B(OH);-Catalyzed Dual Friedel-Crafts Type Reaction of
Anilines and Aldehydes to Access Di- or Triarylmethanes

(TRAMs)
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The catalytic influences of boric acid have been introduced on
dual Friedel-Crafts reaction between arylamines and aldehydes
to install the Csp*-center that leads to the formation of di- or tri-
substituted methanes. The described reaction conditions have
directed the transformation to favor the para-para substitution
pattern to deliver the major products rather than the
corresponding ortho-para functionalization process. The devised
transformation was examined by DFT calculation, which shows

Introduction

The C—C bond-forming reactions play a significant role in
accessing a plethora of bioactive molecules and useful
pharmaceutical intermediates."? Among these processes, the
classical Friedel-Crafts reaction remains attractive to such C—C
bond-forming reactions, which have been well explored in the
diverse fields of chemistry.? This strategy has also been
extended for the synthesis of triarylmethanes and their allied
structures due to their notable biological and pharmacophoric
properties.”) These “small but smart” scaffolds are found
abundantly in natural products™ and act as key intermediates
in synthesis,” dyes, fluorescent probes,” as anti-fungal agents
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the favorable activation energy of transition states (TS) for the
generation of highly substituted molecular scaffolds. The
method was applicable over diversely substituted aldehydes
and arylamines to afford the final products in excellent yields
(60-92%) and selectivity. The proposed mechanism is supported
by suitable control experiments, GC-MS studies, and DFT
calculations.

in commercial fish hatcheries,® photochromic agents,” medici-
nal chemistry" material sciences"” and host-guest
chemistry."? The derivatives of triarylmethanes were also
witnessed as anti-tubercular, anti-viral, anti-oxidant, anti-fungal,
anti-cancer, and anti-inflammatory agents."? Owing to their
immense applications, several protocols have been reported for
the synthesis of triarylmethanes (TRAMs) over the past few
decades by addressing the drawbacks of previous methods.™”

Most of these chemical transformations were realized using
the Friedel-Crafts reaction of electron-rich aldehydes with
arenes and anilines. Several synthetic tools were employed to
prepare triarylmethanes that involve a multistep Friedel-Crafts
alkylation promoted/catalyzed by Brgnsted or Lewis acids such
as FeCly/Ac,0,"™ TfOH,"® 1,17 AuClL,'"® [Ir(COD)CII,-SnCl, 1™
ortho-benzenedisulfonimide,””  Bi,(SO,);/TMSCL?"  perfluori-
nated sulfonic acid resin (Nafion-H),”? montmorillonite,” and
ZnBr,/Si0,.!

In recent times, Afonso and co-workers have described the
synthesis of TRAMs by using Yb(OTf);-catalyzed reaction
conditions at high pressure (Scheme 1a).?? In 2021, Sirion group
reported a BAILs (Brgnsted Acidic lonic Liquids)-catalyzed
approach towards the synthesis of aniline and phenol-based
triarylmethanes (Scheme 1b)."***" Moreover, Pan and co-work-
ers have designed an AgOTf-catalyzed Friedel-Crafts reaction of
anilines and  glyoxylates to access diarylmethanes
(Scheme 1¢).l"*d

However, the scope of these methods was hindered by the
special requirements of the designed catalysts concerning cost,
availability, and their precaution in handling."¥ To overcome
these drawbacks, we aspired to employ an inexpensive and
environmentally friendly catalyst such as boric acid®’ towards
the synthesis of di-/tri-substituted methanes using the Friedel-
Crafts reaction between arylamines and aldehydes.
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Scheme 1. Strategies for the synthesis of triarylmethanes by Friedel-Crafts
reaction.

Results and Discussion

To design an efficient method for the synthesis of a diverse
range of triarylmethanes, we commenced with our screening
experiments by considering benzaldehyde (1a) and N-meth-
ylaniline (2a) as model substrates (Table 1). To initiate the
experimental studies, the Brgnsted acids (H,SO,, HCl) or Lewis
acids (AICl;, Cu(OTf),, Fe(NOs),, I, B(OH);) were examined for
this transformation at 90°C in isopropanol as the solvent for
24 hours (Table 1, entries 1-7). The performed reactions lead to
the formation of two different regioisomers of tri-arylmethanes
in which the corresponding para-para isomer 3aa was identi-
fied as the major product and ortho-para isomer 4aa remained
as the minor product (Table 1, entries 1-7). In the case of H,SO,,
the transformation resulted in the formation of product 3aa in
46% yield and the 4aa was observed in 12% vyield (entry 1);
whereas, the HCl leads to a single isomer 3aa in rather low
yield (17%) (entry 2). The Lewis acids, AICl; and Cu(OTf),
revealed moderate efficiency in obtaining molecule 3aa in
yields ranging from 60-68% and 4aa in yields 10-13%,
respectively (entries 3-4). The reaction with Fe(NO;); resulted in
trace amounts of 3aa and 4aa (entry 5); whereas the reaction
with molecular iodine directed this transformation towards the
formation of product 3aa in 41% and 4aa in 9% yields
(entry 6). It was evident from the tested catalysts that the
catalytic amounts of B(OH); could lead to the selective
formation of regioisomer 3aa in higher proportion by suppress-
ing the formation of product 4aa. Hence, the catalytic amounts

of B(OH); were considered for further optimization studies.
Next, with the aim towards exclusive formation of the product
3aa, a reaction of 1a and 2a was carried out in different solvent
systems (entries 8-13). It was found that the reactions in MeCN,
EtOH, and 1,2-DCE furnished the regioisomer 3aa in yields
ranging from 50-68% (entries 8-10); whereas, THF, CHCl; and
DMF as solvents resulted in trace amounts of product 3aa
(entries 11-13). Among the tested solvents, the isopropanol
delivered the best yield (70%) of 3aa (entry 7). At last, we have
tested the effects of reaction time on the yields of product 3aa
to realize the slight enhancement (up to 75%) in yields in
12 hours of reaction time (entries 14-16). Having performed a
substantial screening of the reaction conditions, it was
perceived that the highest yield (75%) of 3aa and 4aa (15%)
were obtained when the reaction of benzaldehyde (1a) and N-
methylaniline (2a) was carried out using 20 mol% of B(OH), in
isopropanol (PrOH) as solvent at 90°C for 12 hours (Table 1,
entry 15).

After realizing the best-optimized reaction conditions, we
have illustrated the scope of the invented process over a wide
range of aromatic aldehydes 1 with N-methylaniline (2a) to
access the diversely substituted tri-arylmethanes 3 as the major
products and 4 as the minor products (Scheme 2). The aromatic
aldehydes 1b-f embedded with electron-donating functional
groups (—OMe, —OH) delivered the desired products 3 ba-fa in
higher yields (60-75%); whereas the minor products 4ba-fa
were obtained in yields ranging from 5-15%. Further, di- and
tri-substituted aldehydes were subjected to the developed
reaction conditions to obtain the para-para isomers 3ga-ha in
65-68% yields with high selectivity. In these cases, the
formation of corresponding ortho-para isomers 4ga-ha was
completely suppressed. These observations could be associated
with the steric effects arising due to the presence of adjacent
substituents that restrict ortho-para bond formation. On the
other hand, the aromatic aldehydes embedded with electron-
deficient functional groups (—Cl, —Br, —NO,) were reacted under
these reaction conditions to witness the higher selectivity
towards the formation of para-para isomers 3ia-ma in yields
ranging from 61-91% yields. From the above outcomes, it was
perceived that the presence of electron-deficient groups
governs the selectivity towards the formation of para-para
isomers 3 over ortho-para isomers 4. Nevertheless, the aromatic
aldehydes 1n-o with electron-withdrawing groups (—CN, —Br)
substituted at ortho-position lead to the generation of para-
para isomers 3na (Scheme 2) and 3 o0a in (Scheme 3) in 62-71%
yields, along with the generation of minor ortho-para products
4na-oa in 9-15% yields. To demonstrate the practical
application of the designed process, a gram scale synthesis was
performed. The reaction conditions afforded the desired para-
para bonded tri-arylmethane 3ma as a single product in 90%
yield (3.1 g), with un-identification of ortho-para bonded tri-
arylmethane 4ma (Scheme 2).

Next, the scope of this developed method was expanded
using polycyclic aromatic aldehydes 1p-r and aliphatic alde-
hydes 1s-t to furnish di-/tri-substituted methanes 3 and 4. It
was found that the aldehydes 1p—q directed the selective
formation of 3 pa-qa in 66-68 % yields with complete suppres-
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Table 1. Optimization of the reaction between benzaldehyde (1a) and N-methylaniline (2a).”

Ph
0]
)L K reaction conditions O O
_—
Ph H H [}I
Me 3aa

Entry Catalyst (mol %) Reaction conditions % Yield 3aa® % Yield 4aa®
1 H,S0, (20) PrOH, 90°C, 24 h 46 12

2 HCI (20) PrOH, 90°C, 24 h 17 -

3 AICI; (20) 'PrOH, 90°C, 24 h 60 10

4 Cu(OTf), (20) 'PrOH, 90°C, 24 h 68 13

5 Fe(NO,); (20) 'PrOH, 90°C, 24 h Traces Traces
6 1, (20) PrOH, 90°C, 24 h 41 9

7 B(OH); (20) 'PrOH, 90°C, 24 h 70 15

8 B(OH); (20) MeCN, 90°C, 24 h 50 8

9 B(OH); (20) EtOH, 90°C, 24 h 65 12

10 B(OH); (20) DCE, 90°C, 24 h 68 15

1 B(OH); (20) THF, 90°C, 24 h Traces Traces
12 B(OH); (20) CHCl;, 90°C, 24 h Traces Traces
13 B(OH); (20) DMF, 90°C, 24 h Traces Traces
14 B(OH); (20) 'PrOH, 90°C, 18 h 72 13

15 B(OH), (20) PrOH, 90°C, 12 h 75 15

16 B(OH); (20) PrOH, 90°C, 6 h 52 1

@ Unless otherwise mentioned, all reactions were performed using 1.0 mmol of 1a, and 3.0 mmol of 2a in 1.5 mL solvent. bl |solated yields.

sion of the formation of molecules 4pa-qa. The exception to
this trend could be associated with the bulkier aldehyde 1r
which resulted in a mixture of para-para product 3ra in 67%
yield and ortho-para product 4ra in 14% yield. The probable
reason for this outcome might be governed by the electronic
factors of the aromatic aldehyde and the stabilization of oxo-
carbocation B, and the stability of intermediate J. It was also
observed that in comparison to monocyclic aromatic and
heteroaromatic aldehydes, the present transformation requires
a longer reaction time when polycyclic aromatic aldehydes are
employed in this transformation. Nevertheless, the exceptions
were found with the aldehydes 1e, 1h, 1v, 1w, 1z for which
the reaction required a longer time for the complete con-
version. The described reaction conditions were found suitable
for aliphatic aldehyde 1s to access the tri-substituted methane
3sa in 65% yield and high selectivity towards para-para
regioisomers was identified. Interestingly, the paraformalde-
hyde (1t) was tolerated considerably under these reaction
conditions to deliver di-aryl-substituted methane 3ta (60 %) and
4ua (9%) in adequate yields and selectivity (Scheme 3).

Next, the suitability of the described process was inves-
tigated by employing the hetero-aromatic aldehydes 1u-z, a’-
b’. The pyridine aldehydes 1u-y exhibited excellent reactivity
and selectivity towards para-para bond formation to obtain tri-
arylmethanes 3ua-ya in 76-90% yields with un-identification
of corresponding ortho-para bonded tri-arylmethanes 4 ua-ya.

The quinoline aldehyde 1z has also revealed similar selectivity
in giving 3za in 66% yield. In contrast, the isoquinoline
aldehyde 1a’ and thiophene aldehyde 1b’ provided the
products 3a’a-b’a in 62-67% yields and 4a’a-b’a in 7-17%
yields (Scheme 4).

The feasibility of this protocol was then extended towards
the di-substituted anilines and differently substituted alde-
hydes. The optimized reaction conditions were applied to
aromatic/hetero-aromatic aldehydes 1a, i, o, x, ¢’ in combina-
tion with N,N-dimethylaniline (2b) to obtain para-para bonded
tri-arylmethanes 3ab, ib, ob, xb, c'b in 63-72% yields as the
major products and ortho-para bonded tri-arylmethanes 4ab,
ib, ob, xb, c’b in traces amounts (Scheme 5). The reaction
selectivity was drastically enhanced by changing the substrate
N- methylaniline (2a) to N,N-dimethylaniline (2b). This outcome
was attributed to the electron-rich nature of an aniline ring,
which activates the aromatic ring at para-position for nucleo-
philic approach over carbonyl carbon of an aldehyde.

To further evaluate the scope of the developed process, we
aspired to screen different aniline analogs such as indole under
the reaction conditions. To our surprise, the reactions of
aldehydes 11, o, b’-c’ and indoles 5a-b furnish tri-arylmethanes
6la, la, b'a-c’b in 70-92% yields (Scheme 6). The evidence of
the exclusive formation of a single isomer in all cases is
accredited to the selective activation of the indole ring at the
3" position.
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Scheme 2. Scope of aromatic aldehydes 1 for the synthesis of tri-arylmethanes.
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After establishing a considerable substrate scope for the ([M]*=198.06), C (IM+Na]™=327.35), D ((M+Na]*=118), E

developed process, we aimed to depict a plausible reaction
mechanism for the synthesis of tri-arylmethanes. To pursue this
objective, we have chosen to evaluate the reaction process with
the aid of GC-MS analysis and DFT studies. Further insights into
the reaction mechanism were acquired by monitoring the
course of the reaction of 1c and 2a under the standard reaction
conditions at a regular interval of 1 hour. According to the
obtained gas chromatography-mass spectrometry (GC-MS) data,
the reaction process involves the formation of intermediates B

(IM1*=226.12), | (M+Na]*=191.22) and K ([M]"=333.19)
through which the product 3 ca ((M]* =332.52) can be obtained
(details of mass spectra are given in Figure S3, SI).

Further, the DFT studies® were carried out to substantiate
the observations made by GC-MS investigations in formulating
a feasible reaction mechanism. The obtained DFT calculations
(Figure S1-S2, SI) were found to be in good agreement with the
observations drawn from GC-MS experiments. Based on the
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above-mentioned experimental and literature®'**! evidence, a
plausible reaction mechanism was drawn (Scheme 7).
According to the proposed mechanism, the starting material
1 c reacts with the catalyst B(OH); (A) to form an intermediate B
(IM]*=198.0) through a transition state TS-l. The activation
energy for the formation of intermediate B is 10.77 kcal/mol,
which is energetically highly favorable. The intermediate B
undergoes nucleophilic addition with compound 2a to form
the intermediate C ([M]™ =305.14, [M+Na] " =327.54) through
a transition state TS-Il. The activation energy for the formation
of intermediate C was elevated to 7.61 kcal/mol. Subsequent
elimination of tetrahydroxyborate (D) ([M]" =78.02, [M+K]" =
118) from intermediate C leads to the formation of imine
intermediate E ([M]* =226.12, [M+K]*=265.21) though a
transition state TS-lIIl. The generation of intermediate E requires
a high amount of activation energy (65.17 kcal/mol) as the

elimination of intermediate D takes place during the process.
Next, the imine intermediate E undergoes nucleophilic addition
with compound 2a at the para-position to attain the possible
intermediate F. The nucleophilic approach occurs through a
transition state TS-IV with a lowered activation energy of
22.87 kcal/mol. The rearomatization of intermediate F takes
place through a transition state TS-V with an activation energy
of 32.90 kcal/mol to generate the intermediate G. The inter-
mediate H can be obtained by the co-ordination of intermedi-
ate G with B(OH); through a transition state TS-VI and
activation energy of 21.58 kcal/mol. Next, the intermediate H
undergoes an intramolecular rearrangement, and the subse-
quent elimination of intermediate | ((M]" =167.98, [M+Na]* =
191.22) leads to the formation of intermediate J via the
transition state TS-VII with an activation energy of 14.11 kcal/
mol. Then, the intermediate | undergoes dissociation of N-
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methylaniline (2a) to regenerate B(OH); back to the catalytic
cycle. Further, the intermediate J can undergo nucleophilic
addition with N-methylaniline (2a) in two ways leading to the
formation of two different intermediates K and L. The
intermediate K can be formed from J by the nucleophilic
addition of compound 2a at the para-position via the transition
state TS-VIIIA with an activation energy of 12.33 kcal/mol.
Similarly, the intermediate L can also be formed by the
nucleophilic addition of compound 2a at the ortho-position via
the transition state TS-VIIIB with an activation energy of
14.19 kcal/mol. Subsequent aromatization of intermediate K
and L in the presence of B(OH),™ furnished the desired products
3ca and 4ca respectively. The formation of product 3ca from
the intermediate K proceeds through a transition state TS-IXA
with an activation energy of 11.26 kcal/mol, which is energeti-
cally highly favored and hence, displayed the greater selectivity.
The activation energy for the formation of the 4 ca via transition
state TS-IXB from intermediate L is 33.87 kcal/mol.

After establishing several aspects of this developed strategy,
authors were surprised that the scope of this transformation is
limited to the N-protected anilines. This observation was
validated by carrying out the reaction between benzaldehyde
(1a) and aniline 7a in the presence of 20 mol% of B(OH); in
'PrOH as solvent at 90°C for 12 hours, which resulted in no
conversion of both starting materials. The reason behind the
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incompetence of N-unprotected anilines to act as nucleophiles
in the synthesis of di-/tri-substituted methanes could be
associated with the low electron density in the para-position of
the aromatic ring. Hence, the participation of a second aniline
moiety in the formation of intermediate F via a dual Friedel-
Crafts-type approach may be prohibited. The inactivity of
aniline (7a) guided us to elucidate an alternative hypothesis to
analyze the outcomes of this method. In this protocol, the imine
derivative 8 was prepared by the reaction between 4-methoxy
benzaldehyde (1¢) and anisidine (7 b), which was then exposed
to the developed reaction conditions under the influences of N-
methylaniline (2a). Interestingly, it was noticed that the
operated transformation delivered the corresponding triaryl-
methane 3 ca (73 %), in which the aromatic residues of aldehyde
1c and N-methylaniline (2a) were intact; whereas, the anisidine
(7b) residue in the intermediate 8 has shoved off during the
reaction to derive the final product (Scheme 8).

Conclusions

In summary, a robust, cost-effective boric acid-catalyzed dual
Friedel-Crafts reaction has been demonstrated for the synthesis
of di-/tri-substituted methanes. The developed protocol pro-
vides direct access to symmetric and unsymmetric tri-aryl-
methanes by utilizing diversely substituted aldehydes and N-
substituted anilines/indoles. The described reaction conditions

TFA (2-3 drops) /@/\\N
M OH,rt
‘ MeO 8
Me .
1c b €~NH
©, B(DH (20 mol%)
'PrOH 90°C, 12h O O
Me
MeQ N~
(2.0 equiv.) = 3ca (73%) H

Scheme 8. Synthesis of tri-arylmethane 3 ca using presynthesized aldimine
intermediate 8.

were successful in delivering the tri-arylmethanes in moderate
to excellent yields and selectivity. The designed process was
comprehensively supported using GC-MS and DFT studies.
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