). 

the dieorder of the CO and ?? 1 ligands. T h e  atomic occupancy 

7030 occupancy. Although the accuracy of the bond 
lengthe and anglea in the [Ni3&-C1)&-CO)]+ unit (Table 
I) ie somewhat lowered by the Cl/CO disorder, the Ni-C 
distances tl.82 (4)-1.96 (2) A] are in accord with thoae 
(1.77-2.03 A) found in the [Ni3(p3-CO)(p- 
M@CH$Me&]2+ cluster and in some carbonyl-bridged 
binuclear complexes.’fiJO The N i x 1  distances [2.50 
(2)-2.69 (3) A can be compared with long Ni-Cl bonds 

[NiC1(CH2{CH~(Ph)CH2CH2CHJW2JJl ,12 but they are 
substantially longer than the distancee (2.22-2.27 A) con- 
sidered typical of normal covalent Ni-Cl bonds.6J0J3 In 
the closely related complexes [Pd3(l3-X)(p3-C0)(p- 
d ~ p m ) ~ ] + ,  X = C1 or I, and [Ni3(p3-X)(p3-CNMe)(p- 
dppm)d+, X = I, the metal-halogen bonds are also ab- 
normally long (Pd-Cl 2.74-3.16, Pd-I 2.95-3.03, Ni-I 
2.73-2.78 A).l-3 It thus appears that weak covalent 
character of the M3GcpX) interaction ie a common feature 
of the halogen adducta of the [M3b3-CO)b-dppm)3]* (M 
= Ni or Pd) and [Ni3(p-CNMe)(p-dppm)3]2+ clusters. 

In 1 and in the other crystaUographicaUy characterized 
[M3(p3-X)(p3-CO) (p-d~pm)~]+ complexes (M = Pd, X = 
C1-, I-, or CF3COO-; M = Pt, X = SnF3-),’2.14J6 the three 
MR2C rings adopt envelope shapes, two with the CH2 
groups at the flaps lying above and the third with the CH2 
group at  the flap lying below the M3P6 plane. Thus one 

of 2.527 (2) 1 in [NiC12(dppm)2]11 and 2.699 (7) A in 

(10) (a) Ferguson, G.; Jenninge, M. C.; Mina, H. A.; Puddephatt, R. 
J. Orgonometollicr 1990, 9, 1576. (b) H o U ,  D. C.; Hughes, A. N.; 
hbgnrwn, V. R; Mina, H. A.; Parker, K. 0.Organometollics 1988,7, 
1233. (c) schrehr, S.; Seteer, M. M.; Callaher, T. N. Inorg. Chim. Acta 
1991, 188, 131. 
(11) MmojloviE-Muir, Lj.; Mina, H. A.; Puddephatt, R. J.; Sadiq, N. 

Inorg. Chem., in p m .  

D. W. Inorg. Chem. 1982,21,2707. 
(12) Scanlon, L. C.; Tw, Y.-Y.; Toman, K.; C U J ,  5. C.; Mwk, 

(13) Gong, J. K.; Fanwick, P. E.; K u b d ,  C. P. J .  Chem. Soc., Chem. 
Commun. ISW, 11w). 

J. J.  Chem. Soc., Chem. Commun. 1983,1336. 
(14) M~nojloviE-Muir, Lj.; Muir, K. W.; Lloyd, B. R.; Puddephatt, R. 

(15) Dough, C.; Jenning8, M. C.; Mnno’ oviE-Muir, Lj.; Muir, K. W.; 
Puddephatt, R. J. J. Chem. Soc., Chem. 8 ommun. 1989, 159. 
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Table I. Selected Bond Lengths (A) and Angler (deg) in  

Ni(l)-Ni(2) 2.400 (1) Ni(lbNi(3) 2.418 (1) 
Ni(l)-C1(1) 2.497 (16) Ni(l)-Cl(l’) 2.690 (28) 
Ni(1)-P(1) 2.207 (2) Ni(l)-P(6) 2.210 (2) 
Ni(l)-C(l) 1.913 (15) Ni(l)-C(l’) 1.900 (38) 
Ni(2)-Ni(3) 2.381 (1) Ni(2)41(1) 2.605 (16) 
Ni(2)-C1(lt) 2.598 (30) Ni(2)-P(2) 2.205 (2) 
Ni(2)-P(3) 2.195 (2) Ni(P)-C(l) 1.956 (15) 
Ni(P)-C(l’) 1.847 (37) Ni(B)-CI(l) 2.563 (16) 
Ni(3)-Cl(l’) 2.549 (32) Ni(3)-P(4) 2.214 (2) 
Ni(3)-P(5) 2.196 (2) Ni(B)-C(l) 1.908 (16) 
Ni(3)-C(l’) 1.819 (34) P(l)-C(2) 1.838 (5) 
P(l)-C(Al) 1.829 (5) P(l)-C(Bl) 1.824 (6) 
P(2)-C(2) 1.833 (5) P(2)C(C1) 1.808 (6) 
P(B)-C(Dl) 1.819 (6) P(3)-C(3) 1.828 (5) 
P(3)-C(E1) 1.825 (6) P(B)-C(Fl) 1.816 (6) 
P(414.33) 1.832 (5) P(4)-C(G1) 1.815 (6) 
P(4)-C(H1) 1.822 (6) P(5)-C(4) 1.830 (5) 
P(5)-C(I1) 1.822 (5) P(5)-C(Jl) 1.810 (6) 
P(6)-C(4) 1.830 (5) P(6)-C(K1) 1.814 (6) 
P(6)-C(L1) 1.826 (6) O(l)-C(l) 1.102 (37) 
O(l’)-C(l/) 1.12 (9) 

Ni(2)-Ni(l)-Ni(3) 59.2 (1) Ni(2)-Ni(l)-Cl(l) 64.2 (4) 
Ni(2)-Ni(l)-Cl(l’) 61.1 (6) Ni(2)-Ni(l)-P(l) 95.4 (1) 
Ni(2)-Ni(l)-P(6) 156.2 (1) Ni(O)-Ni(l)C(l) 52.5 (4) 
Ni(2)-Ni(l)-C(l’) 49.2 (12) NiQ)-Ni(l)Cl(l) 62.8 (4) 
Ni(3)-Ni(l)-Cl(l’) 59.6 (6) Ni(3)-Ni(l)-P(l) 154.6 (1) 
Ni(3)-Ni(l)-P(6) 98.6 (1) Ni(S)-Ni(l)-C(l) 50.7 (5) 
Ni(3)-Ni(l)-C(l’) 48.0 (10) Cl(l)-Ni(l)-P(l) 110.0 (4) 
Cl(l)-Ni(l)-P(6) 99.1 (4) Cl(l)-Ni(l)C(l) 103.4 (6) 
Cl(l’)-Ni(l)-P(l) 108.5 (6) Cl(l’)-Ni(l)-P(6) 117.6 (5) 
Cl(l’)-Ni(l)-C(I’) 95.7 (13) P(l)-Ni(l)-P(6) 106.7 (1) 
P(l)-Ni(l)-C(l) 114.0 (5) P(l)-Ni(l)-C(l’) 118.2 (9) 
P(B)-Ni(l)C(l) 122.1 (4) P(6)-Ni(l)-C(l’) 110.4 (11) 
Ni(l)-Ni(2)-Ni(3) 60.8 (1) Ni(l)-Ni(B)-Cl(l) 59.7 (4) 
Ni(l)-Ni(2)-Cl(l‘) 66.0 (6) Ni(l)-Ni(2)-P(2) 98.6 (1) 
Ni(l)-Ni(2)-P(3) 156.9 (1) Ni(l)-Ni(2)4(1) 50.9 (5) 
Ni(l)-Ni(2)4(1’) 51.1 (10) Ni(3)-Ni(2)-Cl(l) 61.7 (4) 
Ni(3)-Ni(2)-Cl(l’) 61.4 (6) Ni(3)-Ni(2)-P(2) 157.4 (1) 
Ni(3)-Ni(2)-P(3) 97.1 (1) Ni(3)-Ni(2)-C(l) 51.1 (5) 
Ni(3)-Ni(2)-C(l’) 49.0 (10) Cl(l)-Ni(2)-P(2) 100.9 (4) 
Cl(l)-Ni(2)-P(3) 118.1 (4) Cl(l)-Ni(2)-C(l) 98.6 (6) 
Cl(l’)-Ni(2)-P(2) 120.9 (6) Cl(l’)-Ni(2)-P(3) 99.5 (5) 
Cl(l’)-Ni(2)-C(l’) 100.2 (13) P(2)-Ni(2)-P(3) 104.2 (1) 
P(2)-Ni(2)-C(1) 124.7 (4) P(2)-Ni(2)-C(1’) 111.7 (10) 
P(3)-Ni(2)-C(1) 111.0 (4) P(3)-Ni(2)4(1’) 120.8 (10) 
Ni(l)-Ni(3)-Ni(2) 60.0 (1) Ni(l)-Ni(3)-Cl(l) 60.1 (4) 
Ni(l)-Ni(3)41(1’) 65.6 (5) Ni(l)-Ni(3)-P(4) 157.2 (1) 
Ni(l)-Ni(3)-P(5) 96.5 (1) Ni(l)-Ni(3)4(1) 50.8 (5) 
Ni(l)-Ni(3)-C(l’) 50.9 (11) Ni(2)-Ni(3)-Cl(l) 63.5 (4) 
Ni(2)-Ni(3)41(1’) 63.5 (6) Ni(2)-Ni(3)-P(4) 98.4 (1) 
Ni(P)-Ni(B)-P(S) 156.1 (1) Ni(2)-Ni(3)-C(l) 62.9 (4) 
Ni(2)-Ni(3)-C(l’) 50.0 (12) Cl(l)-Ni(3)-P(4) 119.3 (4) 
Cl(l)-Ni(3)-P(5) 102.1 (4) Cl(l)-Ni(3)-C(l) 101.3 (6) 
Cl(l’)-Ni(3)-P(4) 99.5 (5) Cl(l’)-Ni(3)-P(5) 113.3 (6) 
Cl(l’)-Ni(3)-C(l’) 102.8 (14) P(4)-Ni(3)-P(5) 105.5 (1) 
P(4)-Ni(3)<(1) 111.6 (5) P(4)-Ni(3)-C(lJ) 122.3 (10) 
P(S)-Ni(B)C(l) 117.5 (4) P(5)-Ni(3)4(1’) 112.8 (11) 
Ni(l)-Cl(l)-Ni(P) 56.1 (4) Ni(l)-Cl(l)-Ni(3) 57.1 (4) 
Ni(2)-Cl(l)-Ni(3) 54.9 (4) Ni(l)-Cl(lJ)-Ni(2) 53.9 (6) 
Ni(l)-Cl(l’)-Ni(3) 54.9 (7) Ni(2)-C1(lt)-Ni(3) 65.1 (7) 
Ni(l)-P(l)-C(2) 107.0 (2) Ni(1)-P(l)-C(Al) 122.0 (2) 
Ni(l)-P(l)-C(Bl) 117.7 (2) Ni(2)-P(2)4(2) 108.9 (2) 
Ni(2)-P(2)C(C1) 119.2 (2) Ni(2)-P(2)C(Dl) 113.7 (2) 
Ni(2)-P(3)-C(3) 110.0 (2) Ni(2)-P(3)-C(E1) 116.2 (2) 
Ni(2)-P(3)-C(Fl) 118.2 (2) Ni(3)-P(4)4(3) 108.6 (2) 
Ni(ShP(Q)-C(Gl) 118.8 (2) Ni(3)-P(4)C(Hl) 117.5 (2) 
Ni(3)-P(5)-C(4) 108.3 (2) Ni(3)-P(5)-C(I1) 118.3 (2) 
Ni(3)-P(5)-C(J1) 117.5 (2) Ni(l)-P(6)4(4) 107.7 (2) 
Ni(l)-P(B)C(Kl) 121.3 (2) Ni(l)-P(6)-C(Ll) 118.8 (2) 
Ni(l)-C(l)-Ni(P) 76.7 (6) Ni(l)-C(l)-Ni(3) 78.5 (7) 
Ni(l)-C(l)-O(l) 138.9 (18) Ni(2)-C(l)-Ni(3) 76.1 (6) 
Ni(2)-C(l)-O(l) 128.8 (19) Ni(3)4(l)-O(l) 133.6 (17) 
Ni(l)-C(l’)-Ni(2) 79.7 (17) Ni(l)-C(l’)-Ni(3) 81.1 (15) 
Ni(l)-C(l’)-O(l’) 127.7 (51) Ni(2)-C(lt)-Ni(3) 81.0 (17) 
Ni(2)-C(l’)-O(l’) 135.5 (50) Ni(3)-C(l’)-O(l’) 131.6 (52) 

[Ni&l(CO)(Ph$CH#Ph~),]+ 

P(1)4(2)-P(2) 108.3 (3) P(3)<(3)-P(4) 108.9 (3) 
P(5)-C(4)-P(6) 110.4 (3) 

ManojloviE-Muir et al. 

Table 11. Crwta l lmaDMc data for 1CBPhJ *C.HICl, 
empirical formula ClmH&Cl3Ni3OPB 
fw 1810.9 

Pi 
15.416 (1) 
15.676 (1) b (A) 

c (A) 20.098 (2) 
a (ded 68.146 (7) 
B (deg) 89.008 (7) 
Y (dw) 89.540 (6) 

4507.2 (7) 
2 z 

iPtG group 

V (A3) 

F(OO0) (electrons) 
d- (g fm-a) 
cryst dmens (mm) 
temp (‘C) 
radiation [wavelength (A)] 
p(Mo Ka) (cm-l) 
data collcn range [28 (deg)] 
abs factors (on Fj 
no. of unique reflections with Z 2 3 u 0  
no. of parame refined 
R” 
R W b  

largest peak in find AF map (e A-3) 

1880 
1.334 
0.25 X 0.35 X 0.50 
23 
Mo Ka (0.71069) 
8.64 
4-44 
0.82-1.10 
6506 
1053 
0.035 
0.041 
0.64 

CH2 group and four axial plus two equatorial phenyl 
group form a fence around one face and two CH2 groupa 
and two axial plus four equatorial phenyl groups form a 
fence around the other face of the M36 skeletons (Figure 
1). In such a conformation of the [M3Gc-dppm)3]2+ frag- 
ment, the two faces of the M3 cluater are exposed to ste- 
rically different environments, the steric hindrance being 
larger within the fence comprising four axial phenyl &roups. 
The Cl/CO dieorder observed in 1 and in ita palladium 
analogue, resulting in two different orientations of the 
[M3(p3-C1)(p3-CO)]+ unit with respect to the [M3(p3- 
d ~ p m ) ~ ] ~ +  skeleton, shows that small ligands, such as C1 
and CO, can bind to either face of the M3 cluster. The 
ligands of higher steric requirements, such as I-, CF3COO-, 
and SnF3-, display a preference for the face of the M3 
cluster surrounded by the smaller number of exid phenyl 
groups. 

The carbonyl stretching frequencies of [M3(p&1)Gcs- 
CO)&dppm)J+ are 1717 (BP4-salt), 1820 (PFc salt), and 
1767 (PF, salt) cm-’ when M = Ni, Pd, and Pt, respec- 
tively. Hence back-bonding to CO is strongest for M = 
Ni and weakest for M = Pd, ae is usual in this triad. 

Experimental Section 
[Nla(r,-Cl)(r,-CO)(r-dppm),]Cl. A solution of [Niz(r- 

CO)(CO)zGtdppm)d (0.31 g) in C&C& (10 mL) was heated under 
reflux for 2 h. The color changed from orange to brown-black 
during thia period. The solution was cooled to loom temperatwe, 
and pentane (25 mL) WBB added to precipitate the product Yield: 
92%. Anal. Calc for C76&C12Ni30Pg: C, 63.9; H, 4.7. Found 
C, 63.9; H, 4.7. IR (Nujol): v(C0) = 1726 cm-’. NMR in CDzClz: 
6(IH) = 3.86 (br a, CH2P2); 6(s1P) = -2.9 (8, dppm). 

The same complex could be prepared by heating [Ni2C1*b- 
CO)(pdppm)z] under vacuum at 100 “C for 5 min, followed by 
extraction into CD3CN. The NMR and IR parameters were 
identical to those reported above. 

[Nia(ra-Cl)(p&O)(pdppm)JBPh,. To a solution of [Ni3- 
&-Cl)&-CO)hdppm)3]Cl m C&C& (10 mL), prepared as above, 
was added NaBPh, (0.2 g) in ethanol (3 mL). This solution was 
layered with pentane (20 mL) and set aside for 2 weeks, after 
which time the black cryatale of the product were filtered off and 
washed with cold ethanol and then ether. Anal. Calc for 
Cl&I&CINisOPa: C, 70.1; H, 5.0. Found C, 69.5; H, 5.0. The 
NMR parameters were identical to those of the chloride salt listed 
above. IR (Nujol): v(C0) = 1717 cm-’. 
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Table 111. Fractional C o o r d i ~ t e ~  and Displacement Parameten (Aa) of Atoms’ 

Ni(1) 0.00389 (4) 0.14597 (4) 0.22238 (3) 0.036 C(G5) -0,2999 (5) 0.0393 (6) 0.0191 (3) 0.116 
X Y 2 U X Y 2 U 

Nii2j - 0 . 0 3 ~  (4) 
Ni(3) -0,14619 (4) 
Cl(1) -0,031 (1) 
Cl(1’) -0.098 (1) 
Cl(1S) 0.3029 (2) 
Cl(2S) 0.5115 (2) 
P(1) 0.14111 (8) 
P(2) 0.09163 (8) 
P(3) -0,12766 (8) 
P(4) -0.26166 (8) 
P(5) -0,19333 (8) 
P(6) -0.oO609 (8) 
O(1) -0.092 (2) 
O(1’) -0.035 (6) 
C(1) -0.0769 (8) 
C(1’) -0,048 (2) 
C(2) 0.1724 (3) 
C(3) -0,2363 (3) 
C(4) -0.1035 (3) 
C(A1) 0.2280 (3) 
C(A2) 0.2584 (4) 
C(A3) 0.3241 (4) 
C(A4) 0.3584 (4) 
C(A5) 0.3295 (4) 
C(A6) 0.2634 (4) 
C(B1) 0.1681 (3) 
C(B2) 0.2479 (3) 
C(B3) 0.2665 (4) 
C(B4) 0.2075 (5) 
C(B5) 0.1292 (4) 
C(B6) 0.1091 (3) 
C(C1) 0.1307 (3) 
C(C2) 0.2114 (3) 
C(C3) 0.2393 (4) 
C(C4) 0.1901 (5) 
C(C5) 0.1114 (5) 
C(C6) 0.0820 (3) 
C(D1) 0.1090 (3) 
C(D2) 0.1219 (4) 
C(D3) 0.1211 (5) 
C(D4) 0.1094 (5) 
C(D6) 0.0987 (5) 
C(D6) 0.0992 (4) 
C(E1) -0.1044 (3) 
C(E2) -0.0504 (4) 
C(E3) -0.0252 (5) 
C(E4) -0.0552 (6) 
C(E5) -0.1081 (5) 
C(E6) -0.1326 (4) 
C(F1) -0.1453 (3) 
C(F2) -0.1960 (4) 
C(F3) -0.2133 (5) 
C(F4) -0.1821 (6) 
C(F5) -0.1315 (6) 
C(F6) -0.1143 (4) 
C(G1) -0,3059 (3) 
C(G2) -0.3801 (3) 
C(G3) -0.4122 (4) 
C(G4) -0.3738 (4) 

-0.00898 j4j 
0.10963 (4) 
0.113 (1) 
0.055 (2) 
0.2141 (2) 
0.2091 (3) 
0.11267 (9) 

-0.07117 (9) 
-0.12517 (9) 
0.02246 (9) 
0.25178 (9) 
0.29752 (9) 
0.053 (2) 
0.112 (6) 
0.0712 (8) 
0.095 (2) 
0.0208 (3) 

-0.0935 (3) 
0.3276 (3) 
0.1965 (3) 
0.2474 (4) 
0.3128 (4) 
0.3265 (5) 
0.2783 (5) 
0.2129 (4) 
0.0673 (3) 
0.0249 (4) 

-0.0088 (4) 
-0.o004 (5) 
0.0425 (5) 
0.0757 (4) 

-0.1427 (3) 
-0,1863 (4) 
-0.2362 (4) 
-0.2423 (5) 
-0.1969 (5) 
-0.1479 (4) 
-0.1359 (3) 
-0.2306 (4) 
-0.2768 (5) 
-0.2330 (7) 
-0,1389 (6) 
-0.0902 (4) 
-0.2273 (3) 
-0.2955 (4) 
-0.3683 (4) 
-0.3741 (5) 
-0.3082 (5) 
-0.2344 (4) 
-0.1689 (3) 
-0,2467 (4) 
-0.2742 (5) 
-0.2237 (6) 
-0.1484 (5) 
-0.1206 (4) 
0.0062 (3) 

-0,0454 (4) 
-0.0548 (4) 
-0.0121 (5) 

0.24329 i3j 
0.20847 (3) 
0.113 (1) 
0.338 (2) 
0.4521 (2) 
0.4967 (2) 
0.25057 (7) 
0.25223 (7) 
0.26542 (7) 
0.22303 (7) 
0.16776 (7) 
0.17660 (7) 
0.350 (2) 
0.102 (4) 
0.2929 (9) 
0.161 (2) 
0.2188 (2) 
0.2862 (3) 
0.1219 (3) 
0.2127 (3) 
0.2513 (3) 
0.2225 (4) 
0.1567 (5) 
0.1177 (4) 
0.1458 (3) 
0.3454 (3) 
0.3685 (3) 
0.4413 (3) 
0.4898 (3) 
0.4678 (3) 
0.3958 (3) 
0.3397 (3) 
0.3483 (3) 
0.4176 (4) 
0.4758 (4) 
0.4672 (3) 
0.3994 (3) 
0.1946 (3) 
0.2210 (3) 
0.1739 (5) 
0.1035 (5) 
0.0762 (4) 
0.1217 (3) 
0.3444 (3) 
0.3383 (3) 
0.4007 (5) 
0.4662 (4) 
0.4728 (3) 
0.4119 (3) 
0.1948 (3) 
0.2061 (3) 
0.1503 (5) 
0.0824 (5) 
0.0714 (4) 
0.1275 (3) 
0.1455 (3) 
0.1499 (3) 
0.0898 (4) 
0.0251 (4) 

0.036 
0.038 
0.057 
0.057 
0.203 
0.234 
0.040 
0.040 
0.041 
0.043 
0.041 
0.043 
0.07 (1) 
0.04 (2) 
0.047 (4) 
0.048 (8) 
0.042 
0.047 
0.045 
0.047 
0.069 
0.087 
0.088 
0.085 
0.066 
0.045 
0.058 
0.071 
0.078 
0.080 
0.057 
0.045 
0.062 
O.Os0 
0.088 
0.081 
0.056 
0.051 
0.074 
0.101 
0.112 
0.101 
0.071 
0.047 
0.067 
0.096 
0.101 
0.095 
0.070 
0.051 
0.071 
0.101 
0.112 
0.107 
0.079 
0.047 
0.065 
0.077 
0.097 

-0.2664 i4j 
-0.3570 (3) 
-0.3653 (4) 
-0.4357 (5) 
-0.4972 (5) 
-0.4905 (4) 
-0.4207 (4) 
-0.2712 (3) 
-0.2471 (3) 
-0.3018 (4) 
-0.3821 (4) 
-0.4073 (4) 
-0.3532 (3) 
-0.2379 (3) 
-0.2579 (4) 
-0.2954 (5) 
-0.3112 (5) 
-0.2895 (5) 
-0.2535 (4) 
-0.0214 (3) 
-0.0343 (4) 
-0.0546 (5) 
-0.0647 (6) 
-0.0474 (7) 
-0,0264 (5) 
0.0757 (3) 
0.1328 (4) 
0.1935 (5) 
0.1987 (5) 
0.1450 (5) 
0.0823 (4) 
0.6365 (3) 
0.6808 (4) 
0.7632 (4) 
0.8054 (4) 
0.7644 (5) 
0.6831 (4) 
0.4986 (3) 
0.4912 (4) 
0.4484 (5) 
0.4092 (5) 
0.4131 (5) 
0.4579 (4) 
0.4692 (3) 
0.4786 (4) 
0.4125 (5) 
0.3335 (4) 
0.3198 (4) 
0.3868 (4) 
0.5622 (3) 
0.5358 (4) 
0.5555 (4) 
0.6019 (4) 
0.6313 (4) 
0.6131 (4) 
0.371 (1) 
0.419 (1) 
0.5418 (4) 

0.0461 i5j 
0.0513 (3) 
0.0246 (4) 
0.0514 (5) 
0.1055 (6) 
0.1348 (5) 
0.1080 (4) 
0.2853 (3) 
0.2757 (4) 
0.3006 (5) 
0.3356 (5) 
0.3440 (5) 
0.3183 (4) 
0.2961 (4) 
0.2349 (4) 
0.2666 (6) 
0.3575 (6) 
0.4191 (5) 
0.3897 (4) 
0.3632 (4) 
0.4584 (4) 
0.5064 (5) 
0.4566 (8) 
0.3695 (6) 
0.3202 (4) 
0.3629 (3) 
0.4211 (4) 
0.4705 (5) 
0.4629 (5) 
0.4060 (5) 
0.3535 (4) 
0.4183 (4) 
0.4193 (4) 
0.4560 (5) 
0.4955 (5) 
0.4959 (5) 
0.4577 (5) 
0.3809 (5) 
0.4687 (4) 
0.4838 (6) 
0.4115 (8) 
0.3269 (7) 
0.3119 (5) 
0.4071 (4) 
0.4834 (4) 
0.5179 (5) 
0.4758 (5) 
0.4011 (6) 
0.3673 (5) 
0.2576 (4) 
0.2111 (4) 
0.1195 (5) 
0.0693 (4) 
0.1128 (5) 
0.2042 (5) 
0.303 (1) 
0.274 (1) 
0.3658 (5) 

0.0802 i3j 0.086 
0.2654 (3) 0.051 
0.3386 (4) 0.076 
0.3712 (4) 0.095 
0.3301 (6) 0.108 
0.2564 (5) 0.105 
0.2244 (3) 0.073 
0.0953 (3) 0.045 
0.0319 (3) 0.072 

-0.0251 (3) 0.086 
-0.0206 (3) 0.082 
0.0413 (4) 0.089 
0.0999 (3) 0.062 
0.2324 (3) 0.050 
0.3004 (3) 0.067 
0.3501 (3) 0.094 
0.3335 (4) 0.102 
0.2673 (4) 0.089 
0.2157 (3) 0.069 
0.2335 (3) 0.058 
0.2033 (4) 0.096 
0.2490 (6) 0.126 
0.3195 (5) 0.126 
0.3600 (4) 0.129 
0.3048 (4) 0.097 
0.1111 (3) 0.050 
0.1250 (3) 0.078 
0.0756 (5) 0.103 
0.0103 (5) 0.095 

-0,0053 (4) 0.090 
0.0455 (3) 0.072 
0.7049 (3) 0.058 
0.6432 (4) 0.083 
0.6238 (4) 0.087 
0.6630 (4) 0.085 
0.7233 (5) 0.108 
0.7441 (3) 0.084 
0.7979 (3) 0.064 
0.8008 (3) 0.078 
0.8573 (5) 0.107 
0.9110 (5) 0.111 
0.9100 (4) 0.103 
0.8533 (4) 0.084 
0.6655 (3) 0.057 
0.6033 (3) 0.074 
0.5541 (3) 0.082 
0.5658 (4) 0.086 
0.6264 (4) 0.093 
0.6748 (3) 0.082 
0.7440 (3) 0.056 
0.7001 (3) 0.067 
0.7137 (4) 0.084 
0.7732 (4) 0.082 
0.8164 (3) 0.071 
0.8017 (3) 0.073 
0.449 (1) 0.263 
0.510 (1) 0.288 
0.7277 (3) 0.058 

‘For 0(1), O(l’), C(1), and C(1’) a tom U is the isotropic displacement parameter and for other atoms U = ~ i . l s ~ j - ~ ~ i , ~ i * a j ( ~ ~ ~ j ) .  

[Nla(p,-Cl)(p&O)(p-dppm)JPFp A solution of [Niz(r- 
H)(jeCO)(C0),(~t-dppm)~][PF~J (0.15 g) in CDzClz (0.5 mL) was 
allowed to stand a t  room temperature for 4 day. NMFt aualyb 
indicated that >90% conversion to the product had OcCuRBd with 
[Ni2(CO)4Gc-dppm)d as the only detectable impurity. The solvent 
was evaporated to give the product. The ‘H and slP NMR and 
IR pa ramem were identical to those of the authentic cation with 
the addition of paeke due to [PFJ. 

X-ray Crystal  S t r u c t u r e  Analysis of [Nis(p,-CO)(ps- 
C1) (p -dp~m)~]  [BPh4].CIH4C1, 1 [ BPh4].C,H4ClI. All crystal- 
lographic “ m m e n t a  wem made with graphitemonochmmated 
molybdenum radiation, an Enraf-Nonius CAD4 diffractometer, 

and a fragment of a black crystal grown from a CzH4CL&entane 
mixture. 

The unit cell dimensions (Table II) were determined by a least 
aquareg treatment of the diffractometric anglea for 23 reflections 
with 12 4 B 4 16O. The diffraction pattern revealed no eystematic 
absence of reflections. 

The intemitiea of reflections were measured by continuous 6/28 
scam, with the width in B of (0.80 + 0.35 tan B ) O .  The scan epeeds 
were adjusted to give &)(I) I 0.03, subject to a time limit of 120 
8. The integrated intensities of all reflections, derived in the usual 
manner (q = 0.03),’s were corrected for Lorentz, polarization, and 
absorption effects, as well as for a linear drop (12.2%) in the 
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intensities of two standard reflections remeasured every 2 h 
throughout the experiment. The absorption correction, made by 
an empirical method,” led to transmission factors on F of 
0.82-1.10. Of 12099 reflections measured, 2210 were related by 
symmetry and they were averaged to give 1105 independent ones 
and R(intemal) of 0.023. Only unique reflections with I Z 3uQ, 
of which there were 6505, were used in the structure analysis. 

The structure waa determined by the heavy atom method. The 
positions ofthe three nickel atoms were obtained from a Patterson 
function, and thoee of the remaining non-hydrogen atom, as well 
as of a large number of hydrogen atoms, from the appropriate 
difference electron density mapa These maps also revealed that 
in the cationic complex the chloride and carbonyl ligands are 
disordered, each over two ai- lying above opposite faces of the 
Nia triangle (Figure 2). The disorder was accounted for by as- 
signing occupancy parameters a to C1(1), C(l), and OW, and 1 
- a to Cl(l’), C(l’), and O(1’) atoms. The refinement of this 
parameter led to a = 0.70 (2). 

The st” waa refined by a threelargeblocks approximation 
to the normal matrix, minimizing the function Cw(lFd - pc1)2, 
where w = u*(li;bl). The carbon and oxygen atom of the dis- 
ordered carbonyl ligand were allowed isotropic displacement 
parameters, and all other non-hydrogen atoms anisotropic dis- 
placement parameters. In the final calculations the scattering 

(16) ManojloviE-Muir, Lj.; Muir, K. W .  J. Chem. SOC., Dalton Tron.9. 

(17) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A: Found. Crys- 
1974,2427. 

tallogr. 1988, A B ,  158. 

of all 90 hydrogen atoms WBB Bccoullted for by adding their fued 
contribution to the etructure factaq they were eeaieprea a common 
isotropic 2 h m e n t  perameaer, fied at U = 0.080 A2, and their 
geometri y deduced positional parameters were constrained 
to C-H = 1.0 A. The refinement converged at R = 0.036 and R, 
= 0.041. In the final difference electron density map the highest 
peak was 0.64 t A-3. The residual electron density, mostly dis- 
tributed in the vicinity of the solvent molecule, as well as ita high 
atomic displacement parameters (Table III), suggested that the 
structure of thie molecule may be disordered. The final atomic 
coordinates are shown in Table 111. 
All calculations were carried out using the GX program 

package.18 Neutral-atom scattering factore were taken from ref 
19. 
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Reaction Chemistry between CpMo( CO),(q3-2-vinylailyl) and 
Electrophiles: New Carbon-Carbon Bond Formation through 
Molybdenum q4-Trimethylenemethane Cationic Intermedlates 
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The compound CpM~(CO)~(~~-vinylaIlyl) (5) underwent a novel cyclization with TCNE and PhCHO 
(BF3-catalyzed) in CHzC12 to afford a six-membered ring product Treatment of 8 with PhCHO/BF3&0 
in benzene yielded a Mo-q4-trimethylenemethane salt, generated from the electrophilic addition of PhCHO 
to the vinyl group of 5. Characterization of this cation has been achieved by IR and ‘H NMFt spectra and 
by ita subsequent reaction with NaBH3CN and Ft&uLi (R = Ph, Ph-). Formation of this tri- 
methylenemethane cation is also observed for a similar BF3-catalyzed reaction between methyl vinyl ketone 
and acetone in benzene. The synthetic utility of this carbon-carbon-forming reaction in organic synthesis 
has been investigated and is described. 

Introduction 
The chemistry of electrophilic addition to the unsatu- 

rated hydrocarbon ligand on a neutral metal complex is 
an important topic in organometallic chemistry.’* This 
reaction generally leada to the formation of metal-stabilized 
carbocations. Transition-metal +allyl compounds may 

(1) Collman, J. P.; Hegedue, L. S.; Norton, J. P.; Finke, R. G. f i n -  
ciples and Applications of hganotramition Metal Chemistry; Univer- 
sity Science Boob Mill Valley, CA, 1987; Chapter 8. 
(2) Flood, T. C. In Topics In Inorganic and Organometallic Stereo- 

chemktry; Geofioy, G. L., Ed.; Wiley New York, 1981; Vol. 12, pp 
37-117. 

(3) Rorenblum, M.; Watkins, J. C. J.  Am. Chem. Soc. 1990,112,6316. 
(4) Green, M.; Orpen, A. G.; Williams, I. D. J. Chem. SOC., Chem. 

(5) May, A.; Shaefer, K. C.; Huang, E. Y .  J. Am. Chem. Soc. 1972,94, 
Commun. 1982, 493. 

6961. 

represent an instance in which the ligand reacts with H+, 
Br+, and CH3+ to give q2-alkene cati0m.~9~ If tetra- 
cyanoethylene and p-toluenesulfonyl isocyanate are u88d 
as electrophiles, the reaction pathway follow a [3 + 21 
cycloaddition pathway.@ Recently, Green et aL reportdo 
that a vinyl group adjacent to a wMo-allyl moiety could 
be protonated to give Mo-114-s-trans-pentadiene cations. 
Along this direction, we report here the chemistry of 

(6) h u b l u m ,  M. J. Orgonomet. Chem. ISM, SSO, 191 and r e f e r ”  

(7) Wojcicki, A. Adu. Orgonomet. Chem. 1974, 12, 31. 
(8) Buchehter, k; Klemarczyk, P.; Rosenblum, M. Organometallics 

(9) Bell, P. B.; Wojcicki, A. Inorg. Chem. 1981,20,1686. 
(10) Benyunes, S. A.; Green, M.; Grimahire, M. J. Organometallics 

therein. 

1982, 1, 1679. 

1989,8, 2268. 
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