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We herein report a waste-minimized process for the synthesis of iodinated hexa-aryl borazines in
different iodination patterns and amounts. Access to these widely promising B—N-containing materials
features several synthetic challenges including low solubility, narrow stability/reactivity, and limited
selectivity. Therefore, the development of synthetic procedures also faces evident sustainability chal-
lenges. We have tackled these aspects by merging unconventional activation techniques with metrics-
oriented synthetic design. Herein, we report a protocol that enables a fast access route to iodinated bora-
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zines which are useful substrates to access different post-functionalized more complex materials. The
protocol uses simple and benign chemicals, is waste minimized (E-factor 2.79), and produces iodinated
hexa-aryl borazines in good to excellent yields. An evaluation of green metrics, including EcoScale, is pro-
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Introduction

Great efforts have recently been dedicated to the exploration of
BN-doped carbon structures.” This interest arises from the
wide range of new isosteric motifs and intriguing features that
can result from the replacement of carbon-carbon (C-C)
bonds with boron-nitrogen (B-N) isoelectronic bonds, both in
small molecules and in larger structures.

The exceptional performance of several BN-doped materials
arises from the ability of the boron-nitrogen bonds to alter the
electronic structure. For example, these bonds can widen the
HOMO-LUMO gap which in many cases allows for the tailoring
and fine-tuning of the optical and electronic properties of the
original all-carbon-based material.® Doping can also be intro-
duced by separated boron or nitrogen substitution at different
non-adjacent positions,* creating B-N bonds,” B-N rings,® or
larger B,N, domains.” Arguably, some of the most investigated
B-N doped materials are the borazine-based systems.®

Simple borazine, being a 6-membered cyclic system consist-
ing only of boron and nitrogen, can be considered the in-
organic counterpart of benzene. Although it bears several
physical similarities to benzene, it has a significantly different
electronic distribution which has led to discussion about its
aromatic nature. Recent research tends to suggest that bora-
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vided to quantify the advantages associated with the newly defined protocol.

zine possesses a modest degree of aromaticity.”'® Substituted
organic borazines have emerged as an important class of BNC
materials and in particular, hexa-aryl borazines (HABs) featur-
ing bulky groups at the ortho position of the boron-ring
display excellent thermal and hydrolytic stability."*

HABs have shown interesting optoelectronic properties in
solution and devices such as LEDs or LECs."*™** They have
been used for the preparation of complex molecular architec-
tures with promising applications. For example, borazines
have been used for the construction of dendrimeric polypheny-
lenes,"” or for assembling doped organogels.®

Borazine-doped nanographenes have been prepared for the
first time via planarization.>'” Borazines have been polymer-
ized on metal surfaces to form BN-doped carbon networks,"®
used as additives in the preparation of corrosion-resistant coat-
ings,"® or as precursors for low dielectric constant resins.>

Despite the broadly interesting properties of HABs and
their potential application in many different fields, synthetic
access to this class of molecules still presents significant limit-
ations. Due to the very harsh reaction conditions generally
required for their synthesis, there are many restrictions in
terms of functional groups and the amount of material that
can be prepared.

In fact, the borazine ring is usually constructed through a
one-pot procedure in which an aniline is reacted with a boron
halide, and the resulting adduct is cyclized through the loss of
the corresponding acid to form an air and moisture unstable
haloborazole intermediate. This intermediate is then purified
from HX and arylated by nucleophilic substitution at the
boron center with a suitable aryl nucleophile such as aryl-

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic access to functionalized HABs.

lithium or aryl-Grignard reagent with the former being by far
the more popular option in recent literature together with
boron trichloride for the first step (Scheme 1).

As a direct consequence of these synthetic conditions, the
preparation of borazines with useful chemical functionalities for
their study or even more interesting further elaboration is not
straightforward. Only groups that can tolerate strong acidic/electro-
philic or basic/nucleophilic conditions can be used on the N-aryl
ring, such as alkyls, aryls, fluorides, chlorides, and bromides.

A slightly wider chemical flexibility exists for the substi-
tution on the B-ring as this functionalization occurs at the
second organometallic step where groups need to tolerate
basic and nucleophilic conditions only.

A small number of decorated borazines have been accessed
either through the use of protecting groups, yielding useful
chemical handles after deprotection," or through acylation or
bromination.'™*" However much is still left to do to make the
preparation of HABs efficient and their functionalization
easier, or anyway comparable to the all-carbon atom hexa-aryl
benzene analogue, where most functional groups and substi-
tution patterns have been accessed.””

Aryl iodides are pivotal intermediates in organic chemistry,
generally more reactive than aryl bromides and chlorides, they
easily undergo metal-catalyzed cross-coupling processes in
short times, high yields and mild conditions allowing for
extensive functionalization capabilities. These properties are
highly desirable in molecules such as hexa-aryl borazines
where the three-fold symmetry leads to the necessity of achiev-
ing multiple functionalization process at once.

In this contribution, we report our efforts to generate
different functionalization patterns on hexa-aryl borazines
through iodination. We have also evaluated and considered
the sustainability aspects to find the best route for accessing
novel chemical spaces for HABs. Specifically, we outline our
efforts to establish an efficient iodination protocol for the
post-synthetic functionalization of HABs and their representa-
tive utilization to prepare derivatives not otherwise accessible.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Results and discussion

Initially, we developed a solution-based iodination approach
adapted from literature procedures® using silver salts as mild
and selective oxidants in combination with iodine.>* This reaction
was found to work in high yields and selectivity, however, the use
of silver salts (featuring a toxic and ecotoxic heavy metal),”>?® and
large amounts of non-recoverable halogenated solvents are

necessary, clearly posing some issues in terms of green chemistry.

In solution vs. mechanochemical conditions

Depending on the substituents HABs dissolve very specifically
in a limited number of solvents while they are generally poorly
soluble. To develop a greener process, we therefore envisaged
the possibility of iodinating these large molecules by using
minimal amounts of more benign solvents evaluating the
possibility of reducing waste via solvent recovery and reuse.

However, upon testing several solvents we concluded that
this strategy has some limitations as several borazines display
extremely low solubility in non-halogenated solvents at room
temperature. We report some solubility data on the representa-
tive iodoborazine 11 and the corresponding starting material,
borazine 1 in the ESI (Tables S1-37).

At high temperatures, several non-halogenated less polar
solvents dissolve borazine 11. However, heating the iodinated
borazine in non-anhydrous conditions under air led, in some
cases, to a partial degradation with the formation of some un-
identified byproducts. Using dry DMF under argon no degra-
dation was observed.

Green solvents like ethyl acetate or 2MeTHF in this specific
case could be used effectively but very large amounts are
required compared to DCM or chloroform that in small
amounts, are capable of dissolving 11 at room temperature.

Thus, we directed our attention to mechanochemistry,
which is well-known to be highly efficient in the case of hetero-
geneous reaction conditions. We investigated this route by
considering the conditions already developed for in-solution
iodination (I, AgNO;, DCM/MeCN) of borazine 2.>* Results
reported in Table 1 have been obtained by partially or entirely
removing the solvent and adopting ball-milling conditions.

While entries 1 and 2 are the results obtained by perform-
ing the reaction in solution, reported for comparison, remov-
ing completely the solvent (Table 1, entry 3) led to degradation
of the starting material and formation of an inseparable
mixture of unknown products.

Therefore, to restore the original reactivity, 40 pL of aceto-
nitrile were added as a LAG (liquid assisted grinding) addi-
tive.”” In these conditions, parameter 7 (defined as the ratio of
solvent volume to sample weight) ranges between 0.22 and
0.25 across entries 4-12 reported in Table 1. The # LAG range
used is very close to solvent-free grinding conditions, the small
amount of solvent used was enough to make the reaction
effective again albeit with a lower selectivity (entry 4) than the
original procedure in solution.

It should be mentioned that the iodination of HABs can
progress to incorporate three, six or more iodine atoms

Green Chem., 2024, 26, 7752-7758 | 7753
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Table 1 Optimization of selectivity in mechanochemical iodination of borazines with iodine and silver nitrate

e

1a:X'=1, X2=H,X3=H,X* = H;

1 X' =1, X2=1,X3=H, X = H;
M=1e:X'=1,X2=1,X3=1, X* = H;

1d: X" =1, X2=1,X3=1, x4 =1;

I, AQNO3
LAG additive

*@%?%&

X2 x!

I, AgNO3
LAG additive

3a:X'=1, X2=H,X3=H,X*=H,X5=H,X® = H;
3b:X'=1,X2=1,X3=H,X*=H,X?=H, X0 = H;
13=3c: X" =1, X2=1,X3=1,X*=H, X =H, X0 = H;
3d:X'=1,X2= 1, X3=1, X*=1,X5=H, X6 = H;

e X'=1,X2=1,X3=1, X*=1,X8=1, X0 = H;
15=38f: X" =1, X2=1,X3=1,X*=1,X5=1, X8 = 1;

Iodinated products® (%)

Entry Borazine 0.08 mmol I, (equiv.) AgNO; (equiv.) Time (min) MeCN (L) SM° a b ¢ d e f Isolated yield (%)
1° 1 3.1 3 60 320 0 0 0 9 1 0 0 92
2P 3 3.1 3 60 320 0 0o 1 97 2 0 0 90
3 1 3.3 3.1 60 0 0 0 0 0 0 0 (U]
4 1 3.3 3.1 60 40 0 0 0 86 14 0 0 85
5 3 3.3 3.1 20 40 0 3 12 69 7 7 2 —
6 3 3.3 3.1 40 40 0 0 1 60 15 16 8 —
7 3 3.3 3.1 60 40 0 0 0 39 37 18 6 —
8 3 3.0 3.0 40 40 0 0o 2 69 29 0 0 80
9 3 3.0 2.9 30 40 1 3 17 79 0 0 0o —
10 3 3.0 2.9 40 40 0 0o 2 90 8 0 0 85
11 3 2.9 2.8 60 40 0 1 10 79 7 2 1 —
12 3 2.7 2.4 60 40 0 1 5 82 9 2 1 87

% Area percentage of intermediates including 0-6 iodine atoms from HPLC analysis of the crude mixture.

¢ Starting material (1 or 3).

depending on the substrate. Control of selectivity poses a chal-
lenge when multiple positions are sterically unhindered.

We moved to borazine 3 to further study and optimize
conditions.

By changing the reaction time (entries 5-7) selectivity did not
improve much although the products distribution varied with
longer milling time. After 1 h (entry 7) considerable overiodina-
tion was observed meaning that iodine reacted with 3 even
without generating silver iodide. This phenomenon can be attrib-
uted to the in situ formation of nitric acid, as a byproduct of the
reaction. While in solution the dilution slows down significantly
the oxidation of iodine by nitric acid, under mechanochemical
stirring the concentration is much higher and part of the iodine
can be readily oxidized and react with the borazine.

Consequently, we decreased the amounts of both iodine
and silver nitrate (entries 8-12). Under the conditions of entry
12 the distribution of products favoured the desired tri-iodi-
nated product, but unfortunately selectivity was still low.

We therefore searched alternative methods to further
explore the use of mechanochemical conditions.

Choice of the iodinating system

A screening of various combinations of the most common
iodinating agents, oxidants, and acids was conducted adapting
literature procedures known to be effective on mildly activated

7754 | Green Chem., 2024, 26, 7752-7758

b In solution, using 1.28 mL of DCM.

aromatics such as alkylbenzenes. Three borazines were
selected as representative and tested to evaluate the method’s
efficiency and selectivity performance. Results are shown in
Table 2. Entries 1-2 present the previous results using silver
nitrate and iodine in solution and under ball-milling, respect-
ively, repeated here for comparison. Oxidation of iodide using
was attempted but no reaction was observed (entry 3).
A procedure employing iodine, p-toluenesulfonic acid (TsOH)
and sodium nitrate®® was tested with success on the three
selected borazines (Table 2, entry 4).

The strongly acidic and oxidative conditions were able to
completely oxidize I, with almost perfect iodine atom
economy, conversely the selectivity was found to be inferior
when compared to the solution conditions.
noticed the formation of nitrogen oxides® (NO,) a severe draw-
back on safety and sustainability.>® In these conditions work-
up could be simplified, as all the byproducts are soluble in
methanol, thus, after retrieving the powder from the milling
jar, the remaining sodium nitrate, acid and iodine were ulti-
mately removed through methanol dissolution.

Additionally, the use of H,0O, was attempted in combi-
nation with KI and TsOH?" but we found once again that the
reaction did not proceed at all (Table 2, entry 5).

We also investigated different conditions using
N-iodosuccinimide as the iodine source and TsOH as the addi-

oxone>®

However, we

This journal is © The Royal Society of Chemistry 2024
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Table 2 Isolated yield and selectivity for synthesis of three representa-
tive iodoborazines
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Table 3 Calculated green metrics for mmol-scale processes
Green metrics radar plots
1 2
12, AgNO3, AE —ideal AE 12, AgNO3, MeCN
DCM/MeCN — Actual (LAG grinding)

(solution)

RME

MRP 1/SF MRP 1/SF
3 4
AE AE
12, NaNOs, TSOH g NIS, TsOH
(grinding) 7 (grinding)

RME RME

N.__N
ﬁ MRP VSF MRP VSF
1
13 .
Method AE RME MRP 1/SF Yield VMR E-Factor
Product yield (selectivity) I,/AgNO;/DCM/MeCN  0.58 0.02 0.03 0.99 0.96 0.67 57.45
I,/AgNO;3;/MeCN(LAG) 0.74 0.02 0.04 0.86 0.88 0.64 40.45
No. Iodinating system 11¢ 124 13¢ 1,/NaNO,/TsOH 0.91 029 0.38 0.91 0.91 0.74 2.49
NIS/TsOH 0.81 0.26 0.34 1.00 0.95 0.74 2.79
1 I, AgNO; 92 (>95) 77 (>95) 90 (>95) Ideal 11 1 11 1 0
2 I,, AgNO; 89 (>80) 71 (>80) 87 (>80)
3 KI, oxone 0 0 0 Abbreviations: AE: atom economy, RME: reaction mass efficiency,
4 I,, NaNO;, TsOH 86 (>90) 78 (>90) 85(>90) MRP: mass recovery parameter, SF: stoichiometric factor, VMR: vector
5 Nal, H,0,, TsOH 0 0 0 magnitude ratio.
6 NIS, TsOH 90 (>95) 76 (>95) 84 (>95)

“General conditions: borazine 0.08 mmol, (1) I, 3.1 eq., AgNO; 3 eq.,
DCM/MeCN 4/1 0.05 M, RT, 1 h; (2) I, 2.7 eq., AgNO; 2.4 eq., MeCN
40 uL, RT, 30 Hz, 1 h; (3) KI 3 eq., oxone 3 eq., RT, 30 Hz, 1 h; (4) I, 1.5
eq., NaNO; 3 eq., TsOH 3 eq., RT, 30 Hz, 1 h; (5) Nal 3 eq., H,0, 6 eq.
30% aq., TSOH 3 eq., RT, 30 Hz, 1 h; (6) NIS 3 eq., TsOH 3 eq., RT, 30
Hz, 1 h.

tive leading to a very selective and generally higher yielding
procedure (Table 2, entry 6). In conclusion, the screening of
the mechanochemical procedures led only in three cases to
the formation of the desired products with different selectivity.

Green assessment

In our research, we have always tried to compare different reac-
tion techniques, such as flow chemistry,>>>* microwave
irradiation,® ball-milling®® and green solvents®”*° using
green metrics*>*' to assess the actual benefit in terms of
sustainability.

Accordingly, at this stage of the study, we have quantified
the potential advance in terms of sustainability in the iodina-
tion of HABs, comparing the different conditions, including
the only previously reported literature method.

We evaluated some green metrics by calculating AE, 1/SF,
RME, and MRP for the iodination of borazine 1. On a gram
scale, it was possible to recover methanol by distillation for
those methods not employing silver nitrate (Table 3, entries 3
and 4).

This journal is © The Royal Society of Chemistry 2024

In other cases, a mixture of low boiling point solvents was
obtained making the distillation troublesome.

It is immediately noticeable how the removal of reaction
solvent has the expected considerable effect on the reduction
of wastes (Table 3, E-factor entries 1 and 2). However, much of
the solvent mass comes from the workup; in this case, the pro-
duction of silver iodide as an extremely insoluble waste rep-
resents the major hindrance to further solvent mass reduction
as either the scarcely soluble borazine or insoluble Agl must
be dissolved selectively to allow the separation.

Thus, a first conclusion is that methods using silver salts,
including the previously published iodination method in solu-
tion, are inherently less green, so we directed our attention to
the other reagent systems.

Adapting the previously reported halogenation procedures,
such as bromination, to iodine, proved to be unhelpful.
Besides the different reactivity of the two halogens, the proto-
cols are far from ideal in terms of green chemistry. The proto-
col described by Nagasawa'' employs carbon tetrachloride as a
solvent, products are obtained non-selectively as a mixture of
tri- and dibromo derivatives, and purification procedures are
poorly described. The more recent protocol by Bettinger*! and
co-workers was developed for non-ortho-substituted borazines,
which are significantly less stable substrates and employ
liquid bromine diluted in large amounts of DCM.

Green Chem., 2024, 26, 7752-7758 | 7755
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Oxidative iodination methods for alkylbenzenes with mole-
cular iodine usually employ very harsh oxidative, acidic or
combined conditions in many cases using radical generating
agents.”> It is also reported that several oxidant systems
degrade hexa-aryl borazines.*

We found that the in situ production of nitric acid was able
to oxidize iodine without considerably degrading the starting
material (Table 1, entry 12), therefore we tried to replicate the
same conditions in Table 2 entry 4 using sodium nitrate and
TsOH to mimic the same oxidant system but using solids
instead of liquid concentrated nitric acid.

Considering only the mass-based metrics in Table 3, entries
3 and 4 do not differ significantly, the former possessing a
higher atom economy and the latter a better stoichiometric
factor, leading to a very similar overall vector magnitude ratio
(VMR). Despite this similarity we can assert that using sodium
nitrate in combination with iodine is worse for the sustainabil-

EcoScale

12/AgNO3/DCM/MeCN 12/AgNO3/MeCN(LAG) 12/NaN0O3/TsOH NIS/TsOH

Fig. 1 EcoScale values for the four iodination processes (100 is the
ideal value).

NIS 3eq
stOH 3eq

Lo
@ftj,@ o}

17,9
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ity of the reaction. In fact, oxidation of iodine is accompanied
by the formation of nitrites during the course of the process.**

We also compared EcoScale®® values for the four processes
(Fig. 1) confirming an advantage for the combination NIS/TsOH.

Furthermore the use of this combination is also rec-
ommended by the GSK sustainable reagent guide.*®

To summarize, the results in terms of chemical efficiency
and sustainability data, including quantification, highlight the
value of using metrics assessment, unconventional activation
techniques, and sustainable reagent guides. These tools are
instrumental in defining convincing synthetic protocols, even
for challenging substrates like hexa-aryl borazines. Therefore,
we extended the use of the NIS/TsOH procedure to differently
substituted borazines, confirming the broader applicability to
a wider scope and allowing us to quantify the corresponding
yields and selectivities.

Substrate scope

The optimized conditions were extended to 10 substrates
(Scheme 2) successfully accessing eight tri-iodinated products
in good to excellent yields and two hexa-iodinated products in
fair yields considering the 6 processes involved. The reaction
was also tested on fluorinated substrate 10 which unfortu-
nately was found to decompose in the reaction conditions and
substrate 8 which presumably furnished a mixture of iodina-
tion products (NMR analysis).

Most importantly the procedure was able to iodinate sub-
strate 9 to product 20, an important and useful substrate for

@%@

11-20

i x%@x

Y@ﬁ@% Y%I@Y t}f

16 - 45%F

12 - 76% (cis+trans) 13 - 84% (cis+trans)

17 - 94% (cis+trans) 18 - 89% (cis+trans)

xﬂjﬁ;@x X@fﬁgx

Y%m T

Unsuccesful substrates

O PEE

OTBDMS

&

15 - 3% 8l

14 -83%

o WX

19 - 85% (cis+trans) 20 - 59%[° 101!

Scheme 2 Substrate scope for the mechanochemical iodination of hexa-aryl borazines. Conditions: borazine 0.08 mmol, NIS 3 eq., TsOH 3 eq., RT,
30 Hz, 1 h. ? Borazine 0.08 mmol, NIS 6 eq., TsOH 3 eq., RT, 30 Hz, 2 h. ®Borazine 0.08 mmol, NIS 3 eq., TsOH 3 eq., RT, 30 Hz, 4 h. Formation of

an inseparable mixture of unknown products.
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4MeTHP 1 mL

Pd(OAc); 10 mol% N
PPh3 50 mol%

MeAcr 9 eq

KOAc 6 eq TO.

TfO. \Q/ oTf
oTf
g N j;j/ 140°C 24h
| | —_— _No
ol
N N
/O\”/\:Q %O\
o o
oT!

122 mg, 0.08 mmol f
20

31 mg, 28%
21

Scheme 3 Selective cross-coupling of borazine 20.

making further HABs functionalization accessible via our iodi-
nation protocol. On this substrate we tested the Mizoroki-
Heck reaction that preferentially works with iodinated aro-
matics.*’ Only iodine reacted leaving OTf intact (Scheme 3).

Conclusions

In conclusion, we have studied the conditions to define a
green protocol for the preparation of iodinated hexa-aryl bora-
zines, synthetic intermediates that cannot be prepared other-
wise and that allow access to HABs decorated at different posi-
tions. The study progressed by quantifying and comparing the
chemical and sustainability features of various iodinating and
solvent systems thereby determining the potential sustainabil-
ity advantages of the desired process. We have found that
mechanochemistry can be of great utility for B-N materials
that are satisfactory soluble only in chlorinated toxic solvents
while poorly soluble in green solvents requiring larger
volumes. We have therefore defined a mechanochemistry-
based process using NIS/TsOH as iodinating system. This
process achieved the three- or six-fold iodination of HABs in
1-2 hours utilizing safe and benign chemicals. In addition, a
simple and low-waste purification procedure was defined as
proven by a quantified sustainability analysis exemplified by a
low value of E-factor of 2.79, typical of much less complicated
and bulk procedures. Furthermore, in this contribution we
have showed how the combination of unconventional acti-
vation techniques such as mechanochemistry can be used in
synergy with green chemistry principles and sustainability
assessments to tackle challenging transformations accessing
valuable B-N materials in accordance with the principles of
green chemistry.
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