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ABSTRACT

C-radical borylation is an significant approach for the construction of carbon-boron bond.
Photochemical borylation of aryl halides successfully applied this strategy. However, precise
mechanisms, such as the generation of aryl radicals and the role of base additive(TMDAM) and water,
remain controversy in these reactions. In this study, photochemical borylation of aryl halides has been
researched by density functional theory (DFT) calculations. Indeed, the homolytic cleavage of the C-X
bond under irradiation with UV-light is a key step for generation of aryl radicals. Nevertheless, the
generation of aryl radicals may also undergo the process of single electron transfer and the heterolytic

carbon-halogen bond cleavage sequence, and the latter is favorable during the reaction.

1. Introduction

Aryl boronic acid and its derivatives have been
widely used in synthesis applications of
chemical™?, pharmaceutical®* and material®®..
Therefore, methods that can efficiently,
economically and environmentally synthesize
aryl borate, especially functional aryl borate, is
urgently needed by researchers.

In the past, the synthesis of alkyl or aryl
boronic esters can be obtained by reaction
between metal organic reagents (Li, Mg) and
boron reagents.’**! but these reactions are far
from being ideal. Then, the borylation with
transition metals (Ni, Cu, Zn, Pd) as a catalyst has
been an effective methods to convert C-X bonds
into C-B bonds.** ! Recently, a direct C—H bond
borylation method based on transition metal
catalysts (Ru, Rh, Ir) has also been developed.™*
9 |n addition, a complementary method has also
been developed, which is achieved through C-
radical borylation.?® These type of reactions
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uses diboron reagents such as B,(pin),, B,(cat),
and B,(neop), as boron reagents. All these
compounds can interact with Lewis bases or free
radical intermediates due to owning two empty
p(B) orbitals which is the basis for the successful
C-radical borylation. The methods can obtain the
corresponding boronic acid derivatives from
various readily available chemical raw materials
under relatively mild reaction conditions.
However, all these methods suffer some
drawbacks such as limited functional group
tolerance, higher costs, or the necessity of
rigorous anhydrous conditions. On the other
hand, with the increasing awareness of
sustainable development in synthetic chemistry,
photochemical borylation was turned to be an
ideal enabling technology.?™ In 2016, Li and
coworkers reported a novel and efficient
photolytic borylation reaction of aryl iodide and
bromide by using light as a clean reagent.???*
This photochemical borylation of aryl halides and
bromide using B,(pin), and a Lewis-basic
activator TMDAM (N,N,N’,N’-tetramethyl-
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diaminomethane) in aqueous solution at low

temperatures (Figure 1).
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Figure 1. Summary of borylation reaction of aryl
iodide/bromide induced by UV- light.

From the reaction results, this metal-free
reaction features very mild conditions, short
reaction times, generally high yields and broad
functional group tolerance. It is complementary
to the existing C-B bond formation methods.
There are several important experimental details
of this work. (i) Initially, a solution of 4-
iodoanisole and diboron in acetonitrile was
irradiated with a 300 W high pressure mercury
lamp (maximum at 365 nm) for 4 hours. The
desired aryl-B(pin) product was formed in 29%
yield. In the absence of light, no conversion was
observed. It is no doubt that UV-light plays an
important role in this reaction; (ii) Adding water
and acetone as co-solvents was beneficial and
increased the yield to 46% which suggests that
water may be involved in reaction; (iii)
Experiments shows that an organic base,
TMDAM, could futher improve the yield to 58%.
(iv) Using two equivalents of B,(pin), improved
the yield to 72%; (v) A series of controlled
experiments shows that when TEMPO was
added as a radical scavenger, the conversion was
low. Furthermore, a hydrogen atom donor,
BusSnH, increased the conversion but led to
anisole as the major product. It indicates that
this reaction proceeds in the form of free radical
reaction, and aryl radical is an important
intermediate.

However, the mechanism of photochemical
borylation of aryl halides remains elusive. In
order to gain insight into the reaction
mechanism, and particularly to probe the role of
water, additives (TMDAM) and light,
computational efforts are made to study the
mechanism of this photochemical borylation
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reaction by using density functional theory (DFT)
methods.

2. Computational Methods

The quantum chemical calculations were carried
out employing Gaussian 09 program package®!.
The structures, including the reactants,
intermediates, transition states (TS), and
corresponding products in the research system
were calculated using the B3LYP™® functional
with the 6-31G(d) (for C, H, O, N, B) basis set and
SDD™”! (for I) basis set to perform full geometry
optimization. Calculations throughout this paper
were performed on the full structures of the
reported compounds, rather than their
truncated models. For all the optimized
geometries, the frequency analysis calculations
were carried out at the same level to
characterize the stationary points to be minima
(no imaginary frequency) or transition states
(only one imaginary frequency). An intrinsic
reaction coordinate (IRC)*® calculation was
performed to identify transition state uniquely
connecting the reactant to product. In addition,
the solvent effects were considered in the
acetonitrile solvent by using the SMD model?®3%
to mimic the experiment condition. On the basis
of the optimized structures, the solvent-
corrected free energies were obtained adopting
the B3LYP functional with the D3 version of
Grimme’s dispersion®®**3*), coupled with the 6-
311++G(d, p) (for C, H, O, N, B) basis set and SDD
(for 1) basis set. The Gibbs free energy changes
(AG®) and corrected Gibbs activation energies
(AG®*) (kcal/mol at 298 K) were used to discuss
the photochemical borylation reaction.

3. Results and Discussion

The controlled experiments showed that the aryl
radical is an important intermediate in the
reaction process. A preliminary mechanism was
proposed by Li et al to disclose some mechanistic
information in this radical borylation process
triggered by ultraviolet light (Figure 2).
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Figure 2. Reaction mechanism proposed by Li et al.

They proposed two possible pathways for
the formation of aryl radical by taking
iodobenzene as an example. In path A,
iodobenzene is excited from ground state to
excited state when exposed to UV light, and then,
aryl radical and iodine atom can be obtained
through homolytic cleavage of C—I bond. In path
B, single electron transfer (SET) process can
occur between iodobenzene and TMDAM, and
give radical anion Int-1 and radical cation Int-2.
The resulting Int-1 generates aryl radical and
iodine atom through heterolytic cleavage of C-I
bond. Moreover, they thought TMDAM can
activate a water molecule and further interact
with B,(pin), to form the sp3-sp® diboron species
Int-3 under aqueous conditions. Int-3 can react
with aryl radical to generate the target product
PhBpin and radical anion Int-4. Then iodine atom
or Int-2 can react with the resulting Int-4 through
SET process to afford HOBpin as a byproduct. In
order to investigate the mechanism of this

interesting transformation, we verified path
A and B by theoretical calculation at first.
The results are shown below.

3.1 Possible reaction pathways of the
generation of aryl radical at the stage of
photoinitiation.

As a radical reaction induced by UV-light, the
possible reactions in the photoinitiation stage
should be determined first. Therefore, we use
DFT methods to explore the feasibility of paths A
and B proposed by Li et al.

For path A, the computed results showed
that the excitation energy of iodobenzene from
the ground state to the triplet excited state by
absorbing energy provided from UV-light (55.8
kcal/mol, Figure 3a). After then, homolytic
cleavage of C-I bond in excited State [Ph-I]* to
generate aryl radical and iodine atom have a AG°
value of 0.1 kcal/mol. This shows that this
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=20/ — wile/ TMDAM
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f
-
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Figure 3. Possible reaction pathways of Ph-I| at the stage of photoinitiation.
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process can proceed under UV-light. In addition,
Heterolytic cleavage of C-lI bond was also
considered and the AG® value is 2.4 kcal/mol for
singlet (23.3 kcal/mol for triplet) (Figure S1)
which is higher than homolytic cleavage.

For path B, Based on the Marcus electron
transfer theory®®3’! the calculated activation
barrier of SET® step between iodobenzene and
TMDAM is 43.5 kcal/mol, Phl facilitate the
oxidation of TMDAM to deliver TMDAM *(Int-2).
Specifically, the SET step have a AG° value of 39.6
kcal/mol results in radical anion Int-1 and radical
cation Int-2, which illustrates that this process
hardly occurs at room temperature.
Comparatively, it can be concluded that aryl
radical is more likely to be generated via
homolysis of C-I resulting from photoexcitation.
However, it is worth noting that heterolytic
cleavage of C—l bond in Int-1 is easy to occur. This
process can generate aryl radical and iodine
atom with a AG®* value of 1.6 kcal/mol and a AG®
value of -4.5 kcal/mol. So there is a possibility
that the suitable electron donor will allow path B
to occur.

In next section, the aryl radical borylation to
produce the arylboron compound was explored
by starting from borane reagent B,(pin)..

TMDAM TMDAM

¥
v %

feaf

B3 (pin), z(P'n)z
(a)

Figure 4. Coordination modes of B,(pin), with
TMDAM/TMDAM+H,0.

It is well established that Lewis bases can
coordinate with By(pin), in which boron atom
has vacant p orbital to provide corresponding
sp*-sp? diboron adducts. Here, organic base
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TMDAM can interact with B;(pin), directly due to
Lewis basicity of nitrogen atom (Figure 4a).
Alternatively, experiments showed that water is
beneficial for borylation with higher yield, and
thus H,O could be a bridge to connect diboron
B,(pin), and TMDAM (Figure 4b), based on the
Lewis properties of By(pin),, TMDAM and H,0.

3.2 Interaction of TMDAM/TMDAM+H;0 with
B;(pin), followed by introduction of aryl radical.

As shown in Figure 5, direct mode (a) that
TMDAM interact with B,(pin), was taken into
consideration. This interaction process has a
AG® value of 15.5 kcal/mol by transition state
TS2, which gives complex Int-5 with a AG® value
of 13.1 kcal/mol. For the indirect mode (b), the
formation of complex Int-6 has a AG’* value of
17.1 kcal/mol and a AG° value of 15.6 kcal/mol,
which is higher than that of complex Int-5 in
absence of water. Due to the donor-acceptor
interaction between N® in TMDAM and B®" in
B,(pin),, one H-O bond in water molecule is
polarized and further heterolysis affording
cation Int-7 and anion Int-3 as proposed by Li et
al., and this heterolysis process is slightly
endothermic by 2.9 kcal/mol. To afford the
borylation compound PhBpin, the following
reaction of complex Int-5 or Int-6 with the
resulting aryl radical under UV-light irradiation
was investigated.

Starting from Int-5, the aryl radical attacks
the sp*-B of Int-5 to afford PhBpin along with a
radical intermediate Int-8. This step has a AG®
value of 10.7 kcal/mol and a AG® value of -25.5
kcal/mol. For complex Int-6, as mentioned above,
an easy heterolysis can afford anion Int-3 along
with cation Int-7. Therefore, two possible
reactions with aryl radical were considered. One
is that aryl radical attacks the sp’>-B in Int-6 by
climbing a AG’* value of 10.4 kcal/mol, leading to
radical anion Int-9 along with intermediate Int-7
and HOBpin. The AG° value of this process is -
61.3 kcal/mol. Alternatively, heterolysis product
Int-3 reacts with aryl radical to afford Int-9 along
with HOBpin, and this step has a AG’* value of
10.2 kcal/mol and a AG® value of -64.4 kcal/mol.
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Figure 5. Possible reaction pathways of B,(pin); at the photoinitiation stage (bond distance A in blue ).

anion Int-9 can be further
oxidized by resulting iodine atom or substrate

iodobenzene via a SET process to form target
product PhBpin (SET®, SETC, Figure S2 in Sl), and
the activition energy barrie is 16.1 kcal/mol and
1.9 kcal/mol, respectively.
Comparatively, for the possible reaction of
diboron adducts with potential aryl radical to
generate PhBpin, the pathway starting from Int-
5 seems to be more favorable, because the AG®*
value is 23.8 kcal/mol which is lower than those
of pathways starting from Int-6 and Int-3 (25.8

kcal/mol and 28.7 kcal/mol). However, the role
of water on the higher yield cannot be explained.
Therefore, more reliable pathways need to be
investigated.
Aryl radical and iodine atom can trigger a
chain transfer and cause more molecules to
participate in the reaction. Therefore,
beyond the formation of diboron adduct
followed by reaction with aryl radical, we
considered that B,(pin), may trap aryl radical or
lodine atom generating boryl radical and then

[38-43]

reacts with TMDAM/TMDAM + H,0.
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Figure 6. Trapping of aryl radical with B,(pin), (bond distance A in blue, spin density in red).
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3.3 Trapping of aryl radical with By(pin),.

As shown in Figure 6, aryl radical can
simultaneously attack two sp’B atoms in
B,(pin), by a three-membered transition state
TS7 in which the distance of C-B is 2.7 A and
bond length of B-B (1.71 A) change hardly,
leading to an intermediate Int-10 in which
formation of C-B bond (1.61 A) and elongation
of B-B bond (to 1.89 A).

Subsequently, cleavage of weak B—B bond
occurs in Int-10 leading to borylation product
PhBpin along with boryl radical Int-11. This
process has a lower AG®t value of 2.1 kcal/mol
and a AG° value of -14.5 kcal/mol. Moreover, a
detailed spin density distribution for the
transition states (TS7 and TS8) and intermediate
Int-10 further described the electronic process of
C-B formation and B—B cleavage. As shown in
Figure 6, the spin density of C decrease by 0.87
(in TS7)—0.06 (in Int-10) — 0.02 (in TS8), and
simultaneously spin density of B-B undergoes
0.02-0.02 (in TS7) — 0.42-0.11 (in Int-10) —
0.73-0.04 (in TS8).

2 2
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(0.06, 0.37, 0.28) "mgggm ey (0.0, 0.0, 0.91)
(0.08, 0.14, 0.62) R S R R R
-833.95 —
15 2.0 25 3.0 35 40 45

B-l distance scan
Figure 7. Variation tendency of energy and spin
density (B1, B2, 1) along the distance (in A) of B1
—I bond.

On the other hand, iodine atom reacts with
B>(pin), to form complex Int-12 with exothermic
by 2.1 kcal/mol. Int-12 can be converted to IBpin
and Boryl radical Int-11 (Figure 6). For the
process of Int-12 — Int-11 + IBpin, the transition
state is in absence according to geometric and
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electronic structures optimized by flexible scan
skill. As displayed in Figure 7, the changes on
geometry and spin density of B1, B2, and | atoms
illustrates that Int-12 decomposes into Int-11
and IBpin endothermically by 14.1 kcal/mol.

Boryl radical Int-11 is the key intermediate
for the next catalytic cycle. However, Int-11 can
be eliminated by coupling with iodine atom
leading to IBpin, which can inhibit the chain
transfer and terminate the reaction. The
reaction between iodine atom and the boryl
radical can give IBpin exothermically by 76.9
kcal/mol (Figure 8). Therefore, for a sustained
borylation, continuous UV-light is necessary to
active substrate iodobenzene to generate
borylation product PhBpin along with boryl
radical Int-11. However, experiment showed
using two equivalents of B,(pin), could improve
the yield of borylation product. It suggests that
lodine atom can be trapped by excess B,(pin), at
the photoinitiation. By contrast, the resulting
lodine atom should be consumed by B,(pin), at
the initial step rather than be trapped by boryl
radical Int-11, the former is benefit for the free
radical reactions.

3.4 Boryl radical Int-11 interact with TMIDAM
/TMDAM + H,O0.

Int-11 can interact with TMDAM /TMDAM + H,0
to generate an electron donor (with an single
electron). The single electron can be transferred
to the substrate iodobenzene generating radical
anion Int-1. Int-1 can be converted to aryl radical
easily (Figure 3, TS1, 1.6 kcal/mol).

Int-11 interact with TVUIDAM.

For this step, Int-11 interacts with TMDAM to
afford complex Int-8 with AG® value of -12.4
kcal/mol. The required AG®* value for this step is
8.2 kcal/mol (Figure 8). Then, Int-8 can facilitate
the reduction of iodobenzene to deliver [Ph-1]""
(Int-1) and oxidized species Int-14 with AG® value
of -40.6 kcal/mol. Based on Marcus electron
transfer theory, the activation energy barrier of
this SET step (SET*) was calculated to be 25.3

WWW.CHEMISTRYVIEWS.ORG ChemistryViews®
ke



N\ inw
{ | | Il |,
(9-'?-' ‘ll-lE |ST RY WWW.Q-CHEM.ORG FULL PAPER
AG398k
kcal/mol
CH,NMe, J* @_I
MezN'z'a%.Bpin " ’1,%?
- NHMe, CH,NMe, Y- 'geri
TMDAM  TS9 . \
H,0 6.3 CH;NMe, Me,N—B(pin)
2 . i ,
TMDAM\‘ ——:\!:'_-65 ~~~~~~~~~~~~~ Int-7 Int-8 . .
i TS9a By o124
—_—is - R ST ——4 N_,  CHaNMe,
o CH,NMe Int-13 129" \ |
Bpin 22 SN Me,N"—B(pi
Int-11 Me,N;ZiH I8 CH,NMe, Int4 ezlm_14(pun)
=% "0---B(pin Me,N—H1.54 HO—-B(pin)
\ H1.57 109" "0 —B(pin) \
\ H o~ \ :
\\ N '
\\\ /—*\\ B
R SET? 1-53.0
: \V\\\ \ Int-1
N\ HOBpin \
\
\ \ -78.6 -
N ——
\ Int-1 "’4
\ N -83.2
=y
N\ -91.4 @
— M
IBpin _

Figure 8. Generation of aryl radicals through SET process (bond distance A in blue ).

kcal/mol. Considering the slightly higher energy
barrier and the promoting effect of water on this
reaction, we thus investigated the pathway
involved with water molecule.

Int-11 interact with TMDAM and H,O.

When H,O participates in this procedure, an
intermediate Int-13 in which H-O distance is 1.54
A can be afforded with a AG®* value of 8.0
kcal/mol. Int-13 further decompose into Int-4
and Int-7 with a AG® value of -12.9 kcal/mol. The
following SET? process between Int-4 and Phl
leading to Int-1 and HOBpin. This process is
feasible with a AG® value of -65.7 kcal/mol, and
we believe this SET? step is no barrier.

To specify this no barrier SET® process, we
evaluated the energy profile by optimizing the
complex Int-3:--Phl as shown in Figure 9. The
energy curve accompanied by C-1 distance (from
2.16 to 3.16) and spin density of I, C and B (from
0.51, 0.19, 0.24 to 0.0, 0.83, 0.07) suggest that
this SET? step is a process of decreasing energy.
This shows that the presence of water is
beneficial to SET process. So the presence of
water is favorable for the reaction, which is
consistent with the experimental result.

Subsequently, heterolytic cleavage of C-I
bond in Int-1 generates Aryl radical along with |
exothermically by 4.6 kcal/mol. Therefore, a
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cyclic chain transfer is formed and the free
energy barrier for determining step is only 8.0
kcal/mol.
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Figure 9. Variation tendency of energy and spin
density (B, C, 1) in SET? process.

4. Conclusions

Our computational studies suggest that the
photochemical borylation of aryl halides could
proceed as a cyclic radical chain transfer and the
mechanism involves single electron transfer
process. That is, initially aryl radical can be
generated along with iodine atom by UV
irradiation of iodobenzene. The following
circular process consists of four steps. (i) By(pin)
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traps aryl radical to afford the target product
along with boryl radical Int-11, and another one
B,(pin), traps lodine radical. (ii) Interaction
among Int-11, TMDAM and H,0 gives an electron
donor intermediate Int-4. (iii) The single electron
transfer process occurs between Int-4 and Phl to
generate radical anion Int-1 along with by-
product HOBpin. (iv) Heterolytic cleavage of C-I
bond in Int-1 leads to aryl radical which can
activate substrate B(pin), directly. In this
circular case, it is favorable to generate aryl
radical through the cycle.
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