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Abstract

While selective C-H and C-F activations of fluoroaromatic imines and ketones with
transition metal complexes supported by PMe; have been successfully achieved in recent
publications, insight into the molecular mechanism and energetics of those reactions is still
lacking. Focusing on three typical substrates, 2,6-difluorobenzophenone imine (A) and
2,6-difluorobenzophenone (B), and 2,4'-difluorobenzophenone (C), the present work
theoretically studied their C-H and C-F cyclometalation reactions promoted by activator
Co(PMes)s or CoMe(PMes)s. It is found that reaction A + Co(PMes)s favors the C-F
activation, reaction A + CoMe(PMejs)4 prefers the C-H activation, whereas both the C-H and
C-F activation pathways may be viable for reactions B + CoMe(PMes)s and C +
CoMe(PMes)s. The experimentally observed C-H and C-F cyclometalation products have
been rationalized by analyzing the thermodynamic and kinetic properties of two activation
pathways. From calculated results combined with the experimental observations, we believe
that three factors, i.e. the oxidation state of metal center in the activators, the anchoring group
of substrates, and substituted fluoroatom counts of aromatic ring in substrates, affect the
selectivity of C-H and C-F activations of fluoroaromatic ketones and imines. Calculated
results are enlightening to rational design of activators and substrates of fluoroaromatic

imines and ketones to obtain exclusive C-H or C-F bond activation product.

Page 2 of 27



Page 3 of 27

Organic & Biomolecular Chemistry

1. Introduction

The selective activation of C-F and C-H bonds of fluoroaromatic compounds has
attracted great attention in recent years mainly due to their potential use as starting materials
for pharmaceuticals and agrochemicals.'™ In this field, transition metal complexes are the

9-11

most widely used activators,”® some of which exclusively active C-H bonds’"" and others are

12-16

only effective at C-F bonds ~°. The activations of aryl C-F and C-H bonds ortho to a

coordinating (anchoring) group are one of the most useful avenues functionalizing aromatic

17-20

fluorocarbons in modern synthetic chemistry, ™ and a number of interesting examples have

2120 Muyrai et al.* reported ruthenium catalyzed cleavage

emerged over the past two decades.
and addition of ortho-(C-H) bonds in aromatic ketones and imines. Barrio et al.”’ researched
the selective C-H and C-F bond activations in the reactions of a hexahydride-osmium
complex with aromatic ketones. They found that the ketone substrate containing only one
aromatic ring prefer ortho-(C-H) bond activation to ortho-(C-F) bond activation while a
reverse selectivity was observed for the ketone containing two aromatic groups
(pentafluorobenzophenone), i.e. the C-F activation product was observed. Later on,
Camadanli et al®® demonstrated that the selective C-F bond activation of
pentafluorobenzophenone can be also achieved at low valence cobalt center. Yoshikai®
systemically discussed cobalt-catalyzed C-H functionalization reactions, mainly involving
alkenylation and alkylation reactions developed by his group. Recently, our group initiated a
research project focusing on the selective activation of C-F and C-H bonds of fluoroaromatic

30-32
and

ketones and imines compounds with iron, cobalt, and nickel complexes as activators
obtained a series of promising products of C-F or C-H bond activation. Scheme 1 shows a
representative example of our experimental results of the competitive C-F and C-H bond
activations, = where  three  substrates, 2,6-difluorobenzophenone  imine  (A),

2,6-difluorobenzophenone (B), and 2,4’-difluorobenzophenone (C), combine activator(s)

Co(PMes), (d°, 17 valence electrons) and/or CoMe(PMes), (d’, 18 valence electrons) into

3
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four situations: (a) A + Co(PMe3)4, (b) A + CoMe(PMes)s,(c) B + CoMe(PMes)sand (d) C +
CoMe(PMes)s. It was found that (a) and (c) afford C-F activation products 1 with yield of
56% and 3 with yield of 36%, whereas (b) and (d) deliver the C-H activation products 2 with
yield of 54% and 4 with yield of 67%.”° These results are very valuable, which show
promising methods selectively activating the C-F and C-H bonds of fluorinated aromatic

ketones and imines.

pMC;
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&
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Scheme 1. Selective C-H and C-F bond activations in the cyclometalation reactions of
2,6-difluorobenzophenone imine (A), 2,6-difluorobenzophenone (B), and
2,4'-difluorobenzophenone (C), using Co(PMe;)s or CoMe(PMes)4 as an activator, studied in

our previous work.*® The percentages below each structure is observed yields.
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Despite these exciting results, insight into the molecular mechanism which controls the
selectivity of C-F and C-H bond activations is not completely clear. To obtain a deeper
understanding of observed selectivities, we here report a systematic theoretical study for all
four reactions shown in Scheme 1. By carrying out density functional theory (DFT)
calculations, we expect to (i) show the mechanism details of reactions at the molecular level,
(i1) rationalize the experimental findings reported in our previous work, (iii) analyze the
effects of the anchoring group, substituted fluoroatom counts in the aromatic ring, and the
oxidation state of the activator on the selectivity, and (iv) provide guidance for experimenters
who are paying attention on the selective activation of C-H and C-F bonds of aromatic

fluorocarbons.

2. Computational details
All calculations were carried out using the Gaussian-03 software package® in the

framework of density functional theory (DFT). The popular B3LYP functional’**’

was
chosen due to its good performance for describing cobalt-containing organometallic

systems.*® Co atom was represented by the effective core potentials (ECPs) of Hay and Wadt

with double-& valence basis sets (LanL2DZ).**! The standard 6-31G (d, p) basis set was

used for all other atoms. Full geometry optimizations were conducted without constraint, and
vibrational frequency calculations were also carried out to verify all optimized structures as
minima (zero imaginary frequencies) or first-order saddle points (one imaginary frequency)
and to provide free energies at 298.15 K, which include entropic contributions by taking into
account the vibrations, rotations, and translations of the structures. Transition states located

42,43 .
** calculations to

were checked by performing the intrinsic reaction coordinate (IRC)
confirm that each of them actually connects the desired reactant and product.

In the present work, our calculations have considered different spin states of each

5
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species of both the Co(0) and Co(I) systems. They are doublet and quartet states for situation
(a) in Scheme 1, and the singlet and triplet states for situations (b), (c), and (d) in Scheme 1.
In the following figures, only the structures involved in the energetically most favorable
pathways were drawn out schematically for simplification.

To calibrate the quality of calculations in the present work, we compare calculated
geometrical parameters of products 1, 3 and 4 in Scheme 1 with corresponding X-ray
diffraction values.’® As shown in Table 1, theoretical geometrical parameters are in good
agreement with experimental values, and the relative errors are in general smaller than 5%
with an exception. These results make us confident about the reliability and accuracy of the

level of theory used in the present work.

3. Results and discussion

3.1 Substrates

Four reactions shown in Scheme 1 involve three isoelectronic substrates (A, B, and C) with
planar geometries. Substrate A involves the imine anchoring group and has two distinct
conformers, labeled as the cis and trans, depending on the imine H atom close or far away
from the ortho-substituted F atom (Scheme 2). The cis conformer was found to be 1.8 kcal
mol” more stable than the trans one owning to its intramolecular hydrogen bonding.
However, the calculated barrier for the transformation from the cis to trans is as high as 26.7
kcal mol™, implying that the cis-trans transformation may be difficult under thermal reaction
conditions. Thus we believe that the cis conformer is preponderant. In the following

calculations of relative energies, the energy of A always involves the cis conformer.
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Scheme 2. Relative energies of cis- and trans-conformers of 2,6-difluorobenzophenone imine
(A) and the barrier involved in the transformation from the cis to trans. Energies are in kcal

-1
mol .

Substrates B and C have carbonyl as an anchoring group with different position of fluorine
substitute. All these three substrates have both the C-F and C-H bonds ortho to the anchoring
group (amine for A and carbonyl for B and C), allowing us compare their respective C-H
versus C-F activation in the cyclometalation reaction with Co(PMes)s or CoMe(PMe;)a.
However, it should be noted that 2,4'-difluorobenzophenone have two different
configurations (C and C’, Scheme 3) which can change into each other via rotation about the
C-CO bond, and only configuration C is relevant to the ortho C-F activation. Configuration
C' is calculated to be the more stable by 1.2 kcal mol” than C, indicating it is the

preponderant configuration.

C (1.2 C' (0.0)

Scheme 3. Two different configurations (C and C') of 2,4'-difluorobenzophenone resulted
from rotation about the C-CO bond. The values in parentheses are calculated relative

energies.
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3.2 Reaction of 2,6-difluorobenzophenone imine (A) with Co(PMej3),4

The previous experiment30 showed that treatment of A with Co(PMes)s affords the
ortho-(C-F) bond activation product 1 with yield of 56%. To understand the observed
selectivity of C-F bond activation, we performed calculations for this reaction along both
ortho-(C-F) and ortho-(C-H) activation pathways. It is found that the lowest energy pathways
involving both the C-F and C-H activation pathways occur on the doublet potential surface.
Fig. 1 shows calculated free energy profiles, and Fig. 2 gives optimized geometries of
intermediates (*I*-*VI?, the right superscript a means situation (a) in Scheme 1 and the left
superscript 2 denotes the spin multiplicity. Similar expressions apply to all following
symbols), and transition states (TS1?-TS3%).

Initially, along with the C-H activation pathway, c-coordination of the nitrogen atom in
cis-A to Co(0) center of the activator with dissociation of a PMe; group from the metal center
gives intermediate 2I?, which is exothermic by 13.2 kcal mol”. Then, a new complex “II*is
obtained by dissociating a second PMes; group. Dissociation of these two PMe; groups is
necessary to relieve steric hindrance and provide vacant site to the coming substrate. *IT*
appears to be a direct precursor of C-H bond addition. The present calculations located a
three-center transition state corresponding to C-H addition, *TS1?, which lies below the
isolated reactants (A + Co(PMes),) by 0.6 kcal mol” and above “I* by 12.6 kcal mol™. The
forwards product from *TS1* corresponds to C-H addition product *III*, a 17-electron Co
complex, which is more stable by 3.1 kcal mol” than the isolated reactants. However, it
should be noted that *ITI* is less stable by 10.1 kcal mol™ than ’I*, and moreover, the barrier
(12.6 kcal mol™) from 2IT* to *IIT* is much higher than that of the reverse process from *ITI*
to 2I* (12.6 vs 2.5 keal mol™). In this sense, even if *ITI* can be formed, it would immediately
return to “IT* and then “I*. In other words, the C-H cyclometalation product may be not

formed due to its high instability in energy.
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We now explore the C-F bond activation pathway. To activate the ortho-(C-F) bond, “I*
must be converted to another o complex “IV?, where the substrate moiety is in the trans
configuration. 2IV*is calculated to be less favorable in energy by 1.1 kcal mol™ than *I* due
to loss of the intramolecular C-F---H hydrogen bond. This process proceeds via transition
state “TS2* with a barrier of 14.4 kcal mol™, which is significantly lower than the barrier
(26.7 kcal mol™, Scheme 2) for the transformation from the cis to trans without the assistance
of the activator. Next, the dissociation of a second PMe; group from the mental center results
in 2V*. Subsequently, the C-F oxidative addition to the Co center occurs via *TS3* with a
barrier of 11.6 kcal mol™” to form C-F cyclometalation intermediate “VI®, which can be
further converted to the experimentally observed final product, 1 in Scheme 1 by losing
F,PMe; presumably through a bimolecular mechanism.”® The released energy for the
transformation from *I* to *VI* is calculated to be 21.6 kcal mol”, which is enough for
compensating the energy required to break the C-F bond. So the huge thermodynamic
stability of VI* makes the reaction proceeds along the C-F bond activation pathway, which is

in good agreement with the experimental observation™’.

3.3 Reaction of 2,6-difluorobenzophenone imine (A) with CoMe(PMe;)4

As shown in situation (b) in Scheme 1, C-H cyclometalation product 2 was observed with
yield of 54% when CoMe(PMes)s was used as an activator. This is in contrast with situation
(a) discussed above which used Co(PMes), as the activator and leaded to C-F cyclometalation
product 1. This fact clearly indicates that the oxidation state of Co center in the activator
plays an intrinsic role for the selective activation of ortho C-F and C-H bonds. To understand
the molecular mechanism, we carried out calculations along both C-H and C-F activation
pathways on both the singlet and doublet surfaces. It was found that the most favorable C-H
and C-F activation pathways occur on the singlet and doublet surfaces, respectively. Fig. 3

gives calculated free energy profiles and Fig. 4 shows optimized geometries of intermediates

9
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and transition states involved.

Similar to situation (a) discussed above, the reaction initiates via coordination of CiS-A to
Co(I) center to successively form o-complexe *I°, 'II” and 11 with dissociation of one and
two PMes groups. As shown Fig. 3, the formations of 'II” and *II" are exothermic by 19.0 and
37.8 kcal mol™, respectively. Along the C-H bond activation pathway on the singlet surface,
1" is converted to the final product 2 via two elementary steps: the oxidation addition of
C-H bond followed by the reductive elimination of CH4. The former proceeds via transition
state 'TS1” to form "M, a methyl hydrido complex of Co(Ill), and the latter occurs via
'TS2" to lead to 'IV®, which then associates a PMes group to form the final product 2, a
18-electron complex. The overall barrier for the C-H activation is calculated to be 14.7 kcal
mol”, and the whole reaction is exothermic by 38.9 kcal mol™.

Alternatively, along the C-F bond activation pathway on the triplet surface, *II” must first
be converted into *V® via *TS3" with a barrier of 28.0 kcal mol™, and subsequently the Co(I)
center in *V® inserts into the ortho—(C-F) bond with a barrier of 12.9 kcal mol™, leading to
C-F cyclometalation intermediate *VI”. However, it is found that the ground state of VI” is in
its singlet state and to lie below the reactants by 42.0 kcal mol™. So we conjecture that there
is a spin-crossover transition from *VI” to 'VI” along the C-F activation pathway.

Obviously, the transformation from *II” to *V" is the rate-determining step of the C-F
activation pathway, and its barrier (28.0 kcal mol™) is too high to be overcome at room
temperature. As a consequence, the reaction preferably proceeds along the C-H activation
pathway, leading to the experimentally observed C-H cyclometalation product 2.

We now compare situations (a) and (b) shown in Scheme 1, which use the same substrate
(A) and similar but different activators (Co(PMes)s and CoMe(PMes)s, respectively). For
situation (a) (Fig. 1) the selective activation of C-F bond can be understood according to the
huge difference of thermodynamic stability of C-F and C-H cyclometalation complexes, VI

and 2III?, (-34.8 vs -3.1 kcal mol™). In distinct contrast, the selectivity pattern in situation (b)

10
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(Fig. 3) is inverted and the C-H activation product is obtained. This fact is attributed to both
the high barrier involved along the C-F activation pathway, and the high stability of 2
(18-electron complex) in comparison with its analogue IIT* (17-electron complex) in Fig. 1.
From above discussion, it is clear that the oxidation state of Co center plays a intrinsically
important role for the selective ortho C-F and C-H activations of fluoroaromatic imines: Co(0)

promotes the C-F activation while Co(I) favors the C-H bond activation.

3.4 Reaction of 2,6-difluorobenzophenone (B) with CoMe(PMejs),4

Our attention now turns to situation (c) in Scheme 1, the reaction of B with CoMe(PMe3)s.
Fig. 5 shows calculated free energy profiles on the singlet and triplet surfaces for the C-H and
C-F bond activations, and Fig. 6 gives optimized geometries of stationary points on the
potential energy surface. Initially, B coordinates to the Co(I) center via its carbonyl O atom to
form the o-complex *I° (exothermic by 18.3 kcal mol™) with departure of a PMe; ligand. *I¢
then evolves into IIIIC, a less stable common precursor of C-H activation, or into 3'II“', a more
stable precursor of C-F activation via dissociation of a second PMe; group from the metal
center.

For the C-H bond activation, the calculated mechanism is very similar to that in situation
(b): the reaction proceeds via two elementary steps, the C-H bond oxidation addition
followed by the reductive elimination of CH,, leading to the C-H cyclometalation product.
The whole reaction is exothermic by 42.3 kcal mol™ with an overall barrier of 17.1 kcal mol™
(the energy difference between '"TS3 and I°). Alternatively, along the C-F bond activation
pathway, *TI may immediately evolve to the stable C-F activation product *3 via *TS1¢ with
a barrier of 18.1 kcal mol!. Similar to the reaction of CoMe(PMes)s with A discussed above,
there is a spin-crossover transition from *3 to '3 at the exit of reaction to obtain the most
stable ground state product.

Both the C-H and C-F activations involve low and comparative barriers as well as high

11
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reaction heats. So from an energetic point of view, it seems that both the C-H and C-F
activation pathways are viable at room temperature. This can explain the low yield (36%) of
the C-F activation product (3 in Scheme 1) observed in the experiment.’® In other words,
when the imine group in substrate is replaced by the iso-electronic carbonyl, the selectivity of
the reaction becomes lower. The imine group that forms an intramolecular hydrogen bond
with the ortho C-F bond (Scheme 2) and hence impedes the C-F bond activation and favors
the C-H bond activation. Therefore, the imine group is the better anchoring group than the

keto group, which agrees with the experimental finding.*

3.5. Reaction of 2,4'-difluorobenzophenone (C) with CoMe(PMe3),

For situation (d) in Scheme 1, the reaction of 2,4'-difluorobenzophenone with CoMe(PMes)a,
the calculated results along the energetically most favorable pathways are given in Figs. 7 and
8. Substrate C is a structural isomer of B, which contains two mono-fluorinated aromatic ring.
The mechanism obtained from the present calculations is similar to the reaction of
2,6-difluorobenzophenone (situation (c) in Scheme 1.). The C-H and C-F activations proceed
on the singlet and triplet surfaces, respectively. The calculated barriers and reaction energies
are 13.2 and 33.2 kcal mol™ for the former, and 13.7 and 40.3 kcal mol™ for the latter. Two
pathways involve low and comparative barriers and reaction heats. Therefore, both the C-H
and C-F activation pathways are viable at room temperature. This result seems not to be
consistent with the experimentally reported C-H activation product (4 in Scheme 1) with
yield of 67%.

However, it should be noted that there exist two equivalent configurations for
2,4'-difluorobenzophenone, as shown by C and C’ in Scheme 3. These two configurations can
interconvert into each other through rotation of the C-CO bond at room temperature.
Configuration C', which is energetically more favorable than C by 1.2 kcal mol™, is the

preponderant configuration. In C’, there are two ortho hydrogen atoms (H1 and H2) around
12
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the anchoring group. Thus the reaction of 2,4'-difluorobenzophenone actually involves three
possible pathways: C-F activation and C-H1 and C-H2 activations. In this sense, the
probability of C-H activation is much larger than that of C-F activation. So the experiment
observed the C-H activation product (4 in Scheme 1), which corresponds to C-H1 activation.
Our calculations show that the barrier along the C-H1 activation pathway is lower by 2.0 kcal
mol™ than that of the C-H2 activation pathway. Compared to situation (c) in Scheme 1, it is
clear that reducing substituted fluoroatom counts in the phenyl ring make the ortho C-F bond
activation more difficult. In particular, the absence of F atom at C6 position in

2,4'-difluorobenzophenone reduces the C-F activation possibility.

4. Conclusive remarks

In conclusion, detailed DFT calculations have been carried on the C-H and C-F
cyclometalation reactions of three typical substrates of fluoroaromatic imines and ketones, A,
B, and C promoted by activator Co(PMes)s or CoMe(PMes)s. Substrate A involving imine
anchoring group evolves into the C-F activation product as using the zero-valence cobalt
activator, but into the C-H activation product as using one-valence cobalt activator. In
contrast, for substrates B and C involving keto anchoring group, as combined with the
one-valence cobalt activator, both the C-H and C-F activations seem to be viable from the
present calculations, which is in good agreement that the experimental finding that imine
group is the better anchoring group than the keto group. Our calculations confirm that the
oxidation state of metal center in the activator and the anchoring group in substrates
intrinsically influence the selectivity of C-H and C-F bonds of fluoroaromatic ketones and
imines. The theoretical data are enlightening to rational design of activators and substrates of

fluoroaromatic imines and ketones toward the “targeted” C-H or C-F bond activation.
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Table 1. Calculated and experimental bond distances (in A) of C-H and C-F

cyclometalation products.”

bond rca|cb _rexptc_ Ard Are

9 /J“ Col-N1 1940 1885 0.055 2.8%

)
- - IIPl

2 ? SN, Col-P2 2263 2190 0073 32%

! ol

f ' Cl < dC

ed #

~HCT IR Col-P3 2250 2.200  0.050 2.2%
> »
=@ n Col-P4 2301 2.216 0.085 3.7%
- “
Cl1-Col 1963 1.936  0.027 1.4%
1
C7-N1__ 1321 1.336  0.015 1.1%
Col-C7 1.928 1.895 0.033 1.7%
Col-F2 1.852 1.932  0.080 4.1%
Col-O1 2.114 2.021 0.093 4.4%
Col-P1 2265 2.212  0.053 2.3%
Col-P2 2408 2.214 0.194 8.1%
3

Col-C42 1963 1.995 0.032 1.6%

O1-C1 1252 1.247  0.005 0.4%

P3-Col 2240 2.189  0.051 2.3%

P2-Col 2322 2227  0.095 4.1%

P1-Col 2230 2.184 0.046 2.1%

Col-O1 2.000 1905 0.095 4.8%

Col-C1 1936 1.921 0.015 0.8%

*The hydrogen atoms in each structure have been omitted for clarity, and distances are

given in A °calculated values. ‘experimental values. “absolute errors. ®relative errors.
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Fig. 1 Calculated free energy profiles on the doublet potential energy surface for the reaction of 2,6-difluorobenzophenone imine (A)

with Co(PMes)4 along both the ortho C-F activation pathway (red line) and the ortho C-H activation pathway(black line).
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Fig. 2 Optimized structures with crucial geometrical parameters (in A) for all schematic
structures involved in Fig. 1. The methyl groups on phosphorous atoms have been omitted for

clarity, and bond distances are given in A.
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Fig. 3 Calculated free energy profiles for the reaction of CoMe(PMes)s with 2,6-difluorobenzophenone imine (A) along both the ortho
C-F activation pathway (red line) on the triplet surface and the ortho C-H activation pathway (black line) on the singlet surface. The

symbol # denotes the spin-crossover transition from the triplet surface to the singlet surface.
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b

Fig. 4 Optimized structures with crucial geometrical parameters (in A) for all schematic
structures involved in Fig. 3. The methyl groups on phosphorous atoms have been omitted for

clarity, and bond distances are given in A.
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Fig. 5 Calculated free energy profiles for the reaction of CoMe(PMes), with 2,6-difluorobenzophenone (B) along both the ortho C-F
activation pathway (red line) and the ortho C-H activation pathway (black line). The symbol # denotes the spin-crossover transition

from the triplet surface to the singlet surface.
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3y 3 TSI

Fig. 6 Optimized structures with crucial geometrical parameters (in A) for all schematic
structures involved in Fig. 5. The methyl groups on phosphorous atoms have been omitted for

clarity, and bond distances are given in A.

24



Page 25 of 27

Organic & Biomolecular Chemistry

=10

-20

Relative energy (kcal/mol)

-30 -

-40 -

Fig. 7 Calculated free energy profiles for the reaction of CoMe(PMes)4 with 2,4'-difluorobenzophenone (C) along both the ortho C-F

activation pathway (red line) and the ortho C-H activation pathway (black line). The symbol # denotes the spin-crossover transition

from the triplet surface to the singlet surface.
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Fig. 8 Optimized structures with crucial geometrical parameters (in A) for all schematic
structures involved in Fig. 7. The methyl groups on phosphorous atoms have been omitted for

clarity, and bond distances are given in A
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The selective C-H and C-F activations of fluoroaromatic imines and ketones by cobalt

complexes have been rationalized well by performing DFT calculations.
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