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ABSTRACT: Current understanding of ligand effects in transition metal catalysis is mostly based on the analysis of catalyst-substrate
through-bond and through-space interactions, with the latter commonly considered to be repulsive in nature. The dispersion interaction be-

tween the ligand and the substrate, a ubiquitous type of attractive non-covalent interaction, is seldom accounted for in the context of transi-

tion metal-catalyzed transformations. Herein we report a computational model to quantitatively analyze the effects of different types of cata-

lyst-substrate interactions on reactivity. Using this model, we show that in the copper(I) hydride (CuH)-catalyzed hydroamination of unacti-

vated olefins, the substantially enhanced reactivity of copper catalysts based on bulky bidentate phosphine ligands originates from the attrac-

tive ligand-substrate dispersion interaction. These computational findings are validated by kinetic studies across a range of hydroamination

reactions using structurally diverse phosphine ligands, revealing the critical role of bulky P-aryl groups in facilitating this process.

INTRODUCTION

The success of transition metal catalysis can largely be attributed to
the development of structurally diverse ancillary ligands with tuna-
ble electronic and steric properties.' Detailed understanding of
ligand effects in the rate-determining processes is of pivotal im-
portance for rational catalyst design. Ligands can alter the electron-
ic properties of transition metal centers, thus affecting the through-
bond interactions between the transition metal catalyst and the
substrate (Figure la).”*** Additionally, the through-space non-
covalent interactions between the ligand and the substrate also play
a key role in influencing the reactivity of a catalyst.*”**'*"* Classical
transition state models usually describe these through-space inter-
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actions as steric repulsion.
type of van der Waals forces arising from the attraction between
instantaneous dipoles, also contributes to the ligand-substrate in-
teractions. Although dispersion has been recognized as an im-
portant stabilizing component in inter- and intramolecular non-

7181 the effects of dispersion have rarely

covalent interactions,
been elucidated in transition metal catalysis.”**"** To date, it
remains a significant challenge to quantitatively describe the cata-
lyst-substrate dispersion interaction and distinguish it from other
types of non-covalent interactions, such as steric and electrostatic
effects.”** Inspired by the distortion/interaction model estab-
lished by Houk and Bickelhaupt,” herein we report a ligand-
substrate interaction model for the analysis of ligand effects on the
through-space and through-bond interactions between the catalyst
and the substrate. Based on energy decomposition analysis™” of
computed transition states, this model allows for the quantitative
prediction of the effects of ligand-substrate dispersion interactions
on catalyst’s activity.
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Figure 1. Concept of analyzing catalyst-substrate interactions in transi-
tion metal catalysis. a, Through-space and through-bond interactions
in transition metal catalysis. b, Ligand effects on reactivity of CuH-
catalyzed hydroamination of unactivated olefins.
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Recently, one of our groups and Miura and Hirano®** in-
dependently introduced an umpolung strategy for asymmetric
olefin hydroamination using CuH catalysis.** This process allows
for the efficient assembly of a variety of chiral amines from readily
available olefin precursors with excellent enantioselectivity. As

illustrated in Figure 1b, this catalytic hydroamination begins with



the addition of the CuH species (I) across the double bond of the
olefin (IT), giving rise to an enantioenriched alkylcopper interme-
diate (III). Electrophilic interception of the transient alkylcopper
with a hydroxylamine ester (IV) then furnishes the amine product
(V) and a copper(I) benzoate intermediate that is subsequently
reconverted to the CuH catalyst (I).” The use of unactivated ali-
phatic olefins for this CuH-catalyzed hydroamination process
proved to be particularly challenging, due to the slow rate of hydro-
cupration of these olefin substrates with most CuH catalysts. Our
studies®*"* revealed that only copper catalysts generated from
bulky bidentate phosphine ligands (e.g,, DTBM-SEGPHOS (L2)
in Figure 1b) are capable of facilitating the hydroamination of these
unactivated olefins. However, the striking ligand effects observed in
the hydrocupration process are not well understood. We applied
this ligand-substrate interaction model to study the hydrocupration
of a range of olefin substrates with various CuH species. The com-
putational analysis revealed that the stabilizing dispersion interac-
tion between the bulky bidentate phosphine ligand and the sub-
strate is a key factor that promotes these reactions.* To our
knowledge, this represents the first example of using computational
analysis to uncover the dramatic reactivity enhancement originat-
ing from the attractive ligand-substrate dispersion interaction in
transition metal catalysis.

COMPUTATIONAL METHODS

Geometry optimizations were performed in the gas phase with
the B3LYP functional and a mixed basis set of SDD for Cu and 6-
31G(d) for other atoms. Single point energies were calculated with
the M06 functional® and a mixed basis set of SDD for Cu and 6-
311+G(d,p) for other atoms. Solvation energy corrections were
calculated in THF solvent using the SMD* model. The activation
energies of hydrocupration calculated by using the combination of
MO06 and B3LYP methods with the SMD solvation model are con-
sistent with those from other DFT methods (see Tables S1 and S2
in the Supporting Information for details). All geometry optimiza-
tions and MO06 single point energy calculations were performed
with Gaussian 09."

The ligand-substrate interaction model analysis was performed
via the decomposition of the activation energy (AE*) using equa-
tions (1) and (2). AE* is the gas-phase electronic energy of the
hydrocupration transition state with respect to the separated olefin
and the LCuH catalyst. AEqi is the sum of the energies to distort
the LCuH catalyst and the olefin substrate into the transition state
geometries (AEast = AEaitcat + AEdistsub). AEinespace was calculated
from the interaction energy of a supramolecular complex of the
phosphine ligand and the olefin substrate at the transition state
geometry in the absence of the CuH moiety (AEintspace = Eiigrsub— Eiig
— Eas). Then, the through-bond interaction was calculated from:
AEintbond = AE' — AEsic — AEintspace. The AEintspace calculated at the
MO06/6-311+G(d,p) level is consistent with those using other level
of theories, including MP2 and CCSD(T) (Tables S3, S4 and Fig-
ure S1).

The through-space ligand-substrate interaction (AEitspace) Was
further dissected using equation (2). The dispersion component
(AEasp) was obtained from the difference of interaction energies
computed using MP2 and HF. The MP2 calculations were per-
formed with a development version of Q-Chem using the
SOS(MI)-MP2 method in combination with the dual-basis set
approach utilizing the db-cc-pVTZ basis set.”"** The dispersion

energies derived from this method show good agreement with
those from the high-level symmetry-adapted perturbation theory
(SAPT)*and Grimme’s HF-D3* calculations (Figures. S2 and
S3). Our calculations indicated that the decrease of solvent-
accessible area is almost identical in the hydrocupration of trans-4-
octene using CuH catalysts based on SEGPHOS and DTBE-
SEGPHOS ligands (-32.4 A* and —33.2 A” for TS1 and TS2, re-
spectively, Figure S4). Thus, solvation effects are expected to small
in determining the difference of dispersion interaction energies
(AEuaip) between these transition states.”

The AEwp, AEp, and AE« terms in equation (2) were calculated
using the ALMO-EDA* method implemented in Q-Chem.” The
ALMO-EDA frozen-fragment interaction energy (AEs) was la-
beled as the repulsion energy AE..;, because it is always repulsive in
the systems investigated here; we note that in general AEs, can be
attractive or repulsive. To avoid double counting dispersion, the
HF method with the 6-311G(d,p) basis set was employed in the
EDA calculations.

RESULTS AND DISCUSSION

Ligand effects on reactivity in the hydrocupration step. The
choice of the supporting bidentate phosphine ligand is critical to
the success of our CuH-catalyzed olefin hydroamination reac-
tions.* In particular, the use of DTBM-SEGPHOS (L2) was found
to be the key to reactions using unactivated terminal and internal
aliphatic olefins (Figure 2a).*>*"** Consistent with experimental
findings, our density functional theory (DFT) calculations indicat-
ed that the copper hydride catalyst ligated by DTBM-SEGPHOS is
indeed much more reactive in the hydrocupration step compared
to that derived from SEGPHOS (Figure 2b).” However, the origin
of this dramatic rate acceleration enabled by the use of DTBM-
SEGPHOS was not clear at the outset. Our calculations showed
that the use of less bulky electron-rich phosphines (e.g, with P-
bound 4-methoxyphenyl groups) does not lead to the significant
acceleration of this hydrocupration reaction (Figure SS). In con-
trast, the installation of the bulky 3,5-di-tert-butyl substituents on
the P-bound aryl group leads to a substantially reduced activation
barrier (Figure SS), thereby suggesting the importance of through-
space ligand-substrate interactions in this process.
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Figure 2. Ligand effects in CuH-catalyzed hydroamination of olefins.
a, The previously reported experimental results for the CuH-catalyzed
olefin hydroamination using the copper catalyst based on SEGPHOS
(L1) or DTBM-SEGPHOS (L2). b, The computed activation free
energy (AG*) of the hydrocupration step with respect to the separated
LCuH and olefin. Energies were calculated at the M06/SDD-6-
311+G(d,p)/SMD(THF) level of theory with geometries optimized at
the B3LYP/SDD-6-31G(d) level.

Ligand-substrate interaction model. To quantify the contribu-
tions of different types of catalyst-substrate interactions on the
activation energy of hydrocupration, we dissected the activation
energy (AE") using equation (1).

AE* =AE, + AEint—bond + AEdist (1)

int-space

In equation (1), AEicspac is the through-space interaction energy
between the ligand and the substrate (Figure 3a) calculated from
the interaction energy of a hypothetical supramolecular complex of
the bidentate phosphine ligand and the substrate at their transition
state geometry in the absence of the CuH moiety.” AEinbond repre-
sents the through-bond interaction energy between the CuH moie-
ty and the substrate (Figure 3a), and AEui is the distortion energy
of the LCuH catalyst and the substrate to achieve transition state
geometry.

Effects of through-space ligand-substrate interaction on re-
activity. Terminal and internal olefins with various R substituents
(R = alkyl, Ph, or COMe) and two bidentate phosphine ligands
(SEGPHOS (L1) or DTBM-SEGPHOS (L2)) were chosen to
investigate the relationship between the activation energy (AE*)
and each energy component (AEitspice) AEintbond, and AEai) in
equation (1). Excellent linear correlations between AE* and AE
space Were observed for most terminal olefins and internal olefins and
the slopes of these linear correlations are close to unity (1.03 and
0.93, respectively, Figure 3b). In contrast, AE' poorly correlates
with both AEinbena and AEas« (Figures S6 and S7). Collectively,
these results suggest that the hydrocupration reactivity (AE*) is
predominantly determined by the through-space ligand-substrate
interaction (AEiutspace), while other components such as AEintbond
and AEa are insignificant.
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As can be seen from Figure 3b, the reactivity of the catalyst bear-
ing bulkier DTBM-SEGPHOS ligand is higher than that with
SEGPHOS for most olefins. This enhanced reactivity is due to the
significantly more stabilizing through-space ligand-substrate inter-
actions with DTBM-SEGPHOS. In contrast, the through-bond
interactions with catalysts bearing these two ligands are similar
(Figure S6 and Table S5).

This analysis also identified substrates for which reactivity is con-
trolled by substrate and catalyst distortions and through-bond in-
teractions. The higher reactivity of terminal olefins compared to
internal olefins is mainly due to the lower distortion energy needed
for the substrate and catalyst to achieve the transition state geome-
try (Figure S7 and Table SS). For methyl vinyl ketone (R =
COMe) and the internal olefin possessing highly sterically encum-
bered alkyl groups (R = CEt;), deviations from the linear relation-
ship are due to the non-negligible contributions from the electronic



activation of the polar olefin and the high distortion energy, respec-
tively (Table SS).

Nature of through-space ligand-substrate interactions. To
investigate the nature of the through-space ligand-substrate interac-
tions, and the origin of the increased reactivity with DTBM-
SEGPHOS, we performed energy decomposition analysis (EDA)
on the ligand-substrate interaction. Using equation (2), the
through-space interaction energy (AEicspace) is dissected into Pauli
and electrostatic repulsion (AEwp), intrafragment polarization
(AE,a), ligand-substrate charge transfer (AE.), and dispersion
(AEuip). A more in-depth discussion of these energy contributions
is provided in the computational method section. Although EDA
methods have been widely used to study intra- and intermolecular
interactions,”**"** our study represents the first example of using
the EDA framework to investigate the impact of through-space
ligand-substrate interactions on the reactivity of transition metal-
based catalyst systems. Here, the dispersion energy is calculated at
the SOS(MI)-MP2/db-cc-pVTZ level of theory, which shows good
agreement with the high-level SAPT calculations (Figure S3).
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According to equation (2), we performed EDA using copper
catalysts based on SEGPHOS and DTBM-SEGPHOS and trans-4-
octene as the model substrate (TS1 and TS2 in Figure 4a). The
AEi term (green bar in Figure 4a) featuring large negative values
represents the major factor in stabilizing the ligand-substrate inter-
action. Additionally, the dispersion interaction (AEas) with
DTBM-SEPHOS is much stronger than that with SEGPHOS. In
contrast, the rest of the three energy components (AExy, AE,q, and
AE.) are comparable for the SEGPHOS and DTBM-SEGPHOS-
based catalysts, thus indicating these factors are not essential in
rationalizing the reactivity difference between the two catalyst sys-
tems. Because the through-bond interactions and distortion ener-
gies with the two catalysts were also found to be similar for this
hydrocupration reaction (Table SS), the ligand-substrate disper-
sion interaction represents the only significant factor that accounts
for the enhanced reactivity of the DTBM-SEGPHOS-based sys-
tem.
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Figure 4. Effects of ligand-substrate dispersion interactions on reactivity. a, Energy decomposition analysis of the ligand-substrate interaction energy
in the transition states of hydrocupration of trans-4-octene using SEGPHOS and DTBM-SEGPHOS based catalysts. b, Dispersion interactions be-
tween the Pr substituents in the olefin substrate and the t-Bu groups on the DTBM-SEGPHOS ligand.



Origin of dispersion interactions. The three-dimensional
structure of TS2 is shown in Figure 4b to highlight the origin of the
enhanced dispersion stabilization with DTBM-SEGPHOS. The
transition state quadrant diagram indicates that the Pr groups on
the olefin are located in the relatively unoccupied quadrants (I and
III) to avoid the steric clashes with the P-aryl groups in quadrants II
and IV. This arrangement places the Pr groups at relatively close
distances to the t-Bu substituents on DTBM-SEGPHOS in quad-
rants I and IIT (~2.4 A), as well as the highlighted #-Bu groups in
quadrants II and IV (2.8-3.2 A). At these distances, the
C-H- - - H-C interactions are weakly stabilizing due to disper-

%% rather than repulsive.*® Although each pairwise

sion effects,
interaction between the Pr and ¢-Bu groups is only approximately 1
keal/mol (Figure 4b, see Figure S10 for details of calculating these
dispersion interaction energies), the effects of these weak interac-
tions are additive and the combined stabilizing ligand-substrate
dispersion is substantial. Thus, the enhanced reactivity of hydrocu-
pration with the sterically hindered ligand L2 is mostly attributed
to the dispersion interactions between the t-Bu groups on the lig-
and and the alkyl substituents on the olefin substrate.

Dispersion-promoted reactivity of terminal and internal ole-
fins. To investigate whether the dispersion-promoted reactivity is a
general trend with a broader range of substrates, we employed the
above EDA method to study the relationships of AEa, with AEin
space and AE' in reactions of different terminal and internal aliphatic
olefins with SEGPHOS and DTBM-SEGPHOS-based catalysts.
The excellent linear correlation between AEitgae and AEas, as
shown in Figure Sa indicates that the through-space interaction
between ligand and olefin is mainly controlled by dispersion. In
addition, the good correlation between AEas, and AE* (Figure Sb)
suggests that the hydrocupration reactivity of these substrates is
controlled by the AEi, term. In contrast, energy terms AExep, AE,
and AE. have insignificant effects on AEucspace and AE* (Figures
S11-S13).% The slight deviations of the reactions with styrene from
these correlations are due to the contributions from other compo-
nents (AEpqand AE«) to the reactivity (Table SS).

Dispersion effects of different ligands. We next extended our
computational analysis to bidentate phosphine ligands based on
other frameworks to identify the types of ligand scaffolds and sub-
stituents that are necessary to promote reactivity through stabiliz-
ing dispersion interactions. The activation energies and the ligand-
substrate dispersion interaction energies in the hydrocupration of
propene with CuH catalysts based on ligands with different back-
bones (SEGPHOS, MeO-BIPHEP, BINAP, DPPBz) and P-
substituents were calculated (Figure 6a). Copper catalysts with 3,5-
di-tert-butyl-4-methoxyphenyl ~ (DTBM) and  3,5-di-tert-
butylphenyl (DTB) substituted ligands (L2, L5, L9, L11, and L13)
have stronger attractive dispersion interactions with the substrate
(AEudip) and lower activation barriers (AG*) than those with smaller
substituents (phenyl, 3,5-dimethylphenyl, or cyclohexyl). These
results revealed the important role of 3,5-di-tert-butyl substituents
on the P-aryl groups, regardless of the structure of the ligand back-
bone, on the dispersion-promoted reactivity of hydrocupration.
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Experimental validation of ligand effects. The computational-
ly predicted ligand effects on reactivity are corroborated by the
experimental studies shown in Figure 6b. Kinetic studies were per-
formed to measure the initial rates of the hydroamination reaction
of terminal olefin 1g using a diverse set of bidentate phosphine
ligands (Tables S6, S7 and Figure S14). We found that the hy-
droamination of 1g showed a close to first order dependence on
olefin concentration (Figure S15), suggesting the hydrocupration
is likely the rate-determining step in this anti-Markovnikov hy-
droamination process. The experimentally observed relative rate
constants (log(k/ko)) in reactions using different ligands agree well
with the relative rate constants derived from the computed activa-
tion free energies of hydrocupration. These results validated the
ability of DFT calculations to quantitatively predict the ligand ef-
fects on reactivity of CuH catalysts. More importantly, the kinetic
data confirmed the significant reaction acceleration when using
DTBM or DTB-substituted ligands (L2, LS, L9, L11, and L13). In
addition, catalysts derived from these ligands lead to much higher
yields relative to those based on other ligands with smaller P-
substituents. On the other hand, para-methoxy substitution has an
insignificant effect on the reaction rate. One interesting finding is
that the reaction catalyzed by DTBM-BINAP(L11)-ligated CuH is



predicted to be faster than when L2 is used. Indeed, we found ex-
perimentally that the hydroamination of 1g with L11 is approxi-
mately twice as fast as with L2. Together, these studies provided

insights for the development of more effective ligands and catalysts
for the hydroamination of challenging olefin substrates.
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CONCLUSIONS

We have presented a general computational approach to analyze
the through-bond and through-space interactions between the
catalyst and the substrate in transition metal catalysis. Using energy
decomposition analysis, the individual contributions of steric, elec-
tronic, and dispersion effects to the ligand-controlled reactivity are
quantitatively described. This model revealed that the use of CuH
catalysts based on bulky bidentate phosphine ligands, such as
DTBM-SEGPHOS, DTB-SEGPHOS, DTBM-BINAP, and DTB-
DPPBz, greatly enhances the stabilizing ligand-substrate dispersion
interactions in the hydrocupration transition state, thus enabling
the efficient hydroamination of unactivated aliphatic olefins. Fur-
thermore, previously underappreciated dispersion interactions are
identified as the dominant factor in determining the reactivity of
CuH catalysts. We anticipate that the dispersion-enabled reactivity
revealed in the present study has broad implications in the design
and development of more effective ligands for transition metal
catalysis.
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