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ABSTRACT: The effect of fluoro substitution on the C—C bond £Pry £Pry £Pry iPry N
activation of aromatic nitriles has been studied by reacting a variety of /ZEP\Ni/H\Ni/P] [P\Ni—m L P\Ni/
fluorinated benzonitriles with the nickel(0) fragment [Ni(dippe)] and R L D 4 X
by locating the reaction intermediates and transition-state structures PPr 4 HPr oM iPr N | N
on the potential energy surface by using density functional theory @—CN X

calculations with the [Ni(dmpe)] fragment (dippe = 1,2-bis- ==

(diisopropylphosphino)ethane, dmpe = 1,2-bis(dimethylphosphino)- [ AaG(kealimol) = -6.6/0F, -1.8/m-F]
ethane). As in the previous reports, the reaction of fluorinated

benzonitriles with the [Ni(dippe)] fragment initially formed an 7*-nitrile complex, which then converted to the C—CN bond
activation product. Thermodynamic parameters for the equilibrium between these complexes have been determined experimentally
in both a polar (tetrahydrofuran) and a nonpolar (toluene) solvent for 3-fluoro- and 4-fluorobenzonitrile. The stability of the C—C
bond activation products is shown to be strongly dependent on the number of ortho-F substituents (—6.6 kcal/mol per 0-F) and only

slightly dependent on the number of meta-F substituents (—1.8 kcal/mol per m-F).

Bl INTRODUCTION Scheme 1. Reaction of [Ni(dippe)(u-H)], with Benzonitrile
Carbon—carbon (C—C) bond activation and functionalization CN N
have gained increasing attention as an alternative synthetic HO O pron N P
method to the more conventional methods in complex ke LN'\_H,N"— T H, IN—ll == LNi—@ = LNI\Ph
molecule synthesis. Despite its abundance, there are only a iPr, + en o4 5

few methods known for the C—C bond activation and more cP=L oN CN CN
general methods are needed.' ™ The activation of C—C bonds i-PPr LNig

with homogeneous transition-metal complexes under mild z @ — LNi© — @
conditions is a great challenge due to the kinetic inaccessibility S N

and thermodynamic stability of C—C single bonds. In early
examples, the relief of ring strain has been used as an effective
strategy for C—C bond activation.” Besides strain assistance,
. .. .8 .. . . . 9,10
aromatization” and proximity effect using a directing group
are several other strategies used to activate C—C bonds in
unstrained molecules. The C—C bonds next to carbonyl or

cyano groups in unstrained molecules can be activated without ) ; o
the assistance of a directing group =16 T o ctivation of C—C intermediates and the transition state (TS) structures on the

bonds in strained molecules has been more developed than potential energy surface (PES) between the ”-nitrile complex
that in unstrained molecules.!”~2 and the C—CN bond activation product were located by

The increasing cost of noble metals has led to the resurgence density qu nctional theory (DET) calculations. The ﬂl})ﬂonahty
of interest in the use of earth-abundant metals. Our group and of the i7"-arene complex was demonstrated both experimentally

others used the direct oxidative addition of low-valent nickel and computationally. In the reactions of polycyclic aromatic
complexes into the C—CN bonds of aliphatic,”* >° aro-
matic,”” ™ and allylic**™* nitriles.”*"®' Scheme 1 shows the Received: June 16, 2023
C—CN bond activation of benzonitrile using the hydride- Published: July 21, 2023
bridged nickel dimer, [Ni(dippe)(#-H)], (dippe = 1,2-
bis(diisopropylphosphino)ethane).”’ This dimer releases H,
gas to generate the [Ni(dippe)] fragment, which reacts with

benzonitrile to give 7’-nitrile and #*-arene complexes at low

temperatures. At room temperature, nz—arene complexes were
converted to 7*-nitrile complexes, which then equilibrated with
the C—CN bond activation product [(dippe)Ni(Ph)(CN)].
Thermodynamic parameters for the equilibrium have been
obtained in both tetrahydrofuran (THF) and toluene. 7*-Arene

© 2023 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acs.organomet.3c00275
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nitriles, the 7%-arene complex can exist as a stable species.’”
The C—CN bond activation of benzonitrile followed by
subsequent transformation has been utilized to synthesize
natural alkaloids via asymmetric intramolecular arylcyanation
of alkenes, demonstrating the power of this reaction in
complex molecule synthesis.”>"*

Benzonitriles are found in many natural products®* and
pharmaceuticals,”” and the nitrile group can be easily
converted into other functional groups.”® In this study, we
incorporated the fluoro-functionality due to the increasing
interest in fluoro-pharmaceuticals.”” The unique properties of
fluorine (the second smallest atom, most electronegative
element) often lead to enhanced pharmacokinetic and
physicochemical properties such as improved metabolic
stability and enhanced membrane permeation. In this report,
we investigate the effect of fluoro substitution on the C—CN
bond activation of 2-fluoro-, 3-fluoro-, 4-fluoro-, 2,6-difluoro-,
and 3,5-difluorobenzonitrile with the [Ni(dippe)] fragment in
tetrahydrofuran and toluene (Scheme 2). Reaction pathways

Scheme 2. Reaction of [Ni(dippe)(¢-H)], with Fluorinated
Benzonitriles

CN

CN
¢N
: . N N N
- INi—Il = LN = LNi
-'1> Hp C ’\ 7 A

1 @ 2-4 5 ¢

leading to the formation of the C—CN bond activation
products and the energies of the intermediates and the TS
structures along the way were examined using DFT
calculations with the [Ni(dmpe)] fragment (dmpe = 1,2-
bis(dimethylphosphino)ethane). The insight gained from this
mechanistic study can be used to develop new strategies for
C—C bond activation and incorporating fluorine in the
products.

B RESULTS AND DISCUSSION

C—CN Bond Activation of 2-Fluorobenzonitrile. The
reaction of 2-fluorobenzonitrile with [Ni(dippe)(u-H)], gave
(dippe)Ni(#*-2-F-C4H,CN), 1a, which showed a pair of
doublets in the *'P{'H} NMR spectrum (THF-dg) at § 66.6

and 77.8 (Jp_p = 68 Hz). When the solution was heated at 74
°C for 1 day, (dippe)Ni(2-F-C4H,)(CN), Sa, formed. The
3P{"H} NMR spectrum (tol-dg) of 5a showed a doublet at &
75.5 (Jp_p = 27 Hz) and a doublet of doublets at 5 84.7 (Jp_p =
27, Jo_p = 10 Hz). All X-ray single-crystal structures are shown
in Figure 1.

C—CN Bond Activation of 3-Fluorobenzonitrile. The
reaction of 3-fluorobenzonitrile with [Ni(dippe)(u-H)], gave
(dippe)Ni(7*-3-F-C¢qH,CN), 1b, which showed a pair of
doublets in the *'P{'H} NMR spectrum (THF-dg) at § 67.7
and 79.3 (Jp_p = 65 Hz). When the solution was heated at 43.7
°C for S days, NMR spectra showed mostly (~95%)
(dippe)Ni(3-F-C4H,)(CN), 5b. The *'P{"H} NMR spectrum
(THF-dg) of 5b showed a pair of doublets at § 73.3 and 83.9
(Jo_p = 22 Hz).

C—CN Bond Activation of 4-Fluorobenzonitrile. The
reaction of 4-fluorobenzonitrile with [Ni(dippe)(u-H)], gave
(dippe)Ni(1*-4-F-CqH,CN), 1c, which showed a pair of
doublets in the *'P{"H} NMR spectrum (THF-ds) at 5 68.0
and 80.0 (Jp_p = 66 Hz). When the solution was heated at 70
°C for several days, NMR spectra showed mostly (~85%)
(dippe)Ni(4-F-C4H,)(CN), Sc. The *'P{'"H} NMR spectrum
(THF-dg) of 5c showed a pair of doublets at § 72.0 and 82.5
(Jo—p = 22 Ha).

C—CN Bond Activation of 2,6-Difluorobenzonitrile.
The reaction of 2,6-difluorobenzonitrile with [Ni(dippe)(u-
H)], gave (dippe)Ni(77>-2,6-F,-CcH;CN), 1d, which showed a
pair of doublets in the *'P{'H} NMR spectrum (THF-dg) at &
68.4 and 78.8 (Jo_p = 67 Hz). When the solution was heated at
70 °C for 1 month, (dippe)Ni(2,6-F,-C¢H;)(CN), 5d, formed
completely. The *'P{'"H} NMR spectrum (THF-dg) of 5d
showed a doublet at § 79.5 (Jo_p = 32 Hz) and a doublet of
triplets at & 87.5 (Jo_p = 32, J_p = 9 Hz).

C—CN Bond Activation of 3,5-Difluorobenzonitrile.
The reaction of 3,5-difluorobenzonitrile with [Ni(dippe)(u-
H)J, gave (dippe)Ni(7>-3,5-F,-C4H;CN), 1e, which showed a
pair of doublets in the *'P{"H} NMR spectrum (THF-d) at §
68.3 and 80.1 (Jp_p = 62 Hz). When the solution was heated at
70 °C overnight, NMR spectra showed the formation of
(dippe)Ni(3,5-F,-CcH;)(CN), Se, in ~68% vyield. The
3P{'H} NMR spectrum (THF-dg) of Se showed a pair of
doublets at § 74.3 and 85.4 (Jp_p = 23 Hz).

Comparison of the X-ray Single-Crystal Structure of
the n*-Nitrile Complexes. Table 1 summarizes the
interatomic distances (A) around the nickel metal center in

Figure 1. ORTEP drawings of 7*-CN complexes la—e and C—CN bond activation products, Sa—e. Displacement ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Table 1. Interatomic Distances (A) around the Ni Metal
Center in the X-ray Single-Crystal Structures of la—1le

Ni—C$ Ni—N Ni—P1 Ni—P2
la 1.8642(13) 1.9088(12) 2.1524(4) 2.1771(4)
1b 1.8523(19) 1.9181(17) 2.1480(7) 2.1783(7)
1c 1.8519(14) 1.9093(13) 2.1446(4) 2.1670(5)
1d 1.8430(11) 1.9268(10) 2.1348(3) 2.1730(3)
le 1.8488(14) 1.9038(13) 2.1445(4) 2.1779(4)
Ph* 1.867(4) 1.908(3) 2.1464(12) 2.1729(12)

the X-ray single-crystal structure of the #°-nitrile complexes
(1a—e). The coordination environment of the nickel metal
center is square planar with two phosphorus atoms from the
dippe ligand, and the carbon and nitrogen atoms of the nitrile
group occupying the four coordination sites. The interatomic
distance between C5 and N [1.2243(19)—1.233(2) A] is
elongated compared to free benzonitrile (1.136 A), indicating a
decrease in bond order. The nitrile group deviates from
linearity with the C1—CS5S—N angle (a) of 135.01(10)—
140.19(11)°, consistent with the sp> hybridization of the nitrile
carbon atom instead of sp hybridization. Similar to the
previously reported #’-nitrile complex of benzonitrile,” the
P1—Ni—P2 plane is almost coplanar with the C5—Ni—N plane
(), with a slight deviation of 1.73—4.82° twist angle. The
angle between the P1-Ni—P2 plane and the plane of the
phenyl group (y) varies more with a twist angle of 2.81° in 1le,
9.49—13.36° in la-c, and 86.41° in 1d compared to 10.63° in
benzonitrile. The perpendicularity of the phenyl group in 1d
can be attributed to an additional steric interaction between
the two ortho-fluoro substituents and the dippe ligand (see
Figure SI30 for a comparison of C2—C1—CS—N dihedral
angle scan in the n*nitrile complexes of 2,6-difluorobenzoni-
trile with [Ni(dmpe)] and [Ni(dippe)] fragments).
Comparison of the X-ray Single-Crystal Structure of
the C—CN Bond Activation Products. Table 2 summarizes

Table 2. Interatomic Distances (A) around the Ni Metal
Center in the X-Ray Single-Crystal Structures of Sa—Se

Ni—C1 Ni—C5 Ni—P1 Ni—P2
Sa 1.9340(13) 1.9095(13) 2.1892(6) 2.1783(S)
5b 1.9305(9) 1.8805(9) 2.1926(3) 2.1781(2)
Sc 1.9370(12) 1.8814(13) 2.1919(4) 2.1771(4)
5d 1.9326(10) 1.8783(10) 2.1962(3) 2.1887(3)
Se 1.9279(9) 1.8784(9) 2.1929(3) 2.1792(2)
Ph*’ 1.935(2) 1.877(3) 2.1959(7) 2.1773(7)

the interatomic distances (A) around the nickel metal center in
the X-ray single-crystal structure of the C—CN bond activation
products (Sa—5e). These structures also show a square planar
molecular geometry around the nickel metal center similar to
the previously reported C—CN bond activation product of
benzonitrile.”” The interatomic distance between C5 and N
(1.1059(17)-1.1551(14) A) is closer to a bond order of 3, with
varying degrees of m-back donation from the nickel metal
center to the cyano ligand. The Ni—P2 bonds trans to the
cyano ligand are elongated [2.1771(4)-2.1887(3) A]
compared to the Ni—P1 bonds frans to the N atom in the
n*-nitrile complexes [2.1348(3)—2.1524(4) A]. This is
consistent with the greater trans influence of the cyano ligand.
The closest distance between the C—H of the dippe ligand and
the centroid of the phenyl ring is 2.594—2.796 A, and the

2136

closest distances between the ligand and the fluoro substituents
are 2.475 A in Sa and 2.435 and 2.447 A in 5d. In all cases, the
phenyl ring is almost perpendicular to the P1—Ni—P2 plane,
with a twist angle (7) of 69.31—76.58°.

Thermodynamics of the C—CN Bond Activation. The
equilibrium ratios of the #*-nitrile complex, 1b, and the C—CN
bond activation product, Sb, formed from the reaction of
[Ni(dippe)(¢-H)], with 3-fluorobenzonitrile were measured in
THEF-dg and toluene-dg at various temperatures. Similarly, the
equilibrium ratios of the #*-nitrile complex, 1c, and the C—CN
bond activation product, Sc, formed from the reaction with 4-
fluorobenzonitrile were measured in THF-dg and toluene-dg at
various temperatures. The Van't Hoff plots are shown in Figure
2.

(@

2+  y=1915.3x-4.4646

R2=0.9957
g1

X THF
g

0+ -/-/-/././.

y=2004.9x - 5.9317
Toluene R2 =0.9966
-1 f f
0.0029 0.0031 0.0033
1/T (1/K)

(b)

41 y=2560.4x-4.5459

R2=0.9953
$3 71

M THF y=999.4x - 1.4861
£ R2=0.9932

> ._4.’/.//4//.

14 Toluene

00028 0.0030 0.0032 0.0034
1/T (1/K)

Figure 2. Van’t Hoff plot for the equilibrium in THF and toluene over
the range of 25—75 °C between (a) 1b and 5b and (b) 1c and Sc in
the reaction of [Ni(dippe)(u-H)], with 3-fluorobenzonitrile and 4-
fluorobenzonitrile, respectively.

The thermodynamic parameters were determined from the
Van't Hoff plots and are shown in Table 3 for both THF and

Table 3. Thermodynamic Parameters Determined from the
Van’t Hoff Plots

AH® (kcal/mol) AS° (eu.) AG° (kcal/mol)
3F(THF) —5.09 + 0.14 —9.0 + 0.4 —2.39(4)
3F(Tol) —1.99 + 0.09 -3.0+03 —1.10(5)
4F(THF) —3.81 + 0.10 -89 + 03 —-1.16(1)
4F(Tol) —3.98 + 0.12 —11.8 + 0.4 —0.47(0)
H(THF)” —3.52 + 0.07 -9.3 + 02 —0.74(2)
H(Tol)* —4.09 + 0.22 —134 + 0.7 —0.07(6)

toluene. Equilibrium constants for the other fluorobenzonitrile
substrates (1a/5a, 1d/5d, and 1e/Se) could not be calculated
since there were not enough #7’-nitrile complexes (1a, 1d, and
le) left in solution to measure its concentration reliably by
NMR spectroscopy.

https://doi.org/10.1021/acs.organomet.3c00275
Organometallics 2023, 42, 2134—2147
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The free energies (AG®) for C—CN oxidative addition for
both 3-fluoro and 4-fluorobenzonitrile in THF and toluene are
negative at room temperature, indicating that the formation of
the C—CN bond activation products from the #*nitrile
complexes is energetically downhill. The electronegative fluoro
substituent drives the equilibrium further toward the products.
Similar to benzonitrile, the Gibbs free energy of the reaction is
more negative in THF compared to toluene.’’ The more polar
solvent, THF, stabilizes the C—CN bond activation products
more in comparison to the #”-nitrile complexes, shifting the
equilibrium further toward the products.

DFT Calculations. Reaction intermediates and TS
structures between the n’-nitrile, #*-arene, and the C—CN
bond activation products during the reaction of fluorinated
benzonitriles were located in the gas phase using DFT
calculations. The [Ni(dippe)] fragment used in the experi-
ments was replaced with the [Ni(dmpe)] fragment. Only the
1*-nitrile complex, 1, and the C—CN bond activation product,
S, are stable enough to be isolated and characterized
experimentally and X-ray single-crystal structures of 1 and §
were used as a starting structure for the geometry
optimizations. For comparison purposes, the reaction of
benzonitrile was revisited (Scheme 3) and included in the

Scheme 3. Reaction Intermediates and TS Structures on
PES of C—CN Bond Activation of Benzonitrile with
[Ni(dmpe)]

i
N N _CN CN  CN
LNi‘--C & LN
Y "N"t\ ‘ S{ LNi
s2 s3 WNiTgy
TS12~  Ts25 S3
TS12 S2 TS25
N / \ CN
LNi—Il LNi
¢ \\ ' /.
s1 \® TS12 S 82 = TS25 ¢
. s3'
N N t i CN  ©CN CN
ChonL|| % NiL
Co sa
' L~ NiL NiL
s2  s3 sq' NiL
TS12' TS2'5

analysis of fluorinated benzonitrile reactions. All the optimized
structures on the PES of the C—CN bond activation of
benzonitrile (Figure SI6), selected bond lengths (Table SI7),
and angles (Table SI13) are summarized in the Supporting
Information and will be discussed in comparison to other
fluorinated benzonitriles later in the text.

The potential energy surface between the 7*-nitrile complex,
S1, and the C—CN bond activation product, SS, is mapped by
varying the C—CN interatomic distance and the dihedral angle
between the phenyl ring and the P—Ni—P plane (y). Solvation-
corrected Gibbs free energies were calculated by using the gas
phase-optimized structures and solvent density model (SMD)
in THF and toluene. Using the thermodynamic parameters for
the equilibrium in both polar and nonpolar solvents, we added
appropriate corrections to the calculated energies. Structures
S1 and SS are connected through two sets of two TS
structures, TS12/TS12" and TS25/TS2’S, and the corre-
sponding 77*-arene intermediates, $2/82" (Figure SI17). In S2,

2137

the nickel metal center is coordinated to the phenyl ring
through the C1 and C2 carbon atoms, whereas it is
coordinated through the C1 and C2’ carbon atoms in S2'.
These two geometries are distinct due to the puckering of the
Ni(dmpe) ring, which places one of the methyl groups on each
phosphorus closer to the nitrile. Structures $2/S2, $3/S3’,
and S4/S4’ are the two sets of three possible 7*-arene
intermediates, in which nickel metal is coordinated on opposite
sides of the phenyl ring. Six transition-state structures, TS22/,
TS23/TS2'3’, TS34/TS3’4’, and TS44', were located for the
migration of the nickel metal between these intermediates
(Figure SI18). These can be described as 7* to 7’ to 7
pathways. In the following sections, 7*-nitrile and #7*-arene
intermediates and C—CN bond activation products are each
discussed in detail.

Optimized Structures of the 7*-Nitrile Complexes.
There are two possible structures for the 7*-nitrile complexes
with 2-fluorobenzonitrile, Sal and Sa’l, resulting from the
position of the fluoro substituent with respect to the nickel
metal center. Gas phase-optimized structures of Sal and Sa’l
are shown in Figure 3. Sal has the fluoro substituent on the C2

Figure 3. Gas phase-optimized structures of Sal and Sa’l.

carbon atom, which is on the same side as the nickel metal
center, whereas Sa’l has the fluoro substituent away from the
nickel metal center at the C2’ carbon atom. The Gibbs free
energy of Sal relative to Sa’l is +1.3 kcal/mol in THF and
+0.5 kecal/mol in toluene and the lowest energy barrier for the
phenyl rotation, TSaa’l, is 2.3 kcal/mol in THF and 2.1 kcal/
mol in toluene. Due to the negligible rotational barrier of the
phenyl ring and low energy difference between Sal and Sa'l,
both structures exist in solution.

The optimized structures of Sal and Sa’l are in good
agreement with the experimental structure of 1a with the dippe
ligand discussed earlier. The nitrile group deviates from
linearity with a C1—C5—N angle (a) of 135.4° in Sal and
139.0° in Sa’l, which is consistent with 137.10(13)° in the X-
ray single-crystal structure of la. The coordination environ-
ment around the nickel metal center is square planar with small
twist angles of 1.37° (Sal) and 1.11° (Sa’l) between P1—Ni—
P2 and C5—Ni—N planes () compared to 2.10° in the X-ray
single-crystal structure of 1a. The coordinated C5—N bond is
slightly longer in Sal (1.238 A) and Sa’l (1.234 A) compared
to 1.2290(17) A in the X-ray single-crystal structure of 1a. The
phenyl ring is almost coplanar with the P=Ni—P plane () in
Sa’l with a small twist angle of 1.55° whereas in Sal, it is
considerably deviated from planarity with a twist angle of 9.20°
due to steric hindrance (see Supporting Information, Tables
SI1 and SI2 for a more comprehensive list of bond lengths and
Table SI8 for angles).

Similar to 2-fluorobenzonitrile, there are two possible
structures of n’-nitrile complexes with 3-fluorobenzonitrile,
Sbl and Sb’l, due to the unsymmetric substitution of the
phenyl ring with no significant energy difference between
them. Similarly, for the other fluorobenzonitriles, gas phase-
optimized structures of Sal—Sel and S1 are shown in Figures
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Table 4. Selected Interatomic Distances (A) and Angles (°) for the Optimized Structures of Sal—Sel and S1

Ni—CS Ni—N
Sal/Sa’l 1.859/1.875 1.899/1.900
Sb1/Sb’1 1.870/1.871 1.902/1.900
Scl 1.873 1.901
Sd1 1.862 1.896
Sel 1.867 1.901
S1 1.874 1.901

“Angle between the P—Ni—P plane and the phenyl ring.

C5—N C1-CS 7*
1.238/1.234 1.463/1.461 9.20/1.55
1.235/1.235 1.466/1.466 1.19/1.49
1.235 1.464 0.80
1.238 1.459 12.78
1.235 1.467 1.06
1.234 1.466 1.70

SI1—SI6. Comparisons of selected interatomic distances (A)
and angles (°) for these structures are summarized in Table 4,
and a comprehensive list of structural parameters for all
optimized structures are summarized in Tables SI1—SI13. The
average bond lengths for Ni—CS5, Ni—N, C5—N, and C1-CS$
are 1.869, 1.900, 1.236, and 1.464 A, respectively. The
deviation from linearity of the nitrile group (a) is 137.25°
on average. The C1—CS5 bond length is the shortest in Sd1
(1459 A) as in the X-ray single-crystal structure of 1d
(1.4676(16) A). The C5—N bond length ranges from 1.234 to
1.238 A with the sterically demanding ortho substitution
resulting in the longest bond lengths in Sal and Sd1. The
steric effect of ortho substituents is greater on the coplanarity
of the P—Ni—P plane and the phenyl ring (y) with the largest
deviation of 12.78° in Sd1 compared to 9.20° in Sal and
0.80—1.70° for other substrates. As a general trend, the ortho
substitution on the same side of the nickel metal center leads
to shorter Ni—C$, Ni—N, and C1-CS, longer CS—N bond
lengths, and a larger deviation from linearity of the nitrile
group.

The disparity in the angle between the P—Ni—P plane and
the phenyl ring (y) in the X-ray single-crystal structure of 1d
(86.41°) and the optimized structure of Sd1 (12.78°) by the
DFT calculations is likely a result of the less sterically
encumbered [Ni(dmpe)] model. In fact, the structure with
almost perpendicular phenyl ring as in 1d is located as a TS
structure with a very low-energy rotational barrier of the
phenyl ring of 0.6 kcal/mol in THF and 0.7 kcal/mol in
toluene relative to Sd1.

Optimized Structures of the 5?-Arene Intermediates.
There are two possible structures of three different 7*-arene
intermediates, $2/S2’, S3/S3’, and S4/S4’. In the first set
(82/82"), the nickel metal center is coordinated to the phenyl
ring through the C=C double bond between the C1 and C2/
C2’ carbon atoms next to the cyano group. In the second (S3/
$3’) and third (S4/S4’) sets, the nickel metal center is
coordinated to the phenyl ring through the C=C double bond
between the C2/C2’and C3/C3’ carbon atoms and C3/
C3'and C4/C4’ carbon atoms, respectively. Our previous
studies revealed that §2/82’ is a crucial intermediate leading to
C—C bond activation.”’ Below is a discussion on this
intermediate. Similarly, S3/S3" and S4/S4’ are discussed in
the Supporting Information.

Gas phase-optimized structures of Sa2 and Sa2’ are shown
in Figure 4. In Sa2, the nickel metal center is coordinated to
the phenyl ring through the C1 and C2 carbon atoms, whereas
it is coordinated through the C1 and C2’ carbon atoms in
Sa2’. In both Sa2 and Sa2’, the fluoro substituent is on the C2
carbon atom. The structures that have the fluoro substituent
on the C2’ carbon atom are labeled as Sa’2 and Sa’2’ (see
Figure SI1 for the gas phase-optimized structures). The
average length of the C=C double bond between the C1 and

‘~—T‘ N 3,f
I NG o8 G2,
@*”?f: %

‘*JJ - C2 J/J

Sa2 Sa2'

Figure 4. Gas phase-optimized structures of Sa2 and Sa2’.

C2/C2’ carbon atoms is 1.468 A when the nickel metal center
is coordinated compared to 1.447 A when it is not. When the
nickel metal center and the fluoro substituent are on the same
side (Sa2 and Sa’2’), the Ni—C1 bonds are longer and the
Ni—C2/C2’ bonds are shorter than when they are on opposite
sides (Sa’2 and Sa2’) due to electronic effects. Both CS—N
and C1—CS bonds are shorter than in the 7*-nitrile complexes
(1.434 vs 1.464 A and 1.168 vs 1.236 A, respectively). The
nitrile group is almost linear with an average angle (a) of
177.75°. The angle between the P—Ni—P plane and the phenyl
ring (y) is much smaller in Sa2 and Sa’2’ than in Sa’2 and
Sa2’ (64.76 and 58.67° vs 72.09 and 77.08°).

Selected interatomic distances (A) and angles (°) for the
optimized structures of Sa2—Se2 and S2 with their relative
Gibbs free energies with respect to corresponding Sal—Sel
and S1 in THF and toluene (in parenthesis) are summarized in
Table 5. Structures labeled as b have the same designations
regarding the position of the nickel metal center and the fluoro

Table 5. Selected Interatomic Distances (A), Angles (°), and
Relative Gibbs Free Energies (kcal/mol) for Sa2—Se2 and
S2

Ni—C1 Ni—C2/2’ re AG®?
Sa2 2.005 1.937 64.76 9.9 (9.6)
Sa’2 1.983 1.996 72.09 9.1 (8.4)
Sa2’ 1.978 1.999 77.08 9.3 (8.5)
Sa’2’ 2.015 1.925 58.67 10.3 (9.9)
Sb2 2.014 1.960 68.57 8.3 (8.0)
Sb'2 1.998 1.993 69.12 10.5 (10.2)
Sb2’ 1.999 1.992 69.01 92 (9.2)
Sb'2’ 2.012 1.964 58.67 8.0 (7.8)
Sc2 2.006 1.985 68.08 10.4 (10.1)
Sc2’ 2.008 1.985 66.19 94 (9.2)
Sd2 1.984 1.941 67.97 6.9 (7.1)
sd2’ 1.995 1.928 60.64 7.0 (7.2)
Se2 2.003 1.966 67.50 8.1 (7.9)
Se2’ 2.004 1.965 70.08 7.6 (7.6)
S2 2.005 1.992 68.82 10.7 (10.2)
s2/ 2.007 1.992 66.70 9.5 (9.2)

“Angle between the P—Ni—P plane and the phenyl ring. bRelative
Gibbs free energies calculated with respect to corresponding S1 in
THF (numbers in the parenthesis are in toluene).
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substituent, except that the substituent is on the C3/C3’
carbon atoms instead of C2/C2’ (see Figure SI2 for gas phase-
optimized structures for Sb2 and Figures SI3—SI6 for Sc2-Se2
and S2). Average Ni—C1 and Ni—C2/C2’ bond lengths are
2.001 A and 1.970 A, respectively. The shortest Ni—C1 bond
lengths (1.978 A in Sa2’, 1.983 A in Sa’2, and 1.984 A in Sd2)
and Ni—C2/C2’ bond lengths (1.925 A in Sa’2’ and 1.928 A
in Sd2’) can be attributed to the electronic effects of the fluoro
substituents. The average angle between the P—Ni—P plane
and the phenyl ring (7) is 67.12°. The C1—-CS, C5—N bond
lengths and C1—CS5—N angle (@) are relatively constant
regardless of the position of the nickel metal center and the
fluoro substitution (see Tables SI1—SI13 for a more
comprehensive list of structural parameters). The average
relative Gibbs free energy of Sa2—Se2, S2 with respect to
corresponding Sal—Sel, S1 is 9.0 kcal/mol in THF and 8.8
kcal/mol in toluene. Sd2 and Sd2’ have the lowest energies.

Optimized Structures of the C—CN Bond Activation
Products. There are two possible structures for the C—CN
bond activation product of 2-fluorobenzonitrile, Sa$ and Sa’s,
as a result of the free rotation around the phenyl ring with a
barrier of 4.3 kcal/mol in THF and 5.8 kcal/mol in toluene.
Gas phase-optimized structures of Sa$ and Sa’S shown in
Figure § are in good agreement with the experimental structure

Figure S. Gas phase-optimized structures of Sa$ and Sa’s.

of Sa with the dippe ligand discussed earlier. The phenyl ring is
almost perpendicular to the square plane of the complex with
twist angles of 80.84° (SaS) and 77.58° (Sa’5) between P1—
Ni—P2 and C5—Ni—N planes (y) compared to 76.58° in the
X-ray single-crystal structure of Sa. The Ni—C1 bonds (1.924
A in Sa$§ and 1.927 A in Sa’5) and Ni—C5 bonds (1.866 A in
both Sa$ and Sa’s) are slightly shorter compared to those in
5a [1.9340(13) A and 1.9095(13) A, respectively]. The C5—N
(1.171 A) bond lengths are considerably longer in Sa$ and
Sa’s than 5a (1.1059(17) A) (see Tables SI1—SI13 for a more
comprehensive list of structural parameters).

Selected interatomic distances (A), angles (°), and the
relative Gibbs free energies for SaS—Se$ and SS with respect
to the corresponding Sal—Sel and S1 in THF and toluene (in
parenthesis) are summarized in Table 6. The average bond
lengths for Ni—C1, Ni—CS, and C5—N are 1.925, 1.867, and
1.171 A, respectively. The interatomic distance between Cl
and CS is 2.733 A on average. The phenyl ring is almost
perpendicular to the square plane of the complex with an
average twist angle of 86.06° between the P—Ni—P plane and
the phenyl ring (7).

Correlation between AG° and the Number of F
Substituents. The correlation between the relative Gibbs free
energies (AG®) and the number of o-F substituents is shown in
Figure 6. The C—CN bond activation products become more
stable with respect to the corresponding 7*-nitrile complexes
by —6.6 kcal/mol in THF and —6.5 kcal/mol in toluene per o-
F substituent. This is consistent with the experimentally

2139

Table 6. Selected Interatomic Distances (A), Angles (°), and
Relative Gibbs Free Energies (kcal/mol) for Sa5—Se$ and
SS

Ni—C1 Ni—C5 7 AG°?
Sas 1.924 1.866 80.84 —9.6 (—6.6)
Sa’s 1.927 1.866 77.58 -89 (-6.0)
Sbs 1.923 1.866 89.44 —-5.6 (-1.9)
Sb’s 1.923 1.866 88.13 -5.6 (—1.9)
Scs 1.927 1.866 89.20 —4.5 (-0.9)
Sds 1.926 1.870 85.60 —17.0 (-13.4)
Ses 1.922 1.866 88.61 —7.4 (=3.5)
S5 1928 1.867 89.07 -39 (-0.4)

“Angle between the P—Ni—P plane and the phenyl ring. PRelative
Gibbs free energies calculated with respect to corresponding Sal—Sel
and S1 in THF and toluene (in parenthesis).
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Figure 6. Dependence of calculated AG® values on the number of o-F
substituents.

observed equilibria between these complexes in both THF and
toluene.

The correlation between the relative Gibbs free energies
(AG®) and the number of m-F substituents is shown in Figure
7. The C—CN bond activation products become more stable
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Figure 7. Dependence of calculated AG® values on the number of m-
F substituents.

with respect to the corresponding 7*-nitrile complexes by —1.8
kcal/mol in THF and —1.6 kcal/mol in toluene per m-F
substituent. This is consistent with the experimentally
observed equilibrium between these complexes both in THF
and toluene.

Connecting the 7*-Nitrile Complexes to the 7>-Arene
Intermediates. TS structures, TS12/TS12’, connecting the
#*-nitrile complex, S1, to the n*-arene intermediate, $2/S2’,
were located from a relaxed 2D PES scan. Starting from S1, in
one dimension, the interatomic distance between the nickel
metal center and C1 carbon atom was decreased. In the other
dimension, the phenyl group was rotated by scanning the P—
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Ni—C1—-C2 dihedral angle. TS12/TS12’ were located on the
saddle points of the 2D PES. Gas phase-optimized structures of
TSal2’ and TSa’l12 are shown in Figure 8. In TSal2’, the

TSa'12

TSa12'

Figure 8. Gas phase-optimized structures of TSa’12 and TSal2’.

fluoro substituent is on the C2 carbon atom and the nickel
metal center is on the C2’ carbon atom and in TSal2’, the
fluoro substituent is on the C2’ carbon atom and the nickel
metal center is on the C2 carbon atom. The initial guess for
the TS structures where the nickel metal center and the fluoro
substituent are attached to the same carbon atom (TSal2 and
TSa’12’) converged to other TS structures. The difference
between the relative Gibbs free energies (AG*) of TSal2’ and
TSa’12 with respect to Sa’l is negligible.

The optimized structures of TSal2’ and TSa’12 are in good
agreement with the previously published TS structure with
benzonitrile.”" The nitrile group is almost linear with the C1—
CS—N angle (@) of 171.18° in TSal2’ and 170.94° in TSa'12
compared to 139.01° in Sa’l and 177.91° in Sa’2. The twist
angle between the P1—Ni—P2 and CS—Ni—N planes (f) is
62.81° in TSal2’ and 67.60° in TSa’12 compared to 1.55° in
Sa’l, indicating significant deviation from the square planar
coordination environment around the nickel metal center. The
CS5—N bond in TSal2’/TSa’12 (1.184 A) is much closer to
that in Sa’2 (1.167 A) compared to Sa’l (1.234 A). The nitrile
coordinates to the nickel metal center through the nitrile
carbon, and the Ni—CS$ bond is 2.016 A in TSal2’ and 2.014
A in TSa’12. The Ni—N interatomic distance is significantly
elongated in TSal2’ (2431 A) and TSa’l2 (2431 A)
compared to that in Sa’l (1.900 A). The Ni—Cl bond
(2.381 A in TSal2’ and 2.382 A in TSa’12) is much shorter
than the Ni—C2’ bond in TSal12’ (2.903 A) and Ni—C2 bond
in TSa’12 (2.917 A) compared to their almost equal length in
Sa’2 (1.983 A and 1.996 A). The C1—CS5 bond length stays

relatively constant through this transition (1.428 Ain TSa12’/
TSa'12, 1.461 A in Sa’l, and 1.435 A in Sa’2) (see Tables
SI1—SI13 for a more comprehensive list of structural
parameters). A comparison of selected interatomic distances
(A) and angles (°) for the optimized structures of TSal2—
TSel2 and TS12 with their relative Gibbs free energies (AGY)
with respect to the corresponding structures Sal—Sel and S1
in THF and toluene (in parenthesis) are summarized in Table
7.

The optimized structures of all four possible TS structures
with 3-fluorobenzonitrile are shown in Figure SI2 and the
optimized structures of TSc12—TSel2 and TS12 are shown in
Figure SI3—SI6. As in TSal2’ and TSa’12, the nitrile group is
almost linear with the average C1—CS—N angle (a) of
172.16°. The coordination environment around the nickel
metal center significantly deviates from square planar geometry
with the average twist angle between the P1—Ni—P2 and C5—
Ni—N planes (ff) being 64.61°. The average CS—N bond
length (1.184 A) is much closer to that in the 7*-arene complex
(S2) compared to the #n*nitrile complex. The nitrile
coordinates to the nickel metal center through the nitrile
carbon with the average Ni—CS bond length of 2.019 A
compared to the average Ni—N interatomic distance of 2.398
A. The average Ni—C1 bond (2.399 A) is shorter compared to
the average Ni—C2/C2’ interatomic distance (2.836 A), which
indicates the formation of the Ni—C1 bond prior to the Ni—
C2/C2’ bond. TSd12/TSd12’ have the shortest Ni—C1 bond
and TSel2/TSel2’ have the shortest Ni—N and Ni—C2/C2’
interatomic distances. The C1—CS bond length (1.430 A on
average) stays relatively constant throughout these TS
structures and the vibrational mode is a rocking motion of
the nickel metal center between the nitrile nitrogen atom and
the ipso carbon atom of the phenyl ring.

Connecting the C—CN Bond Activation Products to
the n*-Arene Intermediates. TS structures, TS25/TS2’S,
connecting the n*-arene intermediates, $2/S2’, to the C—CN
bond activation product, S5, were located from a second
relaxed 2D PES scan. Starting from S$, in one dimension, the
interatomic distance between C1 and CS was decreased. In the
other dimension, the phenyl group was rotated by scanning the
P—Ni—C1—C2 dihedral angle. TS25/TS2’S were located on
the saddle points on the 2D PES. Gas phase-optimized

Table 7. Selected Interatomic Distances (A), Angles (°), and Relative Gibbs Free Energies for TSal2—TSe12 and TS12

Ni—C1 Ni—C2/2’ Ni—CS Ni—N
TSal2’ 2.381 2.903 2.016 2431
TSa'12 2.382 2917 2.014 2432
TSb12 2.416 2.769 2.026 2.384
TSb'12 2.399 2.767 2.028 2.402
TSb12' 2.403 2.768 2.027 2.404
TSb'12’ 2412 2.768 2.026 2.386
TScl12 2.447 2.866 2.021 2.424
TSc12’ 2.448 2.867 2.021 2424
TSd12 2.327 2.971 2.000 2.554
TSd12' 2.350 3.014 1.985 2.554
TSel2 2.386 2.732 2.026 2.366
TSel2’ 2.385 2.725 2.026 2.370
TS12 2428 2.816 2.028 2.416
TS12' 2428 2.821 2.027 2418

C1-Cs a’ Vil 6° AGH
1.428 171.18 62.81 71.24 282 (26.5)
1.428 170.94 67.60 76.30 28.0 (26.4)
1.428 173.31 6243 68.87 28.0 (26.9)
1.428 17325 63.52 69.99 28.0 (26.9)
1.428 173.16 60.35 66.91 282 (27.0)
1.428 173.13 58.28 64.89 28.1 (26.9)
1.432 173.06 68.33 74.34 27.9 (26.8)
1432 172.91 63.96 70.09 282 (27.0)
1.434 170.29 76.91 83.12 28.8 (27.7)
1.437 167.57 75.94 83.65 28.6 (27.7)
1.426 172.12 59.71 66.61 282 (27.1)
1.426 17220 56.17 63.01 28.3 (27.2)
1.431 173.71 66.20 72.20 27.6 (26.4)
1.431 173.47 62.28 68.49 27.8 (26.5)

“C1—CS—N angle. bAngle between the P1-Ni—P2 and C5—Ni—N planes. “Angle between the P1-Ni—P2 and C1—-Ni—CS planes. “Relative
Gibbs free energies calculated with respect to corresponding Sal—Sel, S1 in THF (numbers in the parenthesis are in toluene).
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structures of TSa25, TSa’25, TSa2’5, and TSa’2’S are shown
in Figure 9. These TS structures are in good agreement with

TSa2's ~

TSa'2's

Figure 9. Gas phase-optimized structures of TSa25, TSa’2§, TSa2's,
and TSa’2’s.

the previously published TS structure with benzonitrile.”’ TS
structures where the nickel metal center and the fluoro
substituent are attached to the carbon atom (TSa25/TSa’2’5)
are slightly higher in energies than TS structures where the
nickel metal center and the fluoro substituent are on opposite
sides (TSa’25/TSa2’s).

In the following discussion, the important geometrical
parameters of the lowest energy TS structure, TSa2'5, are
compared to those in the optimized geometries of the lowest
energy n*-arene intermediate, Sa2’, and the C—CN bond
activation product, SaS. The nitrile group deviates from
linearity with the C1—CS5—N angle («) of 143.81° in TSa2’$
compared to 178.19° in Sa2’ and 142.77° in Sa$. The twist
angle between the P1—Ni—P2 and C1—Ni—CS5 planes (0) is
37.3° in TSa2’5 compared to 3.39° in Sa$§, indicating
significant deviation from the square planar coordination
environment around the nickel metal center. The C5—N bond
in TSa2’s (1.188 A) is slightly longer than those in Sa2’
(1.167 A) and Sa5 (1.171 A). The Ni—C5 bond (1.896 A in
TSa2’5) is almost at its final bond length of 1.866 A in Sas.
The Ni—Cl bond (2.028 A) is slightly longer in TSa2’s
compared to Sa2’ (1.978 A) and Sa$ (1.924 A). The C1-C5
bond length is considerably elongated in TSa2’s (1.551 A)
compared to Sa2’ (1.435 A) (see Table SI1 in the Supporting

Information). A comparison of selected interatomic distances
(A) and angles (°) for the optimized structures of TSa25—
TSe25 and TS2S with their relative Gibbs free energies (AG*)
with respect to the corresponding Sal—Sel and S1 in THF
and toluene (in parenthesis) are summarized in Table 8. The
optimized structures of all TS structures are shown in Figures
SI1-SI6.

Looking at average metrics for transition-state structures
TSa25—TSe2S, the nitrile group is bent with the average C1—
CS—N angle (a) of 142.25° as in TSa2’s. The coordination
environment around the nickel metal center significantly
deviates from the square planar geometry with the average
twist angle between the P1—Ni—P2 and C1-Ni—CS5 planes
(0) at 35.68°. The average CS—N bond length (1.189 A) is
consistent with a triple bond. The average Ni—CS bond length
of 1.887 A indicates almost complete formation of this bond
(1.866 A). The average C1—CS bond length (1.564 A) is
considerably elongated compared to 1.435 A in Sa2’. The
shortest Ni—CS bond (1.867 A) and the longest C1—CS bond
(1.602 A) are in TSc2'S, representing a late TS. On the
contrary, the longest Ni—CS bond (1.928 A) and the shortest
C1-CS bond (1.499 A) are in TSd2'S, representing the
earliest TS. According to Hammond’s postulate, the more
stable product should have a lower energy TS. This suggests
that the activation energy of a step will be inversely
proportional to the stability of the product.”® Unexpectedly
though, that is not the case here due to steric hindrance. The
Ni—C1 bond length (2.042 A on average) stays relatively
constant through these TS structures and the vibrational mode
is a bond stretching between the C1 and CS carbon atoms (see
Tables SI1—SI13 for a more comprehensive list of structural
parameters). The relative Gibbs free energies (AG*) with
respect to the corresponding Sal—Sel and S1 in THF and
toluene (in parenthesis) are very similar with no correlation
with the number of the o-F or m-F substituents.

After connecting the 7’-nitrile complexes, S1, and the C—
CN bond activation products, S5, to the #n’-arene inter-
mediates, §2/S2" through TS structures, TS12/TS12’ and
TS25/TS2’S, respectively, we then located the TS structures
connecting the 77°-arene intermediates, $2/82" to $3/S3’ and

Table 8. Selected Interatomic Distances (A), Angles (°), and Relative Gibbs Free Energies for TSa25—TSe25 and TS25

Ni—C1 Ni—C2/2’ Ni—CS C1-Cs
TSa25 2.095 2.815 1.907 1.520
TSa'25 2.012 2.753 1.883 1.567
TSa2's 2.028 2.736 1.896 1.551
TSa'2's 2.100 2.815 1.921 1.513
TSb2S 2.030 2.699 1.878 1.580
TSb'25 2.033 2.707 1.881 1.575
TSb2'S 2.028 2.71S 1.875 1.586
TSb'2'S 2.026 2.707 1.873 1.590
TSc25 2.036 2.755 1.874 1.586
TSc2'S 2.027 2.760 1.867 1.602
TSd2S 2.066 2.833 1.908 1.510
TSd2's 2.079 2.842 1.928 1.499
TSe2S 2.026 2.661 1.884 1.571
TSe2's 2.025 2.669 1.880 1.577
TS2S 2.035 2.74S 1.875 1.588
TS2'S 2.027 2.750 1.869 1.602

C5—-N a’ 5 o° AGH

1.190 144.97 59.77 45.45 272 (27.1)
1.187 142.74 56.59 45.30 25.1 (25.1)
1.188 143.81 48.51 37.30 25.0 (25.1)
1.191 145.53 52.34 39.24 28.5 (28.2)
1.189 140.31 44.67 31.07 25.1 (25.9)
1.189 140.79 45.20 32.29 252 (25.9)
1.189 140.15 41.28 28.54 25.7 (26.3)
1.189 139.77 4128 27.60 25.5 (26.1)
1.190 139.97 39.23 27.13 25.2 (26.0)
1.190 139.22 36.92 24.31 25.3 (26.1)
1.188 148.19 68.89 60.97 27.2 (27.0)
1.188 149.59 63.30 53.53 26.4 (26.4)
1.189 141.09 48.65 34.63 25.3 (25.9)
1.189 140.65 44.44 30.85 25.8 (26.3)
1.189 139.98 39.83 27.82 25.0 (25.7)
1.189 139.30 37.12 24.78 252 (25.9)

“C1—CS—N angle. bAngle between the P1-Ni—P2 and C5—Ni—N planes. “Angle between the P1-Ni—P2 and C1—-Ni—CS planes. “Relative
Gibbs free energies calculated with respect to corresponding Sal—Sel, S1 in THF (numbers in the parenthesis are in toluene).
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S4/S4’. Six TS structures, TS22’, TS23/TS2'3’, TS34/
TS3’4’, and TS44' located between six 7*-arene intermediates
are discussed in the Supporting Information.

Analysis of the Overall Free Energy Landscape. The
energetics of the lowest energy structures along the C—C bond
activation of 2-fluorobenzonitrile by the [Ni(dmpe)] fragment
is shown in Figure 10. Solvent corrected Gibbs free energies
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Figure 10. Energetics of C—C bond activation of 2F-benzonitrile by
[Ni(dmpe)] fragment relative to the n*nitrile complex. SMD-
corrected free energies in THF (toluene in parenthesis) are in kcal/
mol. Solid blue line: Sal to Sa$; dashed black line: Sa’l to Sa’s.

(kcal/mol) are in THF (toluene in parenthesis) and referenced
to the #*-nitrile complex, Sa’l. The C—C bond activation of 2-
fluorobenzonitrile by the [Ni(dmpe)] fragment is exothermic
by 9.6 kcal/mol in THF and 6.6 kcal/mol in toluene. In the
lowest energy pathways, Sal is connected to Sa$ through
TSal2’, Sa2’, and TSa2’5 (blue, solid line) and Sa’l is
connected to Sa’5 through TSa’12, Sa’2, and TSa'25 (black,
dashed line). In these structures, the fluoro substituent and the
nickel metal center are on the opposite sides of the phenyl ring.

Structures where the fluoro substituent and the nickel metal
center are attached to the same carbon atom (Sa2, TSa25 and
Sa’2’, TSa'2’5) are higher in energy and are not shown in this
figure (see Figure SI7 for all structures). During the
optimization of TSal2 and TSa’12’, the phenyl ring rotated
due to the steric repulsion between the fluoro substituent and
the nickel metal center. The energy difference between these
two pathways is negligible. The barrier between Sa’l and Sa"2
is 3.0 kcal/mol higher in energy than the barrier between Sa’2
and Sa’S. The energy of Sa’2 is 9.3 kcal/mol higher than Sa’l.

The energetics of the lowest energy structures along the
migration of the [Ni(dmpe)] fragment on the phenyl ring of 2-
fluorobenzonitrile to give the n*-arene complexes is shown in
Figure 11. Solvent-corrected Gibbs free energies (kcal/mol)
are in THF (toluene in parenthesis) and referenced to the 7*-
nitrile complex, Sa’l. Sa2 is connected to Sa2’ through
TSa22' (dark blue, solid line) and Sa’2 is connected to Sa’2’
through TSa’22’ (dark blue, dashed line). Sa2 is connected to
Sa4 through TSa23, Sa3, and TSa34 (black, solid line). Sa"2’
is connected to Sa’4’ through TSa’2’3’, Sa’3’, and TSa’3'4’
(blue, dashed line). Sa4 is connected to Sa4’ through TSa44’
(dark blue, solid line) and Sa’4 is connected to Sa’4’ through
TSa'44’ (dark blue, dashed line). The energy difference
between these pathways is negligible. Except for Sa’2 and Sa2’,
the fluoro substituent and the nickel metal center are on the
same side of the phenyl ring in these structures. Structures
where the fluoro substituent and the nickel metal center are
attached to the opposite sides of the phenyl ring (TSa2'3’,
Sa3’, TSa3'4’ and TSa'23, Sa’3, TSa’34) are higher in energy
and are not shown in this figure (see Figure SI8 for all
structures). The barrier between Sa’2’ and Sa’3’ is 3.4 kcal/
mol lower in energy than the barrier between Sa’3" and Sa’4’.
The highest energy barrier is TSa’3’4’ with 19.6 kcal/mol. The
energy of Sa’3’ is 1.7 kcal/mol higher than that of Sa’2 and
Sa’4’. Relatively low energy transitions between the 7*-arene
intermediates are consistent with the experimental data at low
temperatures.31

The energetics of the lowest energy structures along the C—
C bond activation of 3-fluorobenzonitrile by the [Ni(dmpe)]
fragment is shown in Figure 12. Solvent-corrected Gibbs free
energies (kcal/mol) are in THF (toluene in parenthesis) and
referenced to the #’-nitrile complex, Sb1. The C—C bond
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Figure 11. Energetics of n’-arene complexes of [Ni(dmpe)] relative to the #-nitrile complex in the C—C bond activation reaction of 2F-
benzonitrile. SMD-corrected free energies in THF (toluene in parenthesis) are in kcal/mol. Solid black line: Sa2 to Sa4; dashed blue line: Sa'2’ to
Sa’4’; solid dark blue lines: Sa2 to Sa2’and Sa4 to Sa4’; dashed dark blue lines: Sa’2 to Sa’2’ and Sa’4 to Sa’4’.
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Figure 12. Energetics of C—C bond activation of 3F-benzonitrile by
the [Ni(dmpe)] fragment relative to the #’-nitrile complex. SMD-
corrected free energies in THF (toluene in parenthesis) are in kcal/
mol. Solid black line: Sb1 to SbS; dashed blue line: Sb’1 to Sb’s.

activation of 3-fluorobenzonitrile by the [Ni(dmpe)] fragment
is exothermic by 5.6 kcal/mol in THF and 1.9 kcal/mol in
toluene. Sb1 is connected to SbS through TSb12, Sb2, and
TSb2S (black, solid line). Sb’1 is connected to Sb’S through
TSb'12’, Sb’2’, and TSb'2’5 (blue, dashed line). In these
structures, the fluoro substituent and the nickel metal center
are on the same side of the phenyl ring. Structures where the
fluoro substituent and the nickel metal center are on the
opposite sides of the phenyl ring (TSb12’, Sb2’, TSb2'S and
TSb’12, Sb’2, TSb'25) are higher in energy and are not shown
in this figure (see Figures SI9 for all structures). The energy
difference between these pathways is negligible. The barrier
between Sb1 and Sb2 is 2.9 kcal/mol higher in energy than the
barrier between Sb2 and SbS. The energy of Sb2 is 8.3 kcal/
mol higher than that of Sbl. As in 2-fluorobenzonitrile, the
transitions between the 5>-arene intermediates have relatively
lower energy barriers compared to TSb12 and TSb25. The
energetics of migration of the [Ni(dmpe)] fragment on the
phenyl ring of 3-fluorobenzonitrile is shown in Figure SI10.

The energetics of the C—C bond activation of 4-
fluorobenzonitrile by the [Ni(dmpe)] fragment is shown in
Figure 13. Solvent-corrected Gibbs free energies (kcal/mol)
are in THF (toluene in parenthesis) and referenced to the 7*-
nitrile complex, Scl. The C—C bond activation of 4-
fluorobenzonitrile by the [Ni(dmpe)] fragment is exothermic
by 4.5 kcal/mol in THF and 0.9 kcal/mol in toluene. Scl is
connected to Sc$ through TSc12, Sc2, and TSc2$ (black, solid
line) and TSc12’, Sc2’, and TSc2’5 (blue, solid line). The
energy difference between these pathways is negligible. The
barrier between Scl and Sc2 is 2.7 kcal/mol higher in energy
than the barrier between Sc2 and ScS. The energy of Sc2 is
10.4 kcal/mol higher than Scl. As in 2-fluorobenzonitrile and
3-fluorobenzonitrile, the transitions between the #*-arene
intermediates have relatively lower energy barriers compared
to TScl12 and TSc25 and the energetics of migration of the
[Ni(dmpe)] fragment on the phenyl ring of 4-fluorobenzoni-
trile is shown in Figure SI12.

The energetics of the C—C bond activation of 2,6-
difluorobenzonitrile by the [Ni(dmpe)] fragment is shown in
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Figure 13. Energetics of C—C bond activation of 4F-benzonitrile by
the [Ni(dmpe)] fragment relative to the #*-nitrile complex. SMD-
corrected free energies in THF (toluene in parenthesis) are in kcal/
mol. Solid black line: Scl to Sc$ through Sc2; solid blue line: Scl to
ScS through Sc2’.

Figure 14. Solvent-corrected Gibbs free energies (kcal/mol)
are in THF (toluene in parenthesis) and referenced to the 7*-
nitrile complex, Sd1. The C—C bond activation of 2,6-
difluorobenzonitrile by the [Ni(dmpe)] fragment is exother-
mic by 17.0 kcal/mol in THF and 13.4 kcal/mol in toluene.
Sd1 is connected to SdS through TSd12, Sd2, and TSd25
(black, solid line) and TSd12’, Sd2’, and TSd2’5 (blue, solid
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Figure 14. Energetics of C—C bond activation of 2,6-F,-benzonitrile
by the [Ni(dmpe)] fragment relative to the 5*-nitrile complex. SMD-
corrected free energies in THF (toluene in parenthesis) are in kcal/
mol. Solid black line: Sd1 to 8dS through Sd2; solid blue line: Sd1 to
SdS through Sd2’.
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line). The energy difference between these pathways is
negligible. The barrier between Sd1 and Sd2’ is 2.2 kcal/
mol higher in energy than the barrier between Sd2’ and SdS.
The energy of Sd2’ is 7.0 kcal/mol higher than that of Sd1.
Transitions between the n*-arene intermediates have relatively
lower energy barriers compared to TSd12 and TSd25 and the
energetics of migration of the [Ni(dmpe)] fragment on the
phenyl ring of 2,6-difluorobenzonitrile is shown in Figure SI14.
Also, the 7*-arene complex, Sd2, is lower in energy relative to
the n’nitrile complex, Sd1, than in any of the other
fluorobenzonitriles.

The energetics of the C—C bond activation of 3,5-
difluorobenzonitrile by the [Ni(dmpe)] fragment is shown in
Figure 15. Solvent-corrected Gibbs free energies (kcal/mol)
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Figure 15. Energetics of C—C bond activation of 3,5-F,-benzonitrile
by the [Ni(dmpe)] fragment relative to the 5*-nitrile complex. SMD-
corrected free energies in THF (toluene in parenthesis) are in kcal/
mol. Solid black line: Sel to Se$ through Se2; solid blue line: Sel to
Se$ through Se2’.

are in THF (toluene in parenthesis) and referenced to the 77>
nitrile complex, Sel. The C—C bond activation of 3,5-
difluorobenzonitrile by the [Ni(dmpe)] fragment is exother-
mic by 7.4 kcal/mol in THF and 3.5 kcal/mol in toluene. Sel
is connected to SeS through TSel2, Se2, and TSe25 (black,
solid line) and TSel2’, Se2’, and TSe2’5 (blue, solid line).
The energy difference between these pathways is negligible.
The barrier between Sel and Se2 is 2.9 kcal/mol higher in
energy than the barrier between Se2 and SeS. The energy of
Se2 is 8.1 kcal/mol higher than that of Sel. Transitions
between the n’-arene intermediates have relatively lower
energy barriers compared to TSel2 and TSe2S, and the
energetics of migration of the [Ni(dmpe)] fragment on the
phenyl ring of 3,5-difluorobenzonitrile is shown in Figure SI16.

The frontier molecular orbitals for the C—C bond activation
product of 2,6-difluorobenzonitrile calculated by the natural
bond orbital analysis is shown in Figure 16. The highest energy
occupied molecular orbital (HOMO) is the d 2 orbital of the
nickel metal center. The lowest energy unoccupied molecular
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Figure 16. Frontier molecular orbitals for the C—C bond activation
product of 2,6-F,-C4H,.

HOMO-1 HOMO-2

orbital (LUMO), second highest energy occupied molecular
orbital (HOMO-1), and third highest energy occupied
molecular orbital (HOMO-2) are located on the phenyl ring.
HOMO-1 and HOMO-2 are & bonding and LUMO is a #*
antibonding orbital.

The energies of the frontier molecular orbitals for the C—C
bond activation product of benzonitrile, 2-fluorobenzonitrile,
and 2,6-difluorobenzonitrile are shown in Table 9. The

Table 9. Energies (eV) of the Frontier Molecular Orbitals
for the C—C Bond Activation Products of Benzonitrile, and
2-Fluoro- and 2,6-Difluorobenzonitrile

C4H,CN 2-F-C4H,CN 2,6-F,-C4H,CN
LUMO 0.04743 0.03591 0.03047
HOMO —0.21368 —0.21643 —0.21998
HOMO-1 —0.21704 —0.22355 —0.24645
HOMO-2 —0.22940 —0.23779 —0.24684

energies of the 2,6-difluorobenzonitrile frontier molecular
orbitals are the lowest, followed by those of 2-fluorobenzoni-
trile and benzonitrile. The HOMO-1 and HOMO-2 energies
are almost the same in the C—C bond activation product of
2,6-difluorobenzonitrile. This indicates that the fluoro
substituents stabilize HOMO-1 more than HOMO-2. The
HOMO-2 is at a lower energy than HOMO-1 in the C-C
bond activation product of benzonitrile and 2-fluorobenzoni-
trile.

B CONCLUSIONS

The effect of fluoro substitution on the C—C bond activation
of benzonitrile has been studied by reacting five fluoro-
substituted benzonitriles with the [Ni(dippe)] fragment.
Relative Gibbs free energies (AG®) were obtained from the
Van't Hoft plots for the C—C bond activation of 3-fluoro- and
4-fluorobenzonitrile. X-ray single-crystal structures for the 7>
nitrile complexes and the C—CN bond activation products
were used as the starting geometries for the DFT calculations,
and reaction intermediates and TS structures on the PES were
located with the [Ni(dmpe)] fragment. The C—CN bond
activation products were found to be more stable with respect
to the corresponding #7*-nitrile complexes by —6.6 kcal/mol in
THF and —6.5 kcal/mol in toluene per o-F substituent and by
—1.8 kcal/mol in THF and —1.6 kcal/mol in toluene per m-F
substituent. This is consistent with the inductive effect of the
ortho fluorine observed for the C—H bond activation.®” Similar
to the C—C bond activation of benzonitrile,>' the C—C bond
being activated is not in the square plane of the nickel metal
center in the C—C bond activation TS, and a higher energy 7>
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arene intermediate is formed prior to C—C bond activation.
This mechanistic study can lead to further progress in the
development of synthetic methods for the construction of
fluorinated compounds.
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