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to use. Cp*2HfHz and Cp*zHfDz as well as trans-l-deuterio- 
3,3-dimethyl-l-butene and cis-1,2-dideuterio-3,3-dimethyl-l- 
butene were prepared following literature procedures."J2 
tert-Butyl hydroperoxide (Aldrich, 90%) was dried by azeotropic 
distillation with benzene and stored as an approximate 4 M 
solution over 4-A mol& sieves.13 AU other reagents were either 
degassed and vacuum distilled from 4-A molecular sieves or used 
as received. Alkyl migration reactions of 2a and 2b were per- 
formed in sealed NMR tubes; spectra were recorded on a JOEL 
GX-400 spectrometer. 

Cp*zHf(H)(CHzCHzCMe3) (1). A 2.00-g (4.43-"01) sample 
of Cp*,HfH2 was dissolved in 25 mL of toluene. 3,3-Dimethyl- 
1-butene (5 mL, 38.8 mmol) was added by vacuum transfer; the 
reaction was stirred at ambient temperature for 10 h. The volatiles 
were removed in vacuo, and the residue was taken up in petroleum 
ether and filtered. The filtrate was concentrated and cooled to 
-78 OC, precipitating a white crystalline solid. Yield: 1.29 g 
(54.4%). 'H NMR (benzene-&): 6 12.85 (e, HfH), 1.94 (8,  Cp*),  
1.02 (s, HfCH2CHzCMe3), 0.86 (AAXX', HfCH2CHzCMe3), -0.16 
(AA'XX', HfCH2CH2CMe3). Anal. Calcd for C%H4Hf (found): 
C, 58.36 (58.41); H, 8.29 (7.62). 
~~~~O-C~*~H~(H)(CHDCHDCM~,) (la). In a procedure 

analogous to the preparation of 1, a 2.51-g (5.57-"01) sample 
of Cp*,HfHZ and 0.90 mL (6.98 mmol) of cis-1,2-dideuterio-3,3- 
dimethyl-1-butene gave, after workup, 1.29 g (43%) of a white 
sample of la. 'H NMR (ben~ene-d~): 6 12.85 (s, HfH), 1.95 (8,  
cp*) ,  1.02 (8,  HfCHDCHDCMe,), 0.86 (br, ,JHH < 2.5 Hz, 
HfCHDCHDCMe3), -0.22 (br, 3Jm < 2.5 Hz, HfCHDCHDCMe3). 
~~~~~~O-C~*~H~(D)(CHDCHDCM~,) (lb). In a procedure 

analogous to the preparation of 1, a 1.23-g (2.72-"01) sample 
of Cp*zHfDz and 0.38 mL (2.95 mmol) of trans-l-deuterio-3,3- 
dimethyl-1-butene gave, after workup, 0.82 g (56%) of l b  as a 
white solid. 'H NMR (benzene-d6): 6 1.96 (5, Cp*),  1.05 (s, 
HfCHDCHDCMe,), 0.83 (d, HfCHDCHDCMe,, VHH = 14.6 Hz), 
4 . 2 2  (d, HfCHDCHDCMe3,3JHH = 14.6 Hz). 
CP*~H~(CH~CH~CM~~)(OOCM~~) (2). A 0.91-g (1.7-"01) 

sample of 1 was dissolved in 40 mL of toluene and the solution 

(10) Marvich, R. H.; Brintzinger, H. H. J. Am.  Chem. SOC. 1971,93, 

(11) Roddick, D. M.; Fryzuk, M. D.; Seidler, P. F.; Hillhouse, G. L.; 

(12) Labinger, J. A.; Hart, D. W.; Seibert, W. E.; Schwartz, J. J. Am. 

(13) Sharpless, K. B.; Verhoeven, T. R. Aldrichimica Acta 1979, 12, 

2046. 

Bercaw, J. E. Organometallics 1985, 4, 97. 

Chem. SOC. 1975, 97, 3851. 
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cooled to 0 OC. tert-Butyl hydroperoxide (0.62 mL, 1.86 mmol) 
was added via syringe against an argon counterflow. The reaction 
was stirred for 30 min. The volatiles were removed in vacuo and 
the residuals taken up in acetone, filtered, concentrated, and 
cooled to -78 "C. The white crystalline product waa collected 
by filtration and dried in vacuo. Yield 0.53 g (49.8%). lH NMR 
(benzene-d6): 6 1.90 (8,  Cp*), 1.50 (AA'XX', HfCHzCH2CMe3), 
1.21 (s, HfOOCMe,), 1.16 (s, HfCHzCH2CMe3), 0.25 (AA'XX', 
HfCHZCHzCMe3). Anal. Calcd for C&5zOzHf (found): C, 57.82 
(57.60); H, 8.41 (8.06). 
~~~~O-C~*~H~(CHDCHDCM~~)(OOCM~~) (2a). In a pro- 

cedure analogous to the preparation of 2, a 0.63-g (l.l&mmol) 
sample of la and 0.6 mL of tert-butyl hydroperoxide (2.4 mmol) 
gave, after workup, 0.26 g (34%) of 2a as a white solid. 'H NMR 
(benzene-de): 6 1.90 (a, cp*) ,  1.47 (d, HfCHDCHDCMe,, 'JHH 
= 2.7 Hz), 1.21 (8, HfOOCMe,), 1.15 (8, HfCHDCHDCMe,), 0.17 

erytlro -CP*~HI(CHDCHDCM~~)(~OCM~) (2b). In a 
procedure analogous to the preparation of 2, a 0.65-g (1.2-mol) 
sample of l b  and 0.61 mL (2.4 m o l )  of tert-butyl hydroperoxide 
gave, after normal workup, 0.34 g (45%) of 2b as a white mi- 
crocrystalline solid. 'H NMR (benzene-de): 6 1.90 (s, Cp*), 1.46 
(d, HfCHDCHDCMe,, 3Jm = 14.7 Hz), 1.21 (s, HfOOCMe,), 1.15 
(s,HfCHDCHDCMe3),0.18 (d,HfCHDCHDCMes,3JHH = 14.7 
Hz). 
Cp*,Hf(OCHzCHzCMea)(OCMe3) (3). A 0.30-g (0.48-mol) 

sample of 2 was dissolved in 25 mL of toluene; the solution was 
allowed to stand at  ambient temperature for 4 days. Removal 
of solvent in vacuo and crystallization from acetone gave a white 
solid. Yield 0.21 g (70%). 'H NMR (benzene-d6): 6 4.34 
(AA'XX', HfOCHzCHzCMe3), 2.00 (s, Cp*),  1.76 (AA'XX', 
HfOCHoCH9CMe,). 1.42 ( 8 .  HfOCMeQ). 1.00 (s. 

(d, HfCZfDCHDCMe3, 'JHH = 2.7 Hz). 

HfOCHzCHz6Me&. "h. Calcd for C&15zOzHf (iokd): C, 57.82 
(57.95); H, 8.41 (8.14). 
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Summary: lo3Rh chemical shifts of (q5-C5H,X)Rh(CO), 
complexes (X = H, CH,, N(CH3)2, CF,, CI, NO2) show a 
linear correlation (R2 = 0.973) with rate constants log 
kobd of the CO/PPh, displacement reaction reported by 
Bas010 and Cheong. Increasing reactivity is reflected in 
lower shielding of the lo3Rh nucleus, and substituents with 
lone-pair electrons (N(CH3)2, Cl) do not disturb the corre- 
lation. 

Seven years ago we reported together with Bonnemann 
et al. a linear relationship between the 59C0 chemical shift 

Transition-Metal NMR Spectroscopy. 19. Part 1 8  Reference 
1. 

0276-7333/92/2311-0467$03.00/0 

of several (v5-C5H4R)Co(C0D) complexes and their cata- 
lytic activity.2 In 1989 it was shown by DeShong et al. 
and our group that the 55Mn resonance of a series of 
manganacycles correlated linearly with the logarithm of 
the observed rate constants for a demetalation rea~t ion .~  
More recently, 69C0 shielding in alkylcobaloximes and 
related complexes has proven to be very sensitive to steric 

(1) Graham, P. B.; Ftausch, M. D.; Tbchler, K.; von Philipsborn, W. 
Organometallics 1991, 10, 3049. 

(2) (a) Bbnnemann, H.; Brijoux, W.; Brinkmann, R.; Meurers, W.; 
Mynott, R.; Egolf, Th.; von Philipsborn, W. J. Organomet. Chem. 1984, 
272,231. (b) Bijnnemann, H. Angew. Chem., Znt. Ed. Engl. 1985,24,248. 
(c) von Philipsborn, W. Pure Appl.  Chem. 1986, 58, 513. 

(3) DeShong, P.; Sidler, D.; Rybczynski, P. J.; Ogilvie, A. A.; von 
Philipsborn, W. J .  Org. Chem. 1989, 54, 5432. 
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Scheme I 

3 p x  - - co 
R h  

OC' I 'PPh, 

qx PPh 
Rh 
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Notes 

/ \  
OC PPhs 

Table I. '03Rh Chemical Shifts" of ($-CSHIX)Rh(C0)2 
Complexes and Rate Constants  for  t h e  Carbonyl 

Displacement Reaction wi th  PPhSb 
X 6(lo3Rh), DDm kw, M-' SW1 

~ 

-1117' 1.26 
5.18 X IO-* 

-1220.Fid 1.58 X IO-' 

NO2 

CF3 

CH3 

c1 -1166 

-1248 1.05 x 10-3 
-1310.5' 9.98 x 10-5 

1.30 x 10-4 

N(CH3)2 

H -13213 

In C6Ds a t  298 f 1 K. In decalin at  298 K.5 See also ref 1. 
dJ(Rh,F) = 1.1 Hz. OReference 6. 

effects in cobalt-carbon c~ordination.~ These results 
demonstrate that the large chemical shifts of transition- 
metal nuclei not only are sensitive to structural changes 
but also seem to be a useful parameter to probe electronic 
substituent effects, steric effects, and, most important, 
reactivity. An extension to lo3Rh NMR spectroscopy is 
attractive, inasmuch as many organorhodium compounds 
show catalytic activity, and such investigations are in 
progress. Here we wish to report a linear correlation be- 
tween the lo3Rh chemical shifts of (q5-C6H4X)Rh(C0)2 
complexes (X = H, CH3, N(CH&, CF3, C1, NO2) and the 
specific rates log kObsd for the carbonyl displacement re- 
action with triphenylphosphine, which were measured by 
Basolo and C h e ~ n g . ~  

For this reaction an associative q5-v3-q5 "ring slippage" 
mechanism has been postulated, which is supported by 
relatively s m d  AH* (9.5-15.6 kcal/mol) and large negative 
AS* (-18 to -40 eu) values (Scheme I). 

The strong influence of the substituent X is reflected 
in the large range of the observed rate constants (-4 or- 
ders of magnitude) and the chemical shift range of the 
metal (-200 ppm), where the nucleophilic attack takes 
place. In a first approximation, the electron-withdrawing 
substituents NO2, C1, and CF3 enhance the rates of sub- 
stitution and deshield the Rh nucleus, whereas the elec- 
tron-donating group N(CH3)2 decreases the rate and 
shields the nucleus. However, we expected to observe the 
"Rh chemical shift of the N(CH3)2-substituted compound 
at  higher field (i.e. more negative 6(lo3Rh) value), as 
N(CH3)2 is a powerful ?r-donor. 

A plot of Hammett op vs log kobsd values for the CO 
displacement reaction had shown that the C1- and N- 
(CH3)2-substituted complexes reacted much faster than 
e~pec ted .~  Recent photoelectron spectroscopy studies in- 
dicate a stabilization of the q3 intermediate in the pho- 
toexcited state through ?r-delocalization on the "slipped 
ring".' Such a p, overlap in the transition state of the 

(4) Tavagnacco, C.; Balducci, G.; Costa, G.; Tiischler, K.; von Phil- 

(5) Basolo, F.; Cheong, M. Organometallics 1988, 7, 2041. 
(6) Maurer, E.; Rieker, S.; Schollbach, M.; Schwenk, A.; Egolf, Th.; von 

(7) Lichtenberger, D. L.; Renshaw, S. K.; Basolo, F.; Cheong, M. Or- 

ipsborn, W. Helu. Chim. Acta 1990, 73, 1469. 

Philipsborn, W. Helu. Chim. Acto 1982, 65, 26. 

ganometallics 1991, I O ,  148. 

" 0  
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-0.5- 

-1 5 -  

-2 5-  
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4 ', 

-1350 -1300 -1250 -1200 -1150 -1 00 

103-Rh chemical shift G/ppm 

Figure 1. Plot of 6(lo3Rh) vs log k for CO/PPh3 displacement: 
A correlation points; (A) lo3Rh shifts,' but rates unknown. R2 = 
0.973. 

rate-determining first step (Scheme I) would increase the 
rates of substitution, which explains the deviations from 
linearity in the Hammett plot. We postulate that there 
is a similar resonance effect in the ground state or in a 
low-lying electronically excited state of the N(CH3),-sub- 
stituted complex (Scheme 11). This would reduce the 
coordination of the rhodium atom and thus account for 
the relative deshielding of the lo3Rh nucleus. 

Similar deshielding effects have been reported for 
[ lee]-allylmetal complexes of the type (q3-allyl)(.r14-buta- 
diene) (q5-cyclopentadieny1)zirconium(0).8 

For the six rhodium complexes, a linear relationship (R2 
= 0.973) is found between the 6(lo3Rh) and the log kobsd 
values for associative substitution (Figure 1). Included 
are the lo3Rh chemical shifb of the benzyl, carbomethoxy, 
and formyl derivatives,' for which rate constants are not 
available but which may have predictive value. 

In conclusion, the lo3Rh chemical shift provides a highly 
sensitive measure of the electronic environment of the 
metal atom; it reflects both the inductive and resonance 
effects affecting the rate constants of the CO/PPh3 dis- 
placement reaction and may prove to be a useful probe into 
organometallic reactivity. 

Experimental Section 
The  syntheses of the compounds have been r e p ~ r t e d . ~ ~ ~ * ' ~  All 

rhodium spectra were measured on a Bruker AM-400 spectrometer 
a t  298 1 K in 5- or 10-mm sample tubes, using 0.7-1 M C6D6 
solutions. T h e  Io3Rh resonances were directly observed a t  12.6 

(8) Benn, R.; Rufinska, A. Angew, Chem., Int.  Ed. Engl. 1986,25,861. 
(9) Rausch, M. D.; Hart, W. P.; Atwood, J. L.; Zaworotko, M. J. J. 

(10) Conway, B. G.; Rausch, M. D. Organometallics 1985,4,688. 
Organomet. Chem. 1980, 197, 225. 
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MHz under inverse-gated 'H decoupling to avoid negative NOE. 
" m i d y  12 points were -Pled for a spectral width Of 8ooo 
Hz. A p&e width of 20 ~.ls was used, which corresponds a flip 

Of 450* The time intervals between the Pulses typicdY were 
4 s. The chosen relaxation delays were 5 times longer than the 
acquisition periods. The lo3Rh chemical shifts are reported in 
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Phosphine Complexes of Zirconium and Hafnium. Synthesis, Structure, 

MMe3[N(SiMe2CH2PR2),] (R = Me, Pr', Bu'). Evidence for a 
and Fluxional Behavior of the Trimethyl Derivatives 

Bicapped-Tetrahedral Geometry 
Michael D. Fryzuk,"St Alan Carter, and Steven J. Rettigz 
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Summary: The addition of 3 equiv of methyl Grignard 
(MeMgCI) to the amidodiphosphine derivatives MCI,[N- 
(SiMe,CH,PR,),] (M = Zr, Hf; R = Me, Pt', Bu9 generates 
the corresponding trimethyl complexes MMe, [ N- 
(SiMe,CH,PR,),]. The solution structures and fluxional 
behavior of these molecules along with the X-ray struc- 
ture of HfMe, [ N(SiMe,CH,PMe,),] are presented. 

Because of the recent renewed interest in soluble models 
for Ziegler-Natta polymerization catalysts based on group 
4 hydrocarbyl complexes,l* the synthesis of such deriva- 
tives continues to be a worthy goal. The most well-studied 
group 4 hydrocarbyl systems utilize cyclopentadienyl or 
substituted cyclopentadienyl ligands as ancillary ligands.1° 
Examples are Cp'MR, and CP'~MR, (where Cp' = q5-C5H5, 
v5-C5Me5, q5-C5H4Me; R = Me, Ph)."-14 Of course many 
other examples are known and include simple homoleptic 

'E. W. R. Steacie Fellow (1990-92). * Professional Officer: UBC Crystallographic Service. 
(1) Transition Metals and Organometallics as Catalysts for Olefin 

Polymerization; Kaminsky, W., Sinn, H., Eds.; Springer: New York, 
1988. 

(2) Eisch, J. J.; Piotrowski, A. M.; Brownstein, S. K.; Gabe, E. J.; Lee, 
F. L. J. Am. Chem. SOC. 1985, 107,7219. 

(3) Jordan, R. F.; Bajgur, C. S.; Willet, R.; Scott, B. J. J. Am. Chem. 
SOC. 1986. 108. 7410. 

(4) Jordan, R. F.; LaPointe, R. E.; Bajgur, C. S.; Echols, S. F.; Willet, 

(5) Hlatky, G. G.; Turner, H. W.; Eckmann, R. R. J. Am. Chem. SOC. 
R. J. Am. Chem. SOC. 1987,109,4111. 

1989, 111, 2728. 

E n d .  1990, 29. 780. 
(6) Bochmann, M.; Jagger, A. J.; Nicholls, J. C. Angew. Chem., Int. Ed. 

77) Christ, C. S.; Eyler, J. R.; Richardson, D. E. J. Am. Chem. SOC. 
1990,112,596. 

(8) Crowther, D. J.; Baenziger, N. C.; Jordan, R. F. J. Am. Chem. SOC. 
1991,113, 1455. 

(9) Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. SOC. 1991,113, 
3623. 

(10) Cardin, D. J.; Lappert, M. F.; Raston, C. L. Chemistry of Or- 
gano-Zirconium and -Hafnium Compounds; Ellis Horwood: West Sus- 
sex. U.K.. 19%. _.~, 

(11) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, J. E. 

(12) Wolczanski, P. W.; Bercaw, J. E. Organometallics 1982, 1, 793. 
(13) Erker, G. Acc. Chem. Res. 1984, 17, 103. 
(14) Roddick, D. M.; Fryzuk, M. D.; Seidler, P. F.; Hillhouse, G. L.; 

J .  Am. Chem. SOC. 1978,100, 2716. 

Bercaw, J. E. Organometallics 1985, 4, 97. 

hydrocarbyl complexes MR4,15 phosphine-stabilized de- 
rivatives such as MMe4(dmpeI2l6 and M(CH2Ph)4(dmpe) 
(where M = Zr or Hf)," and the bis- and tris(amid0) de- 
rivatives MR2[N(SiMe3)2]2 and MR[N(SiMe3)2]3.1&20 
Our approach to investigating the organometahc chem- 

istry of the early metals and the lanthanides2l-= has been 
through the use of the mixed-donor tridentate ligand -N- 
(SiMe2CH2Pr2),. In this paper we present the preparation 
and solution behavior of a series of trimethyl derivatives 
of zirconium and hafnium of the formula MMe3[N- 
(SiMe2CH2PR2)2] (M = Zr, Hf; R = Me, Pri, But); in ad- 
dition, the X-ray crystal structure of the hafnium deriva- 
tive HfMe3[N(SiMe2CH2PMeJ2] is described. Not sur- 
prisingly, the stability of these hydrocarbyl derivatives is 
directly related to the steric bulk of the phosphorus sub- 
stituents on the tridentate ligand. 

Experimental Section 
General Procedures. All manipulations were performed 

under prepurified nitrogen in a Vacuum Atmospheres HE-553-2 
glovebox equipped with a MO-40-2H purification system or in 

(15) Schrock, R. R.; Parshall, G. W. Chem. Reu. 1976, 76, 243. 
(16) Girolami, G. S.; Wilkinson, G.; Thornton, P. M.; Hursthouse, M. 

(17) Fryzuk, M. D.; Berg, D. J.; Haddad, T. S. Coord. Chem. Rev. 1990, 

(18) Andersen, R. A. Inorg. Chem. 1979,18, 1724. 
(19) Andersen, R. A. Inorg. Chem. 1979, 18, 2928. 
(20) Andersen, R. A. J. Organomet. Chem. 1980,192, 189. 
(21) Fryzuk, M. D.; Rettig, S. J.; Williams, H. D. Inorg. Chem. 1983, 

(22) Fryzuk, M. D.; Carter, A.; Westerhaus, A. Inorg. Chem. 1985,24, 

(23) Fryzuk, M. D.; Rettig, S. J.; Westerhaus, A.; Williams, H. D. 

(24) Fryzuk, M. D.; Haddad, T. S.; Rettig, S. J. Organometallics 1988, 

(25) Fryzuk, M. D.; Haddad, T. S. J. Am. Chem. SOC. 1988,110,8263. 
(26) Fryzuk, M. D.; Haddad, T. S.; Rettig, S. J. Organometallics 1989, 

(27) Fryzuk, M. D.; Haddad, T. S. J. Chem. SOC., Chem. Commun. 

B. J. Chem. SOC., Dalton Trans. 1984, 2789. 

99, 137. 

22, 863. 

642. 

Inorg. Chem. 1985,24,4316. 

7, 1224. 

8, 1723. 

1990, 1088. 

1990,112,8185. 
(28) Fryzuk, M. D.; Haddad, T. S.; Rettig, S. J. J. Am. Chem. SOC. 
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