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ABSTRACT Recent experimental studies of iridium-phosphino- <—Hydrogenation—
oxazoline-mediated alkene hydrogenation indicated two dihy-
dride intermediates as resting states, with the minor isomer as-
sumed to give rise to the major product enantiomer [Gruber and
Pfaltz, Angew. Chem. Int. Ed. 2014, 53, 1896]. B3LYP-D2 calcu-
lations confirm the two dihydride intermediates as resting states,
but show that these species do not give rise to the lowest-lying
hydrogenation barriers. Instead, both species prefer to isomerize
to different intermediates prior to hydrogenation. The computed
enantiomeric excess (ee) at 298 K is in excellent agreement with
experiment. The calculations further show an increased barrier for dihydride isomerization at lower temperature. Numerical simula-
tions of the overall reaction kinetics indicate that this can explain the reduced enantioselectivity observed experimentally at 233 K.
Analysis of the selectivity-determining interactions identifies strong CH/r interactions between the oxazoline substituents and the
alkene. On basis of the insights obtained, a rational re-design of the catalyst is suggested, resulting in an improved ee in silico.
Additional benchmark studies on different experimentally reported barriers and reaction energies for iridium complexes confirm the
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suitability of the employed computational protocol.

Introduction

Chiral iridium-phosphinoxazoline (Ir-PHOX) complexes are
versatile catalysts for the enantioselective hydrogenation of
alkenes and imines.>?3* These complexes can be viewed as
chiral mimics of the N,P catalysts originally developed by
Crabtree and coworkers.® Despite their successful applications
in asymmetric hydrogenations, in particular of unfunctional-
ized substrates, high enantiomeric excesses are still restricted
to a limited number of substrates (for a recent comprehensive
review on N,P-Ir catalysts in alkene hydrogenation, see [6]).
Further rational improvement of this type of catalysts is de-
pendent on a detailed understanding of the reaction mecha-
nisms and the selectivity-determining factors. Theoretical and
experimental studies of Ir-PHOX-mediated alkene hydrogena-
tion have provided important mechanistic insights,”®2 1911 pyt
the selectivity-determining factors, which are substrate and
ligand dependent, are little explored.®*

The currently accepted inner-sphere mechanism for Ir-
PHOX-mediated alkene hydrogenation was originally pro-
posed by Brandt et al. on the basis of density functional theory
(DFT) calculations on a truncated catalyst model.” Our theo-
retical studies on a full model of Ir-PHOX confirmed this
mechanism and provided a rationale for the stereochemical
outcome of alkene hydrogenation.” Additional studies by

Andersson and coworkers on a related thiazole-based com-
plex,'? and by Sparta et al. on an Ir-PHOX catalyst,** have
further confirmed that alkene hydrogenation occurs through an
Ir(111)/Ir(V) reaction cycle. In the first step, the substrate un-
dergoes migratory insertion into an iridium-hydride bond,
concomitantly with oxidative addition of a coordinated H,
molecule (Scheme 1). This step is rate-limiting and determines
the enantioselectivity of the reaction.”!! In the following step,
a proton is transferred to the alkyl, resulting in generation of
the alkane product and reduction of the metal.”®

Our earlier quantum chemical calculations have shown that
coordination of H; to the alkene-coordinated iridium complex
is endergonic.” We therefore assumed that the resting state of
the complex (in weakly coordinating solvent such as CH.Cl,)
is a dihydride-Ir(I11) intermediate, with an alkene molecule
coordinated trans to phosphorous and a free apical coordi-
nation site (Scheme 1). In an elegant NMR study, Gruber and
Pfaltz recently confirmed the existence of this dihydride reac-
tion intermediate,’® proposed as resting state (Scheme 1).2
With catalyst C1 and alkene A1, two isomers of the dihydride
species were observed at 233 K, in a ratio of 11:1 (Fig. 1).1°
The two isomers coordinate the alkene from different faces,
implying that the major isomer would form the (R)-alkane and
the minor isomer would form the (S)-alkane. Interestingly, C1-



Scheme 1. Alkene Hydrogenation Mechanism of Ir-PHOX
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aBased on the original proposal by Brandt et al.” and our DFT calculations.® Formal charges (corresponding to an ionic bonding model) are

indicated to illustrate the electron flow.

mediated hydrogenation of Al gave the (S)-alkane with an
enantiomeric excess (ee) of 72% at 233 K and 94% at 298 K.°
It was therefore postulated that the major alkane enantiomer is
formed from the minor dihydride isomer.*°

The hydrogenation of alkene Al with catalyst C1 was here
evaluated through quantum chemical modeling employing
B3LYP including the Grimme empirical dispersion correction
D2.%% Several recent studies have shown that B3LYP combined
with empirical dispersion is able to provide excellent predic-
tions of the enantioselectivity of iridium-catalyzed hydrogena-
tion reactions.®11* The present study confirms the two exper-
imentally observed dihydride intermediates as resting states,
but shows that these prefer to isomerize to different intermedi-
ates prior to hydrogenation of the coordinated alkene. The
calculations further provide a possible explanation for the
different enantiomeric excesses obtained at respectively 233 K
and 298 K in experiments. Identification of the selectivity-
determining interactions allows us to predict a catalyst modifi-
cation leading to an improved enantiomeric excess in silico.
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Figure 1. a) Catalysts and alkenes evaluated here, b) Dihydride
species formed from C1 and Al in experiments (11:1 at 233 K,
adapted from [10]).

Computational Details

Full catalysts (C1, C2) and full substrates (A1, A2) models
were employed (Fig. 1). Calculations were performed using
the hybrid density functional B3LYP® as implemented in
Gaussian 09 (Rev. B.01).*8 Also included in all calculations
were the implicit solvent model IEFPCM? (CH,Cl,, including
only the electrostatic terms) and the Grimme empirical disper-
sion correction D2, which contains parameters up to Rn in
the employed Gaussian revision. Geometry optimizations were
performed with the basis set 6-311G(d,p) on all atoms, except
iridium, for which the basis set and effective core potential
LANL2DZ?® were employed, augmented with an f polarization
function (exponent 0.65). Thermochemical quantities were
obtained from frequency calculations at the same level of
theory as the geometry optimizations, with temperature correc-
tions of 233 K or 298 K. The nature of optimized transition
states was confirmed through frequency calculations (all ex-
hibiting a single imaginary frequency) and, for selected spe-
cies, through additional IRC calculations. Single-point calcula-
tions were performed on all optimized geometries with the
larger 6-311+G(2d,2p) basis set on all non-metallic atoms and
LANL2TZ(f)!82° on iridium to obtain more accurate electronic
energies. Final energies are Gibbs free energies. Note that
these correspond to a standard state of 1 atm (0.041 M), un-
less clearly stated otherwise. 2

For calculating the cost of dissociating Al from C1, a
counterpoise (CP) correction as defined in [21] was computed,
which amounted to 2.0 kcal/mol at the bigger basis set. CP
corrections were also computed for species formed through
coordination of H, to iridium (amounting to 0.4 kcal/mol).

Key results obtained here were reevaluated with different
functionals (B3LYP, M0O6, M062X??) in combination with
different type of Grimme dispersion corrections (D2*% or D3,%
see Sl for details).

The time evolution of the concentrations was modeled with
a simplified reaction path involving four species: the two



dihydride intermediates B (major) and C (minor) and the two
hydrogenated products A ((R)-alkane) and D ((S)-alkane):

k' k
Ao Bee(C=2=D
k-1 k -2 k-3

The following assumptions were made: (i) no back-reaction
from A to B or from D to C (ki = ks = 0), (ii) hydrogen con-
centration constant and unitary, (iii) initial B/C ratio given by
their computed free energy difference, (iv) rate constants de-
rived from transition state theory?* employing the computed
free energies. The set of four coupled linear differential equa-
tions yielding the concentration of each species in time can be
easily integrated to provide an estimate of the enantiomeric
excess (see Sl for details).

Results and Dicussions
Dihydride species and isomerization

NMR studies of H, addition to a square-planar Ir-PHOX com-
plex in THF have identified two dihydride species, one with a
hydride above the basal plane, and one with a hydride below.®
Coordination of a prochiral alkene such as Al to the equiva-
lent C1-based dihydrides can give rise to 8 possible dihydride
isomers (Fig. 2). The B3LYP-D2 optimized geometries reveal
that dispersion interactions between the substrate substituents
(H,Ph/Tol) and the substituents on the chiral carbon of the
oxazoline ring (H/Ph) determine the substrate orientation
(optimized coordinates are given as supporting information).
For four of the sterecisomers, this results in placement of the
alkene double bond in the basal plane (DiH-1 to DiH-4),
whereas for the other four, the double bond is tilted towards
aligning with the axial hydride (DiH-5 to DiH-8, Fig. 2). The
computed free energies show that the two lowest-lying dihy-
dride species are DiH-1 and DiH-6 (Figure 2). Gratifyingly,
these two species correspond to the two isomers that in exper-
iments were identified as the major and the minor isomer (Fig.
1). The computed relative energy difference of 0.7 kcal/mol
(233 K) corresponds to a Boltzmann distribution of 5:1 for
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these two isomers, in good agreement with the experimentally
observed distribution of 11:1 at 233 K.°

Gruber and Pfaltz show evidence for fast isomerization
between the major and the minor dihydride species.’ Given
that the alkene is bound from opposite faces in these two spe-
cies, isomerization requires dissociation and re-binding of the
alkene. The here proposed reaction pathway for isomerization
between the dihydride species and corresponding computed
energies are illustrated in Figure 3. Flipping of the hydrides in
DiH-1 to form DiH-2 has a barrier of 6.4 kcal/mol (TSsp).
Dissociation of Al from the complex costs 16.8 kcal/mol at
298 K (20.4 kcal/mol at 233 K, Fig. 3), which here is assumed
to represent the overall barrier for isomerization.?*?> The al-
kene can then rebind from the opposite face, forming dihy-
dride DiH-6. A solvent molecule might temporarily coordinate
to the iridium centre, but this would not reduce the initial cost
of dissociating Al. Concerted alkene dissociation and solvent
binding through an interchange mechanism is, for sterical
reasons, not possible. An alternative pathway to Figure 3,
proceeding through DiH-5, was found 2 kcal/mol higher in
energy.

Dihydrogen-dihydride species and isomerization
Hydrogenation of the coordinated alkene requires binding of
an H, molecule to the dihydride complex (Scheme 1). Coordi-
nation of H; in the vacant coordination site of the dihydride
isomers (Fig. 2) gives rise to eight dihydrogen-dihydride spe-
cies (Table 1). Of these, the preferred dihydrogen-dihydride
isomers are Hp-DiH-1 and Hz-DiH-5 (Table 1), respectively
formed from DiH-1 and DiH-5 (H; binding below the basal
plane in both cases, Fig. 2). For all substrate-coordinated di-
hydrogen-dihydrides, H. binding below the basal plane ap-
pears preferred. A similar trend was observed earlier.®

The dihydrogen-dihydride isomers can also isomerize. If
dissociation of the alkene is required, calculations show that it
is more favorable to isomerize without H, coordinated, i.e. as
in Figure 3. However, for isomerization between species only
differing in the position of the H, molecule (above or below
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Figure 2. Eight dihydride isomers formed from C1 and Al. Schematic representation of optimized geometries and relative Gibbs free
energies in kcal/mol (298 K, in parentheses 233 K). DiH-1 to DiH-4 have a pro-(R) and DiH-5 to DiH-8 a pro-(S) configuration.
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Figure 3. Isomerization of the major (DiH-1) to the minor (DiH-6) dihydride species requires alkene dissociation. Schematic repre-
sentation of optimized geometries and relative Gibbs free energies in kcal/mol (298 K, in parentheses 233 K).

Table 1. Computed relative energies® (kcal/mol) for dihy-
drogen-dihydride isomers formed from C1 and Al.

Isomer AG298K (AG233K) StereoP
H,-DiH-1 (from major) 7.6 (6.0) pro-(R)
Ho-DiH-2 9.5(7.8) pro-(R)
H2-DiH-3 13.1(11.1) pro-(R)
H2-DiH-4 14.0 (12.4) pro-(R)
H2-DiH-5 8.3 (6.6) pro-(S)
Hz-DiH-6 (from minor) 10.1(8.5) pro-(S)
Ha-DiH-7 11.7 (10.1) pro-(S)
H2-DiH-8 18.3 (16.8) pro-(S)

3) Relative to DiH-1 and free H2. ® Alkene coordination mode.

the basal plane), facile one-step isomerization can be achieved
(Figure 4). The isomerization does not proceed through a
tetrahydride-Ir(V)-intermediate (as might have been expec-
ted?®) but occurs in a single step, through concerted dihydro-
gen splitting, proton shutteling, and dihydrogen reformation,
resulting in direct interconversion of two dihydrogen-
dihydride-Ir(111) species. This is somewhat reminiscent of a -
complex-assisted metathesis (c-CAM) mechanism,?” however,
in the transition state here, two 6-CAM rearrangements occur
concertedly, instead of through a distinct intermediate.
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Figure 4. Single-step isomerization between two dihydrogen-di-
hydride-1r(I11) complexes (energies in kcal/mol, 298 K (233K)).
Formal charges are indicated to illustrate the electron flow.

The relative energies of the dihydrogen-dihydride spe-
cies indicate that once H, has coordinated to DiH-6 to form
H2-DiH-6, this species would prefer to isomerize to H2-DiH-
5, which is 1.8 kcal/mol lower in energy (Table 2). The barrier
for the single-step isomerization is 13.1 kcal/mol (298 K, Fig.
4). Note that the alkene coordination mode remains identical

for this type of isomerizations, e.g. both H>-DiH-6 and Ho-
DiH-5 are pro-(S). However, the barrier heights for subsequent
steps might be different, affecting the enantioselectivity, as
shown in the following section.

Enantioselectivity

Following H, coordination, the next reaction step involves
hydride transfer to the coordinated substrate (Scheme 1). This
step is rate-limiting and determines the enantioselectivity of Ir-
PHOX-mediated alkene hydrogenation.”! Here, the hydride
transfer transition states were computed for all dihydrogen-
dihydride isomers formed from C1 and Al (TShyd-1 tOTShyqe-8,
Table 2). Hydride transfer can occur from above or below the
basal plane (transfer in the plane results in large overall barri-
ers).”!! For alkenes coordinated in the basal plane (DiH-1 to
DiH4, Fig. 2), this requires rotation of the alkene such that the
double bond is aligned with the axial Ir-hydride bond. Rota-
tion is expected to occur in the direction with least steric hin-
drance, i.e. clock-wise. The optimized transition state struc-
tures are shown schematically in Figure S1, SI. Note that also
alternative hydrogenation mechanisms besides the one in
Scheme 1 were evaluated, but these exhibited higher barriers
(Scheme S1, Sl). It was also evaluated if formation of the (2)-
form of Al might be relevant during hydrogenation, but this is
considered very unlikely (Scheme S2, SI).

The computed results reveal that the hydride transfer barri-
er of Hx-DiH-6 (formed from the minor species) is 0.8
kcal/mol lower than that of Hz2-DiH-1 (formed from the major
species, see TShy-6 versus TShye-1, Table 2). This would be
in agreement with the prediction by Gruber and Pfaltz that the
minor species gives rise to the observed (S)-alkane for-
mation.'® However, interestingly, two different isomers, Ho-
DiH-2 and H.-DiH-5, provide hydride transfer transition
states with significantly lower barriers (TSny-2 and TShya-5,
Table 2). We therefore predict that the latter two intermedi-
ates, and not the dihydrogen-complexes formed from the rest-
ing states (Hzx-DiH-1 and H:-DiH-6) determine the stereo-
chemical outcome.

Figure 5 illustrates the hydrogenation and isomerization
barriers of the relevant species. For both H.-DiH-1 and H2-
DiH-6 it is preferable to isomerize to respectively Ha-DiH-2
and H»-DiH-5 prior to hydrogenation. The barriers for isomer-
ization between the dihydrogen-dihydride species (TSisomer,
Figure 4) are >6 kcal/mol lower than the hydrogenation barri-
ers, implying that this type of isomerization occurs at a much
faster rate (isomerization can also occur prior to H binding,
with an even lower barrier, see TSsip, Figure 3).
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Figure 5. Computed Gibbs free energies for the hydride transfer step (TShyd) of the lowest-lying pro-(R) dihydrogen-dihydrides Hz-DiH-1
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between dihydrogen-dihydride intermediates (TSisomer, Fig. 4). Energies are relative to DiH-1 and free Ha.

The experimentally determined ee of C1l-mediated hydro-
genation of Al is 94% (S) at 298K.° Assuming that hydroge-
nation occurs through intermediates H2-DiH-2 and Hz-DiH-5
(Fig. 5), the computed AAG”rs at 298K is 2.6 kcal/mol (Table
2). This corresponds to an ee of 98% (S), in very good agree-
ment with experiment.’ If hydrogenation instead occurred
through Hz-DiH-1 and H»-DiH-6 (formed directly from the
minor and the major species), the computed ee would be
much lower, 58% (S) at 298 K (AAG"z.s = 0.8 kcal/mol, Table
2). The computed energies for the full hydrogenation reaction
pathways, starting from the resting states and proceeding
through Hz-DiH-2 and H»-DiH-5, are depicted in Figure 6.
Note that all energies are given relative to the major species
(DiH-1 + free Hy), i.e. the alkene-coordinated complex. The
free energy change for conversion of Al to alkane is thus not
directly evident from the graph; this is -15.0 kcal/mol (298 K)
in our calculations.

Interestingly, the experimentally determined ee of C1-
mediated hydrogenation of Al at 233 K is 72% (S).1° The
computed results show that also at 233 K, hydrogenation
preferably proceeds through intermediates Hz-DiH-2 and Ha-
DiH-5, with a AAG"rs of 2.6 kcal/mol (Table 2). At 233 K,

Table 2. Hydride transfer barriers® (kcal/mol) for dihy-
drogen-dihydride isomers formed from C1 and A1.°

AG7298k (AG7233K) Stereo®
TShya-1 (from major) 24.9 (22.8) pro-(R)
TShyd-2 22.5 (20.8) pro-(R)
TShyd-3 28.6 (26.5) pro-(R)
TShyd-4 28.4(26.7) pro-(R)
TShyd-5 19.9 (18.2) pro-(S)
TShyd-6 (from minor) 24.1(22.4) pro-(S)
TShyd-7 26.4 (24.6) pro-(S)
TShyd-8 29.9 (27.7) pro-(S)

JRelative to DiH-1 and free Hz, For schematic TS geometries
see Fig. S1, SI, 9Alkene coordination mode.

this corresponds to an ee of 99% (S) and does not match the
experimental ee.l® It is proposed here that the enantio-
selectivity at 233 K is influenced by the barrier for dihydride
isomerization (Figure 3). Only if isomerization between in-
termediates is fast relative to hydrogenation, is it possible to
assume that the enantioselectivity is solely determined by the
relative hydrogenation barriers (Curtin-Hammett principle).
This scenario is fulfilled at 298 K, but not at 233 K (Figure 6).
At 233 K, the computed isomerization barrier is larger than
the hydrogenation barrier for forming the (S)-alkane, implying
that it is necessary to simulate the reaction kinetics numerical-
ly in order to predict the stereoselective outcome. Such a
simulation was carried out here with a simplified reaction path
including only the rate-limiting steps for hydrogenation and
isomerization, with the rate constants obtained from the com-
puted free energies (for details see Sl).

The numerically simulated concentrations of the major
(DiH-1) and minor (DiH-6) dihydride species and the hydro-
genated products ((S)- and (R)-alkane) are shown in Figure 7.
The numerical model predicts that at 298 K, the major and
minor species stay in equilibrium during the hydrogenation
reaction (Figure 7, right). The predicted ee becomes 97% (S),
further confirming the validity of the Curtin-Hammett princi-
ple in this case. At 233 K, the simulation shows non-
equilibrium conditions for the major and minor species (Fig-
ure 7, left). The numerical modelling predicts a resulting ee of
23% (S), implying that the selectivity, which would be 99%
on the basis of the AAGr.s value only, is significantly reduced
due to the increased isomerization barrier. In order to obtain
the experimental ee of 72% (S) at 233 K from the numerical
model, the barrier for isomerization (equaling the cost of
alkene dissociation) should be reduced by only 0.7 kcal/mol
(Figure S4, SI). Note that dissociation energies generally are
challenging to compute and might have an error of several
kcal/mol, dependent on the computational protocol employed
(vide infra).2>?%2 In addition, note that the energies reported
here are standard state free energies (AG®), i.e. in experi-
ments, the relative energies will be further affected by the
reaction conditions (such as solute concentrations and H,
pressure).
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Functional dependence of results and benchmark studies
To evaluate the robustness of the presented results (obtained at
the B3LYP-D2 level), several key steps were evaluated with
different functionals and different types of Grimme dispersion
corrections (D2 or D3%). The functional combinations are:
B3LYP, B3LYP-D2, B3LYP-D3, M06, M06-D3, and M062X.
The ratio between the dihydride species DiH-1 and DiH-6
(11:1 at 233K, Fig.1)* is reproduced to within an error of 0.4
kcal/mol by B3LYP with D2 or D3 and by MO06 (Table S1).
However, M062X and M06-D3 incorrectly predict DiH-6 to
be the major species.

Optimization of the two lowest lying hydride transfer transi-
tion states, TShys-5 (pro-(S)) and TSuye-2 (pro-(R), Table 2)
show that all tested functionals predictTSpyqs-5 to be the low-
est, with a remarkably similar predicted ee at 298 K of

97.5 t0 99.5 % (S) (Table S2). For this catalytic system, pre-
diction of the major product thus does not depend on the
choice of computational protocol.

The cost of dissociating A1 from C1 is found to be very
functional dependent, as observed in similar studies on ligand

binding energies.2>??° Predicted values range from 7 to 23
kcal/mol for the 5 functionals tested (Table S3). The three
lowest predictions originate from M06, M062X, and B3LYP-
D3, which in other studies have been shown to underestimate
dissociation energies, in some cases severely.?>?° B3LYP-D2,
however, performed well (and better than the other functionals
evaluated here) in tests on 10 dissociation enthalpies in solu-
tion.® Additional benchmark studies performed here (vide
infra) indicate that B3LYP-D2 provides reasonable errors for
calculations of this type. The Al dissociation free energy
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Figure 7. Numerical simulation of the reaction kinetics of C1-mediated hydrogenation of Al on basis of the computed Gibbs free energies.
Graphical representation of the time evolution of the concentrations of the major (DiH-1) and minor (DiH-6) dihydride species, the hydro-
genation products ((R)- and (S)-alkane), and the enantiomeric excess (ee) at 233 K (left) and 298 K (right).



Table 3. Benchmark of employed computational protocol (B3LYP-D2 with IEFPCM) against experimental results for different iridium
based systems (all values in kcal/mol, unless otherwise stated).? B3LYP-D3 results are given for comparison.

Reaction type Experlm_ental Computed Error
guantity value
(a) Equilibrium B3LYP-D2:

H H Ratio?33K = 5:1
Hﬁ0>|—\ L 1@ NEOS 19 Ratio®K =11:1  AGe2K= (g 03
PH P N“h.lr.t\\P( Bu)z AOINT .Ir.l\\P( Bu)z ~ AG23K = 1 1

S = Ph N (=2 =11)  B3LYP-D3:
<L Wy 171y b ,
H in CH2Cl Ratio233K = 9:1
Tol Ph AG®238K= 10 -0.1
(b) Equilibrium (oxidative addition) B3LYP-D2:
5 P(Bu), Keq =9 at RT AG®2#K = 0.8 +0.5
! (= AG®2%K = .1 3)
Ir— Ir-NH2 in diethyl etherc B3LYP-D3:
pentene | . AGo28K = 36 23
+ NH3 P(Bu)2
(c) Asymmetrlc hydrogenation B3LYP-D2:
£e?%K = 97 5% (S)
t #298K —
Ph B_;Z Ph eezggK = 94% (S) AAGR.S =26 +0.5
~ ,298K —
l \_\:U (z8aGrs™” =21 BaLyP-D3:
>~ in CHCl2 £e?%8K = 98,20 (S)
AAGRrs#28K =28 +0.7
(d) Proton transfer (reductive elimination)
O. O- B3LYP-D2:
H4F,’(‘BU)2 '.:(tBU) AG#168K =9 3 AGH188K = 118 +2.5
/ \N—-Ir—CH3 —_— / \N__lr_l']‘l in CHCIF¢
— | ¢ f— | CHs
-P(Bu)z _P(Bu), B3LYP-D3:
0 0 AG#18K = 10.9 +1.6
©] Ligand dissociation (through distinct TS)
p(t
A AG*K =224  B3LYP-D2:
ﬁ_lr_, _]r + CHy in CHCIoF® AG*33K= 227 +0.3
CH3
(f) Ligand dissociation
t AH* =249, B3LYP-D2:
l?( Bu)z _ AS*=12.1e.u. AG°ZBKIM= 19 0 -2.3
Ir— ) Ilr + Ny (= AGH298K = 2f1.3)
in p-xylene N2
t B3LYP-D3:
P( Bu P(Bu)z AGO28KIM= 15 1 6.2

aSee Sl for further details, PFrom Ref. [10], “From Ref. [32], %From Ref. [30], reaction occurred in CHCIz2F or CHCIs, computed in
CHCIs ¢From Ref. [30], reaction occurred in CHCI2F, computed in CHCIs, 9From Ref. [31]. Assumed to have occurred in p-xylene.
Dissociation barrier assumed to equal dissociation cost. Computed free energies converted to 1 M standard state.

predicted by B3LYP- D2 (20.4 kcal/mol at 233 K) is thus
considered to be a reasonably reliable estimate. Interestingly,
despite the variation in absolute values, all functional combi-
nations consistently predict that the cost of Al dissociation is
3 to 4 kcal/mol higher at 233K than at 298K (Table S3),
whereas the hydrogenation barriers for all functionals instead
are 1 to 2 kcal/mol lower at 233K (Table S2). This implies that
the isomerization and hydrogenation barriers at 233K are >5
kcal/mol closer to each other than they are at 298 K for all
functionals evaluated. This supports the hypothesis that the
selectivity at lower temperatures is influenced by the barrier
for isomerization.

Additional benchmark studies of the employed computa-
tional protocol (B3LYP-D2, with IEFPCM and basis set set-
tings as in the computational details) on different experimental
values are shown in Table 3 (B3LYP-D3 values are also given
for comparison). In addition to two experimental values
known for the C1 system (dihydride equilibrium and selectivi-
ty at 298 K with A1),'° we studied proton transfer, oxidative
addition, and ligand dissociation from three different iridium-
pincer complexes.**31%2 B3LYP-D2 absolute errors are in the
range of 0.3 to 2.5 kcal/mol for all six experimental values,
indicating good performance of this protocol. B3LYP-D3
performs less well in several cases and underestimates the
ligand dissociation cost significantly (-6.2 kcal/mol).
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Figure 8. Schematic representation of the selectivity-determining interactions at the four lowest-lying hydride transfer transition states for
C1-mediated hydrogenation of Al (blue and green arrows indicate, respectively, dispersion and steric interactions). The hydride transfer
path is indicated with a black dashed line. The concomitant oxidative cleavage of Hz is omitted for clarity (see also Scheme 1). AAG* val-

ues are given relative to the lowest lying TS (TSHyd-5).

Selectivity-determining interactions

The four lowest-lying hydride transfer transition states
(formed from Hz-DiH-1, Hz-DiH-2, Hz-DiH-5 and H.-DiH-6)
are illustrated schematically in Figure 8. The preferred pro-(S)
transition state, TSnys-5, shows optimal C-H/mx dispersion
interactions between the substrate hydrogen and the oxazoline
phenyl substituent, and between the oxazoline hydrogen, and
the tolyl substituent of Al. If H; instead is bound above the
basal plane and the hydride is transferred from below (TShyd-
6), the substrate is displaced such that dispersion interactions
with the oxazoline hydrogen vanish, which is reflected in a
barrier increase of 4.2 kcal/mol (Fig. 8). For the pro-(R) transi-
tion states, the preferred geometry (TSuy-2, AAG” = 2.6
kcal/mol) shows dispersion interactions between the substrate
hydrogen and the oxazoline phenyl substituent, with the sub-
strate displaced such that there is minimal sterics between the
oxazoline phenyl and the Al tolyl substituent. This orientation
is possible, as hydride transfer occurs from below the basal
plane. If hydride transfer occurs from above (TSwy-1), the
tolyl and the oxazoline phenyl are positioned closer. Although
they orient such that favorable stacking interactions can occur,
the overall barrier is increased (AAG* = 5.0 kcal/mol). The
combined results shows that C-H/mx dispersion interactions
strongly influence the stereochemical outcome.

In silico design of an improved catalyst

The insights obtained into the mechanistic details and selectiv-
ity-determining factors of Ir-PHOX should ideally facilitate
the rational design of an improved catalyst. On basis of the
transition states optimized in this study, we predict that re-
placement of the '‘Bu groups of catalyst C1 with Ph groups
(giving catalyst C2, Fig. 1) gives improved enantioselectivities
for hydrogenation of Al. At the lowest-lying hydride-transfer

transition state, this replacement allows for an additional C-
H/= dispersion interactions between a hydrogen on the tolyl
substituent and a Ph group on phosphorous (TSwye-5Ph, Fig. 9
right). At the lowest-lying (R)-alkane forming transition state,
an analogue interaction is not possible due to a larger distance
between Al and the Ph substituent. The catalyst modification
results in an increased energy gap between the pro-(R) and
pro-(S) pathways with a computed AAG%.s value of 5.3
kcal/mol (298 K, Figure S5, Sl), translating into an ee of
~100% (S). Interestingly, the synthesis of C2 has been report-
ed,? but to our knowledge, the enantioselectivity of C2 with a
trisubstituted aryl methyl N-aryl alkene such as Al has not
been evaluated experimentally. The experimentally deter-
mined ee of C2-mediated hydrogenation of the tetrasubstituted
alkene A2 is 73% (+),2 which our calculations are able to
reproduce well (computed ee of 57% (R), 298 K, Figure S6,
SI), lending further support to the theoretical predictions pro-

vided here.
dzpe% +
. \\\
NS

TSyya-5Ph (pro-5)
AAG*= 0.0 kcal/mol
Figure 9. Selectivity-determining interactions at the lowest-lying

hydride-transfer transition states for C2-mediated hydrogenation
of Al. AAG7 values are given relative to TSyd-5Ph.

TSyya-2Ph (pro-R)
AAG*= 5.3 kcal/mol



Conclusions

Hydrogenation of the trisubstituted alkene Al with the Ir-
PHOX complex C1 was studied with full quantum chemical
models and B3LYP including Grimme empirical dispersion
corrections (D2). The results confirm the experimentally ob-
served dihydride species as resting states, but show that these
do not give rise to the preferred hydride transfer transition
states. Following H, binding, it is preferable for both species
to isomerize to different intermediates prior to alkene hydro-
genation. On basis of the computed AAG” value at 298 K (2.6
kcal/mol), the ee is 98 % (S) (97 % (S) if the reaction kinetics
are modeled numerically), in very good agreement with the
experimental value reported as 94 % (S).1°

At 233 K, the experimental ee is reduced to 72 % (S).%° Our
results show that the computed AAG* values are identical at
233 and 298 K (2.6 kcal/mol at both temperatures), i.e. the
reduced selectivity at lower temperature should have a differ-
ent explanation. Interestingly, the computed barrier for dihy-
dride isomerization involving alkene dissociation increases at
233 K, while the hydrogenation barriers decrease, bringing the
hydrogenation and isomerization barriers close. We propose
that this is a possible origin for the reduced selectivity at lower
temperatures. This hypothesis is supported by numerical mod-
eling of the time evolution of the reaction, involving both
isomerization and hydrogenation steps.

Analysis of the selectivity-determining interactions at the
hydride transfer transition states identifies strong C-H/x type
dispersion interactions between substituents on the chiral
catalyst carbon (H, Ph) and the substrate substituents (Ph/Tol,
H). On basis of the optimized transition states structures, we
hypothesize that replacement of the 'Bu substituents with
phenyls in the PHOX backbone, yielding catalyst C2, could
provide improved enantioselectivities for hydrogenation of
Al. Calculations on C2-mediated Al hydrogenation support
this hypothesis.

Additional benchmark studies of the employed computa-
tional protocol against six experimental values (based on
iridium-mediated reactions, involving e.g. ligand dissociation,
oxidative addition, and proton transfer) show good perfor-
mance for B3LYP-D2, with absolute errors of 0.3 to 2.5
kcal/mol. This indicates that the computational protocol is
very suitable for calculations of this type.

SUPPORTING INFORMATION

Schematic representation of optimized hydride transfer transition
states for C1- and C2-mediated hydrogenation of Al and A2,
additional hydrogenation mechanisms investigated, analysis of
E/Z-isomerization of Al, details of the numerical modeling of the
reaction kinetics, results for different DFT functionals, further
details on benchmark studies, and optimized coordinates in .xyz
format in a separate text file (Coordinates_IrPHOX.xyz) for
convenient visualization. This material is available free of charge
via the Internet at http://pubs.acs.org
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