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Abstract

An environmentally friendly approach was applied to the palladium-catalyzed halogenation of
aromatic C—H bonds by N-halosuccinimide. Neat grinding and liquid-assisted grinding of the
Pd(OAC). precatalyst in the presence of p-toluenesulfonic acid in a ball mill led to the in situ
formation of active palladium species that catalyzed the halogenation of azobenzene. Detailed
insight into the mechanism of this process was obtained by in situ Raman monitoring, which
revealed the nature of the catalytically active Pd" species and intermediates and confirmed the
crucial role of p-toluenesulfonic acid and acetonitrile as additives in the catalytic halogenation
of azobenzene. By quantum-chemical (DFT) modelling of bromination of cyclopalladated
azobenzene three reaction mechanisms were characterized: oxidative addition followed by
reductive elimination, with neutral or protonated N-bromosuccinimide (NBS), and electrophilic
cleavage with neutral NBS. All three mechanisms seem to be operative, with relative
participation depending on the reaction conditions. Two mechanistic features were recognized
in the oxidative addition of bromine to palladium atom: the biradical singlet character in the
transition state realized with neutral NBS as the active species, and the barrierless migration of
Br* with protonated NBS.
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Introduction

Direct and selective replacement of inert carbon-hydrogen (C-H) bonds in arenes by
carbon-halogen (C—X) bonds is of general and immense importance in organic synthesis.*
Halogenated arenes are not only the target products but also the precursors in various organic
transformations leading to further functionalization of organic compounds.? These
transformations include the nucleophilic aromatic substitution reactions,® the formation of
organometallic reagents,* and the metal-catalyzed cross-coupling reactions resulting in new
carbon—carbon or carbon-heteroatom bonds.®

In the last two decades, ligand-directed transition-metal-catalyzed conversion of inert
C—H bonds to C-X bonds or other functional groups has emerged as a superior approach® to
traditional multi-step strategies.” Among the many transition metal catalysts useful for C—H
bond functionalization, palladium compounds are most commonly used for such conversions.®
However, Pd-catalysis still relies largely on solvent-based protocols, which often require
hazardous solvents, high temperatures, and long reaction times.®

Alternatively, the development of solid-state synthesis,® particularly by ball milling,®
offers a solvent-free and environmentally friendly approach to the preparation of various classes
of compounds.®*3 In addition, ball milling reactions do not require soluble reactants, can have
higher product yields and shorter reaction times than the corresponding solvent-based
protocols, and may have improved reactivity and selectivity.13

The discovery of Pd(OAc)2-mediated mechanochemical activation of aromatic C—H
bonds in 2014 led to the first examples of ligand-directed transition-metal-catalyzed C—H
bond functionalization under the ball milling conditions.’?*® Further development and
application of solid-state synthesis methods for the catalytic functionalization of C—H bonds
clearly requires a mechanistic understanding of these transformations.

Herein we investigate the mechanochemical Pd'"-catalyzed selective halogenation of
azobenzene (L) by N-halosuccinimide (NXS) under environmentally benign conditions using
in situ time-resolved Raman spectroscopy®® and DFT calculations to understand the processes
that occur during the replacement of the inert C—H bond with a C—X bond. Raman monitoring
of these reactions in the presence of varied amounts of Pd(OAc)2, p-toluenesulfonic acid
(TsOH), and acetonitrile (MeCN) as solid and liquid additives, respectively, provided detailed
insight into the reaction dynamics and the nature of the catalytically active palladium species
and intermediates, most of which were isolated and structurally characterized.

The reaction profiles clearly showed that the halogenation of L proceeds via the
monomeric cyclopalladated intermediate when MeCN is present or via the dimeric intermediate
when MeCN is not present in the reaction mixture. Based on higher yields and faster reactions,
the route via the monomeric intermediate was more efficient. Both reaction routes require the
presence of TsOH, which is involved in the formation of the active Pd'"-catalyst and in the
activation of NXS.



Three reaction mechanisms for bromination of cyclopalladated azobenzene were
identified and examined by quantum-chemical (DFT) modelling. The first proceeds in two
steps, oxidative addition of bromine to palladium atom and reductive elimination by 1,2-shift
of bromine to the carbon atom. With electroneutral species, N-bromosuccinimide (NBS) or
hydrogen bond complex NBS---p-TsOH, as the bromine sources, the oxidative addition must be
preceded by entrance of NBS into Pd-coordination shell by replacement of another ligand (e.g.
a solvent molecule). A different mechanism was determined with protonated NBS (NBSH™), in
which Br* migrates to palladium directly from free NBSH?. This transfer is spontaneous, and a
small barrier is present only in the subsequent elimination step. In the third mechanism, bromine
migrates directly from free NBS (or from NBS---p-TsOH) to the activated carbon atom, with
only remote assistance of the palladium atom. A distinct feature of the oxidative addition step
with electroneutral species is the singlet biradical character of the transition state. All three
mechanisms could be operative, with their participation depending on the reaction conditions,
e.g. the presence of p-TsOH.



Results and discussion

To optimize the reaction conditions and to gain insight into the halogenation mechanism, we
chose the bromination of L by N-bromosuccinimide (NBS) as a model reaction.

Optimization of reaction conditions.

First, we carried out the reaction of L and NBS in a ball mill with 5 mol% of different Pd"
catalysts without additives (Table 1, entries 2-5). The expected monobrominated product
LBr-1 (Scheme in Table 1) was not detected or was obtained in low yield. No reactivity was
observed in the absence of the Pd'" catalyst (Table 1, entry 1).

Since the addition of various Brensted acids has been demonstrated as essential for
many palladium-catalyzed C—H functionalization reactions,'®!” we tested the effect of TsOH,
amidosulphonic acid (ASA), sulphanilic acid (SA) or camphorsulphonic acid (CSA) on the
bromination of L. The presence of 0.5 equiv. of these acids led to a significant improvement in
LBr-1 yield (Table 1, entries 6-9), which increased to 59% for CSA and TsOH. Among these
two acids, we chose TsOH to further optimize the reaction conditions. When the amount of
TsOH was either increased to 1 equiv. or decreased to 0.25 equiv., the yield of LBr-1 was lower
(Table 1, entries 10 and 11).

Next, we explored the effect of liquid additives with different acid-base properties and
proticities (acetonitrile (MeCN), H-0, acetic acid (AcOH), N,N-dimethylformamide (DMF)),
(Table 1, entries 12-16) on the bromination of L in the presence of TsOH and Pd(OAc).. MeCN
was identified as the best liquid additive in combination with 0.5 equiv. of TSOH and 5 mol%
of Pd(OAC)2. Thus, after milling the reaction mixture for 2 and 3 h, the LBr-1 was formed in
68% and 79% yields, respectively (Table 1, entries 12 and 16).

We then retested other common Pd'" catalysts under these optimized conditions. When
Pd(MeCN)a(BF4)2 was used instead of Pd(OAc)., almost no change in LBr-1 yield was
observed (Table 1, entry 17). On the contrary, LBr-1 was formed in only 23% and 20% yields
after replacing Pd(OAc). with PdCI, and PdCl2(MeCN)q, respectively (Table 1, entries 18 and
19). Between Pd(MeCN)4(BF4)2 and Pd(OACc)2, we chose Pd(OAc). to further optimize the
reaction conditions because it is more stable towards air and moisture. Thus, after 4 h of milling
of L and NBS, using 5 mol% of Pd(OAc)., with TsOH and MeCN as additives the yield
increased to 83% (Table 1, entry 20). Longer milling of this mixture resulted in a slightly lower
yield (Table 1, entry 21). Lower yields were also observed when the amount of Pd(OAc). was
increased to 10 mol% or decreased to 2.5 mol% (Table 1, entries 22 and 23).



Table 1 Optimization of reaction conditions?

Pd" source (5 mol%)
H NBS (1.2 equiv.) Br

@,H ball milling, 30 Hz @/"
L LBr

Entry Pd" source Solid Liquid Time Yield

additive additive (h) (%)
1 none none none 2 0
2 Pd(OAC); none none 2 4
3 PdCl, none none 2 0
4 PdCIz(MeCN); none none 2 0
5 Pd(MeCN)4(BFs)2 none none 2 4
6 Pd(OAC), TsOH none 2 59
7 Pd(OAC): ASA none 2 31
8 Pd(OAC), SA none 2 33
9 Pd(OAC), CSA none 2 59
10 Pd(OAc). TsOHP none 2 46
11 Pd(OAC), TsOH° none 2 49
12 Pd(OAC): TsOH MeCN 2 68
13 Pd(OAC). TsOH H.O 2 54
14 Pd(OAC): TsOH AcOH 2 58
15 Pd(OAC), TsOH DMF 2 58
16 Pd(OAC), TsOH MeCN 3 79
17 Pd(MeCN)4(BF4). TsOH MeCN 3 78
18 PdCl; TsOH MeCN 3 23
19 PdCIz(MeCN). TsOH MeCN 3 20
20 Pd(OAc), TsOH MeCN 4 83
21 Pd(OAC), TsOH MeCN 6 78
22 Pd(OAc),? TsOH MeCN 4 74
23 Pd(OAC),* TsOH MeCN 4 56

4Reaction conditions: 14 mL polymethyl methacrylate (PMMA) jar, mixer mill, one nickel
bound tungsten carbide milling ball (7 mm in diameter, 3.9 g), 30 Hz, L (0.50 mmol), Pd
catalyst (5 mol%), NBS (0.60 mmol), SiO2 (250 mg). "TsOH (0.5 mmol). °TsOH (0.125 mmol).
dPd(OAC)2 (10 mol%). ®Pd(OAC): (2.5 mol%). 'Determined by *H NMR spectroscopy using
1,4-dinitrobenzene as the internal standard.



Using the optimal parameters for the bromination of L, we further investigated the
chlorination and iodination of L with N-chlorosuccinimide (NCS) and N-iodosuccinimide
(NIS), respectively. The synthesis protocols involved milling the mixture of L:NXS:TsOH
(1:1.2:0.5 equiv.), 5 mol% of the Pd(OAC)2 precatalyst, and 15 pL of MeCN as a liquid additive.
Unfortunately, the reaction of L with NCS gave no chlorinated product, while the reaction with
NIS gave a mixture of mono- and diiodinated products at the ortho positions of one or both
phenyl rings (LI-1 and LI-11, see Section 2.2. in ESI). After milling the reaction mixture for
4 h, LI-1 was obtained in 38% yield and LI-11 in 43% vyield. These results clearly indicate that
NBS is the most effective halogen source for the selective Pd'"-catalyzed halogenation of the
aromatic C—H bond in azobenzene.

Compared to the analogous reactions in MeCN reported by Tian and Ma,® the
halogenation of azobenzene by ball milling significantly shortened reaction times, provided a
more environmentally friendly synthetic method with an E-factor®® more than four times lower,
and resulted in comparable yields.

Mechanistic study

Based on the optimization results and the previously established beneficial effect of TSOH and
MeCN on the Pd"-catalyzed functionalization reactions,'®'’ we hypothesized that Pd(OAc):
was only a precatalyst in the reactions we studied and that the catalytically active species was
actually Pd(OTs)2(MeCN). formed in situ. To test this hypothesis, we prepared
Pd(OTs)2(MeCN). by liquid-assisted grinding (LAG) and solvent-based®® reactions from
Pd(OACc)2, TsOH and MeCN and tested it as a catalyst for the bromination of L with NBS.
Indeed, Pd(OTs)2(MeCN). proved to be an efficient catalyst for this reaction (Table S1). The
molecular structure of Pd(OTs)2(MeCN)2, resolved by PXRD analysis, reveals a trans
configuration and the coordination by the oxygen atoms of the two tosylate ligands to the Pd"
center (Fig. 1 and S31).

Pd(OTs),(MeCN), i 12 13 14

Fig. 1 Molecular structures of Pd(OTs)2(MeCN); catalyst and palladacycles 11, 12, 13,2 and 14.



To probe the possibility that bromination of L occurs via palladacycles resulting from
C—H bond activation of L, we prepared tosylate palladacycles that could be intermediates in
this reaction. First, we performed a series of ball-milling reactions between L and
Pd(OTs)2(MeCN)2 or a mixture of Pd(OAc)2 and TsOH with or without the addition of MeCN.
Depending on the presence or absence of MeCN, the reactions led to the monomeric 11 and
dimeric 12 palladacycles, whose structure was solved by PXRD (Fig. 1 and S32 and S33).

Apart from 11 and 12, the acetate and succinimidate palladacycles 13 and 14 (Fig. 1) can
also occur as intermediates or side products in the catalytic bromination of L. Therefore, the
known acetate dimer® 13 was prepared by direct C—H bond activation of L with Pd(OAc) in
DMF vapor, while the succinimidate palladacycle 14 was prepared by substitution of the
acetates in 13 with succinimide in a ball mill according to the recently reported method.*? The
molecular structure of the new palladacycle 14, resolved by single crystal X-ray diffraction,
confirmed that 14 is a dimer with two monocyclopalladated azobenzene moieties bonded by
two bridging succinimidate ligands (Fig. 1 and S34 and S35). The succinimidate complex 14 is
structurally similar to the dimeric palladacycles with tosylate- and acetate-bridging ligands, 12
and 13, respectively (Fig. 1).

Bromination of L.

The mechanism of Pd"-catalyzed bromination of L was studied in the solid state by in situ
Raman spectroscopy, in particular to establish whether the palladacyclic compounds 11-14 are
formed during the reaction. Bromination of L was carried out with 30 or 40 mol% of Pd(OACc):
or Pd(OTs)2(MeCN)2 and 0.5 equiv. of TsOH under LAG conditions with 15 pL. of MeCN.

Since the possible intermediates 11-14 have different Raman spectra, we expected that
in situ Raman monitoring would reveal which of them is the intermediate in this reaction.
Indeed, the presence of 11 as one of the intermediates was confirmed by the appearance of its
v(N=N) band at about 1395 cm™ after 15 min of milling (Fig. 2 and Fig. S25 and S28).
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Fig. 2 In situ observation of 11 during the time-resolved Raman monitoring of LAG of L
(0.50 mmol) with NBS (0.6 mmol), TsOH (0.25 mmol), Pd(OAc)2 (40 mol%.) and MeCN

(15 pL).



To our knowledge, this is the first in situ observation of the palladacyclic intermediate
during a solid-state halogenation reaction. Raman monitoring revealed stepwise reaction
dynamics, starting with the formation of 11, followed by its conversion to LBr-I. (Fig. 2 and
S6-S9). The decrease in the intensity of the band at 1395 cm™ was accompanied by the increase
in the intensity of the bands at 1476, 1451, 1422 and 1185, 1151, 1116 cm™* assigned to the
stretching vibrations of the N=N and C—N bonds of LBr-I, respectively. At the same time, an
additional band of low intensity was observed at 1382 cm™ with the temporal profile of LBr-
I. This band was attributed to the stretching vibration of the N=N bond of 14, as supported by
the Raman spectrum of isolated 14, which is possibly formed by the side reaction of
succinimidates released during the bromination of L by NBS (Fig. S27 and S28). The
concentrations of intermediates 11 and 14 were too low in all reactions to be reliably quantified
in the reaction profiles (Fig. 2 and S6-S9). The presence of palladacyclic intermediates could
not be detected in the Raman spectra when the amount of Pd" catalyst was less than 30 mol%,
due to the low intensity of the characteristic 11 bands compared to the Raman bands of the
reactant and product. Analogous bromination reactions of L with 30 or 40 mol% of Pd(OAc):
under neat grinding (NG) conditions (without MeCN) also gave LBr-I, which could only be
confirmed by NMR spectroscopy. The strong fluorescence of the expected dimeric intermediate
prevented a more detailed insight into the reactions by Raman spectroscopy. (Fig. S10).

Moreover, we found that all prepared palladacycles 11-14 catalyzed the bromination of
L, which supports their possible participation in the catalytic cycle.% These reactions were
carried out with 5 mol% of 11 or 2.5 mol% of dimeric palladacycles (12, 13, and 14) as catalysts,
L (1 equiv.), NBS (1.2 equiv.), TsOH (0.5 equiv.), and MeCN (15 pL) (Fig. 3c and S12-S16).
The reaction profiles showed that the conversion rates of L to LBr-1 in the presence of 11-14
as catalysts were comparable to those of the analogous reactions using Pd(OAc). or
Pd(OTs)2(MeCN):2 as (pre)catalysts (Fig. 3 and S12-S16).

To gain further support for the relevance of palladacycles in the bromination of L, we
subjected 11-14 to the NG reactions with 1.2 equiv. (for the monomeric species) and 2.4 equiv.
(for the dimeric species) of NBS. In the case of 11 and 12, the NMR spectra of the crude reaction
mixtures after 30 min of milling contained the signals of both LBr-I and the starting
palladacycle, in a molar ratio of about 1:1, and there were no further changes in the NMR
spectra with prolonged reaction time (Figs S2 and S3). The addition of 1 equiv. of L to the
reactions of 11 and 12 with NBS resulted in a complete conversion of 11 to LBr-1 after 1 h of
milling, as confirmed by the NMR spectrum of the crude reaction mixture. Ex situ NMR
monitoring of the NG reactions of 13 and 14 with 2.4 equiv. of NBS revealed complete
conversion of the initial palladacycles to LBr-1 after 3 and 20 h of milling, respectively
(Fig. S4 and S5). These results corroborate the possibility that all palladacycles 11-14 could be
part of the catalytic cycle.



Fig. 3 a) 2D plot of the time-resolved Raman monitoring of LAG of L (0.50 mmol) with NBS
(0.6 mmol), Pd(OAC)2 (0.025 mmol), TsOH (0.25 mmol) and MeCN (15 pL). Reaction profiles
derived from multivariate curve analysis - alternating least squares fitting (MCR-ALS) for the
bromination of L under LAG conditions using b) Pd(OAc). (5 mol%) as a catalyst, and
c) 11 (5 mol%) as a catalyst.

In the Raman spectra of all reaction mixtures containing TsOH, the low intensity band
at 1403 cm! was detected in the early phase. This band was assigned to the N=N bond
stretching of the protonated L, which was confirmed by Raman monitoring of the reaction of L
with TsOH.%® In addition to L, TsOH could also protonate NBS, which could have significant
influence on the bromination mechanism.?°



C-H bond activation.

To gain a complete insight into the nature and reactivity of the observed and expected
palladacyclic intermediates under mechanochemical conditions, the formation of tosylate
palladacycles from L and Pd(OTs)2(MeCN)2 or a mixture of Pd(OAc). and TsOH, with or
without the addition of MeCN, was monitored by Raman spectroscopy.

NG and LAG of Pd(OTs)2(MeCN)2 and L in a molar ratio of 1:1 gave the monomeric
monopalladated species 11, which was detected by NMR spectroscopy (Fig. S42-S46). The
molecular structure of 11, resolved from PXRD data, confirmed that the palladium center is
coordinated by the azo nitrogen atom and the carbon atom of the phenyl ring of azobenzene,
the nitrogen atom of MeCN, and the oxygen atom of tosylate, which is in trans position to the
Pd-C bond (Fig. 1 and S32). In situ Raman monitoring of both reactions confirmed the
complete conversion of L to 11 after 90 min of milling (Fig. 4). This conversion resulted in a
large shift of the v(N=N) bands at 1493, 1472, 1442 cm™ ! in L to 1395 cm ™t in 11 and a decrease
and shift of the v(C-N) band at 1147 cm™in L to 1207 cm ™t in 11 (Fig. 4 and S17). The reaction
profiles showed that there was no difference in the rates of C—H bond activation with
Pd(OTs)2(MeCN)2 in NG and LAG reactions. In contrast to MeCN used as an additive in the
LAG reaction, the addition of 1 equiv. of TsOH to a mixture of Pd(OTs)2(MeCN), and L
accelerates C—H bond activation (Fig. S18). This result suggests that TSOH could promote
proton transfer from the phenyl ring of L to the tosylate ligand. Further increasing the amount
of TsOH slowed down the reactions (Fig. S19). In the Raman spectra of all reactions with
Pd(OTs)2(MeCN). and L, a small shift in the v(C—N) and v(N=N) bands of L was observed
after three minutes of milling. The observed changes were attributed to the formation of the
intermediate adduct, in which the intramolecular C—H bond activation takes place.?

LAG of Pd(OAc). with L and TsOH, using 25 pL of MeCN as an additive, in a molar
ratio of 1:1:1 (L:Pd(OACc)2:TsOH) or 1:1:2 (L:Pd(OAc).: TsOH) also gave the monopalladated
product 11 (S33). Monitoring of these reactions by Raman spectroscopy corroborated the
analogous reaction course as for the reaction with Pd(OTs)2(MeCN). (Fig. 4 and S20),
indicating the in situ formation of a mono- or bistosylate species, Pd(OTs)(OAc)(MeCN) or
Pd(OTs)2(MeCN),, from Pd(OAC)2.r™™¢ The reaction times required for the complete
conversion of L and Pd(OAc). to 11 are slightly longer than for the reaction with
Pd(OTs)2(MeCN)2, indicating rapid in situ formation of the tosylate species by breaking up the
acetate trimer with TsOH and MeCN. The substitution of acetate by tosylate was accompanied
by the release of acetic acid as a byproduct and the binding of MeCN to the metal center. The
reaction profiles showed that the addition of 2 equiv. of TSOH to a mixture of Pd(OAc)2 and L
accelerated the C—H bond activation (Fig. S21). The formation of I1 in both reactions of
Pd(OAc). with L was accompanied by the characteristic increase in the intensity of the v(N=N)
and v(C-N) bands at about 1395 cm™* and 1207 cm™?, respectively (Fig. S20 and S21). In
addition to the Raman spectra, the formation of 11 was also confirmed by NMR spectroscopy
and PXRD (Fig. S42-S46 and S32).
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Fig. 4 a) 2D plot of the time-resolved Raman monitoring of LAG of L (0.40 mmol) with
Pd(OTs)2(MeCN)2 (0.42 mmol) and MeCN (0.48 mmol, 25 uL). b) Reaction profile derived
from MCR-ALS fitting. ¢) Extracted Raman spectra of species observed during Raman
monitoring.
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On the other hand, C—H bond activation reactions performed in the absence of MeCN
showed a different reaction course and resulted in a different product than those performed in
the presence of MeCN (Fig. 5 and S22). NG of Pd(OAc). with L and TsOH in a molar ratio of
1:1:1 (L:Pd(OAC)2:TsOH) led to the monopalladated product 12 after 3 h of milling. The
molecular structure of the isolated product 12, solved by PXRD, revealed that 12 is a dimer with
transoid geometry in which the two monocyclopalladated azobenzene moieties are bridged by
two tosylate ligands in an open-book arrangement (Fig. 1 and S33). The aromatic region of the
'H NMR spectrum of 12, recorded in DMSO-ds was similar to that of 11, suggesting that 12 is
converted to the monomeric species by cleavage of the tosylate bridges with the strong donor
solvent DMSO-ds (Fig. S48). In situ Raman monitoring revealed that the rapid decrease in the
intensity of the L bands coincided with the increase in the intensity of the v(N=N) and v(C—N)
bands at 1396 cm™* and 1203 cm™?, respectively. Based on their positions and in comparison
with reactions in which 11 is formed, we assigned them to the monomeric monopalladated
species with bidentate bound tosylate or with terminal tosylate and H-O as ancillary ligands.
H>0 was introduced into the reaction mixture with TsOH in the monohydrate form. The band
intensities at 1396 cm™* and 1203 cm™ decreased after 10 min of milling and new bands
appeared at 1384 and 1303 cm™?, which could correspond to 12 (Fig. 5 and S22 and S23). This
result suggests that the dimerization process occurs after cyclopalladation. Unfortunately,
reliable assignment of the 12 bands was not possible because the Raman spectrum of the isolated
dimer 12 could not be obtained due to its strong fluorescence.
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Fig. 5 a) 2D plot of the time-resolved Raman monitoring of NG of L (0.40 mmol) with
Pd(OACc)2 (0.42 mmol) and TsOH (0.42 mmol). b) Reaction profile derived from MCR-ALS
analysis. ¢) Extracted Raman spectra of species observed during Raman monitoring.

In situ Raman monitoring of the C—H bond activation of L provided additional evidence
that halogenation of L under mechanochemical conditions occurs via monomeric or dimeric
palladacycles as intermediates, with the monomeric route being more efficient providing a
higher yield and a faster reaction rate.



DFT calculations.

The computational setup is given in Section 8 of the ESI. The presented cyclopalladation and
the bromination reactions take place in the solid state, but the mechanism was modelled as in
the vacuum, because no appropriate parameters for the polarizable continuum (PCM)?? or a
model alike, are available. It was recently demonstrated®® that PCM can be relatively simply
extended to solid state reactions, by using the weighted combinations of the medium constituent
parameters. However, in the present case the relevant parameters (dielectric constant, refractive
index) for the substances involved are not available. We assume that the functional mechanism
in the vacuum would also work in the solid state, only faster due to increased concentrations
and greater medium polarizability.?® In other words, the medium influence is supposed to affect
only the energy values, without inducing a specific solid state pathway. Hence, the mechanistic
pathway determined for vacuum should provide a qualitative insight into the solid state
mechanism as well. The reaction steps with charge separation and possibly critical medium
effect, were also examined by using PCM with MeCN as the solvent. MeCN was chosen
because it is present in the LAG reactions (although far from a typical solvent concentration),
and because it is moderately polar and aprotic solvent with mild solvation effect, thus suitable
for a reserved estimation of the unknown medium influence.

The mechanism was modelled starting from free NBS and 11 as the reactants. Our
experimental results and some others'® confirm that in the presence of MeCN the reaction takes
place from I1. It does not preclude another pathway, from dimeric form 12, which is also
supported by experimental results®* including those presented here. However, the size of 12 and
the multiplicity of mechanistic variants make modelling from 12 much more complex. The
mechanism operative with 11 should be applicable to 12, with necessary modifications. The
reverse extension from 12 to 11 may not hold, due to a potentially specific influence of the
interaction between two palladium atoms in 12. Therefore, the redox steps were additionally
checked by computations involving the appropriate dimeric forms, but no such influence was
indicated in the results

11 may assume a number of conformations due to many possible orientations of tosylate
bound to the palladium atom. Among several examined conformations, the one with the least
free energy was chosen for the modelling. There is no indication that different conformations
could lead to significantly different reaction profiles. We would like to emphasize that the
relative energies of the stationary points were calculated in respect to the coordinatively
saturated palladium species, in contrast to some customized approaches where the initial species
are in activated form (coordinatively unsaturated or with less efficient bidentate coordination
of e.g. acetate or tosylate ions). The reaction barriers from activated reference species may
appear lower than they really are.

The bromination mechanism was basically considered in terms of the bromine donor
species and of the acceptor atom in I1. It is known that NBS requires some kind of activation
to be an efficient donor, and the acidic medium is one of such promotors.®“® As our
experimental results indicate that presence of a strong acid is beneficial, we have examined
bromine transfer from three possible sources (i) NBS alone, (ii) the complex NBS---p-TsOH



formed by hydrogen bond between the oxygen atom of NBS and the acidic proton of p-TsOH,
and (iii) the protonated NBS (NBSH™) with proton on the oxygen atom (as the most stable
isomer). In regard to the bromine atom acceptor, two possibilities arise: (a) transfer to the
palladium atom and the subsequent 1,2-shift to the carbon atom, and (b) direct transfer to the
carbon atom. The pathway (a) is commonly designated as the oxidative addition + reductive
elimination (OA+RE), and (b) is termed the electrophilic cleavage (EC) since formation of the
C-Br bond occurs simultaneously with breaking of the Pd—C bond.?®

Attempts to achieve a direct transfer of bromine atom from NBS to palladium atom in
11 were unsuccessful. When the distance between Pd and Br was shortened, the energy would
only increase, with no indication the N-Br bond breaking and the Pd—Br bond formation. The
same result was obtained with the complex NBS---p-TSOH instead of NBS. Since the attempted
reaction step involves charge separation, we repeated these scans with PCM and MeCN as the
solvent, and the results were the same, as well as with the dimer 12 instead of 11. We concluded
that the oxidative addition with free electroneutral brominating agent is not possible. However,
if NBS had been first introduced into the coordination sphere of Pd atom (with oxygen as the
ligating atom) by substitution of MeCN, the bromine transfer became possible. Hence, we
introduced the ligand substitution (LS) as the initial step in the OA+RE pathway. On the other
hand, the bromine transfer from free NBS or NBS---p-TsOH to the activated carbon atom of 11
went smoothly, through a single transition state, with bromine atom halfway between the
nitrogen and carbon atoms, at the distance of 2.22 A from each, and with assistance of the
palladium atom at 2.58 A from bromine. In contrast to these findings, the bromine transfer from
NBSH* to palladium atom was spontaneous, with no barrier at all. A similar transfer to the
activated carbon atom was not possible, because the transfer to the adjacent palladium atom
was much more competitive. Based on these preliminary results we anticipated reaction
mechanisms sketched in Scheme 1. By calculating all the stationary points implied, we obtained
the free energy profiles of the pathways I-111 shown in Fig. 6 and 7.
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NBS as the active bromination species; a similar pathway with the hydrogen bond complex
NBS:--p-TsOH instead of NBS was also considered.

High energy barriers in the OA step of the mechanisms | and Il (Fig. 6), with either
NBS or NBS---p-TsOH as the bromination species, prompted us to examine a possibility of the
radical mechanism. To this end we checked whether the energy of the ts(OA) geometry would
be lower if unrestricted wavefunction was used. Indeed, the single point DFT calculation
resulted in the singlet biradical state with a significantly lower energy. Reoptimization of
ts(OA) with the unrestricted (broken symmetry) DFT ended up in the local minimum i(OA)
(Fig. 6) instead in the transition state. The subsequent scans from i(OA) towards the reactant
and the product geometries, performed by shortening N-Br and Pd-Br distances, respectively,
revealed two new transition states, ts1(OA) and ts2(OA). After a few steps along the intrinsic
reaction coordinates (IRC) from ts1(OA) to the reactant r(OA), and from ts2(OA) to the product
p(OA), the biradical singlet wavefunction collapses into a common closed shell singlet. Hence,
the biradical singlet character is limited to a relatively narrow region around ts1(OA) and
ts2(OA) and in between them. This region is characterized by the greater stability of the triplet
state compared to the closed shell singlet (Table 2). Ati(OA) the triplet state is even more stable
(slightly) than the biradical singlet. The geometries of ts1(OA), i(OA) and ts2(OA) are very
similar (Fig S54). The occurrence of i(OA) is probably an artifact of the broken symmetry DFT
method; with proper multiconfigurational method the stationary points ts1(OA), i(OA) and
ts2(OA) would possibly merge into a single transition state. Biradical singlet character was
confirmed by the single point CAS(2,2) calculations. The occupancies of the two active orbitals



are: (1.9,0.1), (1.2,0.8) and (1.5, 0.5) for ts1(OA), i(OA) and ts2(OA), respectively. After Boys
localization,?’ the two active orbitals are very similar to the two semioccupied orbitals of the
triplet state, in parallel with the DFT spin density distribution (Fig. S55).
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Fig. 6 Free energy profile of the bromination of 11; mechanism I: ligand substitution followed
by oxidative addition and reductive elimination (on the right side of 11+NBS), and mechanism
11: by electrophilic coupling (on the left side of 11+NBS). The relative free energies are given

in kcal/mol (B3LYP/def2TZVP). The geometries shown are from the closed shell singlet
calculations with NBS as the brominating species.

Table 2 Closed shell singlet and triplet energies for the geometries in the OA step, relative to
the singlet biradical (B3LYP/def2TZVP, in kcal/mol)

Closed Shell Singlet  Triplet

ts1(OA) 35 2.7
i(OA) 11.7 -0.3

ts2(0A) 2.6 2.1




After biradical singlet transition state was found in the OA step, stability of the closed
shell singlet wavefunctions was checked for all other transition states, and the closed shell
wavefunction was confirmed as stable in all cases. The check was extended to the geometries
from a scan of the bromine transfer directly from free NBS to palladium in 11, and the same
(negative) result was obtained.

The halogenation products p(EC) and p(RE) (Fig. 6) are not the final and the most stable
forms. For example, p(EC) may easily rearrange into another configuration (Fig. S56) which is
18.9 kcal/mol more stable than 11+NBS. Hence the reaction is predicted to be exergonic.

The hydrogen bond complex NBS:---p-TsOH was considered as another bromination
species because the donation of Br* could be eventually promoted by the hydrogen bond or
perhaps even by the concerted proton transfer from p-TsOH to NBS. This would also explain
the beneficial influence of p-TsOH on the bromination yield. The complex seems to have some
effect in the EC and RE steps, while the barriers in the OA step remain much the same. This
could be because in OA step NBS is ligated to the positively charged palladium atom, hence
the proton close to the other oxygen atom of NBS does not make a difference. The barrier
lowering in RE step by 5.1 kcal/mol can be related to more intense dispersive interactions
between the hydrogen bonded p-TsOH and the other molecular fragments. Namely, after the
OA step, geometrical relaxation brings p-TsOH closer to the tosylate anion and ends by their
alignment with azobenzene. A similar effect was noticed also in the EC step whose barrier is
lower by 8.3 kcal/mol. However, here the hydrogen bond also contributes because in the
alternative transition state configuration, with p-TsOH bound to the oxygen atom of NBS which
is more distant from the rest of the molecular assembly, the barrier is also lower, but by only
4.3 kcal/mol (Fig. S57).

As a conclusion, the mechanisms | (either with NBS or NBS:--p-TsOH) with singlet
biradical transition states, and Il with NBS---p-TsOH, appear comparably operative, with
barriers in the rate determining steps at about 28 kcal/mol. Although this value is relatively
high, it is reasonable to expect that in the solid-state medium these barriers could be remarkably
lower.
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Fig. 7 Free energy profile of the bromination of 11 by the mechanism I11.



The pathway with NBSH* as the active bromination species (mechanism III) is
particularly attractive because Br* migrates to palladium atom spontaneously, with no energy
barrier. The free energy of the complex 11Br*:--succinimide is 21.1 kcal/mol below the separate
pair of NBSH™ and I1. In the subsequent RE step the barrier is only 7.8 kcal/mol above 11Br",
which all together makes the mechanism 11l quite favorable. However, there remains the
question whether NBS can be protonated by p-TsOH, as it was tacitly assumed by now. The
energy of the ionized pair (NBSH™ and p-TsO") is 121.2 kcal/mol (in vacuum) above the energy
of the neutral pair (NBS and p-TsOH), which makes protonation of NBS rather unlikely.
However, when this difference is calculated for the solution (in  MeCN,
B3LYP/def2TZVP/SMD), it drops to only 20.2 kcal/mol. This value is still too high for a
significant extent of protonation, but the influence of the solid-state medium could be much
stronger than of MeCN, and there is also the uncertainty of the calculation method of about 4
kcal/mol for ions.?

As the final conclusion, none of the three considered mechanistic pathways can be
abandoned on the basis of the experimental results and the current level of computational
modelling. Even all three could be operative with their relative participations depending on the
reaction conditions. Positive effect of p-TSOH on the bromination yields can be associated with
NBS:--p-TsOH as the active bromination agent in pathways I or 11, or with the protonated NBS
in the pathway I11. However, bromination in the stoichiometric mixture of NBS and 11, 12, 13
or 14, which proceeds without addition of p-TsOH, is best explained by the pathway | with
NBS.

The cyclopalladation mechanism has been modelled according to the previously
reported results for the azobenzene ligand.?® The reported mechanism with PdCl; in DMF
involves two steps; first, formation of the agostic complex with the coordinating DMF molecule
displaced by the activating C—H bond, and second, the hydrogen transfer from C—H bond to the
oxygen atom of the displaced DMF. A similar mechanism was assumed in the present case,
starting with the adduct in which Pd is coordinated by azobenzene, two tosylate anions and
MeCN. However, the agostic intermediate could not be obtained as the minimum point. It was
found only if one tosylate anion was completely removed. Only the hydrogen transfer transition
state was obtained, at 20.3 kcal/mol (vacuum). The intrinsic reaction coordinate toward the
reactant ends up with the geometry of the agostic intermediate but the subsequent optimization
(with small maximum step size) slowly converges to the reactant adduct, not to the agostic
intermediate. This should not be surprising because the agostic intermediate necessitates charge
separation which is not stable in the vacuum.



Conclusion

In the presented work, we have gained a direct insight into the course of regioselective
mechanochemical Pd'-catalyzed halogenation of the C-H bond in azobenzene using a
combination of in situ reaction monitoring by Raman spectroscopy and DFT calculations.
Reaction profiles showed that the halogenation of azobenzene is a multistep process in which
catalytically active Pd' species are formed in situ from p-TsOH and Pd(OAc)., followed by the
formation of a monomeric or dimeric palladacyclic intermediates, that then react with NXS to
form the final orthohalogenated product. The nature of the active Pd" catalysts and the
palladacyclic intermediates depends on the presence or absence of MeCN as a liquid additive
in the reaction mixture. Moreover, in situ Raman monitoring revealed that p-TSOH activates
NXS and affects the rates of C—H bond activation.

Quantum-chemical modelling revealed three possible reaction mechanism pathways for
bromination of cyclopalladated azobenzene. The bromine atom can be transferred first to the
palladium atom, by the oxidative addition. It may happen from electroneutral NBS (or the
complex NBS---p-TsOH) only if NBS is one of the ligands in the Pd-coordination shell. With
protonated NBS, this is not necessary, and the migration of Br* goes directly from free NBSH™,
in a barrierless process. The bromine atom shifts to the carbon atom in the subsequent reductive
elimination step. In the alternative, electrophilic cleavage pathway, the carbon atom is
brominated directly from free NBS (or NBS--p-TsOH), with simultaneous breaking of the
Pd-C bond. The transition state in the oxidative addition with electroneutral species is
characterized by the singlet biradical electronic structure. The barriers in the electroneutral
pathways are similar, at around 28 kcal/mol (vacuum). With NBSH™ as the bromine source, the
mechanism efficiency is governed by the protonation extent, which is at a quite detectable level,
as indicated experimentally. These results expand the scope of catalytic C—H halogenation in
the solvent-free and environmentally friendly reaction conditions, which is consistent with the
main goals of green chemistry. Moreover, the understanding of the reaction dynamics provided
by the in situ Raman monitoring data and DFT calculations will also enable a better design and
control of Pd-catalyzed C-H bond functionalization by mechanochemistry.
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