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The rhodium-catalyzed hydrogenation reaction of enamides is studied computationally using the B3LYP/
LACVP** |level of theory for a range of ligands and substrates. Two model bidentate phosphine ligands,
1,2-bis(dimethylphosphino)ethane (DMPE) ait{,2-bis(dimethylphosphino) ethene (ZDMP), and two
chiral bidentate phosphine ligandR,R)-MeDuPHOS andR,R)-tetramethylbisoxaphospinane (TMBOP),

are investigated in the hydrogenationoeformamidoacrylonitrile as a model substrate. The ZDMP ligand

is then studied for three additional substratis(2-propenyl)formamide 4)-3-formamido-2-butenenitrile,

and (E)-3-formamido-2-butenenitrile. The potential-energy surfaces calculated for the four ligands and
o-formamidoacrylonitrile are in general agreement with previous computational studies using QM/MM
(ONIOM) methods but show consistently higher relative barriers rather than lower. The calculated potential-
energy surfaces of hydrogenations of various substrates with a common ligand indicate a mechanistic
change based on substrate. The sequence of hydrogen transfer to the two olefinic carbons is calculated
to change based on substrate electronics. This has a significant impact on the origins of enantioselectivity
for such varied substrates as the first hydride transfer to the substrate is calculated to be irreversible for
all substrates, independent of whether it occurs atbtloe 5 carbon of the olefin.

Introduction SCHEME 1. Rh-Catalyzed Hydrogenation of Enamides
The synthesis of chiral amino acids is often performed through R;IL 0 [Rh*] Rj\ 0
the asymmetric hydrogenation of enamides.representative ROOC™ N H, ” ROOC N)K
H H

example of this reaction is shown in Scheme 1. While the

mechanism of the rhodium-catalyzed hydrogenation reaction has
been well studied,proper choice of chiral ligand for a new Would greatly increase the efficiency of the process. In order
substrate is often left to trial and error. Experimental screening to predict the optimal ligand for a given substrate, the origin of
of ligands can be expensive and/or time-consuming. A com- enantioselectivity in the reaction must be properly identified.

putational method of screening ligands for a given reaction The ligand would then be optimized by maximizing the energy
difference between diastereomeric transition states of the
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FIGURE 1. Overall mechanism of rhodium-catalyzed hydrogenation of enamides.

Ay yH in the presence of Pand the rhodium cataly$t." Computa-
C:;'Rh‘:o NH (::Rh‘;jl)/NH | | W tionally, both DFP2and ONIOM® studies have suggested that
] :T Ir CPogn2hm CPornlOnm the barrier for the ALHY species reversing back to the DIHY
H F :j F :" species is about 2530 kcal/mol on the energetically accessible

mechanistic pathways, implying the first hydride transfer is
irreversible. It is unclear whether the transition state of the
oxidative addition of H, MOLH¥, or the hydride transfer,
DIHY#, is the rate-limiting step. The oxidative addition step
has been suggested to be the first irreversible step in the catalytic
enantioselective step which leads to the enantiomeric products.cycle?acdas the DIHY species could not be directly observed
A prerequisite for development of a model to properly predict experimentally. Second, the enantioselectivity in the reaction
enantioselectivity is that the mechanism of the reaction and s not determined by favorable complexation of the substrate
especially the enantio-determining steps must be understoodio the catalyst. This “anti lock-and-key” motif, as it has been
Mechanistic studies of this reaction have led to the develop- called previoush?2Pfsuggests that addition ofHo the system
ment of the scheme shown in Figuré-dWith a chiral bis- is the enantioselecting step. Only a single enantiomer can result
phosphine ligand the substrate first binds to the rhodium catalystfrom a given DIHY complex, and computational studies have
in one of two diastereomeric orientations to form a square planar demonstrated that isomerization between mechanistic pathways
complex, SQPL. Addition of K proceeds through a trigonal s energetically unfavorabfeWhile experimental observations
bipyramidal molecular hydrogen complex, MOLH, followed by  have suggested that the rate-limiting step is also the enantio-
oxidative addition to form a dihydride species, DIHY. The first  getermining step, the ability of the DIHY complex to lose H
hydride transfer to the substrate forms an alkyl metal hydride pas not been determined experimentally. Therefore, it would
species, ALHY. Whether this first hydride addition occurs to  pe jnappropriate to model addition obitb form the dihydride
theo or /3 carbon of the alkene depends on the direction of the ¢,mpjex as the sole enantioselecting step without fully identify-
precedl_ng H addlgon. A second hydride t_ransfer follows, ing the rate-limiting step.
generating the desired product and regenerating the catalyst after There are four mechanistic pathways identified computation-

dissociation. Previous experimental studies have determined . 7 X .
several important factors about the pathways. First, the overall ally by Landis and co-workel%shpwn in Figure 2, \.Nh'Ch differ
by the approach and orientation of the Ikelative to the

reaction is irreversible. This was observed experimentally as I b I h d B invol dditi
there was no isotopic scrambling observed in unreacted substrat&atalyst-substrate complex. Pathways A and B involve addition
of H, syn to thep carbon in the alkene, while the C and D

pathways have the addition syn to thearbon. The first hydride

H
H/
A B Cc D

FIGURE 2. Mechanistic pathways derived from orientation of H
addition.

(3) (a) Landis, C. R.; Hilfenhaus, P.; FeldgusJSAm. Chem. So&999,

121, 8741. (b) Feldgus, S.; Landis, C. R.Am. Chem. So2000, 122,
12714. (c) Feldgus, S.; Landis, C. Rrganometallics2001,20, 2374.
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transfer, forming the ALHY species, would involve addition
of the hydride to the syn carbon. Pathways A and C are similar
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in that the H bond is parallel to the PRh—alkene bond,

whereas the B and D pathways involve addition parallel to the = 7\ Q
P—Rh—0O bond. These computational studies were done first ~ Me"  PMe; MeP - Phe; dp R
as a full DFT study on a small model system utilizing £H %
ligands$2 and second as an ONIOM study utilizing the full

. . . 1 ZDMP 2 DMPE 3 Me-DuPHOS 4 TMBOP
DuPHOS ligand® Following Landis’ nomenclature, two of the
pathways, B and D, exhibit high barriers to oxidative addition NG Ve Ve ve  oN
of Hy of about 20—25 kcal/mol in the DFT study and-385 = o _ Y=/
kcal/mol in the ONIOM study. This barrier results from a large FrmHN FmHN FmHN  CN FmHN
reorganization of the substrate binding to the rhodium catalyst. a b ¢ d

The C pathway was found to have a large barrier for the DIHY
transition structure, although the cause of this barrier is FIGURE 3. Ligands (—4) and substratesf-d) utilized in this study.
unknown. Addition of H to the SQPL species along the C

pathway is expected based on those data. As previous|y3pecified 0therW|S€ Partlal Charges were calculated thrOUgh
mentioned, experimental dat&<suggest that addition of 4  electrostatic potential fitting.

is irreversible. If this were the case, either the catalyst would

be trapped as the DIHY-C complex or the C pathway would Results and Discussion

have to be catalytically productive, suggesting that the barrier
might be a computational artifact. The remaining pathway, A,
contains no large barriers and was proposed as the only
catalytically active pathwayThere is a disparity between the
two computational studies on the A pathway. The relative barrier
heights for the oxidative addition and hydride transfer steps are
reversed between the DFT and ONIOM studies. Whether or
not this is an artifact of the computational method, namely, the
fact that the ONIOM methods treats different parts of the

The nomenclature used herein is based on the mechanisms
calculated previouslyThe ligands studied are shown in Figure
3 and denoted by compound numbgfs4. The substrates used
are also shown in Figure 3 and denoted by letterd. Ligand—
substrate complexes in the mechanistic cycle are denoted by
the appropriate compound numbers, followed by the intermedi-
ate abbreviation, as given in Figure 1, and the pathway name,
as denoted in Figure 2. Due to the “anti lock-and-key” nature

molecule using different aporoaches. or the model system itseIfOf the mechanism, the favorable diastereomeric complexation
9 bp : y of the substrate to the catalyst leads to formation of the minor

is undetermined. It may be possible that both barriers Cont”bUteenantiomer in the reaction. Therefore, there are two manifolds

to the rate-limiting step and the relative heights of the barriers based on the substrate complexation: major and minor. Inter-

are dependent on substrate and_hgand sub_stltut|ons. Thls furthermeoliate and pathway names given in capitals denote the major
compounds the lack of experimental evidence available in

separating these two key transition states to identify the sourcemanifOId' which corresponds to favorable complexation of the
P 9 o y substrate and catalyst that generates the minor product. The
of enantioselectivity.

: . ) ) minor manifold, generating the major product, is denoted b
This paper will address several issues from the previous g g lor p y

; | and ional K q furth lower case labels. For achiral ligands, only the capital labels
experimental and computational work in order to further . e iilized, as there is no differentiation between the two
elucidate the origin of enantioselectivity and mechanistic

. . . manifolds.
pathways I_eadlng to product forma}tlon. A full DFT evalu_atlon The previous DFT study of the reaction mechanism by Landis
pf seyeral Il_gands al_o_ng the catalytically relevant steps W|II_heIp and co-worker® utilized a model ligand system that would be
identify which transition structure or structures are enantiose-

lecti d determi hich hanisti th ilabl impractical to approach experimentally. The present work
ecting and determine which mechanistic pathways are availablé gy, | jie g the hydrogenation of the same model substrate used by
during the catalytic cycle. This will be achieved through

Landis, formamidoacrylonitrile, but used larger model ligands,

comparison of the pathways utilizing several ligands, both chiral 2)-1,2-bis(dimethylphosphino)ethene (ZDM®)and 1,2-bis-
and achiral, as well as several substrates to analyze the effecédiméthylphosphino)ethane (DMPE}, as well as tvx’/ocz-
of substrate electronics on the mechanism of the reaction. Th'ssymmetric chiral ligands,R,R)-Me-DUPHOS3, and R.R)-

i_s the first full DFT ;tudy of the re_action pathway for the variogs tetramethylbisoxaphospinane (TMBOR), Only the two key
ligands and thg first computational study over the reaction transition structures, MOLHand DIHY*, are focused upon in
pathway for varied substrates. this study. It is clear from previous experimental studies that
the turnover limiting step occurs after addition of hydrogerd

Computational Details and that formation of the ALHY species is irreversifé: Any

All calculations were performed using Jaguar “5th all enantioselectivity in the_reaction must therefore be derived
structures fully optimized at the B3LYP level of theory using the dUring these key steps in the catalytic cycle. The calculated
LACVP** basis set. This basis set corresponds to a combination f€action pathway therefore includes these two transition struc-
of the Los Alamos LANL2DZ ECPfor rhodium and the 6-31G** tures, the surrounding minima, and the initial square planar
basis set for all other atoms. This basis set is similar to that used catalyst—substrate complex, SQPL, as the energetic reference
by Landis and co-workers in both the DFT and ONIOM computa- point.
tions previously? All reported energies are enthalpies calculated  The A and C pathways of substrate complexare shown
at 298 K and 1 atm. Stationary points, both minima and transition Figure 4. Since ligand is achiral, there is only one possible

structures, were confirmed through calculation of frequencies and SQPL complex and the pathways only differ by the approach
identification of any negative eigenvalues. All energies given are

in kcal/mol, and molecular distances are in angstroms, unless

(6) (a) Chirlian, L. E.; Francl, M. MJ. Comput. Cheml987,8, 894.
(b) Woads, R. J.; Khalil, M.; Pell, W.; Moffat, S. H.; Smith, V. H., I
(4) Jaguar 5.5; Schrddinger, L.L.C.: Portland, OR, 1991—2003. Comput. Chem199Q 11, 297. (c) Breneman, C. M.; Wiberg, K. B.
(5) Hay, P. J.; Wadt, W. R]. Chem. Phys1985,82, 299. Comput. Chem1990,11, 361.
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of Hp. 1a-MOLH-C is only 0.7 kcal/mol higher in energy than
the 1a-SQPL complex and is favored by 4.4 kcal/mol otar
MOLH-A. The following transition structuresla-MOLH*-A
andla-MOLH*-C, differ in energy by less than 1 kcal/mol at
10.3 and 11.1 kcal/mol, respectively. In the DIHY complex,
la-DIHY-A is favored overla-DIHY-C, opposite of the
preference for MOLH, by 1.3 kcal/mol. However, either energy
difference is within the error limits that can be reasonably
expected from the computational method. The barrier of
formation of 1a-DIHY*-A from 1a-DIHY-A is only 3.1 kcal/
mol, but 1a-DIHY*-C is 13.2 kcal/mol higher in energy than

Donoghue et al.

2a-DIHY*-C. Once again, the DIH"transition structure is the
highest energy species on both pathways. The two pathways
then decrease in energy 24.2 kcal/mol on the A pathway and
24.5 kcal/mol on the C pathway to form the correspondiag
ALHY complexes.

The reaction profile of substrate compl&a is shown in
Figure 6. Since the ligand Me-DuPHGCSIs chiral, there are
two reaction manifolds, with the SQPL complex and following
reaction pathway proceeding to the left of center and the sqgpl
complex and following reaction pathway proceeding to the right
of center.3a-sqpl is 2.8 kcal/mol higher in energy th&8a-
SQPL. On the C pathwaga-MOLH-C is 1.7 kcal/mol higher
in energy tharBa-SQPL anda-molh-c is 1.1 kcal/mol higher
in energy thar8a-sgpl-c. In analogy tdaand2a, 3a=MOLH-A
and3a-molh-a are higher in energy than the corresponding C
pathway complexe8a-MOLH-A and3a-molh-a have relative
energies of 9.9 and 6.9 kcal/mol, respectively. On the minor
manifold, 3a follows a pattern similar tda and2ain that 3a-
molh¥-c is now higher in energy the&@a-molff-a, 14.0 and 12.4
kcal/mol, respectively. The major manifold does not follow this
trend.3a-MOLH-C with a relative energy of 11.9 kcal/mol is
3.3 kcal/mol lower in energy thaBa-MOLH*-A. The pattern
of the relative energies of the A and C pathways holds for the
two manifolds at the DIHY intermediate as wela-DIHY-C
is more stable thaBa-DIHY-A with relative energies of 10.7
and 12.6 kcal/mol, respectivel\3a-dihy-a is energetically
favored over3a-dihy-c by 1.8 kcal/mol3a-DIHY*-A has a
relative energy of 14.5 kcal/mol, 1.9 kcal/mol higher ti&a:
DIHY-A, and 3a-dihy*-a is at 12.2 kcal/mol, which is 1.2 kcal/
mol higher in energy tharBa-dihy-a. It can therefore be
concluded that the barriers along pathway A are relatively low
and that the minor reaction of the minor complex sqgpl is favored.
In comparison, the C pathway exhibits much larger barriers,
analogous td.a and2a. 3a-DIHY*-C has a relative energy of
24.2 kcal/mol, 13.5 kcal/mol higher th&a-DIHY-C. Similarly,
3a-dihy*-c has a relative energy of 26.0 kcal/mol, 13.2 kcal/
mol higher tharBa-dihy-c. There is again a large energy release
to form the alkyl hydride complexes on all manifolds and
pathways. In all four reaction pathways shown in Figure 6
formation of the alkyl metal hydride species from the corre-
sponding dihydride complex is calculated to be exothermic by
more than 25 kcal/mol, making this step irreversible.

Figure 7 shows the energy profile of substrate complax

1a-DIHY-C. The highest energy species on both pathways is derived from the TMBOP ligand. The layout of the profile is

at the DIHY transition structure, being 11.1 kcal/mol on the A

analogous to that o8a in Figure 6.4a-sqgpl is 3.5 kcal/mol

pathway and 24.5 kcal/mol on the C pathway. This large energy higher in energy thaMa-SQPL. The C pathway is again
difference makes the C pathway very unlikely, in agreement energetically favored over the A pathway at the MOLH
with the results by Landis and co-workéréfter the DIHY* intermediate on both manifoldda-MOLH-C is favored over
transition structure, the A and C pathways decrease in energy4a-MOLH-A by 4.6 kcal/mol, while the energy difference
by 24.8 and 25.2 kcal/mol, respectively, to form the corre- betweemamolh-c andda-molh-a in the minor manifold is only
spondingla-ALHY complexes. 0.7 kcal/mol. The pathways dfa mirror those of3a described
Figure 5 shows the reaction pathway for substrate complex previously.4a-MOLH?*-C, with a relative energy of 12.5 kcal/
2a. Similar to the case of ligart 2 is achiral and there is only ~ mol, is favored overa-MOLH*-A by 1.9 kcal/mol, and4a-
one SQPL complexka-MOLH-C is only 0.5 kcal/mol higher molhf-a is lower in energy thama-molH-c with relative
in energy thara-SQPL and favored ov@a-MOLH-A by 2.8 energies of 12.1 and 15.0 kcal/mol, respectively. Similatsy,
kcal/mol. In analogy tdl, 2a-MOLH*-A has a relative energy ~ DIHY-C is 0.5 kcal/mol lower in energy tha#a-DIHY-A and
of 8.9 kcal/mol and is favored ov&@a-MOLH*-C by 1.9 kcal/ 4a-dihy-a is lower in energy thada-dihy-c, with relative
mol. There is a 2.0 kcal/mol energy difference betw@an energies of 10.4 and 12.7 kcal/mol, respectively. The C
DIHY-A and 2a-DIHY-C. The relative energy along the A  pathways again have large energy barriers WigDIHY*-C
pathway then increases by 3.6 kcal/mol to fa2ar-DIHY*-A increasing from 11.6 to 23.7 kcal/mol adAd-dihy*-c increasing
with a relative energy of 10.0 kcal/mol. In comparison, the C from 12.7 to 25.6 kcal/mol. The A pathways do not have these
pathway increases by 15.0 kcal/mol to 23.4 kcal/mol to form large barriers wittda-DIHY*-A increasing only 1.2 kcal/mol

842 J. Org. Chem.Vol. 72, No. 3, 2007
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and4a-dihy*-a |ncreaS|ng_onIy 1.9 keal/mol. As was the case TABLE 1. Comparison of DFT Energies at ONIOM Geometries to
for 3a, all of these transition structures resemble the reactants,previous ONIOM Calculations on the B and D Pathway3

as is expected for the highly exothermic formation of the alkyl

. , ; ONIOM B3LYP//ONIOM
hydride complexes in all cases. Remarkably, the energy differ-
ence from the transition structures to the corresponding alkyl 3a-SQPL-B 0.0 0.0
hydride complexes is between 23 and 24 kcal/mol in all cases, gzzssc%it@ 2'27 g'g
even though the relative energies of the individual species in 3a-sqpl-d 457 38
the four different pathways differ significantly. This indicates 3a-1ID*-B 19.97 17.8
that the structural origin of the energy difference, namely, 3a—!]2*-D 21.08 211
stabilization of the negative charge, is similar in the transition gz:::g,ii’ ig'sl); ié-g
structures and the alkyl hydride complexes, as will be discussed 3, voLH-B 10.43 151
later. 3a-MOLH-D 10.43 15.1
The Me-DUPHOS complexda, had been previously studied 3a-molh-b 10.44 12.5
using a three-level ONIOM approaHThe core region, defined 3a-molh-d 10.44 12.5
: ; 3a-MOLH*-B 11.84 14.2
as the substrate, the Rh atom, and an ethylene diphosphine 38-MOLH-D 1232 159
ligand, was treated at the B3LYP/LANL2DZ level of theory. 3a-moll-b 12.01 14.7
Adjacent alkyl groups were treated in the intermediate region 3a-moltf-d 12.70 155
with the smaller LANL2MB basis set, while the remaining 3a-DIHY-B —6.07 —2.0
atoms of the Me-DuPHOS ligand were treated at the UFF level. g::ctj)ith\-(t;D :ggi _(1)';
As discussed earlier, this led to inconsistencies between the 3a—dih¥-d —4.00 0.7
results from the full DFT treatment of a model system and the 3a-DIHY*B —4.69 -05
results from the ONIOM calculations, but it is not clear if this 3a-DIHY*-D 6.66 10.3
is due to the level of theory or the structural changes. Therefore, 32‘8’:%'3 *g-gg 8-2
the results of the ONIOM_caIcuIatlons were reinvestigated at 32-ALHY-B _1855 159
the full DFT level. To confirm the large barriers on the B and 3a-ALHY-D ~10.31 —93
D pathways obtained previously, single-point DFT energies at 3a-alhy-b —-17.25 —-15.2
the ONIOM geometries were calculated and are compared to ~ 3a-alhy-d —10.42 —9.5

the ONIOM AE values in Table 1. The largest barriers on the

a All energies in kcal/mol,

and ONIOM data from ref 3b.

B and D pathways agree within 2 kcal/mol and were still 10
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TABLE 2. Comparison of DFT Energies at ONIOM Geometries and DFT Geometries to Previous ONIOM Calculations on the A and C
Pathwayst

Major Manifold Minor Manifold

ONIOM B3LYP//ONIOM B3LYP ONIOM B3LYP//ONIOM B3LYP
3a-SQPL-A 0.0 0.0 0.0 457 3.8 3.1
3a-SQPL-C 0.0 0.0 0.0 4.57 3.8 3.1
3a-MOLH-A 5.24 6.3 8.2 0.13 17 5.2
3a-MOLH-C —3.09 -3.9 -0.1 1.26 -0.7 2.1
3a-MOLH*-A 8.95 11.9 14.6 4.41 8.6 11.8
3a-MOLH*-C 4.20 7.4 11.3 8.08 10.2 13.3
3a-DIHY-A 5.74 10.2 10.4 1.24 6.2 8.8
3a-DIHY-C 1.85 5.6 8.5 4.77 9.6 10.6
3a-DIHY*-A 5.89 10.3 13.2 2.16 7.4 11.1
3a-DIHY*-C 13.69 19.4 23.8 17.43 22.6 25.5
3a-ALHY-A —22.37 b —-155 —24.79 —-21.2 -17.6
3a-ALHY-C —10.31 —9.32 -5.6 —10.42 —-9.5 -5.3

a All energies in kcal/mol and ONIOM data from ref 3bWavefunction did not converge at ONIOM geometry.

kcal/mol higher in energy than either diastereomeric manifold kcal/mol32balthough disagreeing on which transition structure
on the A pathway. Therefore, the B and D pathways are not was higher in energy. The previous DFT study suggested that
considered to be relevant for catalysis, in agreement with the the DIHY* transition structure was higher in energy than the
results of Landis and co-worketShe A and C pathways were ~ MOLH?¥ transition structure, while the ONIOM study showed
also calculated at the DFT level for the ONIOM geometries the reverse. Second, all four ligands clearly favor the A pathway
and then reoptimized at the DFT level. Comparison of these over the C pathway. The energy difference between DHAY
DFT results, single-point and reoptimized, to the ONIQW and DIHY*-C for all four ligands is quite large, ranging from 9
values are shown in Table 2 and shows general agreemento 15 kcal/mol. The C pathway would therefore have a
between the two methods in relative but not absolute terms. prohibitively high barrier at this step, thus favoring the A
The single-point DFT energies were generally higher than the pathway almost exclusively. Similar 8, the relative energies
corresponding ONIOM energies. The largest deviations betweenof the two manifolds on the C pathway 4& would also favor

the two methods were at the two transition states, MOaht product formation from the major manifold. Experimentally,
DIHY®, and the DIHY intermediate, with energy differences the hydrogenation has been shown to generat® treantiomer,
ranging from 2.1 to 5.7 kcal/mol. The reoptimized DFT energies similar to 3, which is derived from the minor manifok.bf
were even higher in relative energy, with the differences between Computational and experimental results therefore agree that the
the two transition states and DIHY intermediate ranging from C pathway is not viable with substrate

5.2 to 10.1 keal/mol. Qualitatively, both the single-point and  Tq probe the origin of the large energetic difference between
reoptimized geometries found large energetic barriers at DI- the two DIHY* transition structures, the six structures calculated
HY*-C from 19.1 to 25.0 kcal/mol, and the expected enantiomer for DIHY*-C were compared to the corresponding DR

is derived from the minor manifold of the A pathway, in  stryctures. Representative structureslafDIHY*-A and 1a-
excellent enantiomeric excess. Furthermore, the relative energie$H|Hy*.C are shown in Figure 8. From these structures, the
of the diastereomeric transition structures on the C pathway gitferences in steric interactions between the A and C pathway
would favor formation of th&Senantiomer, wherea&(R)-Me-  are seen to be minimal. This is consistent with the previously
DUuPHOS has been shown experimentally to generateRthe  cajculated, small PHmodel system, where no close steric
enantiomer almost exclusively. contacts are expected on any pathw#yhe barrier is therefore
Analysis of the results for the other three ligandsla 2a, most likely electronic in nature. The energy difference between
and 4b, shows agreement with the mechanistic pathways the A and C pathways should therefore be sensitive to the
proposed previoush? and with 3a described above. All four  electronic structure of the substrate, which can be manipulated
ligands show common characteristics. First, the energy differ- by substitution. This was investigated by altering the substituents
ence between MOLHA and DIHY*-A is very small. Specif-  on the substrate from the electron-withdrawing cyano group on
ically, the calculated relative energies between the two transition the carbona to the amide, used to model the ester, to an
structures are 0.8 and 1.1 kcal/mol for the two model ligands, electron-donating methyl group and subsequently adding a
laand?2a, respectively. Comple3ais calculated to have the  g-cyano group in botZ andE geometries to reverse the polarity
DIHY*-A transition structure lower in energy on both the major  of the alkene. Partial charges were calculated to fit the molecular
and minor manifolds by 0.9 and 0.4 kcal/mol, respectivagy- electrostatic potential, and the results of these calculations for
DIHY*A is lower in energy by 1.1 kcal/mol; howeveda- the o and 3 carbons of the olefin are shown in Figures 22
molh-a is calculated to be lower in energy by 0.2 kcal/mol. for 1a, 1b, 1c, andld respectively.
All of these energy differences are within the limits of accuracy e partial charges for Lare all calculated to be positive,
of the computational method. Both previous computational gnq the charges for Care calculated to be negative with one
studies calculated the energy difference to be on the order of 3¢, cention. The largest difference in these polarizations for the
A and C pathways for the four substrates occurs at the DIHY
(7) (@) Burk, M. J.; Wang, Y. M,; Lee, J. R. Am. Chem. S0d.996, transition structure. In general, the A pathway becomes less
L5 5112 08Ut 3, Coo, . Joon, B0 ChemiSSh, polarized and the C patfiay becomes more polarized at this
2000,122, 10486. (d) Gridnev, I. D.; Yasutake, M.; Higashi, N.; Imamoto, transition structure, although the relative amount changes based
T.J. Am. Chem. So@001,123, 5268. on substitution. Fotathe A pathway changes by 0.17 &om
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a) ? b) |
ve

FIGURE 8. Calculated geometries dfa-DIHY*-A (a) along and (b) above the rhodiurphosphine plane antla-DIHY*-C (c) along and (d)
above the rhodium—phosphine plane.
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FIGURE 10. Calculated ESP charges for ligand complHx over FIGURE 12. Calculated ESP charges for ligand complek over
pathways A (m) and CQ). pathways A (H) and CQ).

DIHY to DIHY * on G, and—0.13 & from DIHY to DIHY* on The partial charge analysis indicates that there is a larger
Cg. As the substitution pattern reverses polarity, the amount of electronic reorganization on the C pathway than on the A
change in partial charge between these points on the A pathwaypathway. Replacement of the cyano group with the methyl group
increases. Changing the cyano group to a methyl grouibin  in 1b should destabilize the buildup of charge on the A pathway,

increases the changes to 0.22 an@.30 e for C, and G, and thef-cyano group inlc and 1d should then stabilize the
respectively. Addition of the cyano group on fhearbon further anion at thes position.
increases this changéc shows changes of 0.34 en C, and This hypothesis is supported by the results of the calculations,

—0.47 € on C, andld is calculated to have changes of 0.33 specifically the geometries and partial charge data. The effect of
e on C and—0.43 € on G. A similar, but opposite, effectis  these groups on the geometry of DIF shown in Figure 13
observed on the C pathway as well. A larger change is observedfor the A pathway and Figure 14 for the C pathway. The forming
for 1a, —0.19 and 0.27 efor C, and G, than forlb, —0.17 C—H bond at the transition structure clearly shows the effect of
and 0.23 e. The f-cyano derivatives show even smaller the substituents on the transition structure. The length of the
deviations.1c changes by-0.10 and 0.14 g and1d changes C—H bond forla-DIHY*-A is 1.69 A, shortens to 1.59 A for

by —0.15 and 0.18 efor C, and G;. The A pathway results in ~ 1b-DIHY*-A, and further shortens to 1.57 and 1.56 A fa-

an ALHY species that has a rhodium-stabilized carbanion at DIHY *-A and 1d-DIHY*-A, respectively. A similar, but oppo-
thea carbon, and the C pathway has this anion ajicarbon. site, effect is seen on the C pathway. The formingHCbond is

In 1atheo anion is stabilized by the amide and the cyano group 1.46 A for1a-DIHY*-C, 1.51 A for1b-DIHY*-C, and 1.59 and
but theg anion is primary and not stabilized by any substitution. 1.61 A for1c-DIHY*-C and1d-DIHY*-C, respectively. There-
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1a-DIHY*-A 1b-DIHY*-A le-DIHY*-A 1d-DIHY*-A
FIGURE 13. Calculated geometries dfa—d-DIHY*-A with the forming C-H bond labeled.
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FIGURE 14. Calculated geometries of the DIHXC species forla—d with the forming G-H bond labeled.
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FIGURE 15. Comparison of the reaction enthalpies of substrateslb, 1c, andld for pathways A @) and C Q).
fore, removal of the electron-withdrawing group at ¢hposition previously, the energy profile of the reaction fba involves
and reintroduction of the electron-withdrawing group atghsi- the A and C pathways being within 1 kcal/mol at MOt&ind

tion simultaneously destabilizes the A pathway, as seen throughDIHY. The two paths then differentiate at DIHYwherela-
the transition structure bond shortening, and stabilizes the CDIHY *-A is calculated to have a relative energy of 11.1 kcal/
pathway, seen in the lengthening of the corresponding bond.mol and1a-DIHY*-C of 24.5 kcal/mol. Substratéb shows a
The complete energy profiles of the four substraes in profound difference on the reaction profile. The C pathway is
the reaction with ligandl are shown in Figure 15. As noted now lower in energy by 2.1 kcal/mol at MOL#and 2.8 kcal/
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mol at DIHY. The A pathway is still lower at energy at DIHY being unsubstituted at thecarbon, offers no additional stability
but the energy difference has dropped from 13.4 kcal/mol in on the C pathway, and the nitrile group at thearbon promotes
lato 1.4 kcal/mol. In substratekc and 1d these changes are  hydride addition in a Michael fashion at t3ecarbon. Therefore,
even stronger. The C pathway is now favored by 5.3 kcal/mol all substituents on substrate are favorable toward the A
for substratelc and 3.3 kcal/mol for substrated at MOLH* pathway and unfavorable for the C pathway. Substratasd

and favored by 5.8 kcal/mol fatc and 3.8 kcal/mol forld at d contain a nitrile moiety at thg carbon, thus promoting
DIHY. At the DIHY* transition structure, the C pathway is now Michael addition at thex carbon. Electronically, the methyl
favored over the A pathway by 8.6 kcal/mol faéc and 7.0 group at thea carbon in substrated, c, and d slightly
kcal/mol for 1d. The energy difference between MOt knd destabilizes the carbanion at tloe carbon. Substraté has
DIHY* is also increased on the A pathway and decreased oncounteracting electronics between the methyl and amide, ef-
the C pathway. Fotathe differences are 0.8 kcal/mol for the fectively canceling out and the two pathways are energetically
A pathway and 13.4 kcal/mol on the C pathway. Substtéte  similar. Addition of the Michael addition bias imandd helps
shows an increase on the A pathway to 2.6 kcal/mol and a to promote the C pathway over the A pathway. Low-temperature
decrease on the C pathway to 6.1 kcal/mol. The energy NMR studies have previously identified the ALHY intermediate,
differences on the A pathway fdrc and 1d have increased  and this intermediate would obviously be different for the A
further to 7.4 kcal/mol and on the C pathway decreased to 4.1 and C pathways due to the change in order of hydride addition.
kcal/mol for1cand 3.7 kcal/mol fodd. The electronic effects  The calculated mechanistic switch should therefore be evident
of the substrate are most pronounced at DiHXs is evident in a similar NMR study with substrates similar g c, or d.

in the energy profiles and the charge analysis. The stabilization/ The previous computational study using substrate complex
destabilization of the two pathways is evident in the relative 3ain ONIOM appears to overestimate the relative energies of
barrier heights of the A and C pathway at DIE¥or lathe C the system. The enthalpies of the DFT optimizations and the
pathway has a prohibitively high energy at DIFWhereas the  single-point energies at the ONIOM geometries both showed
two pathways are almost equivalent in energy idr. The lower relative energies than the ONIOM geometries, although
geometric isomerdc and 1d show further destabilization of  not by a consistent amount. The largest energy deviation
the A pathway and stabilization of the C pathway so that the A between the ONIOM and DFT optimizations was8atMOLH-
pathway now has a prohibitive barrier and only the C pathway C, where the two methods disagreed by 8.6 kcal/mol, while at
should be catalytically active for such substrates. In qualitative several points the two methods agreed within 1 kcal/mol. The
terms, these differences can be attributed to electronically calculated geometries between the two methods are similar, and

favorable, Michael-type hydride addition in th&position there are no significant geometrical deviations. The reaction
relative to the electron-withdrawing nitrile groupia-DIHY *- profile is also consistent between ONIOM and DFT optimiza-
A, 1c-DIHY*-C, and1d-DIHY*-C. In contrast, the anti-Michael-  tions. On the basis of the maximum energies of single transition
sense hydride addition iha-DIHY*-C, 1¢c-DIHY*-A, and 1d- structure geometries in the two manifolds, the DFT energies
DIHY *-A is electronically unfavorable. would predict an essentially identical enantiomeric excess of

the reaction. The higher ONIOM energies would only affect
the overall rate of the reaction, not the selectivity of the reaction.
The rate-limiting step in the reaction is subject to the substrate

Rhodium-catalyzed hydrogenation reactions of enamides have€lectronics. The energy profiles of complexds—d suggest
been well-studied experimentally, and many chiral ligands have that DIHY* is the rate-limiting step for both A and C pathways.
been utilized for asymmetric variants of the reaction. Mecha- The profiles ofl—4ado not show any bias for either MOLH
nistic studies previously have focused on unsatureteanino or DIHY* as the rate-limiting step on the A pathway, and the C
acid derivatives, but the rhodium-catalyzed hydrogenation Pathway is calculated to be energetically unfavorable and
reaction has been used on substrates of significantly variedtherefore catalytically inactive. On the basis of this information,
electronics. Substrates with alkyl or arylsubstituents or those ~ any prediction of enantioselectivity for unsaturatedmino acid
with electron-withdrawing3 substituents are also common in derivatives, such as substraieshould be based on a combina-
the literaturél®78The present study suggests that the mechanismtion of the MOLH and DIHY* transition states on the A
of hydrogenation may not be consistent for all substrates and Pathway. Enantioselectivity predictions for substrates with varied
is in agreement with a previous computational study as %ell. €lectronics would have to account for both the A and C pathway,
The mechanism appears to be fairly independent of ligand stericsas in substrate, or only the C pathway, as in substrateand
but strongly depends on the electronics of the substrate,d. Development of a model for the enantioselectivity in the
particularly the ability to stabilize the forming negative charge reaction, and its application in screening chiral ligands for the
in DIHY* at either thea or the 8 carbon. On the A pathway  reaction would need to account for such substrate electronics
the ALHY intermediate contains a Rh-stabilized carbanion on and the corresponding available mechanistic pathways and
thea carbon, whereas the ALHY intermediate on the C pathway transition structures.
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substituent would stabilize carbanion formation at¢hearbon,
which would cause a bias toward the A pathway. Substate
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