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The mechanistic understanding of rhodium-catalyzed asym-
metric hydrogenation of prochiral enamide substrates is impres-
sive.! Both Halpern and Brown have amply demonstrated that
dihydrogen (H,) reacts faster with the thermodynamically
disfavored (minor) diastereomeric catalyst—substrateadduct than
with the favored (major) one, but thereason why remains unclear.
Current rationalizations (based on molecular mechanics calcu-
lations)? suggest that steric interactions alone control both the
thermodynamic diastereomeric ratio of enamide complexes and
their relative reactivities with H,. Here we use 193Rh NMR
chemical shifts todemonstrate an electronic difference at rhodium
between such diastereomers, and we suggest that the crucial H;
addition step may be electronically controlled.

103Rh chemical shifts were measured on a Bruker AM-400-
WB spectrometer using 2D (31P,193Rh)-{'H] reverse correlation
techniques.> The pulse sequence used features a two-fold
coherence transfer and indirectly detects relatively insensitive
193Rh nuclei via more sensitive J-coupled P nuclei.* The
significant gain in sensitivity compared to direct !Rh mea-
surement allows the observation of both diastereomers for SS-
dipamp and SS-chiraphos enamide complexes.’

All enamides and complexes were prepared as previously
reported,$ except for the ters-butyl ester 2.7 All samples (0.1 M
in methanol-d,) were measured at 300 K in 5-mm tubes sealed
under vacuum. Results are collected in Table I. All §(*9Rh)
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Figure 1. 2D (%'P,19Rh)-{!H}-Correlation spectrum for [(methyl (Z)-
a-N-acetamidocinnamate)Rh(SS-chiraphos)]*. The spectrum was ac-
quired with an 8-kHz spectral window in F using 512 (word) X 1K data
points in F) and F, respectively. The appropriate 3P window and J(Rh-
P) were determined from 1D *P-{'H} spectra (see supplementary
material). 64 FID were collected in each of the 512 traces in F). Prior
to Fourier transformation, the data in ¢, were zero-filled and weighted
with a shifted sine-squared function.

values are reported relative to Z(1%Rh) = 3.16 MHz® Figure
1 shows a spectrum of the chiraphos complex of 1 (measured in
CD.Cly).?

For achiral diphos complexes, a change in the enamide
carboxylate functional group from methyl to tert-butyl to H has
little effect on §(1%3Rh) (cf.entries 1,2,and 3). Likewise, changing
the amide functional group from N-acetyl to /V-benzoyl has only
a modest effect on §(19°Rh) (cf. 3 and 4), suggesting that such
steric perturbations have little effect on the rhodium. Substitution
at the para position on the phenyl ring attached to the 8-carbon
of the enamide substrate markedly affects (13 Rh). Anelectron-
donating group (p-OH) shields the rhodium nucleus (cf. 4 and
5), while an electron withdrawing group (p-NO,) deshields the
rhodium nucleus (cf. 4and 6). These trends for the achiral diphos
complexes hold for the diastereomeric SS-chiraphos and SS-
dipamp complexes.

8(19Rh) of each major diasteromer appears at lower frequency
(more shielded) than 8(*9Rh) of the corresponding minor
diastereomer for the S'S-chiraphos and SS-dipamp complexes,
reflecting a consistent electronic difference at rhodium between
the major and minor diastereomers. This trend may be understood
via the paramagnetic shielding term, a,.1% The observed 1%Rh
shielding variations are determined by, inter alia, the size of the
metal valence orbitals, (73), and this factor decreases (rincreases)
for the major diastereomer because of better overlap between
ligand and metal-based valence orbitals.3>sd Because of the
negative sign of ¢, this implies a shift to lower frequency.

Several theoretical studies have discussed how ligand electronic
factors control the regio- and stereoselectivity of H, addition to
model d® square-planar complexes.!! The electronic barrier for
H, addition to such complexes is a two-orbital, four-electron
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Table I 193Rh Chemical Shift Data for [(enamide)Rh(L~-L)]C1O4 Complexes (all 5(12Rh) values are =1 ppm)

Enamide

diphos®

SS-chiraphos®  $S-dipamp*

CO,CH,

1 — +340
NHCOCH;

CO,C(CHjy)3

2 - +304

NHCOCH,
CO,H

8 C(g*NHCOCH3 +315

CO,H

4 O=< NHCOCH, +310

COH

5 )cr_< NHCOCH, *271

HO
CO,H

6 Q_< NHCOC(H; 4%

O,N

minor: +428  minor: +727
major: +250 major: +630

minor: +274  minor: +850
major: +241 major: +560

minor: +401  minor: +675
major: +241 major: +590

minor: +369  minor: +677
major: +233 major: +569

minor: +346 minor: +538
major: +212 major: +491

minor: +584  minor: +1032
major: +339 major: +785

s Diphos: 1,2-bis(diphenylphosphino)ethane. » SS-Chiraphos: (2S,3S)-bis(diphenylphosphino)butane. ¢ SS-Dipamp: S,S-(1,2-bis(phenyl-o-

anisoyl)phosphino)ethane.
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Figure 2. Possible modes of H, addition to cis-diphosphino Rh(I)
complexes containing donor /acceptor ligands. Left, disfavoredapproach;
right, favored approach.

repulsion between a filled, metal-based, d,z-like molecular orbital
and the incoming filled H, o-molecular orbital. The enamide
complexes here are electronically similar to the model complexes
studied theoretically, in that H, may add coplanar to P-Rh and
a w-donor ligand (D), the conjugated amide carbonyl, or coplanar
to P-Rh and a donor/acceptor ligand (A), the olefin (Figure 2).

By analogy to ref 11, addition parallel to the metal-oxygen
bond will destabilize a five-coordinate transition state while H,
addition parallel to the metal-olefin axis should be favored. Such
kinetic stereospecificity has already been demonstrated for H,
addition to a closely related [(RR-dipamp)Ir(olefin-amide)j*
analog.1? Electron-withdrawing groups attached to the olefin
should also enhance H, addition in the plane containing the
rhodium and olefin, and it has been observed that electron-
donating groups (attached to the 8-carbon of enamide substrates)!3
decrease reactivity, while electron-withdrawing groups (attached
to the a-carbon of enol acetates)!4 increase the overall rate and
in some cases the enantiomeric excesses!s in catalytic asymmetric
hydrogenation.

Based on the large rhodium shielding differences, we suggest
that the major diastereomer in each diastereomeric pair is both
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magnetically more shielded and less reactive toward H, relative
to its corresponding minor diastereomer because the substrate
(enamide) ligand of the major diastereomer acts as a better
electron donor (via both its amide carbonyl electrons and its olefin
w-electrons), which augments the key two-orbital, four-electron
repulsion. Inother words, theincreased shielding of the transition
metal appears toindicate stronger bonding of the substrate, which
in turn renders the metal less reactive toward adding another
ligand.16

In conclusion, transition metal chemical shifts provide unique
insight into the electronic environment surrounding the metal in
organometallic complexes.!” Infavorablecases,direct correlations
between chemical shifts and reactivity are possible, as was already
demonstrated for rhodium,!®e cobalt,!8®* and manganese com-
plexes. i8¢
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