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ABSTRACT: Lewis acids (LAs) have been shown to accelerate
hydrogenation of CO,, but the underlying mechanistic details
remain to be elucidated. We have employed computational
methods to investigate how LAs affect CO, hydrogenation with
a range of known metal-hydrides (L Ir—H, L ,Ru—H, L, Mn—H,
L,Co—H). Our results show that LAs can alter the nature of the
hydride—CO, bond formation step, but do not lower its barrier.
Instead, the accelerating effect of LAs is on the subsequent step,
the rearrangement of the metal-formate o-intermediate. These
insights are essential for understanding the effect of LA additives
on metal-mediated hydrogenations of CO,.

B INTRODUCTION

Formic acid is a valuable feedstock employed in agriculture as
well as pharmaceutical and textile industries.' ™ It also has
potential as a hydrogen storage medium.®”"" There is increasing
focus on developing synthetic strategies for the production of
formate from sustainable resources such as CO,, a widely
accessible and cheap carbon source.'' ~*° However, utilization of
CO, in hydrogenations or other chemical transformations
remains challenging, due to the inertness and thermal stability of
CO,. Strategies for CO, activation are therefore of great
importance, with one promising approach involving use of Lewis
acid (LA) additives.”' ™'

Hazari and co-workers have shown that alkali-based LAs
significantly accelerate CO, hydrogenation and formate
dehydrogenation, involving Fe, Mn, Ni, Ir, and Ru com-
plexes.”' ~****~*" In particular lithium-based LAs appear to have
beneficial effects. Addition of LiOTf improved CO, hydro-
genation in several studies involving first-row transition metals,
including iron, manganese, and cobalt compounds.®"**>**3%%
Klankermayer and co-workers reported that turnover numbers
for hydrogenation of CO, with an in situ generated nickel-
catalyst could be enhanced 3-fold by addition of LiBF, or LiCL.*
Interestingly, the use of B(C¢Fs); or Zn(OTf), provided
marginal effects. On the other hand, Romero et al. reported
that B(C,Fs); is crucial for CAAC-Cu-catalyzed hydrogenation
of CO,.”” Also for precious metal systems such as [Ru(tpy)-
(bpy)H]PF,, Hazari and co-workers reported rate enhance-
ments for CO, insertion into the metal-hydride bond with
LiOTf or LiPF additives.”” Sodium- and potassium-based LAs
provided less effects. The authors hypothesized that smaller,
acidic cations provide better stabilization of the negative charge
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Lewis acids accelerate CO,
hydrogenation through TS2 not TS1
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TS1: H-CO, bond formation TS2: Formate rotation

developing on CO, during H—CO, bond formation.** Kinetic
studies demonstrated that alkali-based LAs also enhance the rate
of CO, insertion into an Ir—hydride system, by up to 100-fold.*
Best effects were obtained with bulky and more dissociative
alkali LAs such as LiNTf,, LiBPh,-3DME, and NaBArF,.**
Despite the large number of experimental studies reporting
that LA additives are beneficial for metal-mediated CO,
hydrogenation (and formate dehydrogena-
tion),' ! %1931735,37,4042795 he underlying mechanistic details
are not fully understood. For insertion of CO, into metal-R
bonds (R = hydride or alkyl/aryl), generally two mechanisms
can be considered (Scheme 1A): i) An inner sphere path,
involving an interaction between CO, and the metal at the
transition state for H—CO, bond formation (TS,,,).""**™*
Note that a precoordination of CO, is not required.’® ii) An
outer sphere path, involving a nucleophilic attack of a ligand onto
CO, in the absence of a metal-CO, interaction
(TS1).!1#493179% gubsequently, the resulting #7'-c-intermedi-
ate rearranges (TS2)°*% to allow for formation of a k-O-(or k>
0,0-)carboxylate species. It is important to note that although
TS,,, and TS2 both are cyclic, they are entirely different transition
states, whose optimized geometries will show distinct features. For
CO, hydrogenation, a H--CO, interaction of ~1.5—1.7 A is
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Scheme 1. (A) Mechanisms for CO, Insertion into Metal-
Hydrides, and (B) Earlier Proposed Interaction between LAs
and CO, during Outer Sphere Hydrogenation' "'

A) Mechanistic pathways for CO, hydrogenation

a) Inner Sphere b) Outer Sphere
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It has been speculated that Lewis acids accelerate CO,
hydrogenation by stabilizing the emerging negative charge on
the oxygen atoms of CO, during the H-CO, bond formation
step (Scheme 1B).>"¥* Such stabilizing effects were proposed
to be most pronounced in an outer sphere mechanism, which
could explain why some CO, hydrogenation reactions are not
accelerated by LAs, as they may proceed through an inner sphere
pathway.”> However, for many experimental systems, the
mechanistic details are not known, such that it is not possible
at this point to conclude if there is a widespread correlation
between the effect of LA additives and the mechanistic pathway
(inner or outer sphere). Furthermore, there are very few
mechanistic studies on the effect of LAs on CO, hydrogenation.
Bertini et al. used DFT-methods to study the reduction of CO,
with a PNP-Mn(I)-catalyst in the presence of DBU and
LiOTf*® showing that the o-intermediate formed after H—
CO, bond formation is several kcal/mol more stable if
coordinated to [Li(THF),]*. However, the effect of LAs on
the involved transition states was not explored. The CO,
insertion into a rhenium-hydride in the presence of BF; (as a
computational model of B(CF;);) was examined by Berke and
co-workers using DFT-methods,” but only the first step (H—
CO, bond formation) was analyzed, while the reorganization of
the o-complex was not evaluated. Similarly, Esteruelas and co-
workers studied the TS for formate dehydrogenation with an
Os—Ge bimetallic complex, reporting an interaction between
CO, and the acidic Ge center at the H-CO, bond cleavage step,
but the effect of Ge on the TS for formate rotation was not
investigated.m

If LAs accelerate CO, hydrogenation, it may be expected that
the critical effect is on a rate-limiting step of the reaction.
Interestingly, several computational studies have shown that for
outer sphere CO, hydrogenation, rearrangement of the metal-
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formate 6-complex to a k'-O-species (TS2, Scheme 1A) appears
to have a hi§her barrier than the H—CO, bond formation
(TS1).3%°6755%% On the basis of this, we hypothesize that the
rate-accelerating effect of Lewis acids on CO, hydrogenation
primarily may be on formate rotation (TS2), not on H—CO,
bond formation (TS1).

To assess our hypothesis, we chose a representative set of four
experimentally known CO, hydrogenation reactions involving
metal-hydrides based on Ir, Ru, Mn, and Co (Figure 1). Our
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Figure 1. Schematic representation of the complexes studied
computationally here (from refs 32—34,40).

computational models predict that all four systems undergo
outer sphere CO, hydrogenation, which in the absence of LAs
display larger barriers for formate rotation (TS2) than for H—
CO, bond formation (TS1). Interestingly, although addition of
LAs to the computational model changes the geometries of the
H-CO, bond formation (TS1), the barriers of this step are not
reduced. However, in line with our hypothesis, the transition
states for formate rotation (TS2) show significantly lower
barriers in the presence of lithium-based LAs. Our results
provide a mechanistic understanding of the LA effect on CO,
hydrogenation, which so far has been lacking.

B COMPUTATIONAL DETAILS

The software package Gaussian 16 Rev. C.01”" was employed
for all calculations. The DFT functional PBE0’>”* was used
along with the Grimme empirical dispersion correction
(D3BJ)™* and the conductor-like polarizable continuum
model CPCM’7° (solvent: THF or CH,CN, as indicated in
the text). For comparison, an additional computational protocol
was applied (B3LYP-D3,”*”” SI, Tables $3—S6). For geometry
optimizations, basis set BS1 was employed, which includes the
split-valence double-{ Ahlrichs basis set def2-SVP”® on all atoms
(except on F where def2-SVPD’® was used) and the
LANL2TZ” basis set and pseudopotential on Ru, Mn, Co,
and Ir. For single point electronic energy calculations, the basis
set BS2 was employed, which consists of def2-TZVP on all
atoms (except on F where def2-TZVPD was used) and
LANL2TZ(f) on Ru, Mn, Co, and Ir. The computed free
energies (AG®; ., BS1) were converted to the 1M standard
state energies employing a standard state (SS)™ conversion
term. At 298 K, the SS correction is —1.89 kcal/mol going from 2
to 1 mol. All calculations were performed at 298 K. A
counterpoise correction was computed at the BS2 level for the
CO, insertion step (SI, Table S1). The standard state Gibbs free
energies (AG® y;,08x) reported in the main text correspond to
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Kinetic isotope effects (KIE) were computed as a ratio of rate
constants of the reaction with hydrogen over the reaction with
deuterium (for more details see SI, Table S2). IRC calculations
were performed on Ir- and Ru-systems in the absence and
presence of LiOTf (SI, Figures S6—S11, $27—S30, S34—S37,
S50—S53).

All chemical systems were computed without any truncations
or symmetry constraints. The conformational space was
evaluated carefully through optimization of multiple config-
urations, with the energetically preferred structures reported
here (relevant higher lying geometries are given in the SI). For
reaction pathways, both inner and outer sphere mechanisms were
attempted for all systems. However, during unconstrained
geometry optimizations, the inner sphere TS would in several
instances rearrange into an outer sphere arrangement.

B RESULTS AND DISCUSSION

Ir-Mediated Hydrogenation of CO,. Hazari and co-
workers have shown that the stoichiometric insertion of CO,
into the trihydride complex [Ir(""PNYP)H,] (1) is accelerated
up to 100-fold by cationic LAs.>® In presence of LiOTf, the
experimentally determined barrier for CO, insertion is reduced
by 2.9 kcal/mol compared to the LA-free reaction (Scheme 2).*

Scheme 2. Previously Reported Effect of LiOTf on the
Experimentally Measured Barrier for Stoichiometric CO,
Hydrogenation with 1°
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We have investigated the 1-mediated hydrogenation of CO,
computationally in the absence and presence of LAs (SI, Figures
S1—S5). The LA-free reaction preferably proceeds through an
outer sphere H—CO, bond formation (TS1y, Figure 2), in line
with previous computational results on 1.”" TS1y, has a barrier of
8.5 kcal/mol and displays a stabilizing hydrogen bond between
CO, and the N—H backbone (2.00 A). An alternative cyclic TS1
geometry, involving interaction of CO, with iridium, is 7.2 kcal/
mol higher in energy, making it unlikely (SI, Figure S3). IRC
calculations confirm that after H-CO, bond formation, a o-
complex is formed (SI, Figures S6—S11).

The o-intermediate (SI, Figure S4) has been progposed to
dissociate into formate and a cationic iridium-complex”" (in line
with earlier work by Ahlquist‘%) ; however, we find such a step
nonfeasible, with a computed cost of 24.6 kcal/mol for
dissociation of formate from iridium (S, Figure S72A). Instead,
we propose that the o-intermediate rearranges to a k'-O-formate
complex (SI, Figure SS) through a formate rotation via TS2y,
(Figure 2), as suggested for related outer sphere CO,
insertions.””**%® IRC calculations confirm that TS2 indeed
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connects the o-intermediate and the x'-O-formate complex (S,
Figures S6—S11). The computed barrier for TS2;, of 16.7 kcal/
mol is feasible at room temperature and is in line with the
experimentally reported overall barrier of 14.3 kcal/mol for this
reaction (we note that absolute barriers can vary with different
DEFT functionals, however, computed trends are similar, see SI,
Tables S3—S6).°" Our results show that for 1-mediated CO,
hydrogenation, the formate rotation is rate-limiting, implying that
this step needs to be considered when additive effects are evaluated.

We proceeded to compute the effect of adding LiOTf to the
computational model, assuming that it will not dissociate to a
large extent (in contrast to, e.g, LiPF4 or LiBArF,, vide
infra).*>*>* Initially, LIOTf forms an adduct with 1, displaying
weak interactions with one of the hydrides (1.77 A, Figure S12).
Additionally, one oxygen of triflate forms a strong interaction
with the NH backbone (2.00 A). Interestingly, this complex is
able to weakly bind CO, to iridium (Ir—CO, 2.15 A, Figure
S13), with a cost of 6.9 kcal/mol. The subsequent H—CO, bond
formation preferably takes place through a cyclic transition state
TS1nrioTe(cye) (barrier 11.3 kcal/mol), where CO, interacts with
the metal (2.19 A, Figure 2), making iridium seven-coordinated
and indicating Ir(V) character. At the TS, lithium interacts with
both oxygen atoms of CO, (2.00 A, 2.01 A), which is
significantly bent (122.6°). We note that an alternative linear
H—-CO, bond formation TS1 also was optimized in the presence
of LiIOTf (TS1yorey, SL, Figure S14A), but is 5.1 kcal/mol
higher in energy. Our findings indicate that LiOTf changes the
chemical nature of TS1 from linear to cyclic for 1 but does not lower
the barrier of this step.

Interestingly, the subsequent formate rotation displays a
barrier reduction from 16.7 to 11.1 kcal/mol in the presence of
LiOTf (Figure 2). The geometric features of TS2y,;or¢ appear
little affected, with small changes in bond lengths compared to
the LA-free case, indicating that the barrier reduction largely is
caused by charge stabilization. This effect is so pronounced that
TS1 becomes rate-limiting for 1-mediated hydrogenation of
CO, in the presence of LiOTL. It can be noted that the overall
computed barrier reduction of 5.4 kcal/mol (from 16.7 to 11.3
kcal/mol) is larger than the experimentally predicted reduction
of 2.9 kcal/mol (Scheme 2). We assume that the stabilizing
effect of the solvent (THF) in the LA-free reaction is
underestimated in our model, leading to a small overestimation
of the computed LA effect. Nonetheless, our results clearly predict
that the beneficial effect of LiOTf on 1-mediated CO, hydro-
genation is on the formate rotation step (TS2), not the H—CO,
bond formation (TS1).

It has been reported that [Li(solvent),]* complexes can be
formed from lithium salts containing weakly coordinating anions
such as NTf,”, PF,~, BE,~, or BArF,~.*>*” In the known crystal
structures of solvated Li-complexes, the number of coordinated
solvent molecules varies from 1 to 4.****~% Here, we have
compared the results for nondissociated LiOTf (Figure 2) as
well as LiNTT¥, to the cationic solvent complexes [Li(THF),]*
and [Li(THF),;]* (S, Figure S17—S26), to evaluate if the LA
effect on the barriers is dependent on the coordination
environment around Li. As Table 1 shows, all tested LA species
significantly lower the barrier of TS2 compared to the LA-free
case, implying that this trend is independent of the coordination
environment. However, the absolute barriers differ, with the
solvated complexes showing lower barriers than the neutral LAs;
this effect can be ascribed to better charge stabilization. In this
context we emphasize that the computed barriers are relative to a
reference state of the Ir-hydride---LA adduct, and some
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Figure 2. Energies and optimized TS geometries for CO, insertion into 1 in absence (top) and presence (bottom) of LIOTf (AGyy,05r, PBE0-D3BJ,
CPCM[THF], distances in angstrom, H atoms omitted except for relevant interactions).

Table 1. Computed Barriers (kcal/mol) for 1-Mediated
Hydrogenation of CO, in the Presence of Li-Complexes

LA in model AG* TS1 AGFTS2 AAG (15, 151)
LiOTf 11.3 11.1 —0.2
LiNT%, 10.7 10.7 0.0
[Li(THF),]* 9.0 9.4 +0.4
[Li(THF),]* 6.7 5.4 -1.3

uncertainty in the absolute numbers can be expected. However,
the barrier differences between TS1 and TS2 are independent of
the chosen reference state. We find that LiOTf, LiNTf,, and
[Li(THF),]* give close to identical barriers for TS1;, and TS2;,
(within 0.0 to 0.4 kcal/mol), whereas the model with
[Li(THF),]"* displays a rate-limiting TS1, which has a 1.3
kcal/mol higher barrier than TS2. The coordination environ-
ment around Li may thus affect which step becomes a rate-
limiting step in cases where the two steps have comparable
energies in the presence of LAs.

Ru-Mediated Hydrogenation of CO,. In order to
establish if the results observed for 1 indicate a general trend
for the effect of LAs on CO, hydrogenation, we proceeded to
analyze the stoichiometric insertion of CO, into [Ru(tpy)-
(bpy)H]* (2).*° Experimentally, also this reaction is accelerated
by addition of LAs, with LiOTf and LiNTf, showing similar
results (Scheme 3).

On the basis of previous computational studies,” the 2-
mediated hydrogenation of CO, has been proposed to occur
through a single step, reminiscent of inner sphere CO, insertion
(Scheme 1). However, our computational analysis indicates that
the stoichiometric CO, insertion into 2 occurs in two steps,
through an outer sphere pathway (Figure 3, SI, Figures S31—
$33). The computed barrier for the first step, H—CO, bond
formation (TSlg,), is 11.4 kcal/mol (Figure 3, top). The
optimized geometry displays a close to linear configuration, with
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Scheme 3. Previously Reported Effect of LAs on the Barriers
and Rates of Stoichiometric [2]PFs-Mediated CO,

Hydrogenation*”**
/ PFe / Fo
N— Ru—N CO, N— Ru—l\Tc\:\
_—
\\_I/ (LA), solvent, RT H/
[2]PFg

solvent = 'PrOH

No LA: AGixp =18.9 £ 0.3 kcal/mol

LA=LiNTf,:  AGL, =15.0+0.3 kcalimol

LA = B(OiPr);: AGL, =165+ 0.3 kcalimol
solvent = CH,CN

LA=LiOTE:  k,=3.0£03 M2s'

LA=LiNTf,: k,=3.1%03 M?s’

LA=KBPh,: Kk ,=21(2)x 10" M?s”
LA = B(OiPr),: k , =7.9(8) x 102 MZs™

CO, being weakly stabilized through a C—H/O interaction with
the bipyridine ring (2.32 A). IRC calculations confirm that
TSly, is connected with a Ru-c-complex (SI, Figures S34—
$37). Rearrangement of the o-intermediate (TS2g,) has a
barrier of 20.8 kcal/mol, significantly higher than TS1, in line
with the results for 1. Again, we evaluated if dissociation of
formate from the o-complex may be an alternative pathway to
forming the k!-O-formate; however, the dissociated complex has
an energy of 24.7 kcal/mol, which is higher than TS2g, (SI,
Figure S72B). The overall computed barrier for CO, insertion
into 2 of 20.8 kcal/mol in CH;CN is 1.9 kcal/mol above the
experimentally determined value for [2]PF4 in ‘PrOH solvent
(189 + 0.3, Scheme 3)."” We assume that protic 'PrOH
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CPCM[CH;CN], distances in angstrom, H atoms omitted except for relevant interactions).

provides better charge stabilization during the reaction than
CH,CN, which is supported by a faster rate in 'PrOH than in
CH;CN in experiments.*’

We proceeded to compute the effect of adding LiOTf to the
computational model of 2. The energetic reference is a 2—LiOTf
adduct, which displays several noncovalent interactions between
LiOTf and the Ru complex (S, Figure S38). For outer sphere
CO, insertion into 2, the optimized TS1g, ;o1 displays a linear
geometry, making it different from the iridium case (vide
supra).” At the TS, Li interacts with one oxygen of CO, (2.00
A) whereas the second oxygen is far away (4.10 A). The
computed barrier for TS1gy;0r¢ is 11.8 kcal/mol, in line with
the barrier in absence of LA (TS1y,, 11.4 kcal/mol, Figure 3).
This indicates that LiOTf has no beneficial effect on the H—CO,
bond formation step of 2.

Interestingly, the barrier for the Ru-mediated formate rotation
(TS2puriors) decreases by 6.1 kcal/mol in the presence of
LiOTL. Our results indicate that the accelerating effect of LiOTf is
on TS2, also for 2. At TS2p,1;01s Li forms two interactions with
the oxygen atoms of the CO, (2.06 A, 2.08 A, Figure 3). The
resulting k'-O-formate-complex (SI, Figure $40) is 5.5 kcal /mol
more stable than in the absence of LiOTf. The overall computed
barrier of 14.7 kcal/mol for insertion of CO, into 2 in the
presence of LIOTf (in CH;CN) resembles the experimentally
determined free energy barrier of 15.0 kcal/mol in the presence
of the related LA LiNTf, (in ‘PrOH, Scheme 3).*

In order to evaluate if the results for 2 are critically dependent
on the coordination environment and dissociation state of
lithium, we compared models with solvated [Li(CH;CN),]" or
[Li(CH;CN);]* complexes (SI, Figures S41—S46), as well as
with one (Figure 3) or two LiOTf molecules (Figure 4). The
LiOTf-dimer (Figure 4), which may be viewed as a model of a
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Figure 4. Optimized TS geometries for CO, insertion into 2 in the
presence of two LiOTfs (AG .05, PBEO-D3BJ, CPCM [CH3CN],
distances in angstrom, H omitted except for relevant interactions). At
TS1, CO, interacts with one Li, the other Li moves away during
geometry optimizations.

Li-aggregate, displays bridging OTf molecules, in line with
known X-ray structures.”> The results (Table 2) confirm the
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Table 2. Computed Barriers (kcal/mol) for 2-Mediated
Hydrogenation of CO, in the Presence of Li-Complexes

LA in model AG* TS1 AG* TS2 AAG (15 1s1)
LiOTf 11.8 14.7 +2.9
[Li(CH,CN),]* 11.9 16.0 +4.1
[Li(CH;CN),]* 152 12.8 —24
2 X LiIOTf 13.8 12.8 -1.0

same trend for all models, with Li significantly lowering the
barrier of TS2, but not TSI. In fact, in the presence of
[Li(CH;CN);]* or the LiOTf-dimer, the barrier of TS2
becomes lower than that of TS1 (Table 2). The latter result is
worth noting, as LAs typically are used in large excess in
experiments, making it plausible that multiple Li-complexes are
present at the TS.

Our results have important implications for rationalizing
experimental results: for example, measurement of kinetic
isotope effects (KIEs) on [2]PF¢-mediated CO, hydrogenation
show an inverted KIE in the absence of LAs (0.86 + 0.09) and no
KIE in the presence of 50 equiv of LiNTf, (1.0 + 0.1),*
indicating a change in mechanism or rate-limiting step upon
addition of LAs. We have computed the KIEs for the involved
TSs and find an inverted KIE for TS2 and a normal KIE for TS1
(SI, Table S2), in line with recent results for a Re-system.” On
the basis of this, we propose that a change in experimental KIE from
inverted to normal in the presence of LAs indicates a change in rate-
limiting step from formate rotation (TS2) to H—CO, bond
formation (TS1).

To validate our computational model further against
experiment, we computed the alternative LAs KBPh, and
B(OiPr), (Figures S, S48—S49), which experimentally showed
slower reaction rates than LiOTf (Scheme 3). At TS1g,xpphas
potassium interacts with only one oxygen of CO, (2.78 A),
whereas at TS2y,kpphy, it interacts with both oxygens of CO,
(2.77 and 2.78 A, Figure SA). The computed TS2y,xpphs barrier
is 2.6 kcal/mol higher than for LiOTT, in line with a smaller rate
enhancement observed for KBPh, (Scheme 3). For B(OiPr),,
the bulky iPr groups only allow for weak interactions between
boron and CO, at both TS1gup(0ipr)3 and TS2p,p(0ipr)s (3.64
and 3.48 A, Figure SB). The barrier for TS2p,kppn4 is 7.2 kcal/
mol larger than for LiOTf, in line with the experimental trend,
but larger than what would be expected from the difference in
rate constants (Scheme 3). The overall results indicate that the
strength of the cation—O(, interaction decreases in the order
Li > K > B, in line with previous conclusions that Li" is better
suited to stabilize CO, than K*.*

Mn-Catalyzed Hydrogenation of CO,. In order to
evaluate if the computed LA effect also applies to base metals,
we analyzed the catalytic Mn(I)-mediated hydrogenation of
CO, with H,.** With [MeN{CH,CH,(PiPr,)},]-MnH(CO),
(3), under identical reaction conditions, an increase in TON
fmI%lZ 50 to 7950 was reported upon addition of LIOTf (Scheme
4)°

Our analysis indicates a two-step outer sphere CO, insertion
pathway for 3 (Figure 6, SI, Figures S54—S57). In the absence of
LAs, the computed barriers are 14.5 and 19.5 kcal/mol
respectively, for H—CO, bond formation (TS1y,) and formate
rotation (TS2y,). At both TSs, several C—H/O interactions
between CO, and the ligand provide some charge stabilization
(2.27 A, 2.52 A for TS1yy, 2.08—2.51 A for TS2,,,).

Addition of LiOTf to the computational model results in a
Mn(I)-H---LiOTf adduct, where Li coordinates to a CO group
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Figure S. Optimized TS geometries for CO, insertion into 2 in the
presence of (A) KBPh, or (B) B(OiPr); (AGyyes, PBEO-D3BJ,
CPCM[CH;CN], distances in angstrom, H atoms omitted except for
relevant interactions).

trans to the hydride (Li-+O: 1.91 A, SI, Figure S58). CO,
insertion into the adduct has a barrier of 16.6 kcal/mol.
Interestingly, at TS1yg, riore.cor LIOTS prefers to coordinate to
CO (1.95 A) over coordinating to CO, (alternative con-
formations are several kcal/mol higher in energy, Figures S59—
S60).
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Scheme 4. (A) Previously Reported Effect of LAs on the
Catalytic 3-Mediated CO, Hydrogenation, and (B) the
Proposed Catalytic Cycle**
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Several C—H/O interactions between CO, and the ligand
provide charge stabilization. The subsequent formate rotation
has a computed barrier of 11.3 kcal/mol (Figure 6), implying a
barrier decrease of 8.2 kcal/mol in the presence of LiIOTf. At

TS2yn-LioT.cop Li interacts with both oxygens of CO, (2.03 A,
2.09 A, another conformation is higher in energy, SI, Figure
S62). Our results indicate that also for 3, LAs have a critical effect
on TS2, reducing its barrier below that of TS1. However, this may
not imply that TS1 becomes rate-limiting, as the subsequent
catalyst regeneration may have a higher barrier, in line with
results for other catalytic systems.*>*****75%9192 We computed
the catalyst regeneration for 3 (S, Figure $S54), and our results
indicate that H, association is overall rate-limiting (however,
note that the model involves a charge-separation step making
evaluation of relative energies challenging, see discussion in SI).
Nonetheless, in line with our results for 1 and 2, we conclude
that for 3, TS2 is more affected by LAs than TS1.

Co-Catalyzed Hydrogenation of CO,. Finally, we
evaluated a Co-analogue of 3, which can be formed from
[F'PNP-CoH(CO),]Cl (pre-4) with H, and DBU.>* Under
catalytic conditions, the active species is proposed to be either 4
or 4b (Scheme 5). Addition of LiOTf to the reaction increased
the TON for pre-4 from 460 to 10 000, indicating a remarkable
accelerating effect.”

We attempted to model CO, hydrogenation with both 4 and
4b; however, the latter was unreactive in our computations and
did not insert CO,. For 4, a CO, insertion barrier of 17.3 kcal/
mol was obtained (TS1c, Figure 7). The barrier for
rearrangement of the formed o-intermediate is high, 32.3 kcal/
mol (S, Figure S64—S66); however, this is in agreement with
experiments, where low conversions are reported.”> Upon
addition of LiOTf to the model, the adduct Co(I)-H-LiOTf is
formed, where Li interacts with the oxygen of CO (1.93 4, SI,
Figure S67). During H—CO, bond formation (TS1c,iiore),
lithium interacts with both CO (2.04 A) and CO, (1.97 A).
Several noncovalent C—H/O interactions are seen between the
isopropyl groups of the ligand and CO, as well triflate
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Figure 6. Energies and optimized TS geometries for CO, insertion into 3 in absence (top) and presence (bottom) of LIOTf (AG 5051, PBE0-D3B],
CPCM[THF], distances in angstrom, H atoms omitted except for relevant interactions).
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Scheme 5. (A) Previously Reported Effect of LiOTf on the
Catalytic 4-Mediated CO, Hydrogenation and (B) the
Proposed Catalytic Cycle*
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(alternative TS1 geometries are higher in energy, SI, Figure
S68). After formation of the o-intermediate (SI, Figure S69),
rotation of formate occurs with a barrier of 23.1 kcal/mol
(TS2¢oLiorp Figure 7). At the TS, Li interacts with only one
oxygen of CO, (1.84 A) which is in contrast to the Ir-, Ru-, and
Mn-systems, where Li interacts with both oxygens of CO, (such

a TS configuration is higher in energy for 4, SI, Figure $70). Our
results for 4 show that in the presence of LiOTY, the barrier for
formate rotation decrease by 9.2 kcal/mol, again establishing that
TS2 is more affected by LAs than TS1.

B CONCLUSIONS

In conclusion, we have studied how Lewis acids (LAs) alter the
mechanistic details of CO, insertion into metal-hydrides. Our
computational analyses of four experimentally known complexes
based on Ir, Ru, Mn, and Co show that in absence of LAs, all four
systems follow an outer sphere mechanism, where H—CO, bond
formation (TS1) has a lower barrier than the rearrangement of
the o-intermediate to a x'-O-formate (TS2). Upon addition of
LAs to the computational models, the chemical nature of the H—
CO, bond formation step may alter, as observed for Ir—H, which
changes from a linear to a cyclic TS geometry in the presence of
LiOTf. However, the TS1 barriers appear little affected by LAs,
with most computational models predicting a small barrier
increase for TS1 in the presence of lithium-based LAs. Instead,
the beneficial effect of LAs appears to be on the rearrangement of the
metal-formate o-intermediate (TS2), with a computed barrier
decrease in the range of 5.6 to 9.2 kcal/mol with LiOTf. Depending
on the nature of the added LA and its degree of solvation, the
barrier of TS2 may become lower than TS1, which can explain
experimentally observed changes in the KIE upon addition of
LAs." Our insights are essential to understand the effect of
Lewis acids on CO, hydrogenations, allowing for a more rational
approach toward the design of new CO,-converting reactions.
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Additional computational results, as described in the main
text (PDF)

Optimized coordinates, which can be conveniently
visualized with the Mercury program from the Cambridge
Crystallographic Data Centre (XYZ)
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