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Abstract: Density functional theory (DFT) methods including LC-wPBE, CAM-B3LYP, B3LYP, and
B3LYP-D3, combined with double Zeta all-electron DZVP basis set, have been employed to conduct
computational investigations on nickel-mediated reaction of o-carboranylzirconacycle, n-hexene, and
2-bromophenyltrimethylsilylacetylene in toluene solution. A multistep mechanism leading to the
C,C,B-substituted carborane-fused tricyclics, including (1) sequential insertion of alkene and alkyne
into Ni-C bonds; (2) double 1,2-migration of the TMS group; (3) B-H activation assisted by Cs,CO3
additive; and (4) reduction cage B-C (sp?) coupling, was proposed. Among these steps, the B-H
activation of o-carborane was located as rate-determining step (RDS). With assistance of Cs,COj3
additive (replaced by K,COj in simulation), the RDS free-energy barrier at PCM-LC-wPBE/DZVP
level was calculated to be 23.1-23.9 kcal'mol !, transferring to a half-life of 3.9-15.1 h at 298 K. The
predicted half-life coincides well with 80% experimental yields of C,C,B-substituted carborane-fused
tricyclics after 12 h. Kinetic data obtained by employing LC-wPBE method also reproduced the
experimental diastereoselective ratio well. Various B-H activation pathways with and without
Cs,CO;3 additive were taken into consideration, which illustrates Cs,COj3 as an essential guarantee
for smooth occurrence of this reaction at room temperature.

Keywords: o-carborane; B-H activation; nickel; diastereoselectivity; DFT

1. Introduction

Icosahedral o-carborane is a class of boron hydride clusters, in which two adjacent B-H vertices
are replaced by C-H units, and has potential applications in boron neutron capture therapy (BNCT),
organic synthetic, cancer treatment, drug development, and supramolecular design [1-7]. Due to its
unique electronic properties and geometrical structure, the icosahedral o-carborane possesses unusual
reactivity and can be activated by transition metal through C-H or B-H activation, to form a wide
variety of o-carborane derivatives [8-13]. Remarkable achievements, in terms of substrate expansion,
optimization of experimental conditions, and product yield enhancement, have been made in C-H
activation and functionalization of o-carborane in recent years [8,9,14-16]. Based on computational
simulations, some scholars have even presented reasonable explanations for reaction mechanisms
and regioselectivity of C-H activation in o-carborane [17-23], which has also promoted the rapid
development of this area.

However, owing to simultaneous existence of multiple B-H bonds with varying chemical
environment, the regioselective activation of B-H bond in o-carborane remains a challenging topic
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and has always been a focus in the field [10-13]. In recent decades, people have made significant
achievements in nickel-catalyzed selective activation of B-H bonds in o-carborane, generally by
introducing a directing group in substrates. For example, in 2010, Qiu and Xie had realized the
palladium/nickel co-mediated [2+2+2] cyclization of 1-lithium-2-methyl-3-iodo-o-carborane with twice
equivalent of alkynes, and prepared 1-C-3-B-substituted o-carborane derivative successfully [24].
This reaction has not only excellent yield but also good regioselectivity. In 2014, Xie’s group had
achieved three-component cyclization of o-carborane with olefin and halogenated phenyl alkyne
through zirconium/nickel co-mediated coupling, and prepared a series of novel C,C,B-substituted
carborane-fused tricyclics successfully (Scheme 1) [25]. This work represents the first example of
cage B-C(sp?) coupling by direct B-H activation of o-carborane, which is of great significance for the
regioselective B-H activation and functionalization of o-carborane derivatives. What particularly worth
mentioning is, the reaction can process at room temperature and corresponding C,C,B-substituted
carborane-fused tricyclics (P1) can be obtained with a yield up to 80% by adding Cs,COs3 additive
(Entry 2 in Scheme 1).
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Scheme 1. Nickel-mediated reaction of o-carboranylzirconacycle (R1), n-hexene (R2) and
2-bromophenyltrimethylsilylacetylene (R3).

Pioneered by previous reports [20,26], authors speculated that the reaction of
o-carboranylzirconacycle (R1), n-hexene (R2) and 2-bromophenyltrimethylsilylacetylene (R3), as shown
in Scheme 1, might go through the nickelacyclopentane intermediate M1, dihydrofulvenocarborane
intermediates M2 and M3, the nickelacycloheptene intermediates M4 (or M4’) sequentially, and form
the C,C,B-substituted o-carborane-fused tricyclic derivative Pla/b in the end. However, due to the
limitation of experimental means in detecting unstable and reactive intermediates, the aforementioned
mechanism is still under proposal. On the other hand, affected by many factors such as large size
of o-carboranyl group, many electrons involved in transition metals, and diverse regioselectivities
of o-carborane’s B-H activation, it is really challenging in computational cost to conduct theoretical
studies on transition metal catalyzed regioselective B-H activation of o-carborane. Our group has
recently conducted a computational study on palladium-catalyzed regioselective B-H activation
and diarylation of o-carboranes with aryl iodides in solution, and found that the substituents on
o-carborane have a significant effect on the regioselectivity of B-H activation [27]. In contrast to this,
the presence of a fused five-membered ring in intermediates M2 and M3 (Scheme 1) here would
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affect the regioselectivity of B-H activation significantly, and lead to different diastereoselectivities in
the following cage B-C(sp?) coupling through direct B-H activation of o-carborane. Unfortunately,
it is hard to confirm the validity of this speculation based on existing literature. Therefore, further
theoretical research is required for better understanding of the reaction shown in Scheme 1.

To clarify the microscopic mechanism and rationalize experimentally detected diastereoselectivities
of reaction shown in Scheme 1, density functional methods of LC-wPBE, CAM-B3LYP, B3LYP, and
B3LYP-D3, combining with the double-( all-electron DZVP basis set, were employed to conduct
computational study on nickel-mediated B-H activation of o-carboranylzirconacycle with #-hexene
and 2-bromophenyltrimethylsilylacetylene in toluene solution (Entry 2). For more accurate simulation,
the experimentally operated reaction with none substituents truncated or simplified, was taken into
consideration. The mechanism, diastereoselectivity of B-H activation, and role of Cs,COj3 additive
will be explored and discussed in detail in the following parts.

2. Computational Details

All calculations reported here were performed with Gaussian 09 program [28], using an ultrafine
integration grid of (99,590). LC-wPBE [29,30], CAM-B3LYP [31], B3LYP [32,33] and B3LYP-D3 [34,35]
density functional methods, as well as the double-C valence polarized (DZVP) [36,37] and triple-C
valence polarized (TZVP) basis sets [38,39] employed in this paper were all set by default in Gaussian
09 program. All stationary points reported were confirmed by harmonic vibrational analyses based
on geometrical optimizations employing DZVP basis set, in which all minima feature no imaginary
frequency and all transition states feature only one imaginary frequency corresponding to correct
reaction directions. To ensure that every transition state is connected to specific reactants, products or
intermediates, intrinsic reaction coordinate (IRC) [40-42] track on key transition states were performed.

For better simulation of the reaction, experimentally performed toluene (e = 2.37) solvent effect
were taken into consideration in both optimization and single-point calculation tasks, by employing
aself-consistent reaction field (SCRF) polarization continuum model (PCM) [43,44] and isodensity-based
SCREF radii (denoted IDSCRF) [45]. Unless noticed elsewhere, all Gibbs free energies reported in
this article were obtained based on solution geometrical optimization in toluene, and corrected at
experimental temperature (298 K) by using THERMO program [46]. During the revision of this
manuscript, single-point calculations on stationary points at PCM-METHOD/TZVP//DZVP level
(METHOD = LC-wPBE, CAM-B3LYP, B3LYP, and B3LYP-D3 respectively) were performed wherever
necessary. Considering both potassium and cesium elements belong to the same main group in periodic
table and have similar electronic and chemical properties, we employed K,COj3 in place of Cs,CO3 in
our simulations for convenience. Natural Bond Orbital (NBO) [47-49] analysis, as implemented in
Gaussian 09 program, was also performed on selected stationary points to investigate their atomic
charge population.

3. Results and Discussion
3.1. Mechanism

3.1.1. Formation Mechanism of Dihydrofulvenocarborane Intermediate INT8

We have firstly conducted calculations on the NiCl(PMejs);-mediated reaction of
o-carboranylzirconacycle (R1), n-hexene (R2) and 2-bromophenyltrimethylsilylacetylene (R3) at
PCM-LC-wPBE/DZVP level in toluene solution, with results presented in Scheme 2, Figures 1 and 2.
According to previous reports [17], alkene insertion into the Ni-C bond is preferred over alkyne
insertion when the Ni-carboranyl compound undergoes cycloaddition with alkene and alkyne. Also,
in the presence of NiCl(PMej3),, o-carboranylzirconacycle R1 would interact with alkene R2 and
the catalyst to form a nickelacyclopentane intermediate M1 by transmetallation [16,20,26], then M1
complexes with alkyne to form a new compound INT1 (Scheme 2). However, affected by variable
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orientation of "Bu group in intermediate M1 and subsequent B-H activation sites of o-carborane,
the reaction shown in Scheme 1 led to a diastereoselective mixture of Pla and P1b (dr = 1:1) [25].
The later process of this reaction is totally different from the [2+2+1] cycloaddition of o-carborane
with alkene and non-halogenated phenyl alkyne, in which none B-H activation occurred [26]. Based
on PCM-LC-wPBE/DZVP level’s optimization in toluene solution, the formation of intermediate M1
from R1, R2 and the nickel catalyst is an exothermic process, releasing 26.0 kcal-mol~! of Gibbs free
energies in total (See Figure S1 in the Supplementary File). For convenience, M1+R3 is selected as the
starting point of entire potential energy surfaces (PESs), and all discussion about reaction mechanism,
diastereoselectivity, and the role of Cs,CO3 additive here were based on uniform orientation of "Bu
group in INTL.

/
Me3P

INT8 TS7 TS6

Scheme 2. Formation mechanism of the dihydrofulvenocarborane intermediate INT8 from o-carborane
compound M1+R3.

Owing to complexation between intermediate M1 and alkyne R3, the bond lengths of Ni(3)-C(2),
Ni(3)-C(4) and Ni(3)-P in INT1 are calculated to be 1.93, 1.92 and 2.35 A respectively, about 0.09,
0.06 and 0.08 A lengthened when compared to their counterparts in M1 (Figure 2). Meanwhile, the
C(6)-C(7) bond in INT1 is located at 1.24 A, about 0.03 A lengthened when compared to that in
2-bromophenyltrimethylsilylacetylene (R3). Both of this indicate that there is indeed some complexation
interaction between 2-bromophenyltrimethylsilylacetylene (R3) and the nickel center in INT1. When
C(6) atom in INT1 gets nearer to C(4), alkyne R3 would realize its insertion into the Ni-C bond through
transition state TS1. As shown in Figure 1, the transformation from INT1 to INT2 through TS1 needs
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to get over a free-energy barrier of 5.9 kcal'mol~! at PCM-LC-wPBE/DZVP level. Considering INT1’s
formation from M1+R3 is exothermic of 4.7 kcal- mol~! free energies, the transformation of M1+R3
into INT2 should be very fast at an experimental temperature of 298 K. In TS1, the bond length of
C(4)-C(6) is located at 2.16 A. Due to the insertion of 2-bromophenyltrimethylsilylacetylene (R3), the
bond length of Ni(3)-C(4) increased from 1.92 A (in INT1) to 1.96 A (in TS1), and C(6)-C(7) bond is
lengthened to 1.29 A (Figure 2), showing a tendency to become a C=C double bond.

AG(kcalmol™")
0_
-10-
-20-
-60-
INT8
61.0
(-59.6)

Reaction coordinates

Figure 1. Relative Gibbs free energies (298 K, kcal-mol ') for the formation of intermediate INTS from
M1+R3, obtained at PCM-LC-wPBE/DZVP level in toluene solution. The single-point calculation
results obtained by employing TZVP basis set are presented in parentheses for comparison.

Intermediate INT2 formed from INT1 through transition state TS1 is exothermic of 11.1 kcal-mol~!
in energy, and can isomerize to another intermediate INT3 by getting over a free-energy barrier of
14.4 kcal'mol~! (TS2 in Figure 1). In INT3, the bond length of Ni—C(6) is shortened from 2.19 A (in
INT2) to 1.94 A (Figure 2), indicating that intermediate INT3 has the characteristics of an alkenyl
nickel complex. Then, with assistance of the nickel center, TMS group in INT3 will migrate from C(6)
to C(7) through double 1,2-migration, as demonstrated in Scheme 2. The Gibbs free-energy barriers
corresponding to the migration processes are 10.5 (TS3) and 2.4 kcal-mol~! (TS4) respectively, which
can be easily overcome at corresponding experimental temperature (298 K). Since intermediate INT4
formed through the first 1,2-migration of TMS group is relatively unstable (Figure 1), it will be rapidly
converted into a more stable nickelahexane intermediate INT5. In INTS5, the bond lengths of Ni-C(2)
and Ni-C(6) are 1.89 and 1.76 A, respectively (Figure 2), indicates effective coordination between Ni
atom and C(2)/C(6) atom:s.

Thereafter, to promote the B-H activation and subsequent cage B-C(sp?) coupling of o-carborane,
as well as effectively reduce the steric hindrance between TMS and PMej; groups, intermediate
INTS5 will convert to intermediate INT6 through transition state TS5. The Gibbs free-energy barrier
corresponding to TS5 is 14.6 kcal'mol~!, about 0.2 and 4.1 kcal-‘mol~! higher than TS2 and TS3,
respectively (Figure 1). It is deemed that the stabilization from the catalytic center has played an
essential role in facilitating this dihedral flip process [20] and ensured its easy occurrence at room
temperature. After the formation of intermediate INT6, it would undergo reduction elimination via
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transition state TS6 and convert itself to a carboranylcyclopentane derivative INT7, which requires to
get across a free-energy barrier of 17.9 kcal'mol~!. Although the free-energy barrier corresponding
to TS6 is 3.3 kcal'mol~! higher than TS5 (Figure 1), it can still be easily overcome at an experimental
temperature of 298 K.

INT7 TS7 INT8

Figure 2. Optimized structures and key geometrical parameters (bond length in A) for stationary
points involved in the formation of intermediate INT8 from M1+R3. For clarity, all noncritical atoms
especially hydrogens were made transparent, and all structures not referred directly in the text were
presented in Figure S2.

As shown in Figure 1 and Scheme 2, the nickel center (NiPMej3) in complex INT7 can easily
realize its insertion into the phenyl C(sp?)-Br bond through transition state TS7, and convert itself
to a more stable intermediate INT8 meanwhile. Successful location of INT8 verifies the rationality
of experimentally proposed existence of intermediate M3 in Scheme 1. This process only needs to
overcome a free-energy barrier of 4.6 kcal'mol~!. On contrary, the leaving of NiPMej; fragment needs
to absorb 20.4 kcal-mol ™! free energies (Figure S3), which indicates the speculated intermediate M2 in
Scheme 1 seems not on the optimal pathway. In transition state TS7, the bond length of C(9)-Br is
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extended from 1.91 A (in INT?) to 1.92 A, showing small tendency of stretch and breaking (Figure 2).
The bond lengths of C(9)-Ni and Br-Ni bonds in intermediate INT8 are calculated to be 1.87 and
2.38 A respectively, indicates that the nickel center has inserted into the C(9)-Br bond completely.
The formation of intermediate INT8 lays an essential foundation for subsequent B-H activation of
o-carborane and final generation of the C,C,B-substituted o-carborane-fused tricyclic product Pla/b.

Hoping for more accurate energy results, we have further conducted single-point calculation
by employing a larger TZVP basis set based on the DZVP optimized geometries. As what presented
in parentheses in Figure 1, only tiny deviation of TZVP free-energy results from DZVP ones can be
observed, similar to what found out by Reza¢ and co-authors [50].

3.1.2. Mechanism of B-H Activation and Cage B-C(sp?) Coupling of o-Carborane

To investigate the B-H activation and cage B-C (sp?) coupling mechanism of o-carborane, we then
conducted calculations on the B(11)-H activation of intermediate INT8 at PCM-LC-wPBE/DZVP level
in toluene solution, with corresponding results summarized in Figures 3 and 4. The diastereoselective
formation of P1b through B(17)-H activation will be discussed in part 3.3 in the following.

AG(kcal*mol ™)

[41.2]
-37.9
-40-
504 KoCOs
60
INTS
0T e,p COM1a
69.3

-79.2
X [-79.2]
o, i
C=0...
H-0 K\Br

Reaction coordinates

Figure 3. Most probable mechanism and relative Gibbs free energies (298 K, kcal-mol~1) for B(11)-H
activation and cage B-C(sp?) coupling of intermediate INTS, obtained at PCM-LC-wPBE/DZVP level in
toluene solution. Free-energy results obtained by employing Cs,COj are presented in square brackets
for comparison.

As shown in Figure 3, when Cs,COj3 (replaced by K,COj firstly, See Figure S4 and line 373-386 for
details) is available in the reaction, intermediate INT8 will be converted to complex COM1a through
activation of the spatially most favorable B(11)-H (TS8a). The free-energy barrier corresponding to
TS8a is calculated to be 23.1 kcal-mol~! at PCM-LC-wPBE/DZVP level, which is 5.2 kcal-mol ™! higher
than that of TS6 (17.9 kcal'mol !, represents the highest barrier before TS8a). The reaction rate constant
converted from free-energy barrier of TS8a is 7.113 x 10~ L-mol~!-s~!, which is significantly smaller
than any of that transferred from free-energy barriers of TS1-TS7 (Table S1). Taking the whole PESs
(Figures 1 and 3) into consideration, the B(11)-H activation process of intermediate INT8 (via TS8a)
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features the highest barrier (23.1 kcal-mol~!), which indicates significant limit of TS8a on the overall
reaction rate, and is therefore the rate-determining step (RDS) of entire reaction.

In transition state TS8a, the activation of B(11)-H and synchronous formation of Ni-B(11) bond is
realized under the help of K,COj3 additive, through an interaction between one oxygen atom in CO32~
ion and the migrated H(12) atom (Figure 4). The bond lengths of B(11)-H(12), H(12)-O(13), Ni-B(11)
and Ni-Br bonds in TS8a are calculated to be 1.46, 1.40, 2.09 and 2.46 A respectively, in accordance with
subsequent formation of KHCOj3; and KBr fragments. As depicted in Figure 3, complex COM1a would
drop KHCOj3 and KBr fragments and transform itself into intermediate INT9a, being endothermic of
13.1 kcal-‘mol ™! of free energies.

TS8a TS9a P1a

Figure 4. Optimized structures and key geometrical parameters (bond length in A) for stationary
points involved in the B(11)-H activation and cage B-C(sp?) coupling process of intermediate INTS.
For clarity, all noncritical atoms especially hydrogens were made transparent, and all structures not
referred directly in the text were presented in Figure S2.

Finally, the direct cage B-C(sp?) coupling in intermediate INT9a is achieved through coupling
of B(11) and C(9) in transition state TS9a, and the C,C,B-substituted carborane-fused product Pla is
formed through reduction elimination, accompanied by regeneration of the Ni(PMej3), catalyst (CAT).
As shown in Figure 3, the conversion of COM1a to Pla via INT9a and TS9a requires overcoming
a free-energy barrier of 14.2 kcal-mol~! (TS9a) in total, which should be smooth under experimental
temperature of 298 K. The bond length of C(9)-B(11) in the final product P1a is shortened from 2.07 A
(in TS9a) to 1.57 A, suggests B(11) on o-carboranyl group has successfully coupled with C(9) on the
phenyl group (Figure 4).

3.2. The Role of Cs,CO3 Additive

As a commonly used basic additive, Cs,CO3 is widely used in various reactions [51-55].
To investigate detailed interaction mechanism of Cs,CO3; with intermediate INTS in this reaction, we
have explored another two paths (Path al and a2, Figure 5) at the same computational level.

In the absence of Cs,COj3 additive (replaced by K,COj in simulation, Path al), the B(11)-H bond on
o-carboranyl group in intermediate INT8 can only be activated under the help of —Br group. As shown
in Figure 5, the C,C,B-substituted carborane-fused tricyclic product P1a is formed concurrently with
removal of one HBr molecule and regeneration of CAT. The free-energy barrier corresponding to
TS8al on Path al is calculated to be 36.9 kcal-mol~?, about 13.8 kcal-mol ™! higher than that of TS8a on
Path a. These results indicate that the Cs,CO3 additive does play an essential role in the activation of
B(11)-H bond of INTS, and explains why the reaction needs to be carried out at a higher temperature
(383 K) in the absence of Cs,COj3 additive (Entry 1 in Scheme 1). For the case in which K,COj is
present but only help to stabilize the leaving HBr fragment through its positive charge center (K atom,
Path a2 in Figure 5), the free-energy barrier corresponding to transition state TS8a2 is still as high as
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30.1 kcal'mol~!, about 7.0 kcal'mol~! higher than that of TS8a. Other B(11)-H activation pathways of
intermediate INT8, such as B(11)-H activation and C(9)-B(11) coupling occur synchronically, as well
as the radical pathway employing unrestricted Kohn-Sham function [56] (Path a3 and a4 in Figure S5),
have also been tested. The free-energy barrier corresponding to transition state TS8a3 is 29.0 kcal-mol~?,
about 5.9 kcal'mol~! higher than that of TS8a, indicates little competitiveness of Path a3 to Path a
under given experimental condition. Dissociation of aryl radical INT8’ from INT8 is endothermic of
39.4 kcal-‘mol~! of free energies, which also suggests no necessity for further consideration of Path
a4. Based on above computational results, Path a, in which K,COj3 directly participates in the B-H
activation of o-carboranyl group in intermediate INTS, is optimal among all five paths. The K,CO3
additive significantly reduces the relative energy and barrier of TS8a, by stabilizing its geometrical
structure through direct participation in B(11)-H’s activation, and thus guarantees this reaction’s
smooth occurrence at room temperature.

AG(kcalsmol')

-20—
-30— Path a1
-37.9
TS8a
40-| Patha <——" ) HBr+
B Path a2 CAT
K>CO3 K,COs+
50— HBr+CAT
PMe3
60—
INT8
-61.0
-70—

Reaction coordinates

Figure 5. Another two paths (Path al and a2) and relative Gibbs free energies (298 K, kcal-mol~!) for
B(11)-H activation of intermediate INT8, obtained at PCM-LC-wPBE/DZVP level in toluene solution.
Path a is plotted in grey dotted line for comparison.

For further confirmation of the rationality of Path a’s dominance in generating P1a, NBO charge
population analysis on intermediate INT8 and K,COj3 additive at PCM-LC-wPBE/DZVP//DZVP level
were performed, with corresponding results depicted in Table 1. In intermediate INT8, Br(10) and
H(12) atoms are distributed with —0.480 negative charge and +0.041 positive charge respectively; while
in K,CO3, O(13) and K(16) atoms are distributed with —1.055 negative charge and +0.932 positive
charge, respectively. Therefore, When INTS interacts with K,CO3, the Br(10) atom with more negative
charge populated is prone to interact with K(16) atom, while the H(12) atom with partial positive
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charge distributed prefers migrating to O(13) atom. Eventually, the KHCO3 and KBr fragments are
formed and drop. These NBO charge population results reproduce aforementioned energetic results
well, and confirms Path a’s dominance in generating C,C,B-substituted carborane-fused tricyclics P1a.

Table 1. NBO charge population of key atoms in intermediate INT8 and K,COj3 additive, obtained at
PCM-LC-wPBE/DZVP//DZVP level in toluene solution (unit: €).

NBO charge
(13)
Q ()  Br(10) ~0.480
K. 4-C q-K (12)H

o 0 H(12) +0.041 (10)Br—Ni
/

K2COs O(13) -1.055

K(16) +0.932

3.3. Diastereoselectivity of B-H Activation of o-Carborane

Many experiments show diverse site-selectivities of B-H activation in different o-carborane-
involved reactions [13,25,57], but few of these had been rationalized by computational explorations.
According to Quan’s experiments [25], only B(11)-H and B(17)-H (Figure 6) could be activated and
corresponding Pla/b (dr = 1:1) products can be detected experimentally (Scheme 1), while B(19)-H
or B(20)-H activation products can be obtained in other similar o-carborane-involved reactions [57].
The authors speculated that the specific diastereoselectivity in this reaction was due to coexistence of
o-carborane cage and the fused five-membered ring in intermediate INT8, which hindered free rotation
of the phenyl group [25].

AG(kcalsmol™)

Path a =
4071 pathib
KoCOj3
50—
60—
INTS
61.0
_70_
0\"'"
,C~
Ho

Reaction coordinates

Figure 6. Probable mechanism and relative Gibbs free energies (298 K, kcal-mol™) for B(17)-H
activation and cage B—C(spz) coupling of intermediate INTS, obtained at PCM-LC-wPBE/DZVP level
in toluene solution. Path a is plotted in grey dotted line for comparison. Free-energy results obtained
by employing Cs,COj are presented in square brackets for comparison.
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Based on computational optimization and careful check for the geometry of intermediate INTS,
we found the presence of the fused five-membered ring in INTS8 greatly limits the reachable range of
groups on C(7) atom (Figures 2 and 6), and thus keeps -Br group on the phenyl ring far away from
B(19)-H and B(20)-H on o-carboranyl group. In other words, the rigidity of o-carborane cage and the
fused five-membered ring in INT8 greatly hinders -Br group on the phenyl ring from getting near to
other B-Hs (such as B(19)-H and B(20)-H) except for B(11)-H and B(17)-H on o-carboranyl group.
Therefore, B(19)-H and B(20)-H could not be activated, only C,C,B-substituted products P1la/b (dr ~
1:1) generated through B(11)/B(17)-H activation can be detected in corresponding experiments.

To investigate the diastereoselectivity of B-H activation in this reaction, calculations at PCM-LC-
wPBE/DZVP level were performed on Path b, with corresponding energy and geometrical results
presented in Figure 6 and Figure S6, respectively. Similar to Path a, transition state TS8b on Path b,
which corresponds to B(17)-H activation in INTS, is also located as the RDS of entire reaction. The
free-energy barrier corresponding to TS8b is calculated to be 23.9 kcal-mol~'. A 0.8 kcal-mol~! higher
free-energy barrier of TS8b than TS8a converts to a diastereoselective ratio (dr, P1a:P1b) of about 3.9:1
(Table 2), coincides well with corresponding experimental dr value (~1:1).

Aiming at better prediction of experimental diastereoselectivities, we employed three different
methods (CAM-B3LYP, B3LYP, and B3LYP-D3) and recomputed the optimal Path a and b (as shown in
Figures 3 and 6). All stationary points on the PESs were re-optimized and characterized under the
same condition but using different density functionals. The free-energy results and corresponding
kinetic parameters obtained at PCM-LC-wPBE/DZVP (denoted LC-wPBE), PCM-CAM-B3LYP/DZVP
(denoted CAM-B3LYP), PCM-B3LYP/DZVP (denoted B3LYP) and PCM-B3LYP-D3/DZVP (denoted
B3LYP-D3) levels were summarized in Table 2, with complete potential energy profiles presented in
Figure S7 and relative Gibbs free energies summarized in Table S2.

Table 2. Free-energy barriers (in kcal'mol™') and corresponding kinetic data for RDSs (TS8a/b or

TS9a/b).

Methods LC-wPBE CAM-B3LYP B3LYP B3LYP-D3

Free-ener TS8a 23.1 24.8 26.7 15.2

barriers ( Ai% TSSb 239 26.9 29.6 14.3

keal-mol- 1) ’ TS9%a 14.2 10.3 3.1 22.1

TS9b 13.4 8.9 6.9 23.1
krps,a (L-mol~1-s71) 7.113 x 10~ 4.030 x 10°° 1.629 x 1077 3.850 x 107*
krpsp (L'mol~1-s71) 1.842 x 10~ 1.162 x 10~/ 1.216 x 107° 7.113 x 107
t12,RDS,a () 3.905 x 10° 6.893 x 10! 1.705 x 103 5.002 x 107!
t12,rDSp (h) 1.508 x 10! 2.390 x 103 2.283 x 10° 2.707 x 10°

drCale, 3.9:1 35:1 134:1 5.4:1

drExpt, 1:1

As shown in Table 2, the RDS predicted by B3LYP and CAM-B3LYP methods are the same as
what predicted by LC-wPBE method, which correspond to the activation of B(11)-H through TS8a
or activation of B(17)-H through TS8b respectively. Gibbs free-energy barriers of the RDS (TS8a/b)
predicted by LC-wPBE, CAM-B3LYP, and B3LYP methods are calculated to be 23.1/23.9, 24.8/26.9 and
26.7/29.6 kcal'mol~! respectively; however, when D3 dispersion option was taken into consideration
in B3LYP method (denoted B3LYP-D3), the free-energy barriers of TS8a/b are significantly reduced
and get much lower than those predicted by LC-wPBE, CAM-B3LYP and B3LYP methods (14.3-15.2
vs. 23.1-29.6 kcal'mol~!, Table 2). The dramatic decrease of TS8a/b’s barriers, probably arisen from
overweight of the weak interaction [58,59] between KHCO3, KBr and other fragments in TS8a/b, makes
the next reduction elimination step (INT9a/b — TS9a/b — P1a/b) become RDS of the whole reaction.

The reaction rate constants and half-lives predicted by CAM-B3LYP and B3LYP methods show 1-5
orders of magnitude deviation form corresponding experimental time and yield (80% after 12 hours,
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Scheme 1). Taking the gold standard of current computational methods (1.0 kcal-mol™) [60] into
consideration, these free-energy barriers obtained by employing CAM-B3LYP and B3LYP methods are
reasonable but relatively higher. Satisfactorily, the reaction rate constants and half-lives predicted by
LC-wPBE and B3LYP-D3 methods show only 0-1 orders of magnitude deviation from experimental
data, more accurate and reasonable when compared to experimental results. Considering B3LYP-D3
method may have overestimated the dispersion contribution [58,59] and reflected the free-energy
barrier of B-H activation (TS8a/b) inaccurately, the RDS free-energy barriers, reaction rate constants and
half-lives derived from LC-wPBE method are closest to corresponding experimental data. Additionally,
the diastereoselective ratio (dr) of Pla to P1b predicted by LC-wPBE method is about 3.9:1, also
coincides best with corresponding experimental results (Table 2).

For further confirmation of TS8a/b (or TS9a/b for B3LYP-D3 method)’s RDS character, full
optimizations about stationary points lying on the PESs from M1+R3 to INT8 were performed at
PCM-CAM-B3LYP/DZVP, PCM-B3LYP/DZVP and PCM-B3LYP-D3/DZVP levels. Corresponding Gibbs
free-energy barriers of transition states TS1-TS7 are summarized in Table 3, with detailed potential
energy profiles shown in Figure S8 and relative Gibbs free energies summarized in Table S3. Except
for the free-energy barrier of TS6 employing B3LYP-D3 method is of equivalence to that of TS9a/b
(22.4 vs. 22.1-23.1 kcal'mol~}), all other free-energy barriers of transition states TS1-TS7 are much
lower than TS8a/b. These results obtained by employing LC-wPBE, CAM-B3LYP and B3LYP methods
illustrate that TS8a/b is indeed the RDS, and the B-H activation process has a decisive influence on
the overall rate of this reaction. Further single-point calculations employing CAM-B3LYP, B3LYP, and
B3LYP-D3 methods, combined with a larger TZVP basis set also show very small deviation in energy
from the DZVP optimized ones (Figure S8), indicating the rationality of employing DZVP basis set in
current simulation again.

Table 3. Free-energy barriers (AAG, kcal'mol™) for transition states TS1-TS7, obtained at
PCM- LC-wPBE/DZVP (denoted LC-wPBE), PCM-CAM-B3LYP/DZVP (denoted CAM-B3LYP),
PCM-B3LYP/DZVP (denoted B3LYP) and PCM-B3LYP-D3/DZVP (denoted B3LYP-D3) levels in toluene
solution at 298 K.

Free-energy Barriers (AAG, kcal'mol~1)

Transition States

LC-wPBE CAM-B3LYP B3LYP B3LYP-D3

TS1 59 12.2 19.1 10.8
TS2 14.4 16.0 14.3 12.9
TS3 10.5 14.9 15.6 15.2
TS4 24 1.0 1.6 2.1

TS5 14.6 18.8 19.3 17.7
TS6 17.9 239 223 224
TS7 4.6 5.4 47 2.1

Finally, to investigate the rationality of replacing Cs,CO3; with K,COj3 in our simulation, Path a
and b employing Cs,COj3 have been tested at PCM-LC-wPBE/DZVP (SDD [61] for Cs) level (Entry 2
in Figure 54), with corresponding energetic results presented in square brackets in Figures 3 and 6
respectively. Although non-negligible energy differences for stationary points can be observed when
K,COs; is employed in place of Cs,COj3, the mechanism trends in these two cases coincide well
with each other. Results based on PCM-LC-wPBE/DZVP optimization employing both Cs,CO3 and
K,COj can predict rational dr ratio of P1a:P1b (3.3:1 and 3.9:1 respectively, Entry 1-2); however, the
half-lives derived from RDS barriers employing Cs,CO3 additive deviate two orders of magnitude
from corresponding experimental time (12 h). Further optimization at PCM-LC-wPBE/TZVP (SDD for
Cs) level (Entry 3—4) give out similar mechanistic and energetic results with the DZVP ones, indicating
no necessity for full optimization employing TZVP basis set in current simulation. Taking both the
predicted half-life and dr value into account, the PCM-LC-wPBE/DZVP level’s results by employing
K,COj3 additive coincide best with corresponding experimental time and yield (80% after 12 h).
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4. Conclusions

In summary, density functional theory (DFT) at PCM-LC-wPBE/DZVP, PCM-CAM-B3LYP/DZVP,
PCM-B3LYP/DZVP, and PCM-B3LYP-D3/DZVP levels have been employed to conduct computational
investigations on Ni(PMej3),-mediated reaction of o-carboranylzirconacycle (R1), n-hexene (R2) and
2-bromophenyltrimethylsilylacetylene (R3) in toluene solution. The following conclusions can
be drawn: (1) This reaction is a multistep process, in which more than an intermediate such
as nickelacyclopentane, nickelacycloheptene, nickelacyclohexane, and dihydrofulvenocarborane
intermediates are involved. With the assistance of Cs,COj additive, the rate-determining B-H activation
of dihydrofulvenocarborane intermediate INT8 are smoothly achieved at room temperature. Finally,
the o-carboranyl cage B-C(sp?) phenyl coupling and corresponding C,C,B-substituted o-carborane-fused
tricyclics (P1a/b) are obtained through reduction elimination, accompanying by regeneration of the
Ni(PMej3); catalyst. (2) The Cs,CO5 additive is directly involved in o-carborane’s B-H activation, and
it can dramatically reduce the RDS’s free-energy barriers through stabilizing corresponding transition
structures (TS8a/b). It is deemed that the addition of CspCOj3 ensures this reaction’s smooth proceeding
at room temperature. (3) Computational results obtained by employing LC-wPBE, CAM-B3LYP, and
B3LYP functionals indicate the activation of B(11)-H or B(17)-H bonds in dihydrofulvenocarborane
intermediate INTS is the RDS of the entire reaction. The Gibbs free-energy barriers for RDS (TS8a/b)
at PCM-LC-wPBE/DZVP level is calculated to be 23.1-23.9 kcal-mol !, transferring to half-lives of
3.9-15.1 h. The predicted half-lives exhibit small deviation from experimental yield and time (80% in
12 h). The diastereoselective ratio (dr) of P1a to P1b predicted by LC-wPBE method is about 3.9:1, also
reproduces corresponding experimental observation (P1a:P1b =~ 1:1) well.
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Cs,CO3 and K,CO3, Figure S5: Part PESs for Path a3 and a4, Figure S7: PESs for B(11)/B(17)-H activation in
INTS, obtained at different computational levels, Figure S8: PESs for intermediate INT8’s formation from M1+R3,
obtained at different computational levels, Table S1: Free-energy barriers and corresponding kinetic data for
transition states TS1-TS7 and TS8a, Tables S2-S3: Relative Gibbs free energies for stationary points on Path a
and b, obtained at different computational levels, Tables 54, S7 and S13: Optimized Cartesian coordinates for
stationary points, Tables S5, S8 and S14: Vibrational frequencies for stationary points, Tables S6, S9-512 and
S515-S17: Energetic results for stationary points, obtained at different computational levels.
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