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ABSTRACT: Full quantum mechanical calculations demonstrate
that cooperativity in the form of the activation of the M—C bond
(M: transition metal or boron, C: the ipso carbon of the
coordinated phenyl group) can lead to effective catalysis pathways.
Calculations show that the presence of an aromatic bidentate ligand
attached to a transition metal, or even a main group element, such as
boron, can lead to effective catalysts for a range of important
reactions, such as the dehydrogenation of ammonia borane and
formic acid and the activation of the N—H bond in aromatic amines.
Moreover, it is shown that the design of tridentate pincer complexes

56+

with the aromatic group at a terminal end can lead to effective M—C A B
cooperativity. As such, the current work introduces a new concept in S+  &—

cooperativity and bond activation chemistry.
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1. INTRODUCTION

Non oxidative addition and elimination reactions using
organometallic complexes that demonstrate metal—ligand
cooperativity are of great practical significance, especially if
the reactions can occur reversibly over a small span of time.
Complexes having tridentate “pincer ligands”, such as PCP
[CoH,(R') (P(R);CH,),-1,2,6], POCOP [CeH,(R))(P(R),0),
1;2)6]) NCN [C6H3(R/)(N(R)ZCH2)2'1)2)6]J PCN
[CoHa((R)P(R);CH,) (N(R'),CH,)-1,2,6], PNP [CsH;N(R)-
(P(R");CH,),-1,2,6], and others,"* have proved to be very
versatile and effective ligands in facilitating such reactions in
conjunction with transition metals such as iridium, platinum,
rhodium, osmium, and ruthenium. The group of David Milstein
has exploited the cooperativity between the metal and pincer
ligands to obtain a stable platinum oxo complex exhibiting
interesting reactivity® and to split water and obtain molecular
oxygen and hydrogen.* Ahuja et al.* have used different pincer-
ligated iridium complexes to convert linear alkanes to aromatic
compounds. Pincer ligand-coordinated organometallic com-
plexes have also been effective atN H,N-C, C-C,C-H, H-
H, N—H, and O—H activation.*”®* Such complexes have been
also been found to be important for reactions such as the highly
efficient dehydrogenation of ammonia borane as a result of the
hemi-labile nature of the nitrogen—metal bond.”

The rich and varied chemistry that has emerged from the
effective use of pincer ligand complexes gives reason to believe
that further exploitation of metal—ligand cooperativity using
such complexes is likely in the near future. However, it is
interesting to note that cooperativity between the metal center
and a coordinated carbon atom in pincer ligand complexes has
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not been explored. To the best of our knowledge, the only
reported example of the non-innocent behavior of a metal—
carbon bond in a pincer complex is by Musa et al.'® for C(sp®)
metalated pincer compounds. Moreover, the reactions that
were studied with this complex were found to require a
significant amount of time and needed extra heating over a
period of 12 h to ensure completion. In addition, to date, no
pincer-ligated metal complexes having an aromatic group as
one of the arms of the pincer have been reported to display
metal—C(sp®) cooperativity through activation of the metal—
ipso carbon bond.

We postulate here that the reason pincer ligand-containing
complexes do not exhibit metal—carbon cooperativity is
because of the steric constraints imposed by the tridentate
nature of the ligand coordination and, further, that employing
analogous aromatic bidentate ligands in place of the tridentate
pincer ligands (see Figure 1), or tridentate pincers where the
phenyl ring is at a terminal end of the ligand, would reduce the
steric restrictions. This would serve to make the bidentate or
tridentate complexes eflicient catalysts because of the
emergence of cooperativity between the metal and the ipso

Figure 1. Tridentate and bidentate aromatic ligand complexes.
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carbon of the attached phenyl group. An example for such a
possibility is shown in Figure 2, where the catalysis of

Figure 2. The catalysis of dehydrogenation reactions through the use
of metal—ipso carbon cooperativity in aromatic bidentate complexes.

dehydrogenation reactions is discussed, for a complex with an
aromatic bidentate ligand coordinated to the metal center. The
dehydrogenation would proceed with the loss of two hydrogen
atoms from the substrate molecule H—A—B—H, with the protic
hydrogen being taken up by the ipso carbon of the phenyl ring
and the hydridic hydrogen forming a bond with the metal
center (see Figure 2). Following this, the oxidative metalation
step would complete the catalytic cycle, releasing hydrogen gas,
H,, and regenerating the original catalyst species. The facile
activation of the metal—ipso carbon bond would make the first
step kinetically and thermodynamically favorable, and the likely
ready re-coordination of the phenyl ring back to the metal
center in the second step would complete the cycle. Likewise,
analogous to the dehydrogenation reaction discussed in Figure
2, one could envisage other possible reactions that could be
effectively catalyzed by the use of the aromatic bidentate
complexes or tridentate complexes having the phenyl ring at a
terminal end and not at the center.

The reason the catalytic pathway, illustrated in Figure 2,
involving metal—carbon activation has been considered for
aromatic ligands and not for their aliphatic analogues, is
because of the possibility of an agostic interaction between the
C(sp*)—H bond and the metal, as experimentally observed and
reported in several complexes containing an aromatic
ligand."'~"* Such an interaction would pre-activate the
C(sp*)—H bond in this step and thus aid in reducing the
barrier to metalation, thereby ensuring the efficiency of the
catalysis process.

The effectiveness of the proposed metal—carbon cooperative
catalytic pathway will be demonstrated in the Results and
Discussion section by considering the example of the tridentate
pincer ligand complex: (POCOP)IrH,, one of the most
efficient catalysts for dehydrogenating ammonia borane'®
(AB). It will be shown that the bidentate analogue of the
tridentate (POCOP)IrH,, if synthesized (“(POC)IrH,”), would
be considerably more effective at catalyzing the same reaction.
We will also demosntrate computationally that employing
tridentate ligands with the aromatic ring at the terminal end
would also lead to the emergence of metal—carbon
cooperativity. The potential of metal—carbon cooperativity in
bidentate complexes will be further discussed for other cases,
such as the experimentally synthesized real system: Ta(=CH—
t-Bu) [ C¢H;(CH,NMe,),-2,6](Cl)(O—t-Bu) and even for non-
metal based complexes, such as B(Et)[C¢H,(CH,CH,)].
Moreover, it will be shown that the catalysis of other important
reactions, such as the dehydrogenation of formic acid, as well as
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the activation of the N—H bond in aromatic amines, will
become feasible through the proposed route of metal—carbon
cooperativity.

2. RESULTS AND DISCUSSION

2.1. Comparison of AB Dehydrogenation Using
Bidentate and Tridentate Iridium Catalysts. The pincer
ligand containing complex, (POCOP)IrH,, has been found to
be a very efficient catalyst for the dehydrogenation of ammonia
borane: NH,BH, (AB).'® The structure of (POCOP)IrH, is
shown in Figure 3. Ammonia borane, it may be noted, is one of

Figure 3. Structure of tridentate (POCOP)IrH, pincer catalyst; the
color scheme is as follows: iridium, black; carbon, blue; phosphorus,
green; oxygen, red; and hydrogen, brown.

the most Bromising candidates for the chemical storage of
hydrogen,'” and therefore, the efficient catalysis of AB
dehydrogenation is an important problem in hydrogen storage
research. The mechanism for the dehydrogenation of AB using
the (POCOP)IrH, catalyst has been reported by Paul and
Musgrawe.18 As shown in Figure 4, the Paul—Musgrave
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Figure 4. The free energy profile for the Paul—-Musgrave reaction
pathway for the dehydrogenation of ammonia borane by the
(POCOP)IrH, catalyst; all energies are in kcal/mol.

dehydrogenation mechanism proceeds through the coordina-
tion of AB to the (POCOP)IrH, catalyst, followed by removal
of NH,BH, from the vicinity of the catalyst. The (POCOP)-
IrH, intermediate thus formed is then converted to the
(POCOP)ItH, catalyst by the loss of H,, thereby completing
the catalytic cycle.'® The competing pathway for the
(POCOP)IrH, catalyst, involving the proposed metal—carbon
cooperativity, is shown in Figure 5. This pathway is found not
to compete, having a slowest step barrier that is higher by 14.5
kcal/mol than the slowest step of the Paul—Musgrave pathway.

dx.doi.org/10.1021/cs400174u | ACS Catal. 2013, 3, 920-927
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Figure 5. The free energy profile for the dehydrogenation of ammonia
borane through the proposed M—C activation pathway for the
(POCOP)ItH, catalyst; all values are in kcal/mol.

However, it is likely that the metal-ligand cooperative
pathway might become more competitive if the steric
restrictions, imposed by the tridentate nature of the bonding
of the ligand at the metal center, could be reduced. This would
be possible if the catalyst employed were to have an aromatic
bidentate ligand coordination to begin with. This point is
underlined through calculations with the bidentate analogue
of (POCOP)IrH,: the “(POC)IrH,” complex. The optimized
structure for (POC)IrH, is shown in Figure 6: the complex has

Figure 6. The optimized geometry of the iridium bidentate complex:
(POC)IrH, complex; the color scheme is the same as in Figure 3.

a monodentate phosphine (with tertiary butyl groups), and a
bidentate ligand with an aromatic ring as one of the arms and a
phosphine as the other, of the bidentate ligand. The fact that
this system would be stable in solution was confirmed through
calculations investigating the dissociation of the phosphine
from this complex and the replacement of the same with a
solvent (THF) molecule. As shown in Figure S1 of the
Supporting Information, it was found that such a reaction
would be highly unlikely, being endothermic by 104.8 kcal/mol.
Hence, the complex (POC)IrH, would be stable in solution.
For this system, the catalysis of AB dehydrogenation would
prefer the pathway of metal—ipso carbon cooperativity, as is
made clear from Figures 7 and 8. The slowest step barrier for
the reaction, 15.3 kcal/mol, through the proposed metal—ipso
carbon cooperative pathway, is lower by 1.6 kcal/mol than the
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Figure 7. The free energy profile for the proposed M—C activation
pathway for the dehydrogenation of ammonia borane by the
(POC)IrH, catalyst; all energies are in kcal/mol.
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Figure 8. The free energy profile for the dehydrogenation of ammonia
borane through the Paul-Musgrave pathway for the (POC)IrH,
catalyst; all energies are in kcal/mol.

slowest step for the Paul—Musgrave pathway in this case, and
lower by 1.3 kcal/mol than the slowest step barrier (16.6 kcal/
mol) for the Paul-Musgrave pathway obtained for the
tridentate iridium analogue. These computational results
therefore underline the potential of metal—carbon coopera-
tivity, which is dormant in the pincer ligand complex but is
unlocked in the bidentate analogue.

The reasons the bidentate catalyst is determined to be more
effective than the corresponding tridentate complexes are 2-
fold: (i) the reduction of steric hindrance for the motion of the
phenyl ring out of the POC plane, and (ii) the low barrier for
the second transition state because of the pre-activation of the
ipso carbon—hydrogen bond due to the aromatic agostic
interaction of the bond with the iridium metal center. There
have been experimental reports in the literature that have
hypothesized the existence of such an interaction for
rhodium''™"* and ruthenium metal'*"® complexes. The
presence of the aromatic agostic interaction in the (POC)IrH,
complex is made evident from the geometric features obtained
for the intermediate: Int-I B (see Figure 7) along the catalytic
path. The structure of Int-I B is shown in Figure 9 below. The
ipso carbon—hydrogen bond length in Int-I B is found to be
1.12 A, which is greater than the standard aromatic C—H bond
length (1.09 A). Moreover, the hydrogen of the pre-activated
C—H bond is found to lie out of the plane of the aromatic ring
by 11.25°. Furthermore, the Ir—H distance is found to be 2.10
A, and the Ir—-H—C angle is observed to be 116.81°, both
falling in the range of typical agostic interactions. To further
underline the agostic nature of the interaction, another
conformer of Int-I B, Int-I B’ was optimized, having the
aromatic ring turned away from the iridium metal center,

dx.doi.org/10.1021/cs400174u | ACS Catal. 2013, 3, 920-927
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Figure 9. The optimized structure of Int-IB, the hydrogenated
(POC)IrH, catalyst. The color scheme is the same as in Figure 3. Only
the hydrogen coordinated to the ipso carbon is shown; the rest of the
hydrogens have been removed for the purpose of clarity.

thereby denying the system the possibility of an aromatic
agostic interaction. The two conformers, Int-I B and Int-I B’
are shown juxtaposed in Figure S4 of the Supporting
Information. As the figure shows, Int-I B’ is less stable by 8.1
kcal/mol (AE) than Int-I B, providing further evidence of the
stabilizing influence of the aromatic agostic interaction in Int-I
B. Hence, the cumulative evidence points to the pre-activation
of the C(sp*)—H bond, which provides the explanation as to
why the second barrier (the barrier for the oxidative metalation
step) is 13.1 kcal/mol, thereby making the catalytic cycle a
teasible process.

It is also interesting to note that an aromatic agostic
interaction with the metal center is more likely than an aliphatic
agostic interaction: no structural evidence for an agostic
interaction is observed in the optimized complex Ir(H),[P-
(CH;);][P(Me),;OCH,CH,(CH,)], a structure (shown in
Figure S5 of the Supporting Information) in which the
aromatic phenyl ring has been replaced with an aliphatic
CH,CH, group. Thus, the corresponding metalation step for
the aliphatic complex has been calculated to be 23.4 kcal/mol
(AE value), higher than the corresponding step in the aromatic
complex by 9.6 kcal/mol (AE value). These investigations
therefore reveal that the bidentate complexes would be more
effective for aromatic ligands, and not for their aliphatic
analogues.

The results discussed in this section therefore indicate that
the iridium bidentate complex, (POC)IrH,, if synthesized,
would be a more effective catalyst for ammonia borane (AB)
dehydrogenation than the tridentate complex, (POCOP)IrH,,
because of Ir—ipso carbon cooperativity, discussed here, for the
bidentate complex, which gives it an edge over the original
mechanism, described by Paul and Musgrave for the tridentate
complex.'® This computational demonstration of the potential
for metal—carbon cooperativity in bidentate complexes can lead
to significant improvements in catalyst design for important
chemical transformations.

It is important to mention here that it may also be possible to
observe metal—carbon cooperativity in tridentate pincer ligand
complexes. This would be possible if the steric contraints were
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to be reduced by the putting of the aromatic phenyl ring at the
terminal end of the ligand instead of in the center. An example
of a model tridentate pincer ligand with such a linkage is shown
in Figure 10. The ligand coordinated to the iridium center has

Figure 10. The optimized geometry of (PPC)IrH, complex; the color
scheme is the same as in Figure 3.

two consecutive phosphine linkages, followed by a phenyl
linkage. This ligand is henceforth termed as “PPC”; thus, the
complex would be (PPC)IrH,. This complex would provide a
“bidentate” environment to the phenyl ligand and, thus, could
allow the emergence of metal—carbon cooperativity. This is
further illustrated by doing AB dehydrogenation catalysis with
this (PPC)IrH,. As Figures 11 and 12 indicate, the metal—

Figure 11. The free energy profile for the proposed M—C activation
pathway for the dehydrogenation of ammonia borane by a (PPC)IrH,
complex; all energies are in kcal/mol.

carbon activation pathway (slowest step barrier: 22.2 kcal/mol)
is seen to be competitive in comparison to the Paul—Musgrave

H,B==NH,

Figure 12. The free energy profile for the Paul-Musgrave pathway for
the dehydrogenation of ammonia borane by a (PPC)IrH, complex; all
energies are in kcal/mol.
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pathway (slowest step barrier: 21.2 kcal/mol). Tridentate
pincer ligand complexes having the phenyl ring at a terminal
end, instead of in the center, have already been prepared.' The
current work therefore provides an example of the potential of
such complexes for catalysis. The focus of the remainder of the
paper, however, is on aromatic bidentate ligand complexes.

Since there already exist metal complexes having aromatic
bidentate ligands, they can be considered candidates for the
catalysis processes. The next section focuses on one such
existing complex: the bidentate tantalum-based carbene
complex, Ta(=CH—t-Bu)[C¢H;(CH,NMe,),-2,6](Cl)(O—t-
Bu), and shows how this complex could potentially display
metal—carbon cooperativity.

2.2. AB Dehydrogenation Using a Bidentate Tantalum
Catalyst. The Ta(=CH—t-Bu)[C.H,(CH,NMe,),-2,6](Cl)-
(O—t-Bu) (Ta—bid) complex, synthesized in 1997,%° is
considered in this section for the catalysis of the AB
dehydrogenation reaction. This is a carbene complex, and it
is likely that in the presence of a hydrogenating agent such as
ammonia borane, the first reaction that would occur is the
hydrogenation of the Ta—carbene double bond, rather than the
activation of the metal—ipso carbon bond of the coordinated
aromatic ring. Calculations done with a model system (shown
in Figure S6 of the Supporting Information) bear out this view.
However, because the hydrogenation of the Ta=C bond
would lead to a stable product (the product is found to be 8.6
kcal/mol more stable than the reactants for the model system),
the hydrogenated species is likely to be long-lasting in the
reaction vessel and can therefore act as the catalyst for
ammonia borane dehydrogenation. The optimized structure of
the hydrogenated form of the real system, Ta(H)(CH,—t
Bu)[C¢H;(CH,NMe,),-2,6](Cl1)(O—¢t-Bu), Ta—bid—H,, is
shown in Figure S7 of the Supporting Information. As shown
in Figure 13, calculations done with Ta—bid—H, indicate that

HoN=BH,

H,B=NH,

Hy ¥

Figure 13. The free energy profile for the proposed M—C activation
pathway for the dehydrogenation of ammonia borane by a tantalum
complex; all energies are in kcal/mol.

the barriers for the dehydrogenation process are comparable to
the bidentate iridium catalyst case. These results thus indicate
that complexes that have already been synthesized may become
active and efficient catalysts for this important dehydrogenation
reaction.

2.3. AB Dehydrogenation Using a Boron Complex. We
have also considered the interesting possibility of nonmetal
complexes with an aromatic bidentate linkage also proving to be
effective at catalysis processes through the proposed cooper-
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ativity pathway. The complex that has been considered for this
is the boron containing molecule, B(Et)[C;H,(CH,CH,)] (B-
cat). It is to be noted that the analogous complex,
B(Pr)[C4H,(CH,CH,)],*" has already been synthesized, and
therefore, the synthesis of B(Et)[C¢H,(CH,CH,)] should be
feasible.

There are several excellent reasons for investigating boron-
containing complexes:

(a) Like metal centers, boron is also known to be acidic, and
so would be susceptible to attack from a complex of the
type HABH, shown earlier in Figure 2.
The second step, which involves the elimination of
hydrogen, H,, from the complex to complete the cycle,
requires the increase in coordination number at the
acidic center. Like transition metals, boron, too, has
displayed the ability to increase its coordination number
by two units.*>*?

(c) A further motivation is the need to develop nonmetal-
based catalyst systems for important reactions, such as
ammonia borane dehydrogenation. Nonmetal catalyst
systems are likely to be less toxic, and therefore more
environmentally friendly, as well as less expensive, than
their metal analogues.** A phosphorus-based analogue of
pincer-ligated transition metal complexes has recently
been prepared,®® for instance, and is considered a
promising harbinger for furture work in preparing
nonmetal analogues to transition metal complexes.*

(b)

Keeping these factors in mind, the complex B-cat was
considered for the AB dehydrogenation process. As Figure 14
shows, the catalysis cycle contains two barriers of 35.9 and 30.9
kcal/mol, respectively.

A further advantage of investigating the nonmetal boron
complex is that the relative smallness of its size, in comparison
with the larger, metal-containing complexes, allows for further
computational investigations that would be prohibitively
expensive computationally for the metal-based systems.
Hence, for the boron complex, the effect of modification of

System a (kcal/mol) ¢ (kcal/mol) b (kcal/mol) d (kcal/mol)

R=H
Ri=H 359 357 30.9 35.9
R= H
R1=0OMe 327 319 302 374
R= OMe
R1=OMe 292 274 292 374
B
HaN-BHs
R
B\ R1Q‘B/\
+
H

Figure 14. The free energy profile for the proposed M—C activation
pathway for the dehydrogenation of ammonia borane by boron
complexes; all energies are in kcal/mol.
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the catalyst by the addition of functional groups has also been
considered. Electron-donating OCHj groups were added at the
ortho and para positions of the complex, and this was found to
lead to a reduction of the barriers by 6.7 kcal/mol (see Figure
14). These calculations also suggest that the efficiency of the
catalysts can be further improved by suitable addition of
functional groups, not only for the case of the boron complex
considered here, but also, by extension, for the previous metal-
based complexes.

It is true that the barrier heights discussed here for the boron
systems are still higher than those obtained in the iridium and
tantalum cases considered earlier. However, it is to be noted
that current effective main-group catalyst systems have been
found to function well only at higher temperatures (80 °C for
the phosphorus-based system mentioned above®) and have
been seen to have high barriers, ranging from 29.1 to 44.3 kcal/
mol”’~* during the catalysis process. Hence, the obtained
values for the boron systems investigated here can be
considered respectable, especially for the OCH;-substituted
case.

2.4. Other Reactions with the Bidentate (POC)IrH,
complex: Dehydrogenation of Formic Acid and N—H
Activation. The previous section discussed the potential of
bidentate complexes in catalyzing the dehydrogenation of
ammonia borane, an important reaction because of its relevance
in the chemical storage of hydrogen.'” It is also likely that the
lability of the metal—carbon bond in bidentate complexes can
be exploited for other important reactions, as well. In this
section, we discuss two such possibilities: the catalysis of the
dehydrogenation of formic acid (HCOOH), and the activation
of the N—H bond in aromatic amines. The bidentate complex
considered for these cases is the (POC)IrH, complex.

The dehydrogenation of formic acid has assumed importance
recently because of the recognition of its potential for the
chemical storage of hydrogen,®® with HCOOH having an
additional advantage in that its regeneration after dehydrogen-
ation would be a very facile process.® A complex that can
catalyze the ready removal of hydrogens from HCOOH to yield
CO, can thus be of great importance. We discuss here the
possibility of the (POC)IrH, complex acting as a homogeneous
catalyst to dehydrogenate HCOOH. Shown in Figure 15 is the
potential energy surface for the dehydrogenation process. The
three barriers corresponding to (a) the removal of the hydridic
and the protic hydrogens from the carbon and oxygen atoms of
HCOOH respectively, (b) the transfer of hydrogen from the
ipso carbon of the aromatic ring to iridium and (c) the

Figure 15. The free energy profile for the proposed M—C activation
pathway for the dehydrogenation of formic acid by the (POC)IrH,
complex; all energies are in kcal/mol.
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subsequent removal of the hydrogens from the catalyst are 12.1
and 13.1 kcal/mol and 6.6 kcal/mol. These values are
significantly lower than those obtained for systems employing
the most efficient catalysts for ammonia borane dehydrogen-
ation,”'®3! which suggests that bidentate ligand-containing
catalysts that can exploit metal—carbon cooperativity have great
potential to be excellent catalysts for dehydrogenating
HCOOH.

The N—H activation of amines by metal complexes is a
process that has not been widely studied, despite its potential
importance in exglaining a range of important metal catalyzed
transformations.>*~* Recently, Milstein’s group has reported
the N—H activation of aromatic amines such as C;H;Cl,NH,,
using the concept of metal-ligand cooperativity involving
pincer ligand complexes and aromatization—dearomatiza-
tion.”*** To test the efficacy of the metal—ipso carbon
cooperativity for N—H bond activation, calculations were
performed with the (POC)IrH, catalyst, and the N—H
activation in C4H;CL,NH, was studied. As shown in Figure
16, the barrier for the N—H activation was found to be 23.4
kcal/mol, which indicates that such a process would be feasible
at ambient temperature.

Cl
Cl

234 222

0.0

+1.2
Cl
Cl cl
Cl
i)
H,N
-
o-P °

Figure 16. The free energy profile for the proposed M—C pathway for
the activation of the N—H bond in C¢H;Cl,.

3. CONCLUSIONS

The current work, employing full quantum mechanical (QM)
density functional theory (DFT) methods, demonstrates the
potential of aromatic bidentate metal and nonmetal complexes,
as well as of tridentate pincer complexes having the aromatic
linkage at a terminal end, to act as catalysts for important
chemical reactions. It has been shown that such systems may be
even more effective than the currently employed tridentate
pincer ligand complexes, due to the possibility, absent in the
currently employed pincer complexes, of exploiting metal—
carbon cooperativity. What has also been shown is that metal—
carbon cooperativity can be exploited in a range of different
complexes, both metal and, significantly, nonmetal, for
catalyzing a variety of reactions, including ammonia borane
dehydrogenation, formic acid dehydrogenation, and N—H
activation. Therefore, metal (or nonmetal)—ipso C(sp*)
cooperativity, which has been discussed for the first time in

dx.doi.org/10.1021/cs400174u | ACS Catal. 2013, 3, 920-927
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this work, represents an important new avenue for achieving
important chemical transformations.

4. COMPUTATIONAL DETAILS

All the DFT calculations were carried out using the Turbomole
6.0 suite of programs.45 Geometry optimizations were
performed using the Becke Perdew 86 (BP-86) functional ***
The electronic configuration of the atoms was described by a
triple-{ basis set augmented by a polarization function
(Turbomole basis set TZVP).*® The basis set employed for
iridium includes relativistic effective core potentials (recps).
The resolution of identity (ri),* along with the multipole
accelerated resolution of identity (marij)*® approximations
were employed for an accurate and efficient treatment of the
electronic Coulomb term in the density functional calculations.
Since it is possible that the geometry optimization procedure
with DFT may be sensitive to the nature of the functional, a
further test has been done to ensure the reliability of the
obtained geometry optimized structures: all the minima and
transition state structures were also optimized with the Perdew,
Burke, and Erzenhof density functional (PBE)*" at the same,
TZVP, basis set level. A comparison was then done between the
corresponding structures obtained with the BP-86 and the PBE
functionals. The comparison showed very little difference in
bond lengths, angles, and dihedral values between the
corresponding structures for all the cases.

A further corroboration of the small difference between the
structures obtained from the two functionals comes from
comparison of the potential energy surfaces for the different
reactions. The AE values obtained from the two separate sets of
DFT calculations are almost similar in most of the cases (see
Tables 1—8 in the Supporting Information), thus providing
further proof of the reliability of the BP-86 functional in
obtaining optimized geometries and transition states. Care was
taken to ensure that the obtained transition state structures
possessed only one imaginary frequency corresponding to the
correct normal mode.

The validity of the obtained transition states was further
confirmed by doing IRC*” calculations: the correct reactant and
product structures were obtained for every transition state
obtained. To do the IRC calculations, Turbomole 6.4 was
employed. Subsequent to obtaining the reliable optimized
minima and transition states as discussed here, single-point
calculations were performed with the hybrid B3-LYP func-
tional®*** to obtain more reliable energy values for the
potential energy surfaces for the different investigated reactions.
Solvent effects were incorporated through single-point
calculations using the COSMO model,> with tetrahydrofuran
(¢ = 7.52) as the solvent. Moreover, dispersion corrections
were also included through single-point calculations. The
contributions of internal energy and entropy were obtained
from frequency calculations performed on the DFT structures
at 298.15 K; thus, the energies reported in the figures are the
AG values. To account for the fact that all the species are in
solution, the translational entropy term in the calculated
structures was corrected through a free volume correction
introduced by Mammen et al.*°

It is to be noted that the entropic term is likely to be
misrepresented when the reactants are considered separately in
a reaction pathway. It is well-known that the translational
entropy is artificially increased in such cases.*® Though the use
of the free volume correction,56 as done in all calculations
reported in the manuscript, can mitigate this problem to some
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extent, it is still likely to be an issue and provide heightened
values for the barriers for all the reactions. Hence, to avoid this
problem, all the reaction pathways have been determined
starting with the reactants having formed a complex, instead of
beginning from the separated reactant species, a procedure that
has also been followed by other groups.>”~*
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Figures S1—S8 showing free energy surfaces and structures, as
discussed in the manuscript; eight tables showing the
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