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Abstract: Diazo compounds have been largely used as
carbene precursors for carbene transfer reactions in a variety
of functionalization reactions. However, the ease of carbene
generation from the corresponding diazo compounds de-
pends upon the electron donating/withdrawing substituents
either side of the diazo functionality. These groups strongly
impact the ease of N, release. Recently,
tris(pentafluorophenyl)borane [B(C¢Fs);] has been shown to
be an alternative transition metal-free catalyst for carbene
transfer reactions. Herein, a density functional theory (DFT)
study on the generation of carbene species from a-aryl o-

diazocarbonyl compounds using catalytic amounts of B(C4Fs);
is reported. The significant finding is that the efficiency of the
catalyst depends directly on the nature of the substituents on
both the aryl ring and the carbonyl group of the substrate. In
some cases, the boron catalyst has negligible effect on the
ease of the carbene formation, while in other cases there is a
dramatic reduction in the activation energy of the reaction.
This direct dependence is not commonly observed in catalysis
and this finding opens the way for intelligent design of this
and other similar catalytic reactions.

J

Introduction

Diazo compounds have been extensively used as carbene
precursors and have been employed as reagents for a range of
functionalization reactions of organic molecules." The use of a
precious transition metal catalyst is typically required for the
generation of a metal carbenoid species.”? However, metal-free
approaches towards carbene generation are highly desirable for
drug discovery where trace amounts of metal impurities in the
target molecules can cause an issue.”’ Recent studies have
demonstrated that boranes can be used as an alternative to
several transition metal catalysts to activate diazo compounds.””
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In this regard, borane catalyzed carbene transfer has been
employed for a range of reactions such as C—H,”’ N-H,”® 0-H"
insertion, C—C functionalization,” carbocycle formation,*** and
ring opening reactions.® The efficacy of borane catalysts for
carbene transfer reactions has raised our curiosity towards
interpreting the mechanism for diazo-activation. Many of the
reports to date have included theoretical studies in which the
mechanism for the borane catalyzed carbene transfer reaction
has been proposed.”'® However, to date, the reactivity pattern
between the Lewis acidic boranes and different donor-acceptor
diazo compounds has not yet been established. Theoretical
calculations can provide a clear understanding on the stabilities
and reactivities of diazo compounds, and their ease of carbene
formation.""” With B(C4Fs),, initial DFT studies by Stephan et al.
demonstrated an interaction between the Lewis acidic borane
and diphenyldiazomethane? which led to the formation of a
reactive diazo-borane adduct. Decomposition of the Ph,CN,-B-
(C4Fs); adduct subsequently led to the formation of a proposed
carbene-borane adduct [Ph,C-B(CgFs);], which is exergonic by
about 53 kcal/mol. In 2017, Wu et al. executed a theoretical
calculation to rationalize the mode of activation of a-aryl a-
diazocarbonyls using catalytic amounts of a Lewis acidic
borane.”

DFT calculations showed that B(C4F;); can bind with the o-
aryl a-diazocarbonyl compound in three possible ways; as a
B—N adduct, a B—C adduct, or through B—O adduct formation.
The results showed that boron preferred to bind to the carbonyl
functionality, promoting N, release (Scheme 1). The resulting
carbene is generated as the B—O adduct, exists as a conjugated
system enhancing the electrophilic character of the carbene
carbon due to the electron-withdrawing effect of B(C4Fs)s.
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Scheme 1. General mechanism for B(Ar");-catalyzed carbene transfer reac-
tion.

However, the formation of the B—O adduct, barrier to N, release,
and the electrophilicity of the carbene center can also be
directly influenced by the substituents attached to the either
side of the aryl ring or carbonyl functionality. Indeed, in our
previous studies, we have observed differing rates of reactivity
when using different diazo compounds.®*

Therefore, we decided to undertake a DFT study at the
SMD/M06-2X/def2-TZVP//SMD/M06-2X/6-31G(d) level of theory
in dichloromethane (see Supporting Information) to establish
the energy barriers for B(C4Fs);-catalyzed carbene formation
from the corresponding a-aryl a-diazocarbonyl compounds
when varying the electronic effects on the diazo compound.
The primary focus of this research is on the specific influence of
substituents on diazo substrates on catalyst efficiency, rather

than on the mechanism of the reaction, which has already been
established.®*'”

Results and Discussion

We began our investigations with an examination of how
readily a free carbene can be generated from an a-aryl a-
diazocarbonyl precursor in the absence of the boron Lewis acid
catalyst (Scheme 2a). Different R substitutions on the aryl ring
were introduced when R'=OMe and their influence on the
generation of a free carbene was calculated (Table 1). As shown
in Table 1, the reaction free energy for carbene formation (AG;)
was found to be highly dependent upon the electronic nature
of the R group. An upward shift in the AG, value was observed
going from electron donating groups (NMe,, NH,, OMe, and Me;
Table 1; entries 1-4) to electron withdrawing groups (CF;, CN,
NO,; Table 1; entries 8-10).

The same trend was observed with the activation barrier for
the reaction (AG*,) which increased when moving from
electron donating groups (NMe,: 26.7 kcal/mol) to electron
withdrawing groups (NO,: 35.1 kcal/mol). These results indicate
that the stability of the formed carbene determines the
activation barrier for the reaction. Thus, more stabilized
carbenes are formed through a lower energy transition
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Scheme 2. a) Carbene generation without using B(C¢Fs);; b) Carbene generation in presence of B(C¢Fs);; and ¢) Generic representation for carbene formation
and the free energies associated with each step using catalytic B(C4Fs)s.
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Table 1. Calculated free energies for the uncatalyzed and B(C¢Fs); catalyzed carbene formation from a-aryl a-diazocarbonyl with different R groups. Free
energies are given in kcal/mol. The distance (r*_c?) and WBI for the C*~C° bond in 1a (Scheme 2a). The B—O bond distance (r;—) in 1a-B(C¢Fs);. Hammett
o, values for different R groups
push pu” Ca . ce
OMe y @ OMe \
"3/ o O
B(CeFs)s “ B(CeFs)s Cst)s
( 6Fs)s
1 1eB(C4F5)3 1aeB(C4Fs5)3 1a'eB(C¢Fs)3 1a"eB(CgFs)3
Entry R AG*, AG, ré—c" [A] o, WBI AG*, AG, o AAG*, =AG*,—AG*, AAG, =AG,—AG,
c-c [A]
Uncatalyzed B(C4F5); catalyzed Catalyst efficiency™

1 NMe, 26.7 —0.1 1.388 —-0.83 1.460 154 —13.8 1.516 11.3 13.7
2 NH, 26.8 0.3 1.389 —0.66 1.457 16.5 -11.9 1.517 10.3 12.2
3 OMe 29.1 6.6 1.403 -0.27 1.369 211 -1.9 1.519 8.0 8.5
4 Me 30.7 11.2 1.415 —-0.17 1.310 25.1 59 1.539 5.6 53
5 F 311 11.3 1.415 0.06 1.305 26.3 6.1 1.529 4.8 5.2
6 H 32.0 13.1 1.421 0.0 1.282 259 6.5 1.533 6.1 6.6
7 Cl 321 13.8 1.421 0.23 1.277 27.7 9.8 1.546 44 4.0
8 CF; 33.0 16.1 1.430 0.54 1.243 30.5 14.2 1.542 25 1.9
9 CN 34.6 183 1.432 0.66 1.233 32.2 149 1.548 24 34
10 NO, 35.1 19.1 1.435 0.78 1.219 343 16.7 1.551 0.8 24
[X] Ability of the catalyst to reduce the activation free energies. The large values for AAG",/AAG; indicate a high efficiency of the catalyst while the small
values indicate a low efficiency of the catalyst; All the o,values for different R groups reported in the Table 1 were taken from the literature report (C.
Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165-195).

structure. Consistent with Hammond’s postulate,'® the more
thermodynamically favorable the carbene formation, the lower
the barrier to the N, release. This finding is supported by the
strong correlation between AG*, and AG, with an R? (the
squared correlation coefficient) value of 0.99 (Figure 1a). The
stability of the formed carbene 1a bearing an electron donating
group (NMe,/NH,/OMe) is a result of the m-donation from the
aromatic ring to the empty p orbital on the C° atom and is
enhanced by increasing the contribution of resonance structure
1a’ (Scheme 2a).

The degree of this stabilization can be ascertained through
analysis of the C°~C° bond lengths in 1a, with shorter bond
lengths indicative of increased stabilization of the carbene. This
was supported by a strong correlation between the C°*~C® bond
length in 1a and the Gibbs free energy for carbene formation
(AG,) (Table 1, Figure 1b). Shorter bond distances are observed
when R is a m-donating group, implying that the m-bond
character between the C* and C® atoms is increased, and hence
structure 1a’ has a greater contribution (Scheme 2a) This is
reiterated by the Wiberg bond indices (WBI) analysis," which
showed the largest WBI value for R=NMe, (1.460) and the
smallest for R=NO, (1.219, Table 1).

The importance of the electronic nature of the R group with
respect to the carbene stabilization is evidenced by the direct
correlation between the Hammett o, value and the activation
barrier to N, release (AG™,) (Figure 1c).

We next turned our attention to understand the effect of
the B(C4Fs); catalyst on the activation energy for N, release from
the a-aryl a-diazocarbonyl compound (Scheme 2b). The binding
of the Lewis acidic borane to the carbonyl functionality (O—B
adduct) facilitates this process both kinetically and thermody-
namically (Table 1).¥ However, this facilitating effect is primar-
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ily dependent on the identity of the R group. The magnitude of
AAG*, determines the extent of this effect on the kinetic
property (Table 1); AAG™, is the difference in the activation
energies between the uncatalyzed and catalyzed reactions, i.e.,
AG™,-AG*,. Accordingly, the maximum effect is found for the
systems bearing an electron-donating R group and the
minimum effect for the systems where the R group is highly
electron withdrawing. This means that the nature of the R
group influences the efficiency of the catalyst. For example, for
R=NMe, with AAG*,=11.3 kcal/mol (Table 1, entry 1), the
activation barrier (AG*,) for the catalyzed N, release is
calculated to be 15.4 kcal/mol, whereas the uncatalyzed reac-
tion using the same functional group requires an activation
energy of 26.7 kcal/mol (AG™,). No significant energy difference
was observed for electron-withdrawing substituents such as the
NO, functionality; here, AAG*; was found to be only 0.8 kcal/
mol (Table 1, entry 10). These findings are consistent with our
previous experimental study,"” in which we clearly demon-
strated that the diazo compound bearing a strong electron-
withdrawing substituent (CF;) required a strong Lewis acidic
borane® and high temperature to generate the corresponding
carbene intermediate.

Our DFT studies disclosed the same trend for AAG, which
reveals the difference between the free energies of the
uncatalyzed and catalyzed reactions (AG;-AG,, Table 1, Sche-
me 2¢c). The magnitude of AAG, indicates how strongly the
borane catalyst binds to the carbene species (1a). Our results
showed that the diazo compounds bearing a strongly electron
donating R group exhibit strong coordination between the
borane catalyst and the formed carbene. Likewise, a weak
coordination is observed for diazo compounds bearing electron
withdrawing R groups. For example, when R=NMe,, AAG; is

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Correlation plots for uncatalyzed carbene formation. a) AG™, versus
AG;; b) AG, versus r—", and ¢) AG*, versus a,,

found to be 13.7 kcal/mol, but when R is NO,, AAG, is only
2.4 kcal/mol (Table 1). Interestingly, we found a strong positive
correlation between AAG, and AAG™, with R?=0.95 (Fig-
ure 2a). This strong correlation indicates that the strength of
the O-B bond in carbene 1a-B(CiFs5); governs catalyst
efficiency; the more electron donating the R group, the stronger
the borane coordination to the carbene, the greater the AAG™,
value, and the more efficient the catalyst. This finding can serve
as a guideline for determining how to alter the R group in a
diazo compound in order to maximize catalyst efficiency.'®

In line with the above discussion, an electron donating R
group is expected to increase the contribution of the resonance
structure 1a’-B(CFs); (Table 1) which increases the electron
density on the C° atom. The borane bonded to the carbonyl
group in 1a-B(C¢Fs); receives some of this electron density by
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involving resonance structure 1a”-B(C¢Fs);. Owing to the
existence of a kind of push-pull interaction in 1a-B(C4Fs),
(Table 1), the contribution of these two resonance structures is
expected to be increased by increasing the electron donating
ability of the R group. An increase in the contribution of these
two resonance structures raises the m-bond character between
the C* and C° atoms and between the C* and C° atoms while
decreasing the m-bond character between the C° and O atoms.
This claim is supported by the WBI analysis for 1a and
1a-B(CsFs5); with R=NO, and NMe, (Figure 2b). Accordingly,
1a-B(CsFs); with R=NMe, has the highest WBI values for the
C*—CP and C°—C* bonds and the lowest one for the C*~O bond,
supporting the m-bond character argument.

An increase in the contribution of these two resonance
structures causes the boron catalyst to bind more strongly to
the carbene, corroborated by the shortening of the B—O bond
distance in 1a-B(C¢Fs); upon moving from R=NO, to NMe,
(Table 1).

Figure 2c shows a plot with strong correlation between AG,
and AG™, (R*=0.98). This means that regardless of whether the
borane is involved in the N, release process, the thermody-
namic favourability of carbene formation influences its activa-
tion barrier."” The formula in Figure 2d, which is based on the
strong correlation between the Hammett o, value and AG™,,
will allow researchers to estimate the barrier to N, release from
a specific a-diazo-carbonyl compound using the o, value.

Next, attention was turned to investigating the effect of
changing the R’ substituent on the N, release process while
keeping R=H (Table 2). Our calculations revealed that in the
absence of the boron-catalyst, changing R’ plays no significant
role in the ease of the N, release process compared to changing
R. This can be attributed to the inability of this group to
stabilize the formed carbene. Specifically, the activation free
energy (AG";) for N, release occurs over a very narrow range of
~30-32 kcal/mol for all R" groups. The same is true for the
reaction energy (AG;, Table 2, Scheme 2a).

Finally, attention was turned towards the influence of R" on
the ease of the N, release process in the presence of the boron-
catalyst, while keeping R=H (Table 2, Scheme 2b, AG, and
AG®,). Interestingly, in this case, the electronic nature of R’ has
a profound impact on the N, release process, with R’
substituents lacking a lone pair (R=Me, H and Ph) favoring this
process.

Again, we discovered that the activation barrier to the N,
liberation can be determined by how strongly the borane binds
to the carbene in 1a-B(C4F)s. A plot between AAG, and AAGT,
was found to be a straight line with R?=0.96 (Figure 3a) where
AAG,=AG;—AG, and AAG™,=AG";—AG", (Scheme 2¢).

This result once again demonstrates that the stronger the
borane coordination to the formed carbene, the lower the
activation barrier to N, liberation, the greater the efficiency of
the catalyst.

The resonance contributor 1a”-B(CFs); (Table 2) is favored
when R'=Me, H, Ph, whereas lone pair bearing donor R’ groups,
such as OMe, OH, and F, significantly reduce this contribution.
Indeed, the presence of a lone pair on R" does not allow the
carbene lone pair to effectively interact with the carbonyl

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. Correlation plots for B(C4Fs); catalyzed carbene formation. a) AAG, versus AAG™,; b) WBI for 1a and 1a-B(C4Fs); with R=NMe, and NO,; c) AG™,

versus AG,, and d) AG™, versus .

(rg0) in Ta-B(C4Fs)s .

Table 2. Calculated free energies for uncatalyzed carbene formation with different R' groups, free energy difference between B(C¢F;); catalyzed and
uncatalyzed carbene formation, and free energy values for B(C4Fs); catalyzed carbene formation. Free energies are given in kcal/mol. The B—O bond distance

e—— O -
W 0.©
o B(CoFs) “B(CoFs)s
B(CeFs)3
1 1eB(CqFs)3 1aeB(CqF5)3 1a'eB(CeFs)3 1a"eB(CsFs)3
Entry R AG*, AG, AG, AG, roo [A] AAG*,—AG*-AG*, AAG, = AG-AG,
Uncatalyzed B(C4F5); catalyzed Catalyst efficiency®
1 Me 304 104 9.5 —6.4 1.509 20.9 16.8
2 H 31.3 134 10.5 —6.8 1.512 20.8 20.2
3 Ph 31.2 9.3 114 —6.1 1.518 19.8 15.4
4 OMe 320 13.1 259 6.5 1.533 6.1 6.6
5 OH 30.6 12.1 26.1 7.8 1.534 4.5 4.3
6 F 30.1 11.1 27.3 9.0 1.543 2.8 2.1

values indicate a low efficiency of the catalyst.

[a] Ability of the catalyst to reduce the activation free energies. The large values for AAG*,/AAG, indicate a high efficiency of the catalyst while the small

functional group, resulting in the contribution of 1a”-B(C¢Fs),
being decreased.

The above assumption is supported by a comparison of the
WBI values for 1a-B(C4F;); with R=H and F (Figure 3b). The WBI
for the bond between the C° and C° atoms is greater for R'=H
than for R'=F, whereas WBI values between the C® and O° atoms
has the opposite order. This indicates that, for R=H, the s-bond

Chem. Eur. J. 2022, 28, €202104376 (5 of 7)

character between the C° and C° atoms is greater, while a
reverse order is observed for the bond between the C° and O°
atoms. This analysis demonstrates a greater contribution of
1a”-B(C4Fs); for the carbene with R'=H. The greater contribu-
tion of 1a”-B(C4Fs); leads to a stronger coordination of the
borane to carbene, evidenced by a shorter B-O bond distance
for the carbene with R=Me, H and Ph (Table 2). We also found

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. B(C4Fs); catalyzed correlation plots for carbene formation with
different R’ groups. a) AAG™, versus AAG,, and b) WBI for 1a-B(C4Fs); with
R=H and F.

an excellent correlation between the AG, and AG*, with R*=
0.99, reconfirming the strong relationship between the stability
of the formed carbene and the ease of N, liberation (Fig-
ure 52)."®

Conclusion

In conclusion, we have demonstrated computationally the
influence of different substituents on the aryl ring and carbonyl
functionality of a-aryl a-diazocarbonyls towards the formation
of carbene species in the presence and absence of a B(C4Fs);
catalyst. We have several important findings, which are detailed
below. Based on these DFT calculations, we conclude that there
is a strong correlation between the activation barrier to the N,
liberation and the reaction free energy of the carbene
formation. In general, the more stable the carbene generated,
the lower the activation barrier to the process. In the absence
of any Lewis acidic borane catalyst, a change in the electronic
nature of the R group attached to the aryl ring has a
considerable impact upon the ease of the N, release, whilst the
identity of the R group is unimportant. The activation barrier is
reduced as the mt-donor ability of the R group is enhanced. This
is because the carbene becomes more stable as the m-donor
ability of the R group increases. The most important finding
from this study is that when the borane catalyst is present, both
the R and R’ substituents have a direct influence on the stability
of the carbene and, as a result, on the efficiency of the catalyst.
The catalyst efficiency is determined by how strongly the
borane is bonded to the formed carbene and we found that it
is the greatest if the R group is a strong m-donor and the R’
group is a weak m-donor. In other words, the nature of the
diazo substrate affects the catalyst efficiency. In short, the
stronger the coordination of the borane to the generated
carbene, the more thermodynamically favorable is the carbene

Chem. Eur. J. 2022, 28, €202104376 (6 of 7)

formation, the lower the activation barrier to the N, liberation,
and the more efficient the catalyst. These computational
calculations will aid the further exploration of B(C.Fs); as a
catalyst for carbene transfer reactions and will help to under-
stand both the reactivity of diazo substrates with other
nucleophiles as well as the relative rates of reaction.

Experimental Section

Gaussian 16" was used to fully optimize all the structures at the
M06-2X level® of theory using the SMD solvation model®" in
dichloromethane. The 6-31G(d) basis set?? was chosen for all
atoms. Frequency calculations were carried out at the same level of
theory as those for the structural optimization. Transition structures
were located using the Berny algorithm and intrinsic reaction
coordinate (IRC) calculations® were employed to confirm the
connectivity between transition structures and minima.

To further refine the energies obtained from the SMD/M06-2X/6-
31G(d) calculations, single-point energy calculations using the M06-
2X functional method were carried out for all of the structures with
a larger basis set def2-TZVP*? and the SMD solvation model in
dichloromethane. All thermodynamic data were calculated in the
standard state (298.15 K and 1 atm). An additional correction for
compression of 1 mol of an ideal gas from 1atm to the 1M
solution phase standard state (1.89 kcal/mol) was applied.”™ Wiberg
Bond Index (WBI) calculations were determined by the NBO6
program.”®
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