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polarizetion effecte. Scattering factors for neutral atoms and 
anomalous diepersion corrections for Ni, Br, and P were taken 
from ref 24. The structure was solved by Pattamon and Fourier 
methods. An empirical absorption correction% waa applied at 
the end of the isotropic rehement. F‘inal refinement with fixed 
isotropic factors and coordinates for H atoms gave RF = 0.065 
and R(w)p = 0.070. Moet of the calculations were carried out with 
the X-Ray 80 system.2B 
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The fluxional procegses in the compounds ~zo-[M(~&H&~(PCH CH-CHdH] (M = Nb, Ta) have been 
inveatigated by magnetization and spin-saturation transfer and tw&memional exchange NMR techniques 
Rate constants for three separate processes have been determined. A me&” involving agoetic &dkyi 
ligands is proposed. 

Bercaw and co-workers recently reported a NMR study 
of the dynamic proceesee in the olefin-hydride complexes 
[M(rl-CaR”a)z(rl-RCH~H~H] (M = Nb, Ta) and pro- 
posed a multistep m e d ”  to accouIlt for the data’ We 
have made studiea of the similar dynamic behavior of other 
olefin-hydride-metal systems, and these have provided 
evidence for the occurrence of intermediates with agostic 
bonds and in-place rotation of agoetic metal-alkyl group.2 
We were intereatad to see ifagoetic intermediates can also 
Bccoullt for the dynamic proceeses oberved for the niobium 
and tantalum systems. We deemed such a study to be 
worthwhile since the insertion of olefins into the metal- 
hydride bonds in olefin-hydride complexes and its mi- 
croscopic reverse, 8-elimination, are reactions of funda- 
mental importance in organometallic chemistry and are 
key step in such industrial catalytic processea as hydro- 
formylation, olefin hydrogenation, and isomerizati~n.~*~ 

A preliminary account of this work has been reported.6 

Strong supporting evidence for this delocalized transition 
state (or intermediate) comes from the discovery of tran- 
sition-metal-alkyl complexes with 8-agostic interactions 
in which thie delocabd structure is adopted in the ground 
state.’ Indeed, many complexes which were previously 
assigned ethylene-hydride structures have since been 
shown to be agoetic ethyl complexes with 2e3c M-H-CB 
interactions. 

Since olefin insertions are often reversible and not 
rate-limiting, direct measurements of their kinetics in re- 
action sequences are difficult. Notably, however, Halpem 
and co-workers have been s u d  in measuring the rate 
of olefin insertion into rhodium-hydride bonds in the re- 
action of various olefins with a number of rhodium com- 
plexe~.~*~ Reversible intramolecular olefin insertion re- 
sulting in mutual exchanges has been observed by varia- 
ble-temperature NMR spectra and/or by deuterium la- 
beling, and in some caeeg the rate constants and activation 

Background 
The mechanism generally proposed for the reversible 

insertion of an olefh into a metal-hydride bonda4 proceeds 
via a planar, delocalized cyclic transition state in which 
the migrating hydrogen is bonded to both the metal center 
and to one of the olefinic carbons, thus resulting in overall 
cia addition of the metal-hydride to the double bonds 

1 
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Exchange Processes in [M(q-C~,),(rl-RCH=CH2)HJ 

7 insertion 1. 

A R I  

Figure 1. Mechanism proposed by Bercaw (la), showing the 
inversion step. In this f i e  we adopt a modified form of the 
Newman diagram, the two Cs rings being repreaented by the two 
hirozontal lines. 

parameters have been measured by NMR magnetization 
transfer techniques.'O 

Appreciation of the Results and Mechanisms 
Premnted by Bercaw 

The complexes [M(q-C&"&,(q-RCH4!HJH] (R" = H, 
M = Nb (l), Ta (2);l R" = Me, M = Nb (3), Ta (4);" RN5 
= Me4Ph, M = Tal2) can exist as exo and endo isomers. 
For the q-C,& compounds 1 and 2, both the exo and endo 
isomers are found, whereas for the q-C5MeS analogues 3 
and 4, only the endo isomers are observed. Exo - endo 

uo-1 endo-1 

isomerization in 1 and 2, which occurs by olefin rotation, 
is slow on the chemical time scale even at elevated tem- 
peratures, and distinct isomers are observed in the NMR 
spectra. The low symmetry of both isomers (C,) resulte 
in the two Cs rings and the vinylic hydrogens of the olefin 
being both chemically and spectroscopically inequivalent. 

The olefin-hydride complexes 1-4 are fluxional. The 
endo isomers undergo exchange of the hydride with the 
methine hydrogen, and this process also causes the two C5 
rings to become equivalent at the same rate.'*'' For the 
ex0 isomers, however, it was found that exchange between 
the hydride and the methylene hydrogens was much faster 
(1-2 orders of magnitude) than the exchange between the 
Ca rings. For the ex0 propene-hydride compound 1 (R = 
Me) there is an additional exchange process whereby the 

(10) (a) Werner, H.; Feser, R J. Organomet. Chem. 1982,232,351-370. 
(b) Werner, R.; Werner, H. J.  Organomet. Chem. 1979,174, C63466. 
Werner, R.; Werner, H. Chem. Ber. 1983,116,2074-2087. Werner, H.; 
Kletzin, R; Hohn, A.; Paul, W.; Knaup, W.; Ziegler, M. L.; Serhadli, 0. 
J. Organomet. Chem. 1982,306,227-239. (c) Roe, D. C. J.  Am. Chem. 
Soc. 1983,106, 7771-7772. (d) Roe, D. C. Personal communication. (e) 
Bunting, H. E.; Green, M. L. H.; Newman, P. A. J.  Chem. Soc., Dalton 
Tram. 1988,667-677. ( f )  Brookhart, M.; Green, M. L. H.; Pardy, R. B. 
A. J. Chem. Soc., Chem. Commun. 1988,691-693. (e) Byme, J. W.; h, 
J. R. M.; &born, J.; Ricard, L.; Weka, R. E. J.  Chem. SOC., Chem. 
Commun. 1977, 662-663. (h) Chaudret, B. N.; Cole-Hamilton, D. J.; 
Wilkinaon, G. Acta Chem. Scad. ,  Ser. A 1978, A32, 763-769. (i) 
Cracknell, R. B.; Orpen, A. G.; Spencer, J. L. J. Chem. SOC., Chem. 
Commun. 1984,326-928. Cracknell, R. B.; Orpen, A. G.; Spencer, J. L. 
J. Chem. SOC., Chem. Commun. 1986,1005-1006. 

(11) Doherty, N. M.; Bercaw, J. E. J.  Am. Chem. SOC. 1986, 107, 
267W2681. 

(12) Parkin, G.; Bunel, E.; Burger, B. J.; Trimmer, M. S.; VM Aseelt, 
A.; Bercaw, J. E. J. Mol. Catal. 1987,41, 21-39. 
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Nb-H exchanges not only with both of the methylene 
hydrogens but also with the hydrogens of the ex0 methyl 
group. The initial analysis of this four-site exchange 
system was simplified by treating the two inequivalent 
methylene hydrogens and the hydride as one site, thus 
reducing the exchange process to a two-site problem.' The 
analysis gave similar rates of exchange of the Nb-H and 
the methylene hydrogens, k,, and the ex0 methyl group, 
kz. Both of these rate constante were considerably greater 
than that for the exchange between the inequivalent C5 
rings, kS. Thus, for the endo isomers kl = k3 and for the 
exo isomers, for R = aryl, kl >> k3 and, for R = Me, kl = 

The mechanism Ia given in Figure 1 was put forward to 
account for the exchange processee of the ex0 isomers.' As 
shown, the olefin inserts into the metal-hydride bond, 
forming a 16-eleCtron a-alkyl species (A) in which the metal 
center has a "pyramidal" structure. Rotation of the methyl 
group about the C,-C, bond followed by 8-elimination 
leads to exchange between the hydride and the methylene 
hydrogens. In order to effect exchange between the Cs 
rings, it is necessary for the a-alkyl group to rotate about 
the M-C, bond and for the metal center to invert so as 
to bring the methyl group to the correct orientation for 
the @-elimination step. The slower rate of the c6 ring 
exchange process was proposed to arise from a non-neg- 
ligible barrier to either the rotation about the M-C, bond 
or to the inversion of the metal center. 

A key proposal of mechanism Ia is the pyramidal ge- 
ometry of the metal center in the 16-electron a-alkyl in- 
termediate A formed by olefin insertion. In their seminal 
paper on bent metallocenes, Lauher and Hoffmann con- 
sidered the structure of such alkyl complexe~.~~ Their 
extended Hackel calculations indicate that for d', d3, and 
low-spin d2 systems the pyramidal structure would be 
slightly stabilized relative to the trigonal structure: 

k2 >> kp 

Trigonal 

However, high-spin d2 systems were predicted to be sym- 
metrical at the metal center. In support of this, both of 
the two high-spin d2 metallocene compounds whom crystal 
structures have been reported, namely [V(q-C5H6)2Cl]*4 
and ( [Ti(&&Ie5)2]2(p-N2)),'6 have been shown to have 
trigonal structures. Further, the compound [Ti(q- 
C5Meg)2Cl] is trigonal, even though it has a d1 configura- 
tion,' and the 16-electron high-spin pentadienyl cation 
[Fe(tl-C&)(PEQ21+ also poeae%see a plane of w=etr~. '~  

Therefore, we feel that there are no compelling argu- 
mente for a pyramidal intermediate such as A or, even if 
the intermediate was pyramidal, no significant inversion 
barrier to inversion would be expected. Indeed, we 
question the proposals of inversion barriers in other 16- 
electron intermediates.lgm 

(13) Lauher, J. W.; Hoffmann, R. J. Am. Chem. SOC. 1976, 98, 
17S1742. 

(14) Fieselmann, B. F.; Stucky G. D. J. Organomet. Chem. 1977,137, 
43-54. 

(16) The magnetic moment of this complex ia sienificantly leas than 
the 'apin-ody" value, M obwrvation which re& unexplained h e r ,  
R. D.; Du~~M,  D. M.; McKenzie, T. C.; Marsh, R E.; Bercaw, J. E. J. Am. 
Chem. SOC. 1976,98,836%-8366. 

(16) Pattiaaiia, J. W.; Heeres, H. J.; VM Bolhuie, F.; Meet", A.; 
Teuben, J.; Spek, A. L. Organometallics 1987,6, 10061010. 

(17) Bleeke, J. R. Personal communication. 
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Figure 2. Modified Bercaw mechanism (Ib) with an effectively 
16-electron trigonal intermediate. 

In-place rotation I1 
H*R 

H. H 
H b l  

Figure 3. New mechanism (11) proceeding via in-place rotation 
in lselectron agostic alkyl intermediates. 

If the coordinatively unsaturated intermediate A is ef- 
fectively symmetrical, then a modified version of mecha- 
nism Ia, namely mechanism Ib, may be considered and this 
is shown in Figure 2. In mechanism Ib the difference in 
the exchange rate constants can only arise as a result of 
restricted (slow) rotation of the alkyl group about the 
M-C, bond (vide infra). 

Proposed New Mechanism and Comparative 
Comments 

We now consider a different mechanism which invokes 
18-electron 8-agostic alkyl intermediates in which the 
agostic bonds cause what amounts to an electronic re- 
striction to alkyl rotation in the dynamic processes. This 
new mechanism, 11, is shown in Figure 3 and incorporates 
an in-place rotation of a Is-agostic alkyl intermediate. An 
in-place (nondieeociative) rotation mechanism for hydrogen 
scrambling in a ground-state agostic alkyl group was first 
proposed by Cotton and Stanislowski to account for the 
dynamic processes in [Mo(Et2B(pz)2)(CO),(q- 
CH2CHRCH2)] (R = H, Ph; pz = pyrazolyl).21 Similar 
metal-alkyl intermediates, and in particular an in-place 
rotation step, have been proposed for hydrogen scrambling 
in the olefin-hydride complexes { [M~(dppen)~(q- 
C2HJ2H] [CF3C02J] (dppen = cis-Ph2PCH=CHPPh2),2 
[W (~-C6H6)2(exo-CH3CH=CH2)H]+,22 and [Re(?&&)- 
(CO)2(~C&R)H]+.2s Spencer and co-workers considered 
the possibility of an in-place rotation mechanism in their 

(18) Elian, M.; Hoffmann, R. Znorg. Chem. 1975, 14 1058-1076. 
Hofmann, P. Angew. Chem., Znt. Ed. Engl. 1977,8,536-537 and refer- 
encea therein. 

(19) Brookhart, M.; Buck, R. C.; Denialson, E. J.  Am. Chm. Soc. 1989, 
11 1, 567-574. 

(20) Mole, L.; Spencer, J. L.; Carr, N.; Orpen, A. G. Organometallics 
1991,12,4%52. 

(21) Cotton, F. A.; Stanislowski, A. G. J.  Am. Chem. SOC. 1974, 96, 
5074-5082. 

(22) McNally, J. P.; Copper, N. J. Organometallics 1988,7,1704-1715. 
(23) Casey, C. P.; Yi, C. S. Organometallics 1991, 10, 33-35. 

A 
Q 

1. - '1 
Figure 4. (a) The 60' isopropyl rock. (b) Intermediate Q. 

recent study of (P~[(~-BU)~PCH~CH~P(~-BU)~](~~-E~))+ 
(q2-Et refers to a ,!I-agostic ethyl g r o u ~ ) . ~  We note, how- 
ever, that in their study of hydrogen scrambling in the 
agostic cobalt system [CO(T~C&J(PR&+-E~)]+ Orpen and 
Spencer marginally disfavored a mechanism involving an 
in-place rotation on the grounds that an extended Hiickel 
calculation suggested it to be energetically unfavorable 
relative to dissociation.la 

In mechanism I1 exchange between the methylene hy- 
drogens and the hydride occurs via in-place rotation about 
the C,-C, bond of the agoetic alkyl intermediate. For the 
endo isomers this process is necessarily accompanied by 
exchange of the C5 rings, i.e. kl = k3, as is observed. For 
the ex0 isomers, on the other hand, exchange of the C5 
rings occura via the rate-limiting dissociation of the agoetic 
hydrogen from the metal center in the q2-alkyl interme- 
diate to form a 16-electron u-alkyl intermediate, in which 
the alkyl group undergoes rapid rotation about the M-C, 
bond. Hence in mechanism 11, the higher barriers to C6 
ring scrambling arise from the extra energy necessary to 
break the agostic interaction in the q2-alkyl intermediate. 

We now consider how the alternative mechanisms lb and 
I1 can account for the scrambling processes in the exo 
propene compounds 1 and 2 (R = Me), whereby the hy- 
dride undergoes exchange with the methyl hydrogens. It 
wi l l  be seen that the important difference between the two 
mechanisms is the nature of the barrier to rotation of the 
a-alkyl group in the intermediates and whether the origin 
of this barrier is steric (mechanism Ib) or electronic via 
agostic interactions (mechanism 11). 

In mechanism Ib, propene insertion gives the 16-electron 
u-isopropyl intermediates B, which must have the asym- 
metric rotational group-state structure shown in Figure 4a. 
A 120' rotation in an anticlockwise direction of the u- 
isopropyl group about the M-C, bond in B followed by 
&elimination will result in exchange of the C5 rings. 
However, rotation by only 60' in the clockwise direction 
(isopropyl rock) followed by &elimination results in ex- 
change of the hydride with the ex0 methyl group without 
scrambling of the C6 rings. 

In mechanism 11, the agostic $-isopropyl transition state 
Q is proposed to account for the exchange of the hydride 
with the hydrogens of the ex0 methyl group while the 
inequivalence of the C6 rings is maintained. This step is 
shown in Figure 4b and involves the displacement of the 
existing agostic bond by a new one formed by a C-H bond 
of the ex0 methyl group. This reaction could be facilitated 
by coupling the attack of the ex0 methyl group with the 
vibrational mode in the intermediate which brings the 
a-carbon atom toward the plane containing the ring cen- 
troids and the metal center. 

At  the transition state Q both C-H bonds involved in 
the displacement reaction are coordinated to the metal 
center. Thus, a simple 16-electron u-isopropyl complex 
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Exchange Processes in [M(11-CbH6),(11-RCH=CH,)H] 
is not formed during this formally associative substitution 
reaction. The procegses shown in Figure 4 are very similar. 
In both cases the isopropyl group must rotate by approx- 
imately 60° before &elimination. Exchange of the Cs rings 
in mechanism II occurs, as for other R = aryl compounds, 
by the higher energy proceee of breaking the agostic bond. 
If the barriers to the isopropyl rock or the formation of 
Q are larger than thoee of the &elimination steps, then kl 
> kz. If on the other hand these barriers, then kl = kp. It 
was therefore important to attempt to determine these two 
rate constants accurately, without any simplifying as- 
sumptions. This was the main objective of the experiments 
described below. 

Determination of the Kinetics of the Dynamic 
Processes 

The compounds 1 and 2, where R = Me, were prepared 
by the reaction of [ M ( T ~ C ~ H ~ ) ~ C ~ ~ ]  with an excess of iso- 
propylmagnesium bromide: 

[M(tl-CsHs)2C121 7 i-PrMgBr 

[ M ( ~ ~ - C ~ H S ) ~ ( C H ~ C H ~ H ~ ) H I  
M = Nb, Ta 

The isopropyl reagent is preferable to the n-propyl ana- 
logue, as the latter gives nonequilibrium ratioa of the endo 
and ex0 isomers and samples must then be thermally 
equilibrated before kinetic measurements can be made. 
The 'H NMR spectra of the compounds showed them to 
be >95% pure. 

The extreme sensitivity of the compounds to oxygen and 
moisture made the synthesis and sample preparation te- 
dious, and the thermal instability of the complexes pre- 
cluded the use of NMR line-shape analysis techniques. 
Three different dynamic NMR techniques were used in 
the kinetic measurements. Thus, the rate constants of the 
four-site exchange system consisting of the exo methyl 
group, the inequivalent methylene hydrogens, and the 
hydride ligand in the tantalum ex0 propenehydride com- 
plex 2 (R = Me) were determined using multisite NMR 
spin saturation transfer,24-2s 13C NMR magnetization 
transfer (a stack plot of a typical experiment is shown in 
Figure 6) ,  and quantitative phase-sensitive 'H-lH two- 
dimensional exchange (PSEXSY) NMR experiments (a 
typical spectrum is shown in Figure 6).27 The exchange 
system in the niobium analogue 1 (R = Me) was analyzed 
by multisite NMR spin saturation transfer techniques 
because significant decomposition occurred during the 
relatively long timea required for an PSEXSY experiment. 
It was, however, poseible to perform a smal l  number of '3c 
NMR magnetization tranefer experiments for the niobium 
compound. These experiments proved to be especially 
difficult and were therefore only carried out at a single 
temperature. The measured magnetization transfer rate 
constanta are reported in Table I. 

Our eyatem is a non-equally-populated four-site ex- 
change in which two mechanisms, responsible for kl and 
k2, respectively, may be thought to be operating concur- 
rently. The procedure used to calculate the correct 
chemical rate constants for a problem in which parallel 
exchange processe% occur is outlined in the Appendix and 
will be diecussed fully elsewhere.= The correct chemical 

(24) San&tr6mim, J. Dynamic NMR Spectroscopy; Academic Prese: 
London, 1982; Chapter 4. 

(25) H o f f " ,  R. A.; F o d n ,  S. h o g .  NMR Spectrosc. 1966, 1 ,  
16-204 (particularly 89-94). 

(28) Ugurbil, K. J.  Magn. Reson. 1985,64,207-219. 
(27) Meier, B. H.; Emst, R. €2. J .  Am. Chem. SOC. 1979, 101, 

6441-6442. Jeener, J.; Meier, B. H.; Bachmann, P.; Emst, R. R. J.  Phys. 
Chem. 1979,7I, 4546-4663. 
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Figure 5. Two-dimensional 'H-lH PSEXSY NMR spectrum for 
[T~(I&,H~)~(T$H~-CHCH~)H] acquired at  360 K. The ex- 
change network in the exo isomer is shown below, and that for 
the endo isomer above, the diagonal peaks. 

Figure 6. 19C magnetization transfer experiment for [Ta ( s  
CsH5)2(~-CH2=CHCHS)H] at  357 K. The arrow denotes the 
inverted CH2 resonance, and the asterisk indicates the methyl 
resonance. 

rate data are shown in Table 11. The data show that for 
R = Me and M = Nb kl = 2k2 >> k, and for R = Me and 
M = Ta kl = k2 >> k3.2g 

(28) Green, M. L. H.; Sella, A.; Wong, L.-L. Orgammetallica, following 
paper in this issue. 

(29) Our failure to observe magnetization trensfer between the two Cs 
resonances in the lH and NMR spectra of 1 and 2, respectively, at 
the highest temperaturea studied, is inconsistent with the coalescence 
data reported in ref 1. Owing to sample decomposition, Trimmer mea- 
sured the coalescence temperatures under an atmosphere of propene. 
The possibility of an associative exchange of propene cannot therefore 
be excluded. 
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Table I. Magnetization Transfer Rate Constants' for Hydrogen Scrambling in [~XO-M(~)-C~H,)~(~)-CH~CH,)H] 
(M = Nb, Ta) 

M = Nb M = Ta 
T/K k(CH3+H)b k ( H 4 H ) b  T/K k(CH3+H)b k ( H 4 H ) b  T/K k(CHs+H)' &(H--CH)' T/K k(CHpCHJd 

29ae 0.06 (1) 0.27 (2) 347 0.08 (3) 0.09 (1) 360 0.29 (2) 0.34 (2) 357 0.60 (7) 
293 0.03 (1) 0.13 (2) 337 0.035 (3) 0.038 (6) 350 0.08 (1) 0.109 (2) 347 0.24 (7) 

303 0.09 (1) 0.49 (4) 357 0.24 (3) 0.26 (4) 365 0.37 (2) 0.46 (2) 
313 0.33 (4) 1.34 (13) 

Reported in 8-l; standard deviations (n = 6) are in parentheses. * Multieite NMR spin saturation transfer (SST) data only. 2-D EXSY 
data. dCarbon-13 NMR magnetization transfer data. ekm(CH2+CH3) = 0.20 (5) on the basis of 13C magnetization transfer experiments. 

Table 11. Chemical Rate Constants' for Hydrogen Scrambling in [~xo-M(~-C,H,)~(~)-CH~CH=CH~)H] (M - Nb, Ta) 
M = Nb M = Ta 

T/K kzb &Ib T/K kzb T/K k2' kl' T/K kzd 
293 0.18 (6) 0.30 (6) 337 0.22 (3) 350 0.48 (6) 0.65 (12) 347 0.48 (9) 
29@ 0.36 (6) 0.63 (6) 347 0.50 (12) 360 1.74 (12) 2.04 (12) 357 1.20 (10) 
303 0.54 (6) 1.20 (12) 357 1.49 (20) 365 2.22 (12) 2.76 (12) 
313 1.98 (24) 3.03 (39) 

Reported in 8-l; standard deviations (n = 6) are in parentheses. For the relation of chemical to magnetization transfer rate constants, we 
the Appendix. bBased on multisite NMR spin saturation transfer (SST) data only. 'Based on two-dimensional PSEXSY data. dCarbon-13 
NMR magnetization transfer data. e k2 = 0.40 (7) on the basis of 13C NMR magnetization transfer experiments. 

Ta 

y ' \ H  

Figure 7. Schematic energy profile for mechanism Ib. 

These new kinetic data can be discussed with reference 
to the respective qualitative free energy diagrams for 
m e c h a m "  ' Ib and II. A number of important differences 
between these mechanisms are thereby revealed. An a p  
proximate free energy diagram of the exchange processes 
in the niobium complex 1 (R = Me) via mechanism Ib is 
shown in Figure 7. The 16-electron a-isopropyl inter- 
mediate formed by propene insertion is stabilized relative 
to the transition state by &, the barrier to @-elimination. 
Rotation about the C,-C, bond (with a barrier AG*(ar@) 
which should be at least the value in propane-ca. 17 kJ 
mol-'), which leads to scrambling of the hydride with the 
methylene hydrogens of the propene, is generally assumed 
to be much faster than olefin insertion, and AG*(a@) << 

This assumption is commonly invoked and allows the 
properly weighted exchange rate constant to be equated 
with some elementary step, such as olefin insertion," and 
the differences between the activation barriers to be dis- 
cu88Bd in terms of substituent effects etc. The obervation 
that kS C 0.04 s-' at 313 K (see Experimental Section) 
implies that the barrier to the 120° rotation, AG'(rot), is 
higher than AG*(rock) and hence PI by >10 kJ mol-'. In 
other words, the barrier to the 60° isopropyl rock is d e r  

than that for the 120° rotation, but they are both higher 
than PI, the barrier to @-elimination. For the tantalum 
compound 2 (R = Me), AG*(rock) C @I, and therefore k2 
= kl. The observation that kS C 0.04 s-' at 363 K corre- 
sponds to AG*(rot) - 

A schematic free energy diagram for mechanism I1 is 
shown in Figure 8. Olefin insertion gives an 18-electron 
agoetic alkyl intermediate with an associated barrier to 
@-elimination of As the NMR spectra have not given 
evidence for the intermediates, this suggests their con- 
centration is probably lees than 0.1 %. This implies that 
any intermediates lie at least 20 kJ mol-' above the ground 
state. The data do not indicate the relative sizes of the 
barriers to in-place rotation (AGVipr)) and @-elimination 
(flu), but we assume that the former is the larger (vide 
infra). For the niobium complex 1 (R = Me), therefore, 
the barrier to the transition state Q, AGYQ), is higher than 
AG*(ipr). The d e r  value of kS suggeste that the barrier 
to the formation of the 16-electron a-isopropyl interme- 
diate by dissociation of the agostic hydrogen from the 
metal center, AG*(dise), is higher than AG*(Q) and hence 
AG*(ipr) by >10 kJ mol-'. For the tantalum complex 2 
(R = Me), both AG*(ipr) and AG*(Q) are lower than &I, 

> 10 kJ mol-'. 
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Ta 
..a* 

Q .** N b, 

I 111 

I 33 
Figure 8. Schematic energy profile for mechanism 11. 

and so k2 5 kl. The lower value of k, implies that AG* 
(dise) is higher than by >10 kJ mol-'. Hence, both 
mechlLILl(rmB * can accoullt for the experimental observations 
and the kinetic data in Table 11 alone do not distinguish 
between them. 

Consideration of the Mechanisms in the Light of 
Circumstantial Evidence 

The proposed transition state Q in the ex0 methyl to 
M-H exchange process via mechanism I1 is at first sight 
unuual but is in fact not unique. We nota that there are 
many examples of related agostic-alkyl - alkyl inter- 
changes in organometallic enyl complexes of the type 
[~(~-C&-H)(co) , l '  
. 

m- 
C-H M-H-C * C-H-M H-C 

Furthermore, the +isopropyl syetem in the transition state 
Q, with two agostic hydrogens, is clearly similar to that in 
the transition state of the in-place rotation step. Such 
"doubly agostic" species have also been proposed to occur 
in the "coordinated alkane" intermediates or transition 
states of the mechanism of intramolecular hydrogen 
scrambling observed in the alkyl hydride complexes [Rh- 

H?' Me 2), and [Re(q-C&5),(Me)H]+.p Organo-transi- 
tion-metal and organoactinide complexes with more than 
one agoetic M-H-C bond in the ground state have been 
structurally characterized. For example, the two a-C-H 
groups of one of the benzyl ligands in [Ti(q-CsMeS)- 
(CH$h)3],M and those of one of the neopentyl ligands in 
[Th(q-C&fed2(CH2CMes)2],s have been shown to partic- 
ipate in agoetic interactions with the metal centers. Sim- 
ilarly, the a- and one of the y-hydrogens of the bidtri- 
methylsily1)methyl group in [Y (rl-C6Mes)2(CH(SiMe,)2)1 

(rl-CbMeB)(PMes)(n-C~HdHl,~ [W(tl-C .d2(Me)H1 (R = 

(SO) P e h ,  R. A.; Bergman, R. G. J. Am. Chem. SOC. 1986,108, 

(31) Bullock, R. M.; H d o r d ,  C. E. L.; Henneeey, K. M.; Kegley, S. 

(32) Parkin, G.; Bercaw, J. E. Organometallics 1989,8, 1172-1179. 
(33) Gould, G. I.; Heinekey, D. M. J. Am. Chem. Soc. 1989, 111, 

(9.0 Man,  M.; Pellinghelli, M. A.; Royo, P.; Serrano, R.; Tiripicchio, 

(96) Bruno, J. W.; Smith, G. U; Marks, T. J.; Fair, C. K.; Schultz, A. 

7332-7348. 

E.; Norton, J. R. J.  Am. Chem. Soc. 1989,111,3897-3908. 

6602-6604. 

A. J. Chem. Soc., Chem. Commun. 1988,1118-1119. 

J.; W W ,  J. L. J.  Am. Chem. SOC. 1986,108,40-66. 

form agostic bonds with the yttrium center.% In this 
system Teuben and co-workers have attributed a barrier 
to restricted rotation about the M i  bond to the y-agoetic 
interaction. In mechanism 11 we therefore have an elec- 
tronic origin for a rotational barrier in a metalalkyl group, 
namely agostic bonding. 

In the case of mechanism Ib, for which no electronic 
factors are invoked, restrictions to the isopropyl rock and 
120° rotation must arise from interligand contacts. The 
observed rate constant trends can be readily rationalized: 
the barriers to the rotation processes of an isopropyl group 
are expected to increase in the following order: about the 
C,-C, bond < isopropyl rock < full rotation about the 
M-C, bond. It is important to note, however, that in order 
to observe differential rate constants the last two barriers 
must be higher than that of &elimination. 

We therefore turned to the literature for quantitative 
estimates of rotational barriers about the metal-carbon 
bond in metal alkyl and aryl complexes. There have been 
few systematic studies on such barriers in organo-transi- 
tion-metal compounds, and there are no examples of such 
work on M(vC@&R complexes of direct relevance.w Of 
the reported studies, the rotation barriers for compounds 
with small alkyl groups (Me, Et, n-Pr) are often too low 
to be measured by traditional NMR  technique^.^*^^ A 
number of recent studies are of interest in the present 
context. Rotation of the isopropyl group in [W(q- 
CsH6)2(CHMe2)C1] could not be monitored by NMR 

but a barrier of 35.5 kJ mol-' was obtained for 
isopropyl rotation in [U(q-C&46),(i-Pr)] .4'J Our attempts 
to measure the M-Cip bond rotation barrier in [Nb(v- 
C&J2(C&s)(C0)] were inconclusive: both the 'H and '9c 
NMR spectra were invariant in the temperature range 
203-298 K. Brookhart and co-workers have observed the 
collapse of the 16-electron intermediate [Fe(q-CsH& 

~~ ~~ 

(36) den Haan, K. H.; de Boer, L. J.; Teuben, J. H.; Spek, A. L.; 
Kojic-Prodic, B.; Hap, G. H.; Hub, R. Organometallics 1986, 5, 
1726-1733. 

(37) Mann, B. E. In Comprehemiue Organometallic Chemistry; Abel, 
E. W., Stone, F. G. A., Wilkineon, G., Eds.; Pergamon Preas: Oxford, 
U.K., 1982; Vol. 3, Chapter 20, p 99. 

(Sa) Stanley, K.; Bard, M. C. J.  Am. Chem. Soc. 1976,97,4292-4298 
and references therein. 

(39) Jordan, R. F.; Norton, J. R. J.  Am. Chem. SOC. 1979, 101, 
4863-4858. Jordan, R. F.; Teang, E.; Norton, J. R. J.  Orgonomet. Chem. 
1978,149, C63-CM. 
(40) Marke, T. J.; Seyam, A.; Kolb, J. R. J.  Am. Chem. SOC. 1972,95, 

6629-6639. 
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2656 Organometallics, Vol. 11, No. 7, 1992 Green et al. 

(CO)CH2Ph], generated by laser flash photolysis, from 
which an upper limit of 27.2 kJ mol-' can be inferred for 
the barrier to the rotation of the benzyl group.lg 

In compounds with bully ancillary ligands (e.g. T-CJWej) 
and/or bulky alkyl groups (e.g mesityl, bis(trimethy1- 
sily1)methyl) the rotation barriers are sufficiently high for 
the process to be studied by dynamic NMR  method^.^' It 
appears that, in most cases, the reported data have not 
been corrected by the appropriate population weighting 
factors.42 However, this correction has only a small effect 
on the activation barriers. The relevant examples for bent 
metallocene systems show that the trends of rotation 
barriers are not always straightforward. Thus, although 
increasing the bulk of the C5 ring increases the barrier to 
tolyl rotation in [M(pC@e4H)(&,R5)(p-to1y1)2] (M = Ti, 
Zr; R5 = H,, Me4H, Me541i), the rotation barriers in {Zr- 
( T ~ C ~ H ~ ) ~ [ C H ( S ~ M ~ ~ ) ~ ] R ]  decrease with an increase in the 
steric demand of the R Also, for the compounds 
[Ti(q-C5Me4H)2(p-tolyl)X], the rotation barriers for X = 
C1, Br, I were greater than that for X = p-tolyl?'qb Finally, 
coalescence temperatures in the closely related (Zr(7- 
C5H4R)2[CH(SiMe3)2]C1] (R = H, Me, Et, i-Pr, t-Bu, 
SiMeJ suggest barriers in the range 59.3-65.2 kJ m01-1.41c 

For the isopropyl-rock step in mechanism Ib, the a- 
hydrogen has to move across the plane containing the ring 
centroids and the metal center such that at the transition 
state this hydrogen is pointing directly toward one of the 
C5 rings (see Figure 2) and there is no eclipsing of the 
methyl groups and the C5 rings. The barrier to this step 
can be expected to be low. Thus, we have examined the 
rotation of the isopropyl group in the intermediate A using 
the molecular graphics program CHEMX.~ The coordinates 
used for defining the molecule were taken from the X-ray 
crystal structure of [ Nb( 7-C5H5) 2( 7-CH2=CH2) - 
(CH2CH3)] .44 An isopropyl group was constructed from 
the ethyl ligand using standard bond lengths and angles, 
and the Nb-C, vector was aligned with the C2 axis of the 
metallocene fragment. Assuming that the Nb-C, distance 
is unchanged in the intermediate (2.53 A), this gives a 
closest contact between the methyl and cyclopentadienyl 
hydrogens of approximately 1.6 A when the alkyl group 
is rotated about the M-C, axis (Figure 9). Although this 
appears at first sight to indicate a substantial interaction 
between the ligands in the transition state (the van der 
Waals radius of hydrogen is 1.17 A), an energy mini- 
mization calculation suggests a barrier <24 kJ molb1. This 
value must be treated with caution since the potentials 
have not been "calibrated" using related known systems, 
but it is a further indication that the barrier to the rotation 
about the M-C, bond can be expected to be quite low. 

It may therefore be concluded that it is only with alkyl 
groups much larger than isopropyls that barriers to rota- 

~~~ ~~~ 

(41) (a) Sharp, P. R.; Astruc, D.; Schrock, R. R. J. Organomet. Chem. 
1979,182,477-488. (b) Jones, W. D.; Feher, F. J. Inorg. Chem. 1984,23, 
23762388. (c) Jeffery, J.; Lappert, M. F.; Luong-Thi, N. T.; Atwood, J. 
L.; Hunter, W. E. J.  Am. Chem. SOC., Chem. Commun. 1978,1081-1083. 
Jeffrey, J.; Lappert, M. F.; Luong-Thi, N. Y.; Webb, M.; Atwood, J. L. 
J .  Chem. SOC., Dalton Trans. 1981,1593-1605. (d) Courtot, P.; Labed, 
V.; Pichon, R.; Salaiin, J. Y. J.  Organomet. Chem. 1989,359, C9-Cll. (e) 
Salaiin, J. Y. Personal communication. (f) Lappert, M. F.; Riley, P. I.; 
Yarrow, P. I. W.; Atwood, J. L.; Hunter, W. E.; Zaworotko, M. J. J. Chem. 
SOC., Dalton Trans. 1982,814-827. (g) Green, M. L. H.; Lindsell, W. E. 
J. Chem. SOC. A 1969,2215-2118. (h) Nakamura, A.; Otsuka, S. J. Am. 
Chem. SOC. 1972,94,1886-1894. (i) Schock, L. E.; Brock, C. P.; Marks, 
T. J. Organometallics 1987, 6, 232-241. 

(42) Johnson, C. S.; Moreland, C. G. J. Chem. Educ. 1973,70,477-483. 
We note that, in an article on rotational barriers, no explicit mention of 
these corrections is made (Kessler, H. Angew. Chem., Int. Ed. Engl. 1970, 
9, 219-225) and such questions remain controversial (Faller, J. Adu. 
Organomet. Chem. 1977,16,211-239). 

(43) CHEMX, Chemical Design Ltd., Oxford, U.K. 
(44) Guggenberger, L. J.; Meakin, P.; Tebbe, F. N. J.  Am. Chem. SOC. 

1974,96, 5420-5427. 

Figure 9. CHEMX view of the proposed 16-electron [Nb(q- 
C5H5)2(CHMe2)] intermediate. 

tion are readily measurable (to be observable by common 
methods, AG* must in general be greater than ca. 35 kJ 
mol-'). Thus, it is reasonable to expect that AG*(rot) and, 
in particular, AG*(rock) in mechanism Ib for 1 and 2 (R 
= Me) should be small (<35 kJ mol-'). If this is taken with 
the assumption that @I >> AG*(ap), it is likely that both 
AG*(rot) and AG*(rock) are less than @p Hence, we suggest 
that mechanism Ib is not unambiguously established on 
the basis of the observed data. 

Alternatively, one may argue that the 16-electron alkyl 
intermediate lies close in energy to the transition state to 
@-elimination. In other words, the barrier to rotation about 
the C,-C, bond is of the same order of magnitude as that 
to @-elimination; AG*(aP) I @I. It  is then possible for 
mechanism Ib to account for the observed data. However, 
this new assumption implies that the significance of ro- 
tational barriers has been underestimated and that the 
barriers in other olefin-hydride exchange processes can no 
longer be attributed solely to the insertion step itself but, 
rather, must include significant yet unquantifiable con- 
tributions from restricted rotations about C-C and M-C 
bonds. If this is indeed the case, then the direct correlation 
of the observed barriers with stereoelectronic effects at the 
metal becomes less straightforward. 

We have shown that k, = 2k2 for 1 (R = Me) while kl 
= k2 for 2 (R = Me). In mechanism I1 this arises from the 
different strengths of the agostic bonds to second- and 
third-row elements, although no direct thermochemical 
study of relative agostic bond strengths has yet been re- 
ported.G Hence, the barrier to o-elimination (&) and that 
to the formation of the 16-electron a-alkyl (AG*(diss)) are 
higher in the tantalum complex 2 (R = Me). Thus, 
mechanism I1 can readily account for our observations. In 
addition, the slower rates of exchange for the tantalum 
complexes may be accounted for in terms of the ground- 
state stabilization which arises from the stronger M-H 
bond strengths for the third-row metals over those for the 
second row.& 

There are other examples in the literature where the 
question also arises of whether slow rotation of an alkyl 
group involved in dynamic processes results from steric 
or agostic interactions. Thus, the dynamic NMR studies 
on the complexes [M(q-CH2CHCH2)3R] (M = Mo, W; R 
= Et, n-Pr, i-Pr), reported recently by Jolly and co- 

(45) We nota that studies of dissociation energies of T2-alkane from 
M(CO)5 (M = Cr, Mo, W) fragments have failed to show significant 
differences between Mo and W; see: Kang, G. K.; Vaida, V.; Peters, K. 
S. Polyhedron 1988, 7, 1619-1622 and references therein. 

(46) Cox, D. N.; Roulet, R. J .  Chem. SOC., Chem. Commun. 1989, 
175-176. 
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Exchange Processes in M q -  C&I,),(q-RCiY=CH2)Hl 
workerst' are relevant. The compounds were shown to 
have 8-agostic alkyl groups. For the isopropyl compounds, 
it was found that while the agostic hydrogen underwent 
rapid exchange with the other hydrogens of the agostic 
&methyl group even below 173 K, there was no observable 
exchange between the agostic methyl and uncoordinated 
methyl groups. Casey and Yi reported hydrogen scram- 
bling exclusively between the hydride and the proximal 
olefin hydrogens in the complexes [Re(q-CsHs)(CO)z(q- 
C2H3R)H]+ and proposed a mechanism involving in-place 
rotation in agostic alkyl intermediates which are not free 
to rotate about the R e 4 ,  bond.= Mulvey and co-workers 
have recently observed restricted rotation of the phenyl 
groups of ([PhC(H)NC(H)Ph]Na(PMDETA)) (PMDETA) 
= (Me2NCH2CH2)2NMe), a complex shown by X-ray 
crystallography to have an agostic ground-state structure.4 
S i l y  restricted rotation in a-agostic benzyl complexes 
of titanium has been noted by Serrano and co-w~rkers.~~ 

Conclusions 
We have shown that for the compounds 1 and 2 we can 

account for the obeervation that the stereochemistry of the 
metal centers, i.e. the inequivalence of the Cs rings, is 
maintained while there is observable exchange between the 
hydride and the methylene hydrogens by irivoking some 
mechanism for restricted rotation of the alkyl groups in 
the intermediates. We disfavor mechanism Ia on the 
grounds that there is no evidence for significant inversion 
barriers in the 16-electron bent metallocene alkyl inter- 
mediates. We note, however, that there is no direct evi- 
dence to distinguieh between steric restriction (mechanism 
Ib) and electronic (agostic) restriction (mechanism II). We 
disfavor mechanism Ib because the available data on ste- 
rically-induced barriers to rotation of the small a-alkyl 
group about the M-C, bond, which control the rate con- 
stanb, suggest them to be too low to account for the data. 
Further quantitative data on such rotation barriers are 
needed to clarify this issue. In mechanism I1 the alkyl 
groups in the intermediates are "tied down" by the metal 
center via agostic interactions. Once these interactions are 
broken, the alkyl groups are free to rotate and scramble 
the two Cs rings. Thus, we believe the proposal of agostic 
interactions (an electronic restriction) to be a more com- 
pelling explanation than that of interligand steric inter- 
actions. 

Having seen how agostic interactions can have a direct 
influence on stereochemistry in olefin-hydride systems, 
one might speculate on the possibility that agostic inter- 
mediatea may also participate in chemical processes. The 
possible role of a-agostic interactions in maintaining the 
stereochemistry of metal centers and thus determining the 
stereochemical outcome of reactions has been stressed by 
Cooper in the dissociative exchange of CH3CN in the 
tungsten complex [W($-C$I4OR*)(~C&)(NCCHdMe]+ 
(R* = CHPh(i-Pr))SO and by Bercaw in the stereospecific 
polymerization of propene catalyzed by the scandium 
complex [SC~(T~C~M~~)~S~M~,](H)] .sl Agostic alkyl in- 
termediates may also be involved in the classic carbonyl 
migratory insertion reaction. In particular, the remarkable 
configurational stability of the unsaturated acyl complexea 

(47) Berm, a, Holle, 9.; Jolly, P. W.; Mynott, R.; RomBo, C. C. Angew. 
Chem., Znt. Ed. Engl. 1986,25,565-557. Berm, R.; Brock, T. H.; Jolly, 
P. W.; Rufiuuka, A.; Schroth, 0. Polyhedron 1990,9,23-34. 

(48) And", P. C.; Mulvey, R. E.; Clegg, W.; Reed, D. J. Orgonomet. 
Chem. 1990,386,287-297. 

(49) Gomez-sal, M P.; Mena, M.; Royo, P.; Serrano, R. J. Orgonomet. 
Chem. 1988,368,147-169 and referencee therein. 
(60) McNally, J. P.; Cooper, N. J. J. Am. Chem. SOC. 1989, 111, 

(51) Piem, W.; Bercaw, J. E. J. Am. Chem. Soc. 1990,112,9406-9407. 
4600-4602. 
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which are proposed to be the intermediates might perhaps 
be due to agostic interactions. Although calculations by 
Hoffmann and other@ suggest that the metal center 
should be configurationally stable in some of the classic 
model systems, Carmona has recently reported the q2- - agostic acyl complex [Mo(MezNCS2)(PMeJ2(CO)(q2- 
COCH2H)].s2 We note that a number of closely related 
compounds are fluxional, undergoing reversible insertion 
at room tempera t~re .~~ It may be possible to test these 
ideas by examining deuterium isotope effecta in these 
systems. Experiments to this end are in progremM In 
addition, solid-state NMR studies aimed at obtaining 
direct evidence for in-place rotation are currently in 
progress. 

Experimental Details 
All preparations, manipulations, and reactions were carried out 

under an inert atmosphere of dinitrogen (<5 ppm of oxygen, <20 
ppm of water) using standard Schlenk tube and vacuum line 
techniques and using flame-dried glassware predried in an oven 
or in a drybox. Solutions were fiitered through filter sticlw 
equipped with glass microfiber filter disks predried at  >150 OC 
overnight. Dinitragen was purified by passage through a column 
containing BASF catalyst and 5-A molecular sieves. 

Solvents were predried over activated 5-A molecular sieves and 
then distilled from sodium-potawium alloy (petroleum ether (bp 
40-60 "C), diethyl ether, pentane) under an inert atmosphere of 
dinitrogen before we. All solvents were thoroughly deoxygenated 
by repeated evacuation followed by readmission of dinitrogen. 
All solvents, including [2&]benzene and [2H8]toluene for NMR 
samplea, were stored over sodium-potawium alloy in glass ampulea 
equipped with a Teflon stopcock (Young's). Solvents for NMR 
spectroscopy were transferred using pipets in the drybox. The 
solutions were then fitered through a plug of glass wool diredly 
into an NMR tube equipped with a PTFE stopcock which had 
been stored in an oven at >150 OC overnight and cooled under 
vacuum. A freshly prepared sample was used for each dynamic 
NMR experiment. 

The propene-hydride complexes [M(q-CsHs)2(q-CH8CH= 
CHJH] (M = Nb,u Ta@) were prepared as described. The ex- 
treme sensitivity of these Compounds cannot be overemphasized 
(we note that Teuben was unable to report analytical data for 
the niobium compounde), and exceptional care is required in their 
preparation and handling. The presence of water/oxygen is 
signaled for the niobium compound by the appearance of a 
blue/green color probably attributable to the formation of blue 
pox0  dimers." Thermal decomposition appears to be auto- 
catalytic; thus, the initial purity of the sample is crucial. 

[Nb(q-CsH~)2(C,Hs)(CO)] was prepared by the method of 
Bercawebe 

lH and l8C NMR spectra were determined at 300 and 75.4 MHz, 
respectively, using a Bruker AM-300 spectrometer with standard 
5- and 10" broad-band probes, respectively. Spectra were 
calibrated internally using the residual solvent ('HI or solvent 
( W )  resonances and are reported relative to tetramethyleilane 
(6 0 ppm). Two-dimensional NMR experiments were acquired 
using standard Bruker software and processed using the ASPECT 
3000 computer. Probe temperatures in variable-temperature 
NMR experiments were measured with an independently cali- 

(62) Carmona, E.; Sanchez, L.; Marin, J. M.; Poveda, M. L.; Atwood, 
J. L.; Prieeter, R. D.; Rodgem, R, D. J. Am. Chem. SOC. 1984, 106, 
3214-3222. 

(63) Carmona, E.; Contreras, L.; Poveda, M. L.; Sanchez, L. J. J. Am. 
Chem. Soc. 1991,113,4322-4324. 
(64) Cannona, E. Pereonal communication. 
(66) Klazinga, A. H.; Teuben, J. H. J. Orgonomet. Chem. 1980,194, 

309-316. 
(58) Klazinga, A. H.; Teuben, J. H. J. Orgonomet. Chem. 1978,167, 

413-419. 
(67) Kirillova, N. I.; Lemenovnkii, D. A.; Baukova, T. V.; Struchkov, 

Yu. T. Koord. Khim. 1977, 3, 1800. Green, M. L. H.; Hughes, A. K.; 
Mountford, P. J.  Chem. SOC., Dalton "ram. 1991, 1407-1416. 

(Sa) Threkel, R. 5.; Bercaw, J. E. J. Am. Chem. Soc. 1981, 109, 
2860-2669. 
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brated thermocouple immersed in the appropriate volume of 
toluene in an NMR tube before and after the experiments. The 
values given in the Tables are accurate to within *l.O "C. 

Phase-Sensitive 'E-% 2D Exchange (PSEXSY) NMR 
Experiments on 2 (R = Me). The standard pulse sequence 
Dl-r/2-&/2-Dh/2-FID for the phase-sensitive PSEXSY 
experiment using time proportional phase increment (TPPI) 
methods was used with a recycling time D1 = 1 8. The mixing 
time D9 was varied randomly by f25% between s c a m  by the 
computer to remove scalar &coupling effects-the number of 
transients per increment was greater than 16 to ensure that this 
variation was sufficiently random. A typical experiment required 
12 h. In each experiment 256 increments of 1K words each were 
recorded, giving a two-dimensional data matrix of 266K workds. 
The F1 dimension was zero-filled, but no zero-filling was applied 
in the F2 dimension, resulting in a transformed matrix of 1028K 
words. Rate constants from the volume intagrals of a larger data 
matrix of 4096K words obtained by zero-filling in both the F1 
and F2 dimensions were not significantly different. The diagonal 
peaks were phased to have negative intensities. Thus, transient 
nuclear Overhauser effecta would be expected to give cross peaks 
of positive intensities while chemical exchange would give 
cross-peaks having negative intensities. A PSEXY spectrum at 
a t e m p e r a h  where exchange is slow shows crow peaks of positive 
intensitiea which were barely detedable (<0.5% of the intensitiea 
of the diagonal peaks), suggesting that transient NOES can be 
ignored. Depending on their magnitude and sign, scalar coupling8 
give rise to cross peaks of both positive and negative intensities 
in the two-dimensional NMR spectrum. Such cross peaks, which 
can be expected to have unusual line shapes, were absent from 
the spectrum, suggesting that the effects of scalar coupling are 
either minimal or have been removed by the random variations 
in D9. 

The values of the magnetization transfer rate constants given 
in Table I are the mean and standard deviations obtained from 
at least seven experiments. The PSEXSY experiments were 
repeated at each temperature using different mixing times D9; 
typical values are 0.5,1, and 2 s at each temperature. The FID's 
in the two-dimensional data files were premdtiplied with shifted 
sine-bell-squared apodization functions (mild signal-to-noise 
enhancement) before the 2-D Fourier transform. Volume integrals 
of the diagonal and CMBB peaks were used as inputs for the m m  
program:m@' 

Multisite 'E NMR Spin Saturation Transfer Experi- 
ments, The method used was b a d  on the experiments d&bed 
by Hoffmann and Fodn.a* Thus, if the four exchanging sites 
in the propene hydride complexes are labeled H (hydride), Me 
(the ex0 methyl group), and CH, and CHb (the vinylic hydrogens), 
eq 1 can be written for the hydride, where M O O  is the equilibrium 
WAH)  -= 

Green et al. 

magnetization of the hydride, the M i s  are the magnetizations 
at  time t ,  and the rate constants refer to the forward processes 
denoted bv the direction of the arrow. For all mechanisms, 

. .. 

If the  resonances due to the methyl group and both the 
methylene hydrogens are saturated, then all the terms in M, other 
than that due to the hydride in eq 1 reduce to zero and we have 
eq 2. At the equilibrium state for three-site saturation dM,(H)/dt 
= 0, and we have eq 4. Thus, the ratio of the equilibrium 

(2) 

l / q ( H )  = 2km(H+CH) + km(H+Me) + l/Tl(H) (3) 

MJH)  MJH, 3 sites) M J H ,  3 sites) n(H)  

(LM,(H) MOW) MAHI -=--- 
dt TJH) s1(H) 

-1 .I \ I 

-2 4 
0 1 2 3 4 5 6 

us 
Figure 10. Typical plot of the '% magnetization transfer data 
recorded at  357 K. For details of the analysis, see the Experi- 
mental Section. 

magnetizations of the hydride with and without irradiation of the 
three other sites gives the ratio of the values of q(H) and Tl(H). 
Integration of eq 2 givw eq 5. C is a Constant whose value depends 

M,(H) = Mo(H)[C exp(-t/q(H)) + M J H ,  3 sites)] (5) 

on the mnditions at  t = 0. From eq 5 a plot of In [M,(H) - MJH, 
3 sites)] va time t gives a straight line with slope - ~ / T ~ ( H ) .  The 
value of Tl(H) can be calculated from the ratio shown in eq 4 and 
the sum of the rate constants from eq 3. 

To measure the individual forward rate constants, two of the 
four exchanging sites are saturated. Thus, if the resonances due 
to the methylene hydrogens are saturated, eq 1 reduces to eq 6. 

- 

kdH+Me) l  + MZ(Me)[k~(Me-.H)I (6) 
At equilibrium, dM,(H)/dt = 0, and substituting eqs 3 and 4 into 
6, we have eq 7. All the parameters in eq 7 except the rate 

constant can be experimentally determined; thus, it is possible 
to calculate km(Me-.H). Since by mass balance km(H-.Me) 
= 3 k d e + H ) ,  the value of k d H + C H )  can be calculated using 
eq 3. Further, if the resonances due to the methyl group and one 
of the methylene hydrogens are saturated, it is paeeible to calculate 
km(H+CH) from eq 3. Thb serves as a self-consistency check 
on the rate constants thus derived. 

Multiaite irradiations in the SST experiments were carried out 
by sequential low-power irradiation of the desired number of sites 
for 100-200 me with a switching time of 5 ma between sites 
(decoupler gated om. The total irradiation time was varied by 
cycling through the frequency list by the necessary number of 
times. The assumption is that, during the switching and irra- 
diation time of one site, there is insufficient time for the zeroed 
magnetization of the site(a) previously irradiated to recover sig- 
nificantly. Trial experiments showed that this assumption is 
reasonable: the relaxation of a saturated resonance during the 
switching and irradiation thee was less than 5%. This arises 
from the relatively long TI values (>1.5 8 )  of the hydrogens 
concerned. The plots of In [MJH) - MJH, 3 sites)] va t were 
anal* by standard least-squarea fitting procedures. Data from 
a typical experiment are shown in Figure 10. Values of l/rl(H) 
obtained from djfferent experiments at a given temperature agreed 
to within &7%. Six or aeven experiments were carried out at each 
temperature. 

There was no saturation transfer between the two Cs ring 
resonances of 1 (R = Me) at 313 K, thus allowing an upper limit 
of 1/9T1 or ca. 0.02 s-l to be estimated for km(Cp--Cp). 

(59) Abel, E. W.; Conton, T. P. J.; Orrell, K. G.; Qik, V.; Stephenson, 

(Bo) Abel, E. W.; Mom, I.; Orrell, K. G.; Sik, V.; Stephenson, D. J. 
D. J. Magn. Reson. 1986, 70, 34-53. 

Chem. SOC., Dalton Trans. 1987,2695-2701. 
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Exchange Processes in CM(11-C~~),(rl-RCH=CH2)HJ 
2.6 1 

2.4 

2.2 

20 

1.8 

1.6 

1.4 

1.2 
0 1 2 3 4 

tk 

Figure 11. Plot of In (M - M,) vs t for a typical data set from 
multisite spin saturation transfer experiments. For details of the 
analysis, see the experimental section. 

'F NMR Magnetization Transfer Experiments on 2 (R 
= Me). Magnetization transfer was examined by selective in- 
version. The selective r pulse was generated using the DANTE 
pulse sequence?' Mica l ly  a series of 40 4-re pulses, each 
separated by a l-ms delay, was used. Delays of between 1 pa and 
30 s were ueed between the selective I and the r / 2  read pulses. 
To minimize errors due principally to sample decomposition 
during an overnight run, the seta of measurements were obtained 
in blocks of four 8~8118. The spectra were stored on disk, and each 
new block was added at the end of each set of delays. This was 
done so as to give a final total of about 80 scans per delay. A 
microprogram was written to implement this procedure. It was 
not possible to de- the exchauge of the Cs rings in 2 (R = Me) 
by this technique at  363 K. Measurements were precluded by 
extensive sample decompoeition at 393 K. It is therefore possible 
to eatimate an upper limit of km(Cp--Cp) at 363 K as ca. 1/9Tl, 
or 0.02 s-'. For the ex0 methyl to methylene carbon exchange 
procew, the normal simplifying assumption that the Tl values 
of the two s ibs  are equal applies. 

For a two-site 
exchange in which we selectively invert one site, the magnetiza- 
tions in the two sitea at any given time, t, are denoted and a and 
b. These may be normalized by dividing by the magnetizations 
at infinite time. The magnetizations are governed by the modified 
Bloch equations: 

Data analysis was carried out as follows?2 

da 1 - = --(a -a,)  - (a - b)km 
dt Ti 

1 
dt 2'1 
e = - - ( b  - b,) + (a - b ) k m  

At  infiite time the normalized intensities are given by a, = b, 
= 1. Taking sums and differences, we have 

d(a + b)  1 - = -[2 - (a + b)]  
dt T1 

d(b - a )  
dt 

Thus, after integration a plot of In [2 - a - b] against magnetization 
transfer delay, t ,  gives a straight line with slope 41/Tlh Similarly, 
a plot of In [b - a] against t gives a straight line with gradient 
-[(l/Tl) + 2k]. A typical data set is plotted in Figure 11. 

(61) Morris, G. A.; Freeman, R. J. Magn. Reeon. 1979,29,433-462. 
(62) Campbell, I. D.; Dobeon, C. M.; htcliffe, R. G.; Williams, R. J. 

P. J .  Magn. Reson. 1W8,29,397-417. 
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Appendix: Determination of the Rate Constants 
for the Exchange Processes 

For an N-spin system, the Kubo-Sack matrix consists 
of an N X N array in which the off-diagonal elements are 
given by the rate constanta for magnetization transfer from 
site i to site j: 

Dij = kij 

and where the diagonal elements are given by 
D , = - C k i j  i # j 

In attempting to relate the measured rate constants to 
chemically meaningful rate constants, it is usually neces- 
sary to factor out a chemical (or exchange) rate constant, 
which corresponds to the rate constant for the chemical 
event, kchem, be this a restricted rotation, an insertion, or 
simply a libration, which results in the observed magne- 
tization transfer. When this has been done, the individual 
matrix elements simply represent the probability of spins 
in site i being transferred to site j .  

In the case of a system in which concurrent rate pro- 
cesses operate, it is necessary to separate the overall K-S 
matrix into a series of submatrices, each of which refers 
to a separate exchange process. 

Thus, in the propene hydride system, we may view the 
two rate processes as being composed of in-place rotation, 
kl, and the isopropyl rock, kz. Constructing the Kubo- 
Sack matrices for the two cases, we obtain 

a 

Hence, the measured rate constant km(CH3-H) is related 
to k2 by 

~,T(CH~+H) = '/sk2 
Measurement of km(CHS+H), is therefore, a direct 
measure of k2. 

On the other hand, km(H+CH) is given by 
km(H+CH) 73kl + '/sk2 

Hence 

A more detailed discussion of these ideas together with a 
simplified method for extracting the individual elements 
of the Kubo-Sack matrix wil l  be presented elsewhere.% 

Registry No. exo-1 (R = Me), 75599-42-7; endo-1 (R = Me), 
75576-71-5; exo-2 (R 5 Me), 68680-01-3; endo-2 (R = Me), 
68586-68-5. 
OM910669W 

kl = [3km(H+CH) - 3km(CHS-+H)] 
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