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Abstract: The potential energy surface for the [RR{)-Me-DuPHOS)T -catalyzed asymmetric hydrogenation

of a prochiral enamideq-formamidoacrylonitrile, has been computed using a three-layer hybrid quantum
mechanics/molecular mechanics method (ONIOM). The bond-breaking and bond-forming region is modeled
using a nonlocal density functional method (B3LYP), whereas HF theory and molecular mechanics (UFF) are
used to describe the electronic and steric impact of the outer coordination sphere of the catalyst. Intermediates
and transition states were calculated along four isomeric pathways of two diastereomeric manifolds. The starting
point for each manifold is a square planar catahestamide complex. Binding of thee enantioface of the
enamide to the catalyst generates the more stable, major diastereomer, favored by 3.6 kcal/mol over the minor
diastereomer, which has tls¢face bound. However, the net free energy barrier for the reaction is 4.4 kcal/
mol lower for the minor diastereomer than for the major diastereomer, making the minor diastereomer
considerably more reactive and reproducing the “anti-lock-and-key” behavior observed experimentally in
rhodium-catalyzed asymmetric hydrogenations. The difference in transition-state energies corresponds to an
enantiomeric excess of 99.99%)( within the range of experimental enantioselectivities of [RE-Me-
DuUPHOS)T hydrogenations. The stability and reactivity differences of the two diastereomers are explained
using simple steric and electronic arguments. The sequence of elementary steps, as well as the relative orderings
of intermediates and transition states, is very similar to that found in our previous work on the achiral model
system [Rh(PH).(a-formamidoacrylonitrile)}. We find oxidative addition to be the turnover-limiting step of

the catalytic cycle. Our results are consistent with available empirical data for rhodium-catalyzed asymmetric
hydrogenations, although more detailed experimental studies are needed on the specific model system studied
herein.

I. Introduction exhibit enzyme-like activities and selectivities for a wide variety
of substrates. Commercial applications of catalytic asymmetric
hydrogenation, such as the syntheses of L-DOP&andox-
atril,’6 and Metolachlo®’ illustrate the practical significance
of modern asymmetric catalysts.

Detailed mechanistic studies of the [Rh(DIPAMPYata-
lyzed hydrogenation of acetamidocinnamates performed by
Brown and co-worke#§2! and by Halpern and co-worké#s?2-25
revealed the underlying sequence of steps by which [Rh(chiral
diphosphine)} catalysts transform enamides into chiral amino
acid derivatives. Although the proposed sequence of reaction
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Highly selective catalysts are revolutionizing asymmetric
synthesis. The invention of enantiospecific, Rh-based catalysts
for the homogeneous hydrogenation of prochiral enamides in
the early 1970s initiated intense efforts toward the discovery
of new, more effective catalysts and the elucidation of the
reaction mechanisit.® New diphosphine ligands, such as
DuPHOS 11 and PENNPHOS?214 have led to catalysts that
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Figure 1. General mechanistic scheme for asymmetric hydrogenation. Question marks indicate uncharacterized steps and intermediates.

steps (binding of alkene followed by oxidative addition of Scheme 1

hydrogen, then proceeding to product via migratory insertion +
and reductive elimination) is well precedented, these studies Py cpasoa
.. « . » . H \I MeOQC
revealed a surprising “anti-lock-and-key” motif. Whereas the Meo,c N N
majority of the catalyst binds to one particular alkene enantio- I \[(Jf He — Pf’ 0% Y
. . . —P* = chiral diphosphine
face, hydrogenation of the opposite enantioface leads to the O &™) 95°¢, methanol, 4 hours
hydrogenated product. Ph
B . B . 100% chemical yield
Advances in computing power and techniques in the past > 99% enantiomeric excess

decade have made it possible to study large chemical systems

at increasingly high levels of theory. Ten years ago, computa- on the reaction pathways, and described a model for understand-
tional investigations of asymmetric hydrogenation catalysts were jng the unusual B HD, and B kinetic isotope effects. However,
limited to molecular mechanics (MM) investigations. Two early  this work falls short as a model for asymmetric catalysis because
MM investigations by Brown and Evaffsand Bosnich et &’ it is achiral and PHlis an unrealistic ligand model. In this paper,
suggested a common steric model for the origin of enantio- e report the full characterization of the catalytic cycle for the

selection in enamide hydrogenation, but a subsequent study from{Rh(DuPHOS)}-catalyzed hydrogenation of-formamidoacry-
this laboratory using a more sophisticated MM method cast |onitrile using a three-layer ONIOR model.

doubt on that steric modé}. Two recent developments make
the computations reported in this paper possible: the demonstrail. Background
tion that hybrid density functionals efficiently model the
guantum mechanics (QM) of organotransition metal comptéxes
and the rise of easily implemented QM/MM hybrid methégis.
Recently, we reported density functional theory (DFT) results
for the hydrogenation of a small model substratefdgrmami-
doacrylonitrile) with an achiral catalyst, [Rh(R)z ©.3! In that
work, we verified that computations reproduce the structures
and sequence of intermediates determined from experiment,
identified molecular H complexes and metal dihydrides as
intermediates in the catalytic cycle, discovered the critical role
played by the kinetics of molecular hydrogen complex formation

A generic enantiospecific dehydroamino acid hydrogenation
is shown in Scheme 1. Commonly the Rh catalysts are ligated
by a chiral diaryl phosphine ligand (DIPAMPCHIRAPHOS3*
BINAP,” etc.) or a bis(cyclophosphine) ligand (DuPH&®$!
PENNPHOS?-14), The reaction conditions are mild: common
temperatures are between 0 and®6Q hydrogen pressures span
0—100 atm, and a variety of solvents may be used (most
commonly methanol). In general, the bis(cyclophosphine) ligated
catalysts are faster, more selective, and more versatile than
catalysts ligated by aryl phosphine ligands. Figure 1 illustrates
the overall mechanism as determined for the [Rh(DIPAMP)]

(26) Brown, J. M.; Evans, P. LTetrahedron198§ 44, 4905-4916. catalyzed hydrogenation of methytacetamidocinnamafté.?®
14é%7_)1iggfja”' P. L. Irwin, J. J.; Bosnich, Birganometallics1989 8, The catalytic cycle consists of two coupled diastereomeric

(28) Giovanetti, J. S.; Kelly, C. M.; Landis, C. R. Am. Chem. Soc. ~ manifolds, with the majority of the catalyst 0%) accumulat-

1993 115 4040-4057. ing in the major manifold ag@ma. However, it is the reaction
(29) Koch, W.; Hertwig, R. H. InEncyclopedia of Computational
Chemistry Schleyer, P. v. R., Ed.; John Wiley & Sons: Chichester, 1998; (32) Svensson, M.; Humbel, S.; Froese, R. D. J.; Matsubara, T.; Sieber,

Vol. 2, pp 689-700. S.; Morokuma, K.J. Phys. Chem1996 100, 19357-19363.

(30) Maseras, F. Ifopics in Organometallic Chemistridrown, J. M., (33) Vineyard, B. D.; Knowles, W. S.; Sabacky, M. J.; Bachman, G. L.;
Hofmann, P., Eds.; Springer-Verlag: Berlin, 1999; Vol. 4, pp 1691. Weinkauff, D. J.J. Am. Chem. S0d.977, 99, 5946-5952.

(31) Landis, C. R.; Hilfenhaus, P.; Feldgus, JSSAm. Chem. S0d.999 (34) Fryzuk, M. D.; Bosnich, BJ. Am. Chem. Sod.977, 99, 6262~

121, 8741-8754. 6267.
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Figure 3. Catalyst and substraté)(used in this study, and our cartoon
representation of the initial catalyssubstrate complex.

of 2min that accounts for the vast majority of hydrogenated
product; i.e., catalysis follows an anti-lock-and-key motif.
Spectroscopic studies by Brown, Burk, and Armstrong have
established a similar reactivity pattern for diastereomers of [Ir-
(DUPHOS)(methyki-acetamidocinnamate)p®

Kinetic and spectroscopic studies by Landis and Halpern
demonstrated that Hs involved in both the turnover-limiting
and enantiodetermining step of the [Rh(DIPAMR}jatalyzed
enantioselective hydrogenation of dehydroamino a&idshe
overall reaction rate is first-order insHtoncentration (at least
at low H, concentrations). At least three mechanistic pathways
(Figure 2) are consistent with the existing d#ft41) enantio-
determining and turnover-liming oxidative addition of té the
enamide-catalyst adduct, yielding a dihydride intermediate; (2)
direct addition of H to the enamide catalyst adduct to form a
metal alkyl hydride in a concerted fashion; and (3) reversible,
endergonic addition of Hto the enamidecatalyst adduct,
followed by turnover-limiting insertion of the alkene into a
metak-hydrogen bond to form a metal alkyl. Our previous DFT
investigations of the achiral [Rh(R)]™* catalyst supported the
third scenario and were incompatible with the second.

Shedding light on the detailed mechanistic pathway of the
catalytic asymmetric hydrogenation of dehydroamino acids
requires a more realistic model system. Herein we report the
full reaction surfaces for the [RHR(R-Me-DuPHOS)t-
catalyzed hydrogenation offormamidoacrylonitrile {) (Figure
3) computed using the ONIOM meth&dio simulate a gas-
phase reaction. A preliminary report of this work has already
been published’

(35) Armstrong, S. K.; Brown, J. M.; Burk, M. Jetrahedron Lett1993
34, 879-882.

(36) Landis, C. R.; Brauch, T. Wnorg. Chim. Actal998 270, 285—
297.

Feldgus and Landis

[ll. Computational Methods

Model System.We used the fullR,R-Me-DuPHOS ligand as seen
in Figure 3 for our calculations. To reduce the computational load, we
used a model enamide;formamidoacrylonitrile {), which contains
a nitrile substituent on the-position instead of the more traditional
ester group. Knowles and co-workers previously found that hydrogena-
tion of a-acetamidocinnamonitrile occurs with an enantiomeric excess
(ee) comparable to that of methyl acetamidocinnamate using the
DIPAMP catalys€? thus demonstrating that nitrile-substituted enamides
are appropriate models of the more common ester-substituted enamides.
Preliminary computations involving carboxylic acid-substituted ena-
mides further support this argument and will be the subject of a future
publication.

ONIOM Details. The three geometry layers of the ONIOM
calculation are shown in Figure 4. The core layer contains the reactive
part of the catalyst system: the enamide, an ethylene-bridged diphos-
phine ligand (with hydrogens replacing the phospholane rings), rhodium,
and the dihydrogen molecule (not shown in Figure 4). For this layer
we use density functional theory (DFT), with Becke's three-parameter
hybrid functional (B3)® and the Lee, Yang, and Parr correlation
functional (LYP)3® The B3LYP method has shown accuracy compa-
rable to that of sophisticated post-Hartrdeock (HF) methods in
transition metal studie¥:*° The intermediate layer includes the
phospholane rings, without the methyl groups, and is treated with HF
theory. The outer layer consists of the entire system and is modeled
with the universal force field (UFF) molecular mechanics mettod.
An attempt to use a two-layer ONIOM, by treating the intermediate
layer with UFF instead of HF, failed to reproduce critical aspects of
crystallographic structures, particularly the-Rh—P angle. Interest-
ingly, UFF by itself reproduces the proper-Rh—P angle, as does a
full DFT optimization on the core.

All ONIOM calculations were performed with Gaussiarf9&ew
atom types were needed to complete the Gaussian98 UFF force field,
which could not accommodate coordinated olefins or square planar
Rhodium complexes. Small UFF errors in the core are canceled in the
ONIOM scheme; however, large errors can thwart the optimization,
hence the need for additional atom types. Torsional contributions
involving rhodium were set to zero. The Supporting Information
contains all the code changes to Gaussian.

Geometry Optimization and Energies.ONIOM calculations are
denoted by (High:Medium:Low), where High is the level of theory on
the core, Medium is the level on the intermediate system, and Low is
the level on the large system. All intermediates and transition states
were initially optimized using (B3LYP/LANL2DZ:HF/LANL2MB:
UFF), where LANL2DZ is the doublé-quality, Hay and Wadt basis
set for the valence and penultimate shells, with effective core potentials
(ECPs) at rhodiurif and phosphoru¥,and a Dunning/Huzinaga full
double¢ basis on C, H, N, and @.LANL2MB is the same collection
of effective core potentials, but with the minimal STO-3G b#sim

(37) Landis, C. R.; Feldgus, 8ngew. Chem., Int. ER00Q 39, 2863~
2866.

(38) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(39) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(40) Brown, J. M.; Hofmann, POrganometallic Bonding and Reagti
ity: Fundamental StudiesSpringer-Verlag: Berlin, 1999.

(41) RappeA. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A., Ill;
Skiff, W. M. J. Am. Chem. S0d.992 114, 10024-10035.

(42) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J., J. A,
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J.Gaussian 98, Résion A.G
Gaussian, Inc.: Pittsburgh, PA, 1998.

(43) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.

(44) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 285-298.

(45) Dunning, T. H.; Hay, P. J. I'Modern Theoretical Chemistry
Schaefer, H. F., Ed.; Plenum: New York, 1976; Vol. 3, p 1.
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Intermediate Large
Figure 4. three different layers of the ONIOM calculation, shown hereNBN . Link atoms are shown in bold.

C, H, N, and O, and a minimal basis set on the valence and penultimate:;)a,t\’/:ZJl'+Igflug(ggﬁggl?aSis Set Il on Electronic Energies Relative
shells of rhodium and phosphorus. This level of theory will be referred 2
to as basis | throughout this paper. For all structures, single-point  structuré basis I/basis |  basis ll/basis |  basis ll/basis Il

energies were calculated using more sophisticated basis sets and N +H, 4.4 4.5 4.6
effective core potentials from the Stuttgart group. The ECPs replaced |p-a ~0.7 —0.6 ~0.2
28 core electrons on rhodium and 10 on phosphorus. The Stuttgart ||D-A * 6.6 8.0 6.0
valence basis sets used the following contraction schemes: (311111/ 1ID-A2 5.4 6.1 6.0
22111/411) for rhodiuff and (31/31) for phosphord&One d function IID-A2 ¥ 8.2 9.5 9.7
with an exponent of 0.34 was added to phosphétusl other atoms MOLH A 6.7 5.7 5.2
used the 6-31G(d,p) basis $&t33 This level of theory, written in MOLH ,-A* 13.6 10.1 8.7
ONIOM notation as (B3LYP/Stuttgart:HF/LANL2MB:UFF), will be DIHY-A 5.3 5.7 5.7

DIHY-A o 10.1 5.9 5.9

referred to as basis Il throughout this paper.

Geometry reoptimizations with basis Il were performed for all the ﬁtﬂ¥2 g¢ __12?3 __2(2)2 __25?
structures along the most reactive pathway of each diastereomeric PROD-A —28'.0 —28'.9 _29'.2
manifold (A) and some additional structures that displayed anomalous jiq.4 3.2 3.9 4.0
transition-state energies. In most cases, the difference in relative energy jig-a* 4.0 4.7 4.9
between a basis Il energy on a basis | geometry (basis ll/basis 1) and molh,-a 21 0.5 0.1
a basis Il reoptimized structure (basis Il//basis Il) was less than 0.5 molh,-b/d 11.6 12.6 10.4
kcal/mol; in a few cases there was an energy lowering-62 kcal/ molhy-b* 15.2 11.6 12.0
mol (Table 1). The geometries of the reoptimized structures were aimost molhp-d* 11.0 12.2 12.7
identical to their basis | counterparts, with the exception of the-Rh molh,-a* 9.5 4.1 4.4
bond lengths, which were closer to the experimental values (see section dihy-a 4.4 1.8 12
. dlhy-aa* 6.6 2.0 2.2

No symmetry or internal coordinate constraints were applied during Z:Ezzgmns; :g; :ﬁé :gg
optimizations. All reported intermediates were verified as true minima alhy-a;ns _21'.7 —23:6 —24:8
by the absence of negative eigenvalues in the vibrational frequency alhy-ao’* -38 —48 —48
analysis. Transition-state structures (indicated)owere located using prod-a —27.7 —286 _28.9

the synchronous-guided quasi-Newton method (STQN) until the Hessian

matrix had only one imaginary eigenvalue. ONIOM does not currently ~ *Acronyms are described in text.

support intrinsic reaction coordinate calculations, so the identity of most

transition states was confirmed by animating the negative eigenvector V. Computational Results

coordinate with a visualization program. When the mode was ambigu-

ous, the structures were optimized (basis I) to minima in both directions ~ A. Overview of the Reaction Mechanism.The catalytic

along the negative eigenvalue coordinate. cycle computed for [Rh(Me-DuPHOS)(enamidehilydrogena-
Approximate free energies were obtained through thermochemical tion is similar to that calculated for the achiral system, [Rh-

analysis of the frequency calculation, using the thermal correction to (PHg),(enamide)j.3? The elementary steps of the cycle, the

Gibbs free energy as reported by Gaussian98. This takes into accounjgcation of large barriers, and the relative energetics of

zero-point effects, thermal enthalpy corrections, and entropy. All intermediates and transition states are nearly identical for both

energies reported in this paper, unless otherwise noted, are free energiegyira| and achiral model systems. Both the chiral and achiral

at 298 K, usmg_unscalec_j frequencies. All transition states are maxima systems follow this sequence of elementary steps:

on the electronic potential energy surface. These may not correspond ) o - .

to maxima on the free energy surface, and in fact, several transition 1. Formation of a square-planar cationic [Rh(bisphosphine)-

states have a lower free energy than their corresponding intermediates(enamide)] adduct complex.

Reoptimization with basis Il often solves this problem. We did not 2. Addition of hydrogen to give a weakly bound isimduced

attempt to correct the free energy for hindered internal rotafibns. dipole species, denoted in this paperi@ and in the achiral

system asSQPL.

(46) Hehre, W. J.; Stewart, R. F.; Pople, J.JAChem. Physl969 51,

2657-2664. 3. Further addition of hydrogen to give stable five-coordinate
(47) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preus3Heor. molecular hydrogen complexeMIQLH »).
Chim. Actal99Q 77, 123-141. o Iy . .
(48) Bergner, A.; Dolg, M.; Kuenchle, W.; Stoll, H.; Preuss, Mol. 4. Oxidative addition of hydrogen to generate a six-coordinate,
Phys.1993 80, 1431-1441. pseudo-octahedral dihydride complexiEY ).

(49) Huzinaga, SGaussian Basis Sets for Molecular Calculatipns

Elsevier: Amsterdam. 1984 5. Migratory insertion of an olefin carbon into a Rkl bond

(50) Ditchfield, R.; Hehre, W. J.; Pople, J. &. Chem. Physl971, 54, to form a five-coordinate alkyl hydrideALHY ).
724-728. ; Finati ;
(51) Hehre, W. J.: Ditchfield, R.: Pople, J. & Chem. Phys1972 56, 6. Reductive elimination of eH_from the alkyl hydride to
2957-2261. produce the alkane product, coordinated to the cata®RROD).
(52) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213-
222. (54) Benson, S. WThermochemical Kineticdohn Wiley & Sons: New

(53) Hariharan, P. C.; Pople, J. Mol. Phys.1974 27, 209-214. York, 1968.
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Our model does not include displacement of the alkane corresponding to the stability of the catalyghamide com-
hydrogenation product from the catalyst nor association of plexes MAJ andMIN ) formed in step 1. There are eight cis-
substrate. Both of these processes involve substantial participaaddition pathways of hydrogen to the catatyshamide com-
tion by solvent and/or the counterion and are not easily modeled. plexes, as shown in Figure 5. We denote these pathwags as

This computed sequence of elementary steps agrees withB, C, D, a, b, ¢, andd, using uppercase letters for the major
previously published proposals on the mechanism of Rh(l)- manifold and lowercase letters for the minor manifold. We
catalyzed asymmetric hydrogenatibh!®25 For the DUPHOS include an additionad or 5 designation for alkyl hydrides and
system, this cycle occurs along two diastereomeric manifolds, their transition states, to distinguish between the formation of
corresponding to binding of the or thesi face of the olefin to Rh—C bonds at thec and carbons of formamidoacrylonitrile.
the catalyst. In keeping with the nomenclature of Landis and  Figure 6 shows the free energy surface for both diastereomeric
Halpern?> we label the two manifolds MAJOR and MINOR, manifolds along all eight isomeric pathways. Figures 7 and 8
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alhy-ac
-11.53 +6.52

Figure 7. Optimized geometries and free energies in kilocalories per mole (at the basis Il/basis Il level) for the reactive pathway on the minor
manifold. The phospholane rings and the rest of the benzene backbone are removed for clarity.

depict the optimized structures along the reactive pathway for in the calculated structures. Reoptimizing with basis Il shortens
the minor @) and major A) manifolds, respectively. All three  all phosphorus bond lengths, with the largest deviation from
figures report free energies in kilocalories per mole; we define empirical data being 0.06 A. Use of basis Il also significantly
the energy oMAJ + H» (infinitely separated) to be O kcal/  improves the RRP—C angles of the coordinated DuPHOS
mol. The electronic energies for all structures are given in Table ligand.
2. Cartesian coordinates and additional energetic details for all The MAJOR catalystenamide diastereomer is 3.6 kcal/mol
structures can be found in the Supporting Information. lower in energy than the MINOR, corresponding toMAJ :

B. Structures and Energetics of Rh-Alkene Complexes. [MIN] ratio of 500:1 at 298 K. A3?P NMR study of [(S,3-
Three [Rh(enamide)(diphosphine)rystal structures have been Me-DuPHOS)Rh(methyk-acetamidocinnamate)jvas unable

published over the last 21 years: [Rh(DIPHOS)(met&@/d- to detect any minor diastereon®rindicating its equilibrium
acetamidocinnamate)](BF?2 [Rh((S,S)CHIRAPHOS)(ethyl concentration to be less than 1%, consistent with our calculated
(2)-a-acetamidocinnamate)](CK¥2 and [Rh(R,R-DIPAMP)- values. The primary structural difference between the two
(methyl @)-B-propyl-a-acetamidoacrylate)](B§*> (CHIRA- diastereomers lies in the identity of the olefinic carbon in the
PHOS= 2,3-bis(diphenylphosphino)butane; DIPAMP 1,2- Rh—diphosphine plane. The major diastereomer hasithar-

bis(phenyle-anisylphosphino)ethane). One crystal structure bon very nearly in the RRP—P plane ¢, 9.3 out of planejs,
containing Me-DUPHOS has been published: [(cyclooctadiene)- 31.3 out of plane), whereas the minor diastereomer has the
Rh((S,9-Me-DuPHOS)](SbE).1° Structural data for the catalyst p-carbon in the planeo 15.1° out of plane;3, 5.1° out of
enamide complexesMAJ, MIN) are collected alongside plane). The disposition of the-carbon inMAJ is consistent
empirical structural data in Table 3. The calculated lowest with the three known crystallographic structures of enamides
energy conformation of the DUPHOS ligand is shown in Figure bound to [Rh(bisphosphin€)kores (each corresponding to the
9. The calculated bond lengths and angles show reasonablenore stable diastereomer/conformer). Angles made by the
agreement with experimental data. The-FHhbond trans tothe ~ Rh—C vector and the PRh—P plane are as follow:
coordinated olefin is longer than the RR bond trans to the

; ; ; ligand Rh-Ca (°) Rh—CB (°)
eoordlnated amide .carbonyl, reproducmg the expected trans CHIRAPHOS? Py 216
influences of these ligands. The largest discrepancies appear in DIPAMPSS 55 220
Rh—P and P-C bond lengths, which are up to 0.14 A too long DIPHOS2 28 181

(55) McCulloch, B.; Halpern, J.; Thompson, M. R.; Landis, C. R. )
Organometallics199Q 9, 1392-1395. There are several other notable differences between the com-
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IID-A* IID-A2

195E

ALHY-Ao* ALHY-Aq*
+17.63 -8.71 +8.92

Figure 8. Optimized geometries and free energies in kilocalories per mole (at the basis Il/basis Il level) for the reactive pathway on the major
manifold. The phospholane rings and the rest of the benzene backbone are removed for clarity.

puted structures oMAJ and MIN . The Rh-C, distance is
slightly longer inMAJ (2.177 A inMAJ vs 2.140 A inMIN ),
whereas the RRCy distance is considerably longer MIN
(2.095 vs 2.205 A). In both cases, the out-of-plane carbon has
a shorter bond to rhodium. The~C bond distance is longer
in MAJ (1.434 vs 1.407 A). The RhP bonds inMAJ are
slightly longer than those iMIN (2.264 and 2.314 vs 2.281
and 2.337 A), with shorter bonds for the phosphorus atoms trans
to C=C. Overall, Rh-olefin binding in the major diastereomer
appears stronger, with considerably more Rholefin back-
bonding (more metallacyclopropane character), than in the minor
diastereomer. The lowest energy phospholane ring conforma-
tions of the DUPHOS ligand are the same for both diastereomers.
C. Formation of lon—Induced Dipole (IID) Complexes.
The initial addition of B to the cationic catalystenamide
complex occurs with very small changes in geometry and
energy. Formation of all initiallD complexes is slightly &
exothermic (ca— 0.6 kcal/mol at basis | and basis Il levels) Figure 9. Structural drawing of R,R)-Me-DuPHOS ligand, showing
but considerably endergonic{4 kcal/mol), due to the partial  the lowest energy conformation of phospholane rings.
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Table 2. Relative Electronic Energies (kcal/mol) for Minor (Left) D. Conversion of lon—Induced Dipole Complexes into

and Major (Right) Manifolds, Relative thAJ + H" Molecular H, (MOLH ) Complexes A striking feature of our
MIN +H, 4.57 MAJ + H; 0.00 study of the achiral [Rh(Pyk]™ catalyst was the existence of
iid-a/b 3.97 IID-A/B —0.18 stable five-coordinate molecular hydrogen complexes that
lid-c/d 3.94 ID-C/D —0.39 exerted a profound influence on the reactivity of certain
::g:ﬁ* zg'ig ”B:ﬁz g:gg pathways. Similar qualitative and quantitative results are found
iid-c* 6.49 IID-A2 * 9.67 from ONIOM computations of the [Rh(DuPHOS)Eatalyst.
iid-d¥ 18.98 IID-B* 19.97 The six diastereomeric molecular hydrogen compounds exhibit
molhz-a 0.13 IID-C* —0.07 trigonal bipyramidal geometry, each with the electronegative
molh-b/d 10.44 liD-D* 21.08 amido oxygen occupying an axial position, mirroring a common
m°|h2'c¢ 1.26 MOLH >-A 5.24 feature of main group trigonal bipyramidal structures. We were
molh.-a 441 MOLH »-B/D 10.43 g . . . .
molh,-b* 12.01 MOLH »C ~3.09 able to locate several four-coordinate intermediates, in which
molh,-c* 8.08 MOLH »-A* 8.95 the coordinated €C was displaced by H but none of these
molh,-d* 12.70 MOLH ,-B* 11.84 led to low-energy reactive pathways.
g!hy-a Lloa MOLH ~C* 420 Rationalization of the relative stabilities of the different

ihy-b 5.21 MOLH ,-D 12.32 . . .

dihy-c 477 DIHY-A 5.74 molecular H complexes follows our previous lines of reasoning.
dihy-d —4.00 DIHY-B —6.07 There is a clear preference fog Itb be in the equatorial plane
dihy-aa* 2.16 DIHY-C 1.85 (A andC) instead of the axial positiorB(D), and the double
dihy-ba —4.03 DIHY-D | —-3.22 bond is found to be equatorial in all structures. Extendécdkelu
g:%gﬂp* 1673.'38 B::X:’é 2} 7‘51:28 computations by Hoffmann and Ro¥sfound that, in five-
alhy-agansat —12.29 DIHY-C & 13.69 coordinate Htrgnsitiqn metal complexes,.strongplonor ligands
alhy-ayansot* —12.16 DIHY-D f* 6.66 prefer the axial site, butr-acceptor ligands prefer to be
alhy-aa —24.79 ALHY-A a —22.37 equatorial. HartreeFock computations by Morokuma et %l.
alhy-ba. —17.25 ALHY-B a —18.55 found a strong preference for ethylene to be equatorial in Rh-
alhy-c/df —1042  ALHY-C/D § —10.31 (H)(C2H4)(COY(PH). Burk et al5® and Sargent and H&flfind
alhy-aal —4.79 ALHY-A o —2.67 . . .
prod-a 2887 PROD-A —29.23 that this trend holds, experimentally and computationally, for

. — . . d® Ir complexes. CompleB/D is further destabilized by the
enegi'esstg‘gt:g;%r‘ig dpraeﬁgﬁﬁftoaﬁoﬁ?ﬂ'znégi?aftviﬁg l;a_sus I, &nd diequatorial arrangement of the phosphorus atoms, which have
a w 27 . ° .
d, molh,-b*, andmolh,-d* also are reoptimized. a natural FLRh—P_blte_angIe 185°) t_hat is too small to
accommodate the idealized T28quatorial bond angle.

loss of dihydrogen translational and rotational entropy. The  The energetic barriers for approach oféong the P-Rh—C
principal difference between the structures is the—Rh axis (A andC) and along the PRh—0O axis B andD) differ
distance, which varies from 2.9 A foiD-C/D to nearly 5.1 A enormously. For approach along the-RB bond, the barriers
for IID-A/B , depending on the steric crowding at the face H are small, with most of the free energy penalty coming from
approaches. the loss of H entropy. In contrast, approach along theFh—0

Two ion—induced dipole complexes are formed along major axis is strongly disfavored>30 kcal/mol for IID-B* and
pathwayA. For the initial complex/ID-A/B, H; is blocked iid-b¥). We rationalize these results with a least-motion argu-
from the catalyst by one of the DUPHOS methyl groups and ment® Formation of a trigonal bipyramidal intermediate with
the g-carbon, hence the large RH, distance of>5.0 A. A H, trans to O requires both phosphorus atoms to move out of
higher energy intermediatdD-A2 , has theSs-carbon pushed  the original coordination plane whilejthigrates into that plane
down into the plane and Happroximate} 4 A directly above from a perpendicular direction. Such extensive nuclear and
rhodium. This intermediate will have important consequences electronic reorganization generates a large barrier. The existence
for the reactivity of the major diastereomer (vide infra). of similar barrier heights in the sterically unhindered [Rh-

Table 3. Comparison of Computational and Empirical Structural Data for Starting Complexes

X-tal 1—3?2 X-tal 4° MIN e (basis I) MIN ¢ (basis II) MAJ¢ (basis I) MAJ¢ (basis Il)
Bonds (A)
Rh—O 2.12(1) 2.147 2.168 2.146 2.170
Rh—Ca 2.18(2) 2.147 2.140 2.176 2.177
Rh—Cp 2.22(3) 2.200 2.205 2.097 2.095
Rh—PyanO 2.23(1) 2.263(2) 2.369 2.281 2.348 2.264
Rh—PyanC 2.28(1) 2.273(2) 2.413 2.337 2.392 2.314
Ca—Cp 1.38(2) 1.426 1.407 1.453 1.434
P(1)-C(5) 1.809(8) 1.878 1.851 1.866 1.836
P(2)-C(6) 1.816(7) 1.863 1.832 1.874 1.848
Angles ()
O—Rh—Ca 77.9(1) 79.1 78.8 78.4 78.1
Co—Rh—Pcis 109(1) 107.2 107.8 104 105.2
P—Rh—P 83.0(1) 84.73(7) 84.5 84.4 84.9 84.7
O—Rh—Pcis 90(2) 88.9 89.1 94.6 94.5
Ca—Rh—Cp 36.5(5) 38.3 37.7 39.7 39.2
Rh—P(1)-C(5) 111.0(3) 107.8 109 107.7 109.1
Rh—P(2)-C(6) 109.6(2) 108.1 109.5 108.3 109.8

a Averages of three crystallographic structures: [Rh(DIPHOS)(mefybifacetamidocinnamate)](Bf? [Rh((SS-CHIRAPHOS)(ethyl 7)-
o-acetamidocinnamate)](CK3® [Rh((R,R)-DIPAMP)(methyl ¢)-3-propyl-a-acetamidoacrylate)](Bf°°. P [(COD)Rh((SS)-Me-DuPHOS)](SbE).1°
¢ Optimized with basis set given in parentheses.
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(PHs)2]™ system indicates that the barriers have an electronic, F. Conversion of Dihydrides into Alkyl Hydrides. We find
rather than steric, origin. that seven alkyl hydride intermediates form directly from the

We were unable to find transition states connecting the-ion ~ dihydrides through migratory insertion of the-C bond into a
induced dipole complex and the molecular hydrogen complex Rh—H bond. These alkyl hydrides can be split into two
along pathwayD on either manifold. Instead, we found high- ~classes: a-alkyl hydrides (pathwaysA and B) and s-alkyl
energy transition states for the direct oxidative addition of hydrides (pathway€ andD). All of the alkyl hydrides have a
hydrogen to form the dihydridesIP-D *, 31.66 kcal/moljid- monovacant octahedral structure. Six have the remaining hydride
d*, 28.94 kcal/mol). This is the only example that we found of Cis to the alkyl. One alkyl hydridealhy-ayangt, has the hydride
dihydride formation without a molecular ;Hintermediate.  trans to the alkyl and is 12.4 kcal/mol higher in energy than its
Dihydride D also may be formed through the intermediacy of Cis counterpart, reflecting the strong trans avoidance of hydride

MOLH ,-B/D. and alkyl ligands. There is a very low energy barrier (0.25 kcal/
E. Conversion of Molecular H, Complexes to Metal mol) for isomerization oflhy-ayang to alhy-aa. Presumably,
Dihydrides. Eight dihydride diastereomers could result from the corresponding alkyl hydride on the major diastereomer

the oxidative addition of kito MAJ andMIN . We find all ~ Pathway,ALHY-A yangt, forms a similarly shallow well that
eight reactions to be endergonic, with free energies ranging fromWe Were unable to locate. o _
+5.9 kcal/mol DIHY-B) to +14.8 kcal/mol DIHY-A ). The The relative energetics of the alkyl hydride intermediates

relative ordering of the dihydride energies is the same in both follow trends seen for the [Rh(R}3]* model catalyst. That is,
manifolds 8 < D < C < A), which is nearly the order found ~ We find that-alkyl hydrides are intrinsically disfavored by at
previously for [Rh(PH),]*, but with C and A swapped. The least 10 kcal/mol relative to-alkyl hydrides. However, it is
corresponding dihydrides on the major and minor manifolds likely that these energy differences may be significantly altered
have very similar energies: the average difference between thedy changing the electronic nature of the substituents inathe
pairs DIHY-A , dihy-a), (DIHY-B , dihy-b), etc. is lessthan 1~ and  positions. The barriers for insertion to form-alkyl
kcal/mol. hydrides are very low, with the largest beibgHY-A of (2.81

Each of the eight dihydride diastereomers has a hydrogen kcal/mol) and the rest being less than 0.5 kcal/mol. Insertion to
trans to a phosphorus. The low-energy dihydrides place the form g-alkyl hydrides, on the other hand, is considerably more

remaining hydrogen trans to oxygel® 4ndD), while the high- difficult. PathwaysD andd have barriers of about 9 kcal/mol,

energy dihydrides have a hydrogen trans to theQCdouble ~ @nd pathway< and c, which have trans+Rh—C structures
bond @ andC). This ordering of energies is consistent with &t the transition state¢, have even higher barriexly-C ,
expected trans influences: the double bond has a higher transt0-2 kcal/mol:dihy-cf*, 14.3 kcal/mol). o
influence than the amido oxygen and prefers not to be trans to G- Alkyl Hydride Reductive Elimination. Reductive elimi-

the hydride ligand, which has the highest trans influence. The nation of the alkyl hydride to yield hydrogenated product
computed geometries demonstrate the strong trans influence offoordinated to the catalyst is the final elementary step in our

the hydride with very long Rholefinic C distances iDIHY-A computational model. We examined only the reductive elimina-
(3.05 A) anddihy-c (2.92 A). tion pathways corresponding to the thermodynamically and

kinetically favored alkyl hydride&LHY-A o andalhy-ao. The
reactions occur through hydride migration transition states
ALHY-A o and alhy-ao*, with barriers relative to the alkyl

We find low barriers for the oxidative addition step. T@e
pathways have the largest barriers (6.98 kcal/mol barrier along
C; 6.41 kcal/mol barrier along). The oxidative addition barriers S . )
for B andD are extremely small. Negative free energy barriers, hydride mt_ermedlates . 17.'2 and 18.0 kcal/mol, respectively.
a minor computational artifact, are observed for the oxidative BN realt(:tlolns alre efxergomc: 7.8 keal/mol to f0RROD-A,
addition reactions involvinyylOLH ,-B* andMOLH »-D*. This and 4.5 kcal/mol to formprod-a.

artifact stems from the computation of transition-state single- ~H- Overview of the Computational Results. Figure 6
point energies with a larger basis set than was used for theSummarizes the relative energetics of the various intermediates

geometry optimization. Reoptimization with basis I, which was and transition states_ along the catalytic pathway and illustrates
done formolh,-b* andmolh,-d*, generates very small positive ~ Several key conclusions:
barriers. Despite the small oxidative addition barriers along paths (1) PathwayB is blocked on both manifolds by large barriers
B and D and the thermodynamic stability of the dihydrides, to formation of the molecular hydrogen complexes.
dihydridesB andD are kinetically unimportant, due to the large (2) PathwayD is blocked on both manifolds by large barriers
barriers preceding formation of the molecular hydrogen com- to formation of the dihydrides, either directly or through the
plexes. Again, these results were anticipated on the basis ofB/D molecular hydrogen complex.
our previous computations of [Rh(BH]™ catalysts. (3) PathwayC is blocked on both manifolds by large barriers
As is clearly revealed by Figure 6, the overall rates of for migratory insertion to form the alkyl hydride.
dihydride formation along th1AJ andMIN manifolds do not (4) PathwayA has the lowest overall barriers on both
correlate with the thermodynamics of dihydride formation. This manifolds.
result, which runs counter to previous suggestas\phasizes (5) The activation free energy for reaction aloAgon the
the critical importance of understanding the kinetics of elemen- major manifold is 20.4 kcal/mol but only 15.9 kcal/mol on the
tary steps in catalytic processes. Of course, this is not a surpriseminor manifold. Thus, ONIOM computations reproduce the anti-
since catalysis is wholly a kinetic phenomenon. lock-and-key motif: the less stable diastereomer reacts with
dihydrogen considerably faster than the more stable one.
(6) Migratory insertion to formalhy-ayansat has a lower

(56) Rossi, A. R.; Hoffmann, Rnorg. Chem.1975 14, 365-374.
(57) Koga, N.; Jin, S. Q.; Morokuma, K. Am. Chem. S0d.988 110,

3417-3425. barrier than reductive elimination of Hrom dihy-a to form
(58) Burk, M. J.; McGrath, M. P.; Wheeler, R.; Crabtree, R.JHAm. molh,-a, meaning the reaction can be considered as a rapid,
Chem. Soc198§ 110, 5034-5039. endergonic preequilibrium betwedtiN andmolh,-a, followed

(59) Sargent, A. L.; Hall, M. Blnorg. Chem.1992 31, 317-321. L . . s ..
(60) Lowry, T. H. Richardson, K. Svlechanism and Theory in Organic  PY turnover-limiting and irreversible oxidative addition to form

Chemistry 2nd ed.; Harper & Row: New York, 1981. dihy-a. This is a significant departure from the conclusions of
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dihy-ab-ts1 dihy-ab-2 dihy-ab-ts3
+17.52 +8.39 +21.51

dihy-ab-4 dihy-ab-ts5 dihy-b
+16.06 +17.31 +6.64

Figure 10. Structures and energies for tiny-a — dihy-b isomerization pathway. Structures fiihy-a anddihy-b were reoptimized using basis
Il. The other structures were not.

Figure 11. Geometries of relevant dihydrides for isomerization pathways.

our [Rh(PH),]* study, for which we found migratory insertion,  transformation will encounter a barrier similar to thatidfy-a
not oxidative addition, to be turnover limiting. Therefore, we — dihy-b: the high-energy hydrogen site isomerization, with
conclude that the relative barrier heights for oxidative addition a barrier of approximately 13 kcal/mddHY-C — DIHY-B,
and migratory insertion are sensitive to the stereoelectronic on the other hand, is different. It can be seen from Figure 11
environment in a way that cautions against generalization to that isomerization fronDIHY-C to DIHY-B requires dissocia-
other systems. tion of the coordinated alkene, rotation around the-Rhbond

I. Isomerization Pathways. The above discussion assumes to adopt a configuration similar to that dfhy-ab-4, oxygen
no competitive mechanism for isomerization between different site isomerization similar to that afihy-ab-ts5, and reasso-
pathways. In a previous paper, we showed that isomerization ciation of the alkene. Although we have not performed detailed
among molecular hydrogen complexes was a relatively high- computations on this isomerization process, we can reasonably
energy proces®. More likely would be interpathway isomer-  assume that the combination of alkene dissociation and site
ization of the dihydride intermediates via dissociation of the isomerization will be too slow to compete with direct reaction

C—C double bond from rhodium. For the achiral [Rh@EPi" along pathway. More detailed analyses of such isomerization
system, our primary concern was isomerization fiofhlY-A processes are complicated by the likely involvement of solvent
to DIHY-B, which could have changed the identity of the and/or counterion and the possibility of crossover between major
turnover-limiting step. For [Rh(Me-DuPHO$)}formamidoacry- and minor manifolds.

lonitrile)]* computations, we first focus on the isomerization J. Calculated Isotope EffectsKinetic isotope effects (KIES)
pathway connectindihy-a to dihy-b, which serves as a model are powerful experimental probes of transition states. In many
for all potential dihydride isomerizations. Optimized structures instances, KIEs can distinguish between competing kinetic
and transition states for the isomerization pathway are shownmodels. ONIOM calculations for the hydrogenation of [Rh(Me-
in Figure 10. The large barrier for the hydrogen site isomer- DuPHOS){-formamidoacrylonitrile) indicate a rapid, revers-
ization (transition statdihy-ab-ts3) precludes dihydride isomer-  ible, endergonic pre-equilibrium between the catahygstamide
ization from competing with migratory insertion. complex and a molecular hydrogen complex, followed by
A second concern is the potential isomerizatiorDdiflY-C turnover-limiting oxidative addition. We have calculated isotope
to DIHY-B or DIHY-D, which would render the major manifold  effects using the method of Krogh-Jespersen et &.If
more reactive than the minor. ThBIHY-C — DIHY-D oxidative addition is turnover limiting, the observed KIE will
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Table 4. Computed Equilibrium Isotope Effects (EIE), Forward
Kinetic Isotope Effects (KIE), and Tunneling Corrections (TC) for
H. vs D, along the Reaction Pathway

Feldgus and Landis

Minor Pathwaya: (0.937)(1.197)(1.451F 1.627
Major PathwayA: (1.022)(1.194)(1.421F 1.734

transformation K (EIE) k' (KIE) TC? o ) )
MAJ — MOLH 2A 0.625 These values are similar to previous computations for the
MIN — molhz—az 0615 hydrogenation of [Rh_(Pi;)_z(o_L-formamidoacrylonitrile)]‘.31 The_
MOLH »-A — DIHY-A 1.108 2.214 1.612 experimental /D, kinetic isotope effects for hydrogenation
molh,-a— dihy-a 1.049 2.575 1.800 of prochiral enamides with a [Rh(DIPHOS)] catalyst are small
DIHY-A — ALHY-A a 1.556 1.172 (1.046—-1.229), and there is a sizable preference for D to occupy
dihy-a — dihy-aa 1.561 1119 the o position instead of thes position (1.286—1.350:39),

Unfortunately, the few experimental results generally lie midway
between the limiting extremes determined by computation.
Furthermore, we have found that the relative barriers of
oxidative addition and migratory insertion are sensitive to

stereoelectronic influences of the phosphine ligand; thus, we
cannot reliably extrapolate previous experimental results to the
HoH, Tio [_)uPHOS-Iigated _catalysts. Therefor_e, resolution of computa-
}”m r W tional and experimental KIEs awaits further collection of

o R P')

aTunneling correction to KIE calculations are presented but not
factored into the forward kinetic isotope effects.

Table 5. Computed Equilibrium Isotope Effects (EIE), Forward
Kinetic Isotope Effects (KIE), and Tunneling Corrections (TC) for
Isomers Resulting from HD Addition along PathwAy

H
A\HB A
////,,,,.h A\\\\P / g, WP . . .
S (Rh experimental data or computations on systems for which KIE
o \ y o l experiments have been performed. It should be noted that, even
P
P

if insertion along theA pathways were turnover-limiting for

* Hg

MOLH,-A DIHY-A ALHY-A the [Rh(Me-DuPHOS}{-formamidoacrylonitrile)} system, the
(Knod)/ (Kod)! cpmputatic_)ns.again predi.ct an qqti-lock-and-key motif, with a
Koty " difference in diastereomeric transition-state energies that exceeds
transformation (EIE) (KIE) TCa 3.5 kcal/mol, as shown in Figure 6.

MAJ — MOLH »-A 1.022 V. Conclusions

MIN — molh,-a 0.937 :

mgh'ﬂ;f ;’hD_'aHY'A i'ig‘; i'gg 1'83(73 We emphasize that our computations concern model systems

D|HY2_A _,ALyHY_A o ’ 1.421 1157 in the gas phase and in the absence of counterions. Efficiencies

dihy-a — alhy-aa 1.451 1.107 gained by these approximations are offset by limitations: we

are not able to estimate equilibrium constants, association
barriers, or dissociation barriers for reactions such as the binding
of enamides to solvated [(diphosphine)Rhhor are we able

to probe the influence of solvent coordination on reductive
elimination rates or interpathway isomerizations. At this time,
our computational models are limited to control of enantiose-

KIE will be the product of the EIEs for molecular hydrogen lectivity along a commonly accepted reaction pathway. The
and dihydride formation and the KIE for migratory insertion. Computational model has accuracy limitations, also. For com-
Table 4 shows the calculated isotope effects for each Stepparisons of diastereomers, cancellation of errors makes accura-
(tunneling corrections are presented but not used in the cies within 1-2 kcal/mol likely. For absolute energies, such as
computation of observed isotope effects). For the case of activation enthalpies, we estimate error ranges -o# Xcal/

turnover-limiting oxidative addition, the computed isotope Mol. _ o
effects are A. The Difference in Diastereomer Stabilities and Reac-

tivities. Reproducing the anti-lock-and-key behavior of catalytic
asymmetric hydrogenation is, by itself, a significant accomplish-
ment for computational transition metal chemistry and the
ONIOM method. However, simple models for the origin of the
anti-lock-and-key behavior have greater general utility. We begin
by developing a simple model for the relative stabilitiAAG®

= 3.6 kcal/mol) of MAJ and MIN. The major structural
difference between the two complexes, as can be seen in Figures
7 and 8, is the identity of the olefin carbon in the rhoditm
diphosphine planet-carbon in the major diastereomgrcar-

bon in the minor. Replacement of the methyl groups of the
DuPHOS phospholane ring with hydrogens and reoptimization
of the structures results in both diastereomers having the
o-carbon in the plane, as shown in Figure 12. Clearly, there is
an intrinsic electronic preference for thecarbon to be in the
plane. Preliminary results indicate that the magnitude of the
preference for the-C to lie in the P-Rh—P coordination plane
varies significantly with the steric and electronic properties of

2Tunneling correction to KIE calculations are presented but not
factored into the forward kinetic isotope effects.

be the product of the equilibrium isotope effect (EIE) for
molecular hydrogen formation and the KIE for oxidative
addition. If migratory insertion is rate limiting, the observed

Minor Pathwaya: (0.615)(2.575) 1.584
Major PathwayA: (0.625)(2.214) 1.384

For turnover-limiting migratory insertion, the computed isotope
effects are

Minor Pathwaya: (0.615)(1.049)(1.561F 1.007

Major PathwayA: (0.625)(1.108)(1.556) 1.077

The KIEs can also be used to predict site preferences for HD
hydrogenation, i.e., whether D is preferentially found in the
or S position. Table 5 shows EIEs and KIEs for various HD
isomers. If oxidative addition is turnover limiting, the calculated
(ownPp)/(apPh) isotope effects are

Minor Pathwaya: (0.937)(1.072)} 1.004
Major PathwayA: (1.022)(1.043)% 1.066

(61) Abu-Hasanayn, F.; Krogh-Jespersen, K.; Goldman, AJ.SA\m.
Chem. Soc1993 115 8019-8023.

(62) Abu-Hasanayn, F.; Goldman, A. S.; Krogh-Jespersen, lRhys.
Chem.1993 97, 5890-5896.

whereas turnover-limiting migratory insertion leads to HD/DH
isotope effects of
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MA] (achiral) MIN (achiral)

Figure 12. Optimized geometries for the majoMAJ) and minor
(MIN) diastereomeric catalysenamide adducts upon replacement of
the DUPHOS methyl groups with hydrogens to give achiral diphos-
phines. For these structur@dIN is essentially equal in energy kAJ

(AE = 0.15 kcal/mol).

Figure 13. Representation of RR)-Me-DuPHOS in a quadrant
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P—Rh—P plane, and a substantial electronic penalty is paid.
The nitrile function ofMAJ encounters little steric interaction
with a hindered quadrant because tiiearbon lies just slightly
above the PRh—P coordination plane.

Now we turn to the reactivity difference between the
diastereomers. Figure 14 depicts the formation of the molecular
hydrogen complexes along pathwayfor both manifolds. The
MIN diastereomer needs only to distort slightly in order to
accommodate the hydrogen; this motion places the enamide in
the unhindered quadrant. The situation is very differeniféd .

The G=C double bond must move and rotate considerably, in
the process losing the electronic benefit of havingdhearbon

in the plane and forcing the nitrile into a hindered quadrant.
This creates a large<20 kcal/mol) barrier to formation of the
molecular hydrogen complex on major pathwAy with a
concomitant reduction in the reactivity of the major diastere-
omer. In contrast, the steric and electronic effects that destabilize
the MIN diastereomer actually assist in the association of H

Quadrant diagrams suggest that addition ft¢HVIAJ from
the opposite face (i.e., the bottom of Figure 14) should be facile.
We find that this is, indeed, the case. Addition of hydrogen
from the bottom leads tBIHY-C with very small barriers, the
lowest for any dihydride. HoweveBIHY-C is in a configu-
ration that leads to A-alkyl hydride, which encounters a large
barrier for migratory insertion. AlthougBIHY-C formation
is kinetically favored, addition along this pathway is unproduc-
tive for catalysis.

diagram. Shaded quadrants indicate steric hindrance due to the methyl Once the diastereomeric molecular hydrogen complexes

group projecting toward the substrate.

Catalyst-Enamide
Complex

.

Transition
State

Molecular Hydrogen
Complex

-
1
| J,

Lisi|viale:s

Figure 14. Addition of H; along pathwayA of both manifolds. The

MAJOR

)i

o

MINOR

(MOLH 2-A and molhy-a) are formed along pathway#\(a),
both diastereomers must cross similarly low-energy barriers for
oxidative addition to form the dihydride isomers. Thus, most
of the differential reactivity of thiMAJ andMIN diastereomers

is revealed in the relative stabilities of the moleculag H
complexes.

B. Comparison of Computed Relative Stability and
Reactivity with Empirical Data. For the most part, detailed
mechanistic information on asymmetric hydrogenation exists
for aryl phosphine ligands, not DUPHOS. Therefore, there is a
lack of empirical data to directly compare with our computa-
tions. However, the data that do exist allow us to test some
general features of our computational results, such as the
difference in diastereomer stabilitAAG°®) and the difference
in reactivity AAG*, detectable as % ee). AP NMR study by
Armstrong, Brown, and Burk on the reaction of [Ir(DUPHOS)-

phosphorus atoms and bridging carbons of the DuPHOS ligand are (Methyl a-acetamidocinnamaté)with H, established several

still shown. Some hydrogens have been removed for clarity.

important empirical properties.First and foremost, nonequi-
librium mixtures of major and minor diastereomers of [Ir-

thea- andp-substituents. These tuning effects will be the subject (DUPHOS)(methyla-acetamidocinnamate)]were generated,

of a future publication.

and the higher reactivity of the minor diastereomer withaths

Steric interactions between phospholane methyl groups of demonstrated. Similar experiments for the [Rh(DuPHOS)(methyl

DuPHOS and the enamigiecarbon force thg-carbon ofMIN

to lie in the P-Rh—P coordination plane; these steric interac-
tions originate at thg-carbon position and are significant for
all substitution patterns at thé-carbon. Quadrant diagrafs

a-acetamidocinnamate)] diastereomers were not possible.
However, a lower limit on the equilibrium ratio of [major
diastereomer]/[minor diastereomer] of 100:1 can be approxi-
mated from their failure to detect any minor diastereomer by

are useful for visualizing this interaction. Figure 13 shows the *P NMR. Our computed\AG® value of 3.6 kcal/mol corre-
DuPHOS ligand as seen from the coordination site of the sponds to a 500:1 ratio of diastereomers, well over the
enamide, and its quadrant representation. The methyl groupsexperimental lower limit, albeit for a different enamide. In
that project toward the enamide are depicted as shaded quadranteontrast, hydrogenations with aryl phosphine ligands have much
to indicate the steric congestion of those regions. Figure 14 smaller values oAAG®. Landis and Halpern found 8AG® of

shows theMAJ andMIN diastereomer structures overlaid on
the quadrant diagrams. It is clear that placing ¢hearbon in
the P-Rh—P plane would put the3-carbon in a hindered
quadrant inMIN , but in an unhindered quadrantiMAJ. As a
result, steric forces irlMIN push thea-carbon out of the

1.4 kcal/mol at 298 K for the [Rh(DIPAMP)(methylZ)-o.-
acetamidocinnamaté€)tiastereomers, which allowed for NMR
detection of the minor diastereomer.

The difference between the overall barrier heights along the
minor and major manifoldsAAG*, determines the enantio-
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selectivity of the reaction. We calculateAaAG* of 4.42 kcal/
mol, which translates to an enantiomeric excess (ee) of 99.9%
(eq 1). Experimentally, [Rh(DuPHOS)catalyzed hydrogena-

(A) Fast

_ expAAGRT) — 1

% ee :
expAAG'/RT) + 1

x 100% 1)

tions of enamides routinely exhibit ee values99%. For
example, the closest analogue to our model enamide that has
been examined experimentally is metlwhcetamidoacrylate;
for this substrate an ee of 99.0% has been reported by Burk for
the [Rh(DUuPHOS)]j catalyst!®

C. Comparison with Other Empirical Data. Our compu-
tational study directly addresses the DuPHOS-ligated catalyst
only. On the basis of the observation of an increase in reaction@ coordinated, nonprochiral amido-alkene. These researchers
enantioselectivity with increasingzressure, Marinetti and co- ~ found that addition of i at —70 °C initially generates two
worker$3 argue that the hydrogenation of enamides catalyzed dihydride diastereomers, each having one hydride trans to P
by rhodium complexes of bis-phosphetane (CnrPHOS) diphos-and one hydride trans to=€C (Figure 16). These observations
phines proceeds via preferred reaction of thajor diastere- closely parallel our computational results, in which addition of
omer These authors extend this conclusion to DUPHOS catalystsH2 to eitherMAJ or MIN occurs much more rapidly along
on the basis of the observation that DuPHOS ligands having PathwaysA and C, forming dihydrides with the same trans
the same sense of chirality as CnrPHOS yield the same productigand arrangements. Maddox and Brown observe that the
chirality. Our results do not support the extension of the initially formed diastereomers isomerize upon warming to a
CnrPHOS interpretation to the DUPHOS system (for which the Possibly more stable pair of dihydrides having hydride ligands
enantioselectivity is not significantly affected by changes in the trans to P and O. Our computations indicate that the dihydrides
H, pressure). One likely source of confusion concerns the on theB andD pathways, which have H trans to P and O, are
identity of the major and minor diastereomers. The orientation thermodynamically more stable than the kinetically preferred
that Marinetti and co-workers propose for the major diastere- dihydrides. Although we have not performed extensive com-
omer, coordination of thsi face of the enamide to the catalyst, putations on Ir systems, preliminary DFT computations reveal
is our calculatedninor diastereomer. We note that the detailed that Ir dihydride and alkyl hydride complexes with diphosphine
kinetics, and perhaps even the reaction mechanisms (as sugand enamide ligands are Q7 kcal/mol more stable than the
gested recently by Gridnev et®), of enamide hydrogenation ~ Rh analogues.
reactions are sensitive to the nature of the phosphine ligand. ~ Alkyl hydride intermediates have been observed at low

The higher thermodynamic and kinetic stability of Ir vis-a  temperatures { —40 °C) during [Rh(DIPAMP)(enamide]]
vis Rh cationic dihydrides provides unique insights into key hydrogenationd?¢but no alkyl hydrides have been observed
thermodynamic and kinetic issues associated with oxidative for [Rn(DuPHOS)(enamide)]hydrogenations. Our computa-
addition reactions. For examp|e, the reactions of [|r(diphos_ tions show the barriers for reductive elimination to be similar
phine)(COD)} (COD = 1,4-cyclooctadiene) complexes with 0 those for oxidative addition. However, reductive elimination
H. at low temperatures yield dihydrides, whereas the reactions rates are most likely sensitive to the nature of the solvent, which
of rhodium analogues do n&tWhen the diphosphine is chiral, ~May coordinate in the vacant site of the five-coordinate alkyl
two d|hydr|de diastereomers Commonly are Observed_ The hydl’lde At thIS pOint, we can state Only that our Computatlonal
kinetic and thermodynamic selectivities of the dihydrides are results are generally consistent with the observation of similar
not identical. According to our stereochemical modeb H barrier helghtS for reductive elimination and oxidative addition,
addition to [Ir(R,R)-Me-DuPHOS)(COD)} will occur such that a feature that led to the interception of alkyl hydride intermedi-
movement of the COD ligand is in the same direction as the ates at temperatures less tham®0 °C for closely related
twisting of the COD ligand in the square planar ground state to systems?* _
yield the A isomer (Figure 15). Previous NMR studies reported ~ Bargon and co-workers have reported the observation of
by Landis, Kimmich, and Somso&khave established that the rhodium dihydride intermediates through the use of ultrasensitive
A-forming reaction pathway occurs ca. 50 times faster than that Para-hydrogen-induced polarization (PHIP) methtdsor the
forming the A isomer at—80 °C. Thus, our simple model DuPHOS-based Rh catalysts, the steady-state concentrations
correctly estimates the kinetically preferred isomer formed by €Xtrapolated from our computations would be so smedl ppm
oxidative addition to [Ir(R R)-Me-DuPHOS)(COD)]. of total Rh) that direct observation, even by the PHIP method,

A key feature of our computed mechanism is the finding that Would seem to be unlikely. However, other ligand systems may
the kinetics of H activation do not correlate with the thermo- 9give observable amounts of dihydride intermediates. Our
dynamic stabilities of the dihydrides. The spectroscopic studies COMputations also suggest the possibility that an observed
reported by Brown and Madd&kprovide a rare glimpse into dihydride could be kinetically irrelevant. For example, formation

the dynamics of the reaction obiith an Ir complex containing ~ Of dihydrides along the pathway is thermodynamically and
kinetically competitive with dihydride formation along tlee

(A) Slow

Figure 15. Approximate structure of [Ir(bisphoshine)(COD)n the
left, showing the twist in the COD orientation.

83((3?33) Marinetti, A.; Jus, S.; Génel.-P.Tetrahedron Lett1999 40, 8365— pathway. Thus, dihydrides along th@ pathway may be
(64) Gridnev, I. D.; Higashi, N.: Asakura, K.; Imamoto,Jl.Am. Chem. observed. However, our computational model predicts that these
S0c.200Q 122, 7183-7194. Y ' intermediates would not result in formation of any hydrogenated

(65) Kimmich, B. F. M.; Somsook, E.; Landis, C. R.Am. Chem. Soc. product_
1998 120, 10115-10125.

(66) Brown, J. M.; Maddox, P. J. Chem. Soc., Chem. Commg87, (67) Harthun, A.; Kadyrov, R.; Selke, R.; BargonAhgew. Chem., Int.
1278-1280. Ed. Engl.1997 36, 1103-1105.
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A fascinating recent result involving [Rh(DuPHOSgata- pathways undergo rapid, endergonic oxidative addition but do
lysts is the complete reversal of enantioselectivity reported by not yield hydrogenated product due to high barriers for insertion
Burk et al. when the electron-withdrawing group on the reactions. These high barriers arise from the relative instability
a-carbon is replaced by tert-butyl group® According to our of the -alkyl hydrides that would be formed. The less stable
analysis, the lower stability and higher reactivity MfN are catalyst-substrate adductMIN) has a considerably smaller
due in part to the rather strong preference of the nitrile- barrier for reaction with hydrogen than the more stable adduct
substitutedo-carbon to lie in the coordination plane of the (MAJ), reproducing the “anti-lock-and-key” behavior common
rhodium. One might expect that this preference and, hence, thein asymmetric hydrogenation. The identity of the carbon in the
course of the reaction could be modulated by the electronic P—Rh—P plane is responsible for the difference in diastereomer
characteristics of the alkene substituents. Furthermore, onestability, with the a-carbon (more substituted) exhibiting an
expects dramatic differences in the relative stabilities-cind electronic preference to be in the plane. Steric interactions force
B-alkyl hydrides upon replacement of the small, electron- thes-carbon into the plane in the less stable diastereomer. The
withdrawing nitrile group with the bulky, electron-donatitegt- steric environment imposed by the DuPHOS ligand is also
butyl group. We currently are performing an in-depth analysis responsible for the low reactivity of the more stable diastere-
on this problem and will report the results in a future publication. omer. We find that the reaction flux is carried mainly by

Another interesting recent report, by Kim and Chen, concerns reversible addition of hydrogen to the minor diastereomer to
the gas-phase reaction of [Rh(diphosphifedpmplexes with  form a molecular hydrogen complex, followed by irreversible
H. as monitored by mass spectroscépin principle, one could  and turnover-limiting oxidative addition to form the dihydride
observe asymmetric hydrogenation of enamides directly by massand rapid insertion to form an alkyl hydride. The reductive
spectrometry. According to our computations, the prospects for elimination barrier is similar to the oxidative addition barrier
such an observation are dim. If there are no intramolecular gng may become turnover limiting at low temperature. The

isomerization pathways between the major and minor diaster- resylts of the computations are consistent with all relevant

eomers, as is expected for a gas-phase study, the [RN(DUPHOS)empirical data.

(olefin)]™ population.will g:onsist mainl¥ of the major diaste- This work demonstrates the power of quantum mechanical

\r;ﬁg;]eébgg;;gﬁ dg]%(;r p(i::j;lec:?i?g:%{r(fjer:rafg'c:gnsl,(t(;ilt/rfg(r)becaymethocjs’ particularly the ONIOM hybrid technique, in elucidat-
. e ing mechanistic details of catalytic reactions that are difficult

of the diastereomer of 0.0r'sat 1 atm H. At that rate, the 9 y

half-life of the reaction is about 70 s, making it unlikely a to probe experimentally. We are continuing to explore the

reaction would be detected in a tandem mass spectromete origins of selectivity in asymmetric hydrogenation with an

. remphasis on the effect of various substituents on the rate and
operating at a far lower pressure of kta. 1 mTorr).

enantioselectivity.
VI. Summary ) )
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