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chromatography through a short path of deactivated silica 
geL9 Thermal reactions were carried out by following the 
same procedure but strictly excluding light. 

In summary, a new stereoselective approach to vinyl 
ethers 3 starting from chromium carbenes having both 
alkyl and aryl substituents at the carbene carbon and 
stabilized sulfur ylides has been developed. This novel 
reaction provides an alternative strategy for constructing 
2-acyl enol ethers directly in enolized form, in a process 
which formally results in the totally site-selective enoli- 
zation of a 0-keto ester or a 0-diketone. Compounds 3 are 
in turn not available by using standard Wittig metho- 
dology, and the stereoselectivity of the process may be 
steric in nature. Efforts to extend this methodology to 
other chromium carbene complexes and to control the 
stereochemistry in the formation of compounds 3 are now 
in progress. 
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Summary: A reaction sequence involving two hydrogen 
transfers and a C-C coupling on the /%carbon of an iso- 
propyl group leads to formation of a new dianionic tri- 
dentate ligand in the reaction of the ene diamide complex 
Cp'Hf(a*,.lr-IPr-DAB)i (1; Cp' = q5-C5Me,, IPr-DAB = 
1,4diisopropyi- 1,4diaza- 1,9butadiene) with organic 
cyanides. The product Cp 'Hf [IPrNCH=CHNC(Me)= 
CHC(tBu)=NH] CI was structurally characterized (Pbca , 
a = 13.454 (I) A, b = 11.470 (I) A, c = 31.297 (2) A, 
100 K). The reaction sequence is probably initiated by 
the transfer of the I f+  aH atom to a coordinated cyanide. 
Such a hydrogen transfer was observed in the reaction 
of 1 with ketones, producing the m e  imine alkoxide 
complexes Cp Hf [ I PrNCH=CHN=CMe,] (OCHR,)CI, 

reaction of a hafnium ene diamide complex with organic 
cyanides. 

Recently we reported the use of 1,4-diisopropyl-l,4di- 
aza-1,3-butadiene (iPr-DAB) as an ancillary ligand for 
early-transition-metal centers to prepare various organ* 
hafnium complexes of the type Cp*Hf(iPr-DAB)R (Cp* 
= v5-C6Me5; R = C1 (l), Me, C d M e ,  C(O)Me, H).2 In 
these Complexes the ligand assumed a nonplanar $,r ene 
diamide structure and acted in preliminary reactivity 
studies as an inert ancillary ligand, yielding thermally 
robust compounds. The wdonation from the nitrogen 
lone-pair electrons makes the metal center in these com- 
plexes significantly less electron-deficient than in the 
isostructural14-electron butadiene complex Cp*Hf( $,r- 
2,3-dimethyl-l,&butadiene)Cl (2).3 * F 

which were identified by NMR spectroscopy. 

One of the most interesting and useful aspects of tran- 
sition-metal centers in organometallic chemistry is that 

organic ligands. C-C bond-forming reactions and reactions 
involving C-H bonds have attracted special attention in 
this resDect and have found aDDlication in metal-directed 

CI /q they can induce unusual transformations in coordinated iR 

1 - 2 
organicsynthesis.' Here we-&sh to report a unique se- 
quence of consecutive C-H activation and C-C coupling 
on an ipr group in an ene diamide ligand observed in the 

Despite this relative e-dctron richness, complex 1 still 
exhibits some Lewis-acidic behavior and forms isolable 

(1) (a) Harrington, P. J. Transition Metale in Total Synthesis; Wiley: 
New York, 1990. (b) Braterman, P. S., Ed. Reactions of Coordinated 
Ligands, Plenum: New York, 1986, Vol. 1. (c) Davies, J. A., Watson, P. 
L., Greenberg, A., Liebman, J. F., Eds. Selectiue Hydrocarbon Actiuation; 
VCH Weinheim, Germany, 1990. 
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Scheme I 

U 

Figure 1. X-ray structure of Cp*Hf[iPrNCH=CHNC(Me)= 
CHC(tBu)=NH]C1(4). Selected interatomic distances (A) and 
angles (deg) (standard deviations in parentheses) are as follows: 

(61, N(2)-C(5) = 1.427 (71, N(2)-C(6) = 1.343 (71, N(3)-C(9) = 
1.336 (7), C(4)-C(5) = 1.331 (7), C(6)-C(8) = 1.375 (8), C(8)-C(9) 

Hf-CI = 2.450 (l), Hf-N(l) = 2.107 (3), Hf-N(2) = 2.231 (4), 
Hf-N(3) = 2.135 (4), N(l)-C(3) = 1.473 (7), N(l)-C(4) = 1.379 

1.405 (8); Cl-Hf-N(l) = 89.5 (l), Cl-Hf-N(2) = 140.0 (l), 
CI-Hf-N(3) = 84.2 (l), N(l)-Hf-N(S) = 75.8 (2), N(l)-Hf-N(3) 
= 128.6 (2), N(2)-Hf-N(3) = 77.2 (2). 

stoichiometric adducts with isocyanides such as Cp*Hf- 
(iPr-DAB)Cl.CNxy (3) (eq 1).4 The inertness of the Hf- 
Cp*Hf(iPr-DAB)Cl + xyNC - 

1 
Cp*Hf(iPr-DAB)Cl-CNxy (1) 

3 
xy = 2,6-dimethylphenyl 

ene diamide bond relative to the Hf-butadiene bond is 
demonstrated by the fact that up to 150 'C no further 
reaction of 3 takes place, whereas for diene complex 2 
insertion of the isocyanide into the Hf-diene bond has 
been ~bserved.~ 

No isolable adduct of 1 with the organic cyanide tBuCN 
was observed, but heating the reactants in toluene to 120 
'C in a vacuum-sealed Pyrex tube produced an intensely 
orange solution, from which orange crystals were obtained. 
Spectroscopic6 and single-crystal X-ray' diffraction data 

(4) 3: 'H NMR ( 8 ,  CeD,) 6.73 (t, 7.3 Hz, 1 H, XY p-CH), 6.58 (d, 7.3 
Hz,2 H,xy m-CH),5.55 (8, 2 H,=CHN),3.97 (sp,6.6 Hz,2 H , P r  CH), 
2.09 (8, 6 H, xy Me), 2.06 (8, 15 H, Cp*), 1.26 and 1.11 (d, 6.6 Hz,  6 H each, 
iPr Me); JR uCN 2070 cm-'. Anal. Calcd for CnHJifCINs: C, 52.26; H, 
6.50; C1, 5.71; Hf, 28.76. Found C, 52.38; H, 6.56; C1, 5.80; Hf, 29.26. 

(5) Heseen, B.; Blenkere, J.; Teuben, J. H.; Helgesson, G.; Jagner, 5. 
Organometallics 1989,8, 830. 

(6) 4: 'H NMR (6, C a d  8.15 (br, 1 H, NH), 6.94 and 6.48 (d, 4.0 Hz,  
1 H each. =CHN). 5.45 (d, 2.2 Hz, 1 H. =CH-), 4.59 (ED, 6.6 Hz, 1 H. 
iPr CH), '2.01 (8, 3 H, Mej,.1.84 (8, '15 Hi Cy*), i.33 and i.22 (d, 6.'6 Hz; 
3 H each, iPr Me), 0.99 (8, 9 H, tBu Me); 3C NMR (8 ,  CeDe) 10.80 (q, 
126.6 Hz,  Cp* Me), 22.99 and 26.59 (9,125.5 Hz,  iPr Me), 23.46 (9,126.6 
Hz, Me), 29.61 (q, 125.5 Hz, tBu Me), 38.36 (8, tBu C), 54.13 (d, 139.3 Hz,  
iPr CH), 99.81 (d, 156.5 Hz, =CH-), 108.63 (d, 174.0 Hz, d, 10.4 Hz, 
=CH-), 120.53 (8, Cp* ring), 129.15 (d, 162.3 Hz, d, 10.4 Hz, =CH-), 
155.40 (e, e), 173.88 (8, C=N); IR YNH 3335 cm-'. Anal. Calcd for 
CmHwHfC1N$ C, 48.42; H, 6.71; C1, 6.21; Hf, 31.29. Found C, 48.92; 
H, 6.68; C1, 6.31; Hf, 31.33. 

(7) Crystallo aphic data for 4 space group Pbca, a = 13.454 (1) A, 
b = 11.470 (1) $c = 31.297 (2) A (100 K), Z = 8, d d  = 1.569 g cm". 
Data were collected on an Enraf-Nonius CAD4 diffractometer (Mo Ka, 
Zr fdtered, 100 K) and corrected for Lp and absorption (DIFABS, p = 44.1 
cm-'); the structure was solved using Patterson methods (~~erxs-es) and 
refined ( 8 ~ ~ ~ x - 7 6 )  to R = 0.032 (R, = 0.031) for 4102 unique reflections 
with Z > 2.5a(n and 258 parameters. The H atom on N(3) was located 
in a difference Fourier map and refined ieotropidy. The other H atom 
were introduced at calculated positions and included in the refinement 
riding on their carrier atoms (C-H = 1.02 A). 

1 

5 

indicate that the product can be formulated as Cp*Hf[N- 
(iPr)CH=CHNC(Me)=CHC (tBu)=NH] C1 (4). The 
X-ray structure of this compound is represented in Figure 
1. It shows that the Cp*HfCl complex of a new dianionic 
tridentate ligand is formed by an apparent insertion of the 
cyanide into an iPr 8-C-H bond, accompanied by the loss 
of two H atoms. The ligand can be described as a bis- 
(imine) derivative of a substituted acetylacetonate in which 
one of the N atoms (N(2)) is also part of an ene diamide 
moiety. It is only slightly folded along the Hf-N(2) axis 
(torsional angle C(4)4(5)-N(2)4(6) = 160.7 (3)'). The 
ene diamide d o n  of the ligand is planar, and the absence 
of interaction of the Hf center with the C(4)-C(5) bond 
is indicated by the short (1.331 (7) A) C = C  distance and 
the obtuse fold angle between the Hf,N(l),N(P) and N- 
(l),C(4)$(5),N(2) planes of 161.7'. In [Cp*Hf(iPr- 
DAB)Hf(p-H)],, the C=C distance and fold angle are re- 
spectively 1.375 (7) A and 138.8°.2 The Hf center displays 
distorted-squarepyramidal coordination. The r-electrons 
in the section of the ligand between N(2) and N(3) seem 
to be considerably delocalized and may be described by 
two resonance states as in acetylacetonate type complexes. 
It is hard to determine whether the difference of 0.1 A in 
Hf-N bond length between N(2) and N(3) is due to a 
preferred resonance state, the rigidity of the ligand geom- 
etry, or the different degrees of substitution for the two 
N atoms. The H f 4 l  distance of 2.450 (1) A is rather long, 
which may suggest a relatively electron-rich metal center 
due to the presence of three nitrogen ligands that all have 
the possibility of r-interaction with the do metal center. 

Monitoring the reaction by 'H NMR spectroscopy 
showed that 1 is converted quantitatively into 4 and that 
0.5 mol of neopentylamine is formed per mole of Hf. The 
reaction sequence thus involves reduction of some of the 
cyanide, accounting for the loss of two H atoms from the 
organometallic product (eq 2). A similar reaction was 
%Cp*Hf(iPr-DAB)Cl + 3tBuCN - 
2Cp*Hf [N(iPr)CH=CHNC(Me)-CHC(tBu)=NH]Cl 

4 

observed to occur with phenyl cyanide to produce the red 
phenyl analogue of 4. The reaction is rather slow when 
stoichiometric amounts of the reagents are used (several 
days at 120 'C for completion) but can be speeded up 
considerably by using an excess of cyanide. No interme- 
diates in the sequence were observed by NMR spectros- 
copy, but a possible reaction route may be inferred by 
comparison with the reaction observed between 1 and 
ketones. 

1 

+ tBuCHzNH2 (2) 
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A possible relation between the reaction of 1 with ke- 
tones and with cyanides is shown in Scheme 11. After 
initial formation of the ene imine intermediate 6 another 
H-transfer can occur (possibly through a 1,3-H shift and 
transfer of the hydrogen from one nitrogen to another 
through a four-membered transition state as observed in 
Cp*,CeNHtBwNHztBu complexes12) to form the vinyl- 
amido imine complex 7. Exchange of the imine by another 
cyanide can then lead to a C-C coupling reaction between 
the vinylamido =CHz group and the cyanide carbon atom. 
The possibility of such a coupling between cyanides and 
transition-metal vinylamides was demonstrated by Bercaw 
et al. in the reaction between Cp*&N=C(R)Me and RCN 
(R = p-MeC&4).13 A 1,3-H shift then produces the ligand 
as observed in the structure of 4. It is interesting to note 
that we have found no evidence for the presence of the 
aldimine tBuCH-NH or ita decomposition products, 
finding instead 0.5 equiv of neopentylamine. In most 
reduction reactions of organic cyanides the intermediate 
aldimine is more easily reduced than the parent cyanide." 
This may suggest that once formed, the aldimine is more 
efficient in ita reaction with another molecule of 1 than 
the parent cyanide. 

We have observed that, although generally 1,4-diiso- 
propyl- 1,4-diaza-l,3-butadiene acta as an inert ancillary 
$,r-ene diamide ligand for hafnium in Cp*Hf(iPr-DAB)R 
complexes, the isopropyl groups are activated to exhibit 
reactivity through six-membered transition states. In the 
reaction with organic cyanides this leads to a unique se- 
quence of C-H activations and a C-C coupling, showing 
that N-isopropyl ene amide ligands can be used in the 
formation of new multidentate ligand systems. 
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Complex 1 reads with various ketones RR'C-0 (R, R': 
tBu, Me; Ph, Ph) to form intensely yellow solutions. Al- 
though we could not obtain single crystals suitable for 
X-ray diffraction, NMR spectra8 of the produds are con- 
sistent with the reaction shown in Scheme I. This reaction 
involves transfer of an iPr a-H to the carbonyl carbon 
through a six-membered transition state to produce the 
ene imine alkoxide complexes Cp*Hf[iPrNCH=CHN= 
CMez](OCHRR')C1 (5a R, R' = Me, tBu; 5b, R, R' = Ph, 
Ph). This type of H-atom transfer is known from reactions 
between ketones and metal alkoxides, such as the Meer- 
wein-Ponndorf-Verley (MPV) reactions between ketones 
and Al-isopropoxide complexes, where the OiPr a-H atom 
is transferred to the ketone.g One example involving an 
iPr-DAB ligand was reported in the reaction of Fez- 
(CO)&Pr-DAB) with MeOzCC4COzMe, where after 
initial coordination of the alkyne to the metal centers, the 
iPr a-H atom is transferred to the alkyne moiety.1° The 
process may also be related to reductions of polar unsat- 
urated molecules by orthoamides and dihydropyridines, 
found to be mediated by electropositive cations such as 
Mgz+ and Zn2+." 

(8) Sa (R, R' = Me, tBu): 'H NMR (6, CDB) 6.67 and 5.46 (d, 4.4 Hz, 
1 H each, =CH-), 4.72 (sp, 6.6 Hz, 1 H, iPr CH), 3.95 (q, 6.6 Hz, 1 H, 
OCH), 2.03 (e, 15 H, Cp*), 1.99 and 1.48 (e, 3 H, each, N=CMe2), 1.29 
(d, 6.6 Hz, 3 H, OCHMe), 1.20 and 1.16 (d, 6.6 Hz, 3 H each, iPr Me), 
0.93 (e, 9 H, tBu); '% NMR (a, C a d  11.89 (9,126.6 Hz, Cp* Me), 19.18, 
22.63, and 25.96 (all q, 126 Hz, ih Me and OCHMe), 26.63 (4,126.6 Hz, 
tBu Me), 28.16 and 29.93 (4, 126 Hz, "Me), 36.67 (e, tBu C), 54.43 
(d, 138.1 Hz, iPr CH), 84.71 (d, 138 Hz, Om), 105.28 (d, 175 Hz, =CH-), 
121.03 (e, Cp* ring), 142.49 (d, 157 Hz, =CH-), 157.38 (e, N=C). In the 
reactions two ispmers are observed in approximately a 3:l ratio. The 
resonances reported are for the majority isomer. 

(9) Cockerill, A. F.; Harrisson, R. G. In The Chemistry ofhnctional 
Groups; Patai, S. Ed.; Wiley: New York, 1977; Supplement A, Part 1, 
p 258. 

(10) Muller, F.; van Koten, G.; Vrieze, K.; Duineveld, K. A. A.; Heij- 
denrijk, D.; Mak, A. N. S.; Stam, C. H. Organometallics 1989,8, 1324. 
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(12) Heeres, H. J. Ph.D. Thesis, Rijksuniversiteit Groningen, Gronin- 
gen, The Netherlands, 1990. Rapid a-hydrogen transfer between imido 
and amido ligands has also been observed; e.g.: Chan, D. M.-T.; Fultz, 
W. C.; Nugent, W. A.; Roe, D. C.; Tulip, T. H. J. Am. Chem. SOC. l9U, 
107, 251. 

(13) Bercaw, J. E.; Davies, D. L.; Wolczanski, P. T. Organometallics 
1986,4443. For a related Ti complex see: Doxsee, K. M.; Farahi, J. B. 
J. Am. Chem. Soe. 1988.110.7239. ~ - -  

(14) Rabinowitz, M. & The Chemistry of the Cyano-Group; Patai, S., 
Ed.; Wiley: New York, 1970; p 319. 


