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Summary: Multiple C-C coupling of isocyanides has been 
demonstrated by the ambient-pressure reactions of 
CNMe with Cp&f(N(CMe3)CC(=NCMe3)CH.$3iMe2bH2) 

I - 
and the high-pressure reactions of CNCMe3 with - I 
Cp2M( C H ~ S Z M ~ ~ C H ~ ) ,  which afford Cp2M( N (Me) C-  

-7 C(=NCMedC(=NCMe3)CHaiMe2&2) and C p f l ( N -  
(CMe3)C(=C=NCMe3)C(=NCMe3)CHfiiMekH2) (M = 
Zr, Hf), respectively. 

The transition-metal-mediated reductive coupling of C1 
units (CO,' CNR? and carbynes3) represents a C-C bond- 
forming reaction of fundamental chemical importance and 
may proceed via several distinct mechanistic pathways. 
We have shown that the reductive coupling of isocyanides 
by "stabilized" group 4 metallacyclobutane complexes such 

as ( C ~ R ~ ) ~ Z ~ ( C H ~ S I M ~ ~ C H ~ )  (R = H,4a,b Me4",C) proceeds 
via the unusual double-insertion reaction (l), leading to 

- 

I 

lire CR3 

Cp' P CsHs, C5MeS; R = H, Me 

the sequential formation of q2-iminoacyl and q2-iminoacyl 
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Figure 1. Molecular orbital remesentations of the LUMOs 
with charges in Cp22!r(N(CMe3)CCH2SiMezCH2) (A) and 

Cp22!r(N(CMe3) CC (=NCMe3)CHzSiMe&H2) (B). 

imine intermediates, and involves two different insertion 
steps. The first insertion is initiated by nucleophilic attack 
of the isocyanide at  the electrophilic metal center followed 
by migration of the adjacent methylene group of the 
metallacyclic ring. The second isocyanide insertion, which 
leads to C-C bond formation, relies on the apparent 
electrophilic character5 of the q2-iminoacyl carbon to 
promote nucleophilic attack by the second isocyanide at  
this position. This remark is supported by nonparame- 
terized FenskeHall HartreeFock SCF MO calculations,8 

I 

which reveal that the LUMOs of Cp2Zr(N(CMe3)CCHr 

S C H 2 )  and Cp&hr(N(CMe3)CC(=NCMe3)CH2Si- 

Me2CH2) are comprised of the iminoacyl T*CN, which is 
stabilized by interaction with the Zr 4d, orbital (Figure 
1). In view of the similar nature of the LUMOs associated 
with these v2-iminoacyl and q2-iminoacyl imine interme- 
diates, the latter species should be capable of promoting 
the insertion of another equivalent of isocyanide, thereby 
extending the length of the hydrocarbon chain through 

u - 
1 
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the subsequent formation of a second C-C bond. This 
premise has been borne out by the ambient-pressure 

reactions of CNMe with CpzM(N(CMe3)CC(=NCMe3)- 

CHzSiMeZCHz) (M = Zr (2a), Hf (2b)) and the high- 

pressure reactions of CNCMe3 with CpzM(CH2SiMeZCHz) 
(M = Zr (la), Hf (lb)). 

The NMR-tube reactions of 1 equiv of CNMe with 2a,b 
(eq 2) proceed at  25 "C with the formation of Cpz- 

r - 
I - 

Communications 

M(N(Me) CC (=NCMe3) C (=NCMe3) CHzSiMezCHz) (M 

= Zr (3a), Hf (3b)).1° These $-iminoacyl diimine com- 
I 

CNMe - 

2a,b 3a,b 

pounds exhibit an upfield lH NMR resonance at  6 -0.39 
(3a) and -0.56 (3b) for the protons of the metal-bound 
methylene group. The three l3C NMR resonances at  6 
219.2,170.1,166.0 (3a) and6 223.8,170.1,168.1(3b) confiim 
the presence of one +iminoacyl carbon and two imine 
carbons. Periodic l3CIlHj NMR measurements of the 
reaction of WNMe with 2b indicate that only the intensity 
of the q2-iminoacyl carbon signal of 3b is enhanced, 
verifying that reaction 2 proceeds with displacement of 
the 72-iminoacyl group of 2b. During the C-C coupling 
reactions that afford the double-insertion products (2a,b) 
and triple-insertion products (3a,b), the M-C(methy1ene) 
bond remains intact and acts as a tether holding the 
electrophilic $-iminoacyl moiety in the N-outside orien- 
tation needed to facilitate subsequent isocyanide inser- 
tions. 

To investigate the influence of pressure on the insertion 
chemistry, the reactions of 5 equiv of CNCMe3 with la,b 
were performed at 1 2  kbar (eq 3)." NMR measurements 

12 kbar 

la,b 

A - 
- CNCMe3 

(3) 

4a,b 2a,b 

reveal that the principal product 4a,b contains three tert- 
butyl groups and two imine carbons. The downfield 

C116) 

C(18) 

Figure 2. Perspective view of the molecular structure of 4a, 
Cpzdr(N(CMe3)C(=C=NCMes)C(=NCMe3)CHz- 
a C H z ) .  Selected bond distances (A) and angles (deg): 

Zr-C(4), 105.58(13); Zr-N(l)-C(l), 101.5(2); Zr-C(4)-Si, 

Zr-N(l), 2.080(3); Z1-c(4), 2.300(4); N(l)-C(l), 1.422(5); C(1)- 
C(2), 1.518(5); C(l)-C(9), 1.339(5); C(9)-N(2), 1.206(5); N(1)- 

120.0( 2); N( 1)-C( 1)-C (2), 122.2( 3) ; N( 1)-C (1)-C (9), 125.1- 
(3); C (2)-C( 1)-C (9), 112.2( 3); C( l)-C(9)-N (2), 168.1 (4). 
resonance of the +iminoacyl carbon of 2a,b is replaced 
by a singlet a t  6 75.9 (4a) and 6 81.9 (4b), respectively. An 
X-ray diffraction analysis of 4a12 (Figure 2) shows that 
this compound corresponds structurally to the isocyanide 
coordination adduct produced upon nucleophilic attack 
of CNCMe3 at  the C pn orbital of the v2-iminoacyl carbon 
of 2a. The formation of the C(l)-C(9) bond in 4a produces 
several notable structural changes. The Zr-C(iminoacy1) 
and N-C(iminoacy1) distances of 2.216(4) and 1.266(4) A 
in 2a are lengthened to a nonbonding Zr.-C(l) separation 
of 2.7456) A and a N(l)-C(l) distance of 1.422(5) Ain 4a, 
respectively. The absence of an $-iminoacyl interaction 
in 4a is compensated by the Zr-N(1)13 and Zr-C(4) bonds, 
which are ca. 0.15 and 0.08 A shorter than the corre- 

(11) Preparation of 4a,b Because no reaction is observed between 
2a,b and excess CNCMea under ambient conditions, the use of higher 
pressure to promote the insertion of additional equivalent(s) of CNCMes 
was investigated. A solution containing 200 mg of la,b and 5 equiv of 
CNCMea in 5 mL of toluene was added to a 5-mL Teflon cylinder. The 
reaction vessel was capped under argon, and the solution was pressurized 
at 12 kbar(AndreasHofer 14kbarautoclave). Afterremovalofthesolvent, 
the product residue was washed twice with pentane and dried in vacuo. 
4a: yield 250 mg; IR (KBr) Y 1956 (C=C=N), 1611 (C-N) cm-l; 1H 
NMR (Cas ,  200 MHz) 6 5.94, 5.89 ( C a s ,  s), 1.97, 1.90 (CCHfii, AB 
system, ~ J H - H  = 14 Hz), 1.32,1.27,1.20 (NCMea, s), 0.34,0.32 (SiMez, e), 
-0.17, -0.23 (ZrCHZ, AB system, 2 J ~ - ~  = 0 Hz); W(lH) NMR (C&, 300 

59.6,55.2 (NCMes),31.9,31.6,31.1 (NCMe3),27.0 (CCHZSi), 23.1 (ZrCHZ), 
4.9, 2.3 (SiMez). 4 b  yield 210 mg; IR (KBr) Y 1980 (C=C=N), 1616 
(C=N) cm-1; 1H NMR (Cas ,  200 MHz) 6 5.93,5.92 (Cab,  a), 2.01,1.91 
(CCHzSi, AB system, ~ J H - H  = 12 Hz), 1.34, 1.32,1.18 (NCMes, s), 0.34, 
0.20 (SiMez, s), -0.50, -0.56 (HfCH2, AB system, z J ~ - ~  = 0 Hz); W(1H) 

(C=C-N), 59.77, 59.75, 55.1 (NCMes), 32.1, 31.2, 30.7 (NCMes), 27.9 
(CCHZSi), 27.0 (HfCHz), 4.9,l.g (SiMez). Anal. Calcd for C&,NsSiHf 
(Mr = 644.288): C, 54.06, H, 7.35; N, 6.52. Found (best of multiple 
analyses): C, 53.06; H, 7.32; N, 6.80. 

tallogaphic data for 4a: monoclinic, space group P21/n, a = 
9.9260(6)xb = 20.881(2) A, c = 14.843(2) A,B = 101.275(6)0, V =  3017.1- 
(4) AS,  2 = 4. The structure was solved with direct methods. Full-matrix 
refinement (based on F,2, SHELXL-93) of the positional and anisotropic 
thermal parqmeters for the 34 non-hydrogen atoms converged with R(F,) 
= 0.045 and GOF = 1.03 for 3768 unique reflections with I > 2 4 ) .  

(13) The Zr-N(l) distance is comparable to the Zr-N distances for the 
bridging imido ligands in [Cp~Zr;N(CeH1(4-t-Bu))121( and reflects T 

donation from the in-plane N 2p orbital into the vacant hybridized Zr a1 
orbital. 

(14) Walsh, P. J.; Hollander, F. J.; Bergman, R. G. J. Am. Chem. SOC. 
1988,110, 8729. 

MHz) 6 182.0, 167.9 (CC=N), 108.9, 107.3 (Cas) ,  75.9 (C=C=N), 60.2, 

NMR ( C a s ,  300 MHz) 6 186.5,168.7 (CC-N), 110.5,109.9 (Cas) ,  81.9 

(12) C 
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sponding bonds in 2a. The C(l)-C(9) and C(9)-N(2) bond 
distances of 1.339(5) and 1.206(5) A, respectively, and the 
nearly linear C(l)-C(9)-N(2) bond angle of 168.1(4)O are 
consistent with a ketenimine geometry16 about C(9). The 
heating of 4a,b proceeds with slow loss of 1 equiv of 
CNCMe3 and the complete formation of 2a,b within 8 h 
(50 "C) and 74 h (60 "C), respectively. The steric bulk of 
the tert-butyl substituent of the ketenimine fragment 
presumably inhibits 4a,b from rearranging to the corre- 
sponding q2-iminoacyl diimine analogues of 3a,b. Future 
studies will be directed at  performing high-pressure 
reactions of 2a,b with less sterically demanding isocyanides 
to investigate their ability to promote the construction of 
larger iminomethylene oligomers (>C=NR),ls through 
the sequential C,C-coupling of isocyanide monomers. 

(15) The dihedral angle for the N(1), C(1), C(2) and C(9), N(2), C(10) 
planes is 81.1O. 
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