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ABSTRACT

The mimic of hydrogenases has unleashed a rising tide of bifunctional catalysts, which are widely
used in the catalytic hydrogenation of polar multiple bonds. With the ancillary ligand, the bifunctional
mechanism is generally considered to proceed via the metal-ligand cooperation transition state. Inspired
by the interesting work performed by Hanson et al. (Chem Commun. 2013, 49, 10151), we present a
computational study of a distinctive example that Co"-PNP catalyst with the ancillary ligand achieves
efficient transfer hydrogenation through a non-bifunctional mechanism. Both bifunctional and non-
bifunctional mechanisms are discussed. The calculated results based on the full model of the catalyst
suggest that the inner-sphere non-bifunctional mechanism is more favorable (by ~11 kcal/mol) than the
outer-sphere bifunctional mechanism, which is in agreement with the experimental observations. This
origin of mechanistic preference of Co'-PNP catalyst can be attributed to the favor of square planar ge-
ometry. A traditional bifunctional mechanism is less plausible for Co"-PNP due to the high distortion
energy caused by the change of electronic configuration with the varied ligand field. Considering previ-
ous studies focusing on the development of ligands more often, this computational study indicates that
the catalytic hydrogenation mechanism is not only controlled by the structure of ligand but also the elec-

tronic configuration of metal center.
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INTRODUCTION

Catalytic hydrogenation is crucial for chemical hydrogen storage, and also has important applications
in the fields of pesticide, pharmaceuticals and fine chemical synthesis.! Using different hydrogen
sources, such as H,, formate or alcohol, the hydrogenation reaction can occur through different mecha-
nisms with the aid of transition metal (TM) catalyst. A general strategy to catalyze hydrogenation is to
imitate the enzymatic hydrogenation, of which crucial residues serve as assisting ligands.”* Various bio-
inspired catalysts with ligands bearing a pendent base have been developed in the past few decades.””’
These catalysts are usually regarded as “bifunctional” catalyst,® due to the metal-ligand cooperation dur-
ing hydrogenation, that is, the protonated pendent base transfers proton meanwhile the metal center
transfers the hydride to the substrate in an outer-sphere manner (Figure 1). On the other hand, the alter-
native non-bifunctional pathway through the inner-sphere will proceed without the participation of the

ancillary pendent base.

0=C%, 5"
/ \ o=C
5H H& Ho =T
N—1 N—M—H3"
Bifunctional Non-bifunctional

Figure 1. The typical bifunctional and non-bifunctional mechanisms.

An early example for the bifunctional hydrogenation catalysts, is Shvo’s ruthenium hydride complex
(RuH(Phs(n’-C4COH)) (Figure 2A) reported in the early 1980s.'%'* A recent mechanistic study indi-
cates the outer-sphere transition state is ~25 kcal/mol lower than the inner-sphere one. Before long, us-
ing chiral diamine and bisphosphine ligands, Noyori et al developed two ruthenium catalysts (Figure 2B
and 2C),"”"7 which showed high activity and enantioselectivity with the chiral ancillary ligand bearing

. .. . . . . 18-20
amine as assisting base. The mechanism was also verified to be an outer-sphere bifunctional process
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Figure 2. Examples of well-known bifunctional catalysts.

Later, more interests were attracted to develop catalysts with the first row earth-abundant metals such

21-23

as Co and Fe to avoid using noble metals such as Ir" ™, Rh*** and Ru***, due to the economical and

environmentally benign desires. Casey et al performed several mechanistic studies on hydrogenation

29,30

reactions catalyzed by the Knolker’s catalyst, suggesting the bifunctional concerted transfer on the

31,32
outer-sphere™

. The iron-PNN catalyst (Figure 2E) reported by Milstein et al. can catalyze the direct
acylation of amines by alcohols and catalytic hydrogenation of ketone efficiently.* In the original paper,
they proposed an inner-sphere mechanism which involved a ligand rotation to provide a vacant site.
Later, the mechanism is verified to proceed a metal-ligand cooperation mechanism, through a unique
aromatization-dearomatization mode®*>’. Another 5,5,5-PNNP iron catalyst (Figure 2F) developed by
Morris et al also performed high efficiency and enatioselectivity in transfer hydrogenation of ketone.***
The amido and enamido ligands are suggested to assist the hydrogenation though a stepwise bifunction-
al outer-sphere mode. With detailed computational and experimental kinetic investigations, they were

able to further optimize the ligand structure and avoid the activation period of the catalyst.**’
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Scheme 1. The cobalt hydrogenation catalysts with PNP-NH (cat. 1A) and PNP-NMe (cat. 1B) as lig-

ands.
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Figure 3. The Co-PNP catalyst (cat. 1A) after activated by hydrogen source and the Fe-PNP (cat. 2) cat-
alyst

Former experimental and computational mechanism studies suggested that, “bifunctional” catalysts
with ligands bearing pendent base should inclusively operates via the outer-sphere mechanism involving
the metal-ligand cooperation. However, very recently, Hanson et al developed the Co"-PNP pincer cata-

lysts. >

With an earth-abundant metal center, this catalyst is effective in transfer hydrogenation of
C=0 and C=N bonds. Especially, a unique phenomenon of interest is that, both two catalysts with N-H
(cat. 1A in Scheme 1) and N-CH3 (cat. 1B in Scheme 1) are able to catalyze the transfer hydrogenation
of acetophenone. It should be noted that this phenomenon is quite different from previous observation,
which indicates that the pendent N-H moiety is not necessary for catalytic hydrogenation.”® This inter-
esting phenomenon becomes a sharp contrast to the Fe-PNP catalyst (Figure 3) developed by Guan and

Beller separately, which prefer the outer-sphere mechanism bearing the similar ligand.”*>* Yet the origin

of this innocence is still not clear. Inspired by the interesting discovery made by Hanson et al, some
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questions naturally arose. Is the bifunctional manner essential in this system? How does the catalytic
hydrogenation operate without the metal-ligand cooperation? What is the inner difference between Co-
PNP catalyst and Fe-PNP catalyst? With these questions in mind, we present a mechanistic study on the
cobalt catalyzed hydrogenation of ketone. This study is expected to provide a deep insight into the
unique mechanism of the distinctive cobalt catalyst, which are revelatory for the development of earth-
abundant transition metal catalyst for hydrogenation in a convenient way without introducing pendent

base on the ligand.

RESULTS

Inner-sphere stepwise transfer hydrogenation. Before the catalysis cycle begin, the pre-catalyst
[(PNHP“Y)Co(CH,SiMe3)|BAr",; will be activated to form a square planar metal hydride complex with
the aid of hydrogen source, isopropyl alcohol, releasing one molecule of TMS (tetramethylsilane),
which has been verified by former experimental study®. No matter what hydrogen source is used, the
metal hydride should be the starting material of the catalytic hydrogenation process. Herein, focusing on
the major catalytic cycle, we choose this metal hydride 1 complex as the starting point. As for the no-
menclature, all the key intermediates and transition states are classified into I-x and O-x, in which x
designates the number of intermediate. I and O designate the inner-sphere non-bifunctional mechanism
and the outer-sphere bifunctional mechanism respectively. The initial metal hydride complex 1, which
stays at a square planar geometry, is able to isomerize to a square-based pyramidal (SBP) geometry as
the PNP ligand is not rigid. Therefore, we will take both square planar geometry and square-based py-
ramidal geometry into our discussion.

As for the inner-sphere, the catalytic hydrogenation process occurs stepwise. It consists of three major
step, the hydride transfer, the proton transfer and the hydride regeneration. The calculated result of the
key intermediates and transition states of the hydride transfer step is presented in Scheme 2. For the

square planar pathway, the acetophenone (AcPh) will coordinate to the metal center to form intermedi-
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ate cis-I-1 (AG= 6.6 kcal/mol). An isomer, trans-I-1, which has the AcPh coordinated to metal center
trans to the N-H moiety, is calculated to be slightly less favored (AG = 7.5 kcal/mol). After the coordina-
tion, the hydride will transfer to the carbonyl of the substrate, AcPh, through the transition state cis-I-
TS1, with an activation free energy of 29.5 kcal/mol. Another isomer for this inner-sphere hydride trans-
fer transition sate, trans-1-TS1, is also studied. trans-1-TS1 is 2.2 kcal/mol higher in free energy than
cis-I-TS1. This can be attributed to the weak interaction between the N-H moiety and the carbonyl
group (cis-I-TS1: r(O...H?) = 2.407A), which will make the carbonyl more electrophilic and stabilize
the transition state. With respect to the SBP pathway, the cis-I-1 is able to isomerize to I-1pent. The free
energy of this isomerization is uphill for 12.8 kcal/mol. However, it is interesting that the hydride trans-
fer step with the SBP geometry (I-TS1pene: AG* = 23.0 keal/mol) is lower compared with cis-I-TS1 (cis-
I-TS1: AG’ = 29.5 kcal/mol). It is mainly attributed to the differences of the nucleophilicity of metal

hydride and the steric effects between these two transition states.
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Scheme 2. The hydride transfer step of inner-sphere non-bifunctional mechanism. The relative free en-

ergies are given in kcal/mol.
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After the hydride transfer step, a proton transfer to the benzyloxide complex I-2 will occur to produce
I-phenylethanol. One possible pathway is to transfer the proton from IPA to benzyloxide to generate the
I-phenylethanol as product and the isopropoxide complex I-4 for further reaction. Different processes
are summarized in Figure 4. The direct transfer cis-I-TS2 has an activation free energy of 27.9 kcal/mol.
The proton transfer can also proceed frans to N-H moiety via trans-I-TS2 (AG’ = 34.3 kcal/mol). Con-
sistent with former proton transfer process, the abstraction of proton from isopropanol can also involve

53:33:36 transition state cis-I-T'S2huttle

another molecule of isopropanol to form the “proton shuttle” type
or trans-1-TS2gnume. From Figure 4, we can see the proton transfer transition states cis-I-TS2 and trans-
I-TS2 without proton shuttle are more difficult (AG” = 27.9 and AG* = 34.3 kcal/mol, respectively). As
comparison, transition states cis-I-TS2putte and trans-I1-TS2gmueme With “proton shuttle” will overcome
relatively lower activation free energy (AG* = 27.6 kcal/mol and 31.9 kcal/mol, respectively). The devia-
tion between B3LYP/BSII and M06-L/BSII data is somehow large. It should be noted that the entropy
penalty for a multiple component reaction can be offset by the dispersion stabilization in M06-L. This is
further supported by the result of B3LYP-D3 functional, which leads to a relative energy of 9.8 kcal/mol
for cis-I-TS2, similar to the result of M06-L (please see page S16, Support Information). After the pro-
ton transfer, the deprotonated isopropanol will form another metal isopropoxide complex I-4, which will

regenerate the hydride in the next step.

AGyy Il B3LYP/BSII
keal/mol W8 MO6-L/BSII

Ph

bl (:/o—o\—c}
Cot0—C= 34.3 i-Prog y H
Sl /— \ trans-l-TS2
& } / ‘- HeG

H / ,
/2 traps TS 2

\
i-Pr
trans-1-TS2gpyttie
[17.4]

i-P,r
trans-l-TS2

[13.7]

T 75 H 76
L [
g +IPA s P
{ meel Co PE
P ON vvvv P o

H “Ph H>\



Page 9 of 25 Dalton Transactions

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Figure 4. The free energy profiles of the proton transfer step via I-TS2. The PNP ligand in the transition
state structures was removed for clearity. The relative free energies are given in kcal/mol.

An alternative pathway is to donate the proton of the N-H moiety to the benzyloxide (see Scheme 3).
In this pathway, complex I-2 goes through transition state I-TS3 or I-TS3spuie to generate an amido
complex I-3 and 1-phenylethanol as product. The transition state I-TS3 with an activation free energy of
32.0 kcal/mol indicates the proton on the N-H moiety is difficult to directly transfer to the metal alkox-
ide. In addition, the “proton shuttle” transition state I-TS3gpune using an isopropanol as a “proton
bridge” can release the ring strain and lower the activation free energy by 1.3 kcal/mol. The non-
saturated amido complex I-3 is an energetically high intermediate (24.8 kcal/mol) in the potential ener-
gy surface. In order to regenerate the catalyst, the hydrogen source, IPA, has to transfer the proton and
the hydride to the amido complex via a stepwise mechanism. The regeneration process is similar to the
inverse process of former hydrogenation. The intermediate I-3 can abstract the proton of IPA to produce
the isopropoxide complex I-4 via I-TS4 or I-TS4spuee. The results suggest the “proton shuttle” mecha-
nism (I-TS4hutties AGH =281 kcal/mol) is more favored than the direct cleavage (I-TS4, AG' =319
kcal/mol). After then, the isopropoxide complex I-4 is generated (7.6 kcal/mol). Another proton transfer
(I-TS5) pathway via the isomer I-2y,cant bearing a bent PNP backbone is located with the energy barrier
of 29.2 kcal/mol. The proton shuttle type, I-TS5 snutte (AG* = 28.0 keal/mol) is found to be slightly low-
er than I-TS5. The proton transfer from isopropanol (I-2 2 I-TS2 2>1-4 or I-2 > I-TS5 2>1-4) has
relatively lower activation free energy than the proton transfer from N-H moiety does (I-2 2 I-TS3 -
I-TS4 21-4). On the other hand, the difference in free energy between cis-1-TS2gnuene and I-T'S5 sputte 1S
very tiny (~0.4 kcal/mol). Our calculated results suggest that both these two transfer modes are plausible.
For further comparison of mechanistic preference, we consider that the proton transfer mechanism will

proceed via the TS with the lowest energy barrier (cis-I-TS2 sputtie)-
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Scheme 3. The proton transfer step of inner-sphere non-bifunctional mechanism. The PNP ligand in the

transition state structures was removed for clearity (PE is short for phenyl ethanol and IPA is short for

isopropyl alcohol). The relative free energies are given in kcal/mol.

The final step of non-bifunctional hydrogenation mechanism is the fhydride elimination from iso-

propoxide complex I-4 (see Scheme 4). I-4 is also able to isomerize to SBP geometry, which provide

two possible directions for f~hydride elimination. An important issue has to be clarified is that five co-

ordinated status is saturated for d’ metal as the six-coordinated Co" species will lead to the unreasonable

19¢ electronic configuration (please see page S7 in Supporting Information, Figure S5). If the f~hydride

elimination operates towards coordination site 2, it will lead to cis-I-TS6, in which the backbone of the

10
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1 PNP ligand will turn into a non-bent geometry. The activation free energy of this cis-I-TS6 is calculated

2 to be 28.5 kcal/mol. The f-elimination transition state cis-I-TS6 (acetone cis to N-H moiety) is 2.4

3 kcal/mol lower trans-1-TS6 (acetone trans to N-H moiety), which is also consistent with former site

4  preference for the carbonyl insertion step. If the hydride elimination operates towards coordination site

5 1, the PNP ligand will stay at bent geometry. Because the agostic effect will activate the C-H bond, I-

6  TS6pent Will proceed a lower energy barrier (AG' = 23.4 kcal/mol) compared with cis-I-TS6. After the

7  p-elimination, the acetone will dissociate from the intermediate cis-I-5 (5.1 kcal/mol) or trans-1-5 (7.1

8  kcal/mol). Finally, the catalytic cycle is closed and the hydride complex is regenerated. Key intermedi-

9 ates and transition states of the inner-sphere non-bifunctional mechanism are depicted in Figure 5.
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11 Scheme 4. The S-hydride elimination process of inner-sphere non-bifunctional mechanism. The relative

free energies are given in kcal/mol.
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Figure 5. Optimized important intermediates and transition states for non-bifunctional mechanism.
Bond lengths are in angstroms.

Outer-sphere concerted transfer hydrogenation. For the outer-sphere mechanism, the substrate
AcPh will not interact with the cobalt center. The hydride and the proton of the N-H moiety will transfer
to AcPh simultaneously through a six-membered ring transition state to furnish an outer-sphere hydride
transfer step. It should be noted that, in order to form this six-membered transition state, the hydride
should be nearly perpendicular to the square plane. Only in this way will the CoH°"-NH®" moiety inter-
act with AcPh simultaneously, which is essential in other bifunctional catalysts shown in Figure 2.
However, the ground state of the starting point 1 stays at a square planar geometry due to the @’ cobalt
center (see Figure 6 A). Therefore, three scenarios are proposed to flip the hydride to the cis site of N-H
moiety. One possible way is that when the hydride deforms into the vertical position out of the square
plane, the left vacant site is coordinated by an extra ligand. Either the solvent (THF) molecule or the

substrate, AcPh or IPA (isopropanol) can serve as an extra ligand to coordinate to the metal center, help-

12
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ing it to transfer into a square-based pyramidal geometry (Figure 6 B). Thus, the hydride and N-H moie-
ty are in proper cis positions for bifunctional hydrogenation. The six-coordinated species are also evalu-
ated. The six-coordinated Co" species are excluded due to the unreasonable 19¢ electronic configuration.
As for the six-coordinated Co™ species, both calculations and experimental observation’' suggest the
species are less feasible as compared to Co" promoted non-bifunctional mechanism (please see page S8
in Supporting Information, Figure S6).

Besides, the bifunctional transfer via the isomer complex bearing a bent PNP backbone (“butterfly”
type: Figure 6 C) is also taken into our consideration. The transition state via the “butterfly” type com-
plex is very high (AG* = 48.4 kcal/mol) (please see page S6 in Supporting Information, Figure S4). An-
other possible way is to excite the d’ complex from doublet to quartet. Then, the quartet complex will be
able to undergo the hydride transfer with a tetrahedral geometry via an outer-sphere six-membered ring
transition state (Figure 6 D). However, the free energy penalty of the quartet intermediate (O-1quartet) 1S
10.2 kcal/mol (12.1 kcal/mol for enthalpy). This quartet six-membered ring TS (O-TS1quarter) 1S very
high (AG” = 41.2 kcal/mol) compared with other pathways (please see page S6 in Supporting Infor-
mation, Figure S3). Therefore, this assumption based on the quartet intermediate is not reasonable as the
Co" center intends to stay at a low-spin status. Since then, we rule out these two pathways. Following
discussion will focus on the more plausible ground state (doublet), square-based pyramidal geometry

(Figure 6 B).

13
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Figure 6. The comparison of different coordination geometries and their electronic configurations of the

metal center.

The outer-sphere mechanism can be divided into two steps, the transfer hydrogenation and hydride
regeneration step. In the first step, the substrate, AcPh will be hydrogenated through a metal-ligand co-
operation process. In the second step, the metal hydride will be regenerated with the hydrogen source
(IPA). This process also undergo an outer-sphere bifunctional mechanism. The calculated result of the
outer-sphere bifunctional transfer are summarized and compared in Scheme 5. In the case of the catalyt-
ic pathways using extra ligand, the catalytic cycle begins with the coordination of IPA, AcPh or THF.
From the free energy profile, we can see both of the three coordination situation are uphill (14.5
kcal/mol, 10.2 kcal/mol and 8.4 kcal/mol for IPA, AcPh and THF, respectively). This is mainly due to
the entropy penalty and distortion energy caused by the change of ligand field. However, this synchro-
nous transfer hydrogenation has rather high activation free energy (AG* = 44.4 kcal/mol, 42.6 kcal/mol
and 39.4 kcal/mol for O-TS1ipa, O-TS14cpn and O-TS1tar, respectively). During the hydride transfer,
as the Co-H bond is nearly broken, the complex will reform to the four-coordinated square planar geom-
etry. Therefore, the extra ligand of O-TS1ipa, O-TS1acpn and O-TS1tar seem to be on the same plane
of PNP ligand. After the bifunctional transfer, these transition states will lead to @’ doublet four-

coordinated intermediates, O-3rpa, O-3acpn and O-3tpr, which are thermodynamically uphill (16.9

14
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kcal/mol, 13.5 kcal/mol and 11.2 kcal/mol for IPA, AcPh and THF, respectively). During the second
process, the hydrogen source, IPA, will react with the O-3 to regenerate the catalyst via an outer-sphere
transition state, O-TS2pa (AG’ = 44.2 kcal/mol), O-TS2xcpn (AG” = 42.4 kcal/mol) or O-TS2tur (AG?
= 39.2 kcal/mol). The bifunctional outer-sphere catalytic cycle closes after the dissociation of the ligand
and the catalyst 1 is regenerated.

Another outer-sphere mechanism through an eight-member ring is also located, in which an extra IPA
molecular will participate the proton transfer process. From Figure 7, we can see that the hydride of the
transition state (O-TS1nute) Stays at the square planar geometry. However, the ring strain and steric re-
pulsion caused by this loose eight-member ring transition state result in a much higher activation free
energy (AGI = 55.7 kcal/mol for O-TS1huttie and AG? = 55.4 kcal/mol for O-TS2huttie, respectively).
Moreover, this mechanism is also disfavored due to the entropy penalty. The relative free energy of the
highly active amido intermediate O-3 is 24.8 kcal/mol. Therefore, this transfer mode is considered to be
less plausible and can be ruled out.

From the overall PES of outer-sphere mechanism, the coordination situation IPA and AcPh are slight-
ly higher than that of THF. IPA and AcPh are bulky ligands, which will cause more steric effects. On the
other hand, the difference in trans-effect leads to a different activation free energy. The overall rate-
determining step of the bifunctional transfer hydrogenation proceed through O-TS1tyr with the activa-
tion free energy of 39.4 kcal/mol, which is ~12 kcal/mol higher than the rate-determining step of inner-

sphere mechanism (cis-I1-TS2 gputtie: AG =276 kcal/mol). Therefore, the calculation results suggest

that the non-bifunctional inner-sphere mechanism is more favored in this system. Focusing on the origin

of this mechanistic preference, a detailed discussion will be presented in the next section.
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Scheme 5. The outer-sphere bifunctional transfer hydrogenation mechanism. The relative free energies

3 are given in kcal/mol.
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Cy-O-TS2 Cy-I-2 Cy-I-TS1 Cy--TS2
Figure 8. Optimized important intermediates and transition states for bifunctional mechanism based on

the full model. Bond lengths are in angstroms.

DISCUSSION

Comparison of two catalytic cycles and the origin of the mechanism preference. With the under-
standing of different pathways, we then analyze the favorite mechanism and the origin of mechanistic
preference for transfer hydrogenation of ketone catalyzed by the Co-PNP complex. Due to the steric ef-
fect of the cyclohexane ligand is different from methyl, we performed a full model calculation based on
our former calculated results. The overall comparison based on full model of bifunctional mechanism
and non-bifunctional mechanism are summarized in Scheme 6. The final calculated results is refined
with MO6L functional, which is considered to give accurate results in organometallic thermochemistry.
The comparison among different functionals are summarized in Supporting Information (page S13). The
optimized structures are shown in Figure 8. From the results, we can see the steric effect of cyclohexane
is obvious compared with the original result. The reaction free energy increased by ~10 kcal/mol for
each intermediates and transition states compared with simple model. However, it did not change the

trend of mechanistic preference. The rate-determining step (Cy-O-TS1) of outer-sphere mechanism in-
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creases to 47.8 kcal/mol, which is ~11 kcal/mol higher than the rate-determining step of (Cy-I-TS2: AG
* =136.7 kcal/mol). Despite the large differences in barrier heights between the two calculation methods,

the results based on the full model at the MO06-L/BSII level are qualitatively consistent with
B3LYP/BSII results (please see Supporting Information, Figure S7). Using isotope labeling experiments,
Hanson et al also verified the mechanism to be monohydride mechanism, which means the hydride from
the hydrogen donor ends up as a C—H in the product. Therefore, our calculation result is in good agree-
ment with the experimental observation by Hanson et al. that the PNP ligand is innocent in this system.
A question naturally arises, how do we rationalize this phenomenon? As we can see from Scheme 6,
although the non-bifunctional mechanism occurs stepwise, it overcomes much lower energy barrier. For
two mechanisms, they will both proceed the coordination process to a five-coordinated complex. The
energy increase is similar to each other. However, the inner sphere mechanism will have some ad-
vantage in bond breaking and formation process. The advantage of non-bifunctional mechanism via in-
ner sphere is reflected in the three major step of transfer hydrogenation. For the hydride transfer step,
the metal center will have an induction effect. Compared with the N-H moiety, the induction effect of
Co" center is much stronger. The carbon atom of acetophenone will become more electrophilic due to
the induction effect and then facilitate the hydride transfer. Secondly, for the proton transfer step via
non-bifunctional mechanism, the proton coming from IPA is easier to transfer compared with N-H moi-
ety due to the lower pK, of IPA. The metal center also plays important role in facilitate O-H bond
breaking in this step. As for the catalyst regeneration step, the non-bifunctional mechanism proceeds via
the f-hydride elimination on the inner sphere. The complex will form an agostic bond firstly, which can
be viewed as a activation process, as the bond length of C-H is clearly stretched (~0.1 A). However, the
bifunctional manner in the outer-sphere does not have the agostic effect to activate the C-H bond, which
leads to a much higher energy barrier to regenerate the catalyst. Therefore, the Co"-PNP chose to pro-

ceed inner sphere non-bifunctional mechanism.
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Figure 9. The comparison of deformation energies between non-bifunctional Co-PNP catalyst and bi-

functional Fe-PNP catalyst.

Comparison of Fe-PNP catalyst and Co-PNP catalyst. A clear contrast to this Co-PNP system is
the Fe-PNP catalytic hydrogenation system developed by Beller et al’> and Guan et al’’, separately,
which has been verified to proceed an outer-sphere bifunctional mechanism. Although these two cata-
lysts bear almost the same pincer back-bone, the d° Fe center tends to maintain an octahedral geometry
during the catalysis process, wherein the hydride and N-H moiety are cis to each other. We calculated
the activation free energy of outer-sphere bifunctional mechanism and inner-sphere non-bifunctional
mechanism for Fe-PNP catalyst (see page S3 in Supporting Information) based on the simplified model.
The bifunctional pathway of Fe-PNP catalyst has the lowest activation free energy (AG" = 21.9 keal/mol)
compared with other inner-sphere pathways. The activation strain mode analysis is preformed to com-
pare the Fe-PNP catalyst and the Co-PNP catalyst. The comparison results are summarized in Figure 10.
The deformation energy of Fe-PNP catalyst is not increased significantly (14.4 kcal/mol) when forming
the bifunctional-type transition state. In a sharp contrast, the deformation energy of Co-PNP catalyst in-
creases by 36.3 kcal/mol when the electron structure changes from square planar ligand field to a
square-based pyramidal ligand field. These difference in deformation energy is attributed to that there’s
a singly occupied antibonding orbital on the Co d’ center. On the other hand, the m-acidic ligand, car-

bonyl compound, helps the Fe center staying at a low spin status and stabilizes the PNP complex by
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the back-donation effect. Therefore, although these two catalysts bear the same pincer backbone which
all have the ancillary N-H moiety, the preference of hydrogenation mechanism is truly relied on the

electronic configuration of the metal center.

M= d7 or d® metal center bif unctional site
X=C,N or P 4
emTTT . K _jH
! * " M ‘\“\\ * ‘ XI /1 W X
'.‘ : M
N< ~H R
A “H
bif unctional site
cat.1 Cis-site complex cat.2 Scorpion-site complex

Figure 10. Two proposed bifunctional pincer catalysts with d’ or d° mental center.

For future catalyst design using Co", Ni" or any other metal centers with d’ or d* electronic configu-
ration, there are two possible strategies to perform bifunctional hydrogenation. The N-H moiety can be
attached on the cis-position of metal hydride to avoid the extra deformation energy (Figure 10, cat.1),
which may offer a chance for bifunctional transfer hydrogenation. The scorpion-type complex (Figure

10, cat.2) can also be a potential candidate for avoiding the disfavored deformation energy.

CONCLUSION

In summary, a computational study is performed to illuminate the mechanism of the Co"-PNP cata-
lyzed transfer hydrogenation. Using a simplified model complex, we evaluate both inner-sphere and
outer-sphere mechanisms. Our calculation indicates that the mechanism will proceed through the inner-
sphere non-bifunctional mechanism. The outer-sphere bifunctional mechanism has a higher activation
free energy (> ~11 kcal/mol), which is in good agreement of the experimental observation that metal-
ligand cooperation is not essential in this system. An overall comparison of both inner-sphere and outer-
sphere mechanisms suggests that the preference of the non-bifunctional mechanism can be attributed to
the high deformation energy of the catalyst caused by ligand field change during bifunctional process.

To verify our assumption, a similar Fe"-PNP catalyst is discussed, which prefers the bifunctional
21
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mechanism. As compared to Co'-PNP system, Fe'-PNP requires high energy penalty to proceed inner
sphere mechanism because it tends to maintain the 18e octahedral geometry with the aid of pincer lig-
ands and carbonyl ligand.

Bifunctional catalysis is a popular way to design hydrogenation catalysts through the cooperation of
metal and ligand. Our calculations reveal that the catalytic mechanism is not only determined by the
structure of the ligand, but also the electronic configuration of the metal center, which will have the de-
cisive impact on the coordination status of the catalyst and then affects the mechanism of the whole cat-
alytic cycle. The spectator ligand, such as pincer ligand and carbonyl ligand, can also affect the mecha-
nistic preference by keep the complex stable. These findings are expected to provide useful guidance of
rational catalyst design concerning different electronic configuration of transition metal centers in the

future.

COMPUTATIONAL DETAILS

All calculations were performed using Gaussian 09 program.”® The widely-used B3LYP functional
was selected in this study considering the accuracy and computation expense.””®’ Geometry optimiza-
tions were carried out with B3LYP/BSI level (BSI designates the basis set combination of Lanl2DZ*'
for metal atom and 6-31g (d, p) for nonmetal atoms). Frequency analysis calculations were performed to
characterize the structures to be the minima (no imaginary frequency) or transition states (one imaginary
frequency). Transition states were verified by IRC calculations. At B3LYP/BSI geometries, the free en-
ergy results were refined by calculating the single point energy at B3LYP/BSII level with larger basis
set (BSII designates Lanl2DZ for metal atom and 6-311++g (d, p) for nonmetal atoms). The bulky solv-
ation effect of THF was simulated by the SMD® continuum solvent mode. The cyclohexyl ligand was
simplified to methyl for the purpose of reducing the cost of computation. It is generally considered the
calculation using ideal gas model will overestimate the entropic contribution due to the ignorance of the
suppression effect of solvent on the translation and rotational freedoms of reactants. In order to reduce

the overestimation of entropy, a common method is the MHP scheme proposed by Martin, Hay and
22
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Pratt®. Based on the theoretical MHP method, Wang et al calculated the correction value to be 4.3

23936463 Using their approach, an additional 4.3 kcal/mol

kcal/mol, which can give a reasonable result.
free energy correction was added to each component (i.e., a reaction from m components to n compo-
nents, the correction is (n-m) X 4.3 kcal/mol). The final free energy result of the species in the catalytic
process was refined with this correction. Therefore, the standard Gibbs free energy of each species is

calculated by the equation (1),

G'Z?m:ll:' = E'Z}as} + &Gg, +azpe + G;Tm + 4.3 keal/mel (1)

Where the E° g, designates the electronic energy in the gas phase, AGsly is the solvation free energy
from 1M gas sphere to 1M aqueous sphere. gzpg is the gas sphere zero-point energy and the G°sx is the
thermal contribution to Gibbs free energy at 298.15K. From the data in the results section, we can see
that although the energy barrier is lower for M06-L functional, the predicted mechanistic preference is
consistent with the results of B3LYP/BSII/SMD//B3LYP/BSI level. The difference between M06-L and
B3LYP can be attributed to the dispersion effect, which are not included in B3LYP functional. At M06-
L/BSII level, we checked the relative energy of the rate-determining transition states optimized by dif-
ferent functionals with dispersion effects (B3LYP-D3 and M06-L). The difference in the energy results
is quite small for MO06-L/BSII/SMD//B3LYP/BSI, M06-L/BSII/SMD//B3LYP-D3/BSI, and MO06-
L/BSII/SMD//M06-L/BSI (please see page S15 in the Supporting Information). The predicted mecha-
nism is still the same when changing different functional to optimize the structure. But we admit the dif-
ference in geometry between B3LYP, B3LYP-D3 and M06-L do exist. Therefore, the results of relative
energy based on M06-L/BSII/SMD//B3LYP/BSI level calculation are shown as a comparison with
B3LYP/BSII/SMD//B3LYP/BSI data.’® The main discussion of the mechanistic preference will be based
on the results of B3LYP/BSII/SMD//B3LYP/BSI level. The 3D optimized structure figures in this paper
were displayed by CYLview visualization program.®’
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