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Herein we report the B(3,4,5-F;H,Cg)z-catalysed C3-allylation of
indoles using allylic esters. 25 examples of C3-allylated products
are presented in up to 97% yield. The mechanism for the reaction
was explored using detailed Density Functional Theory (DFT)
studies.

Indole is one of the most important nitrogen-containing het-
eroaromatic compounds not only as an essential building
block for biologically active natural products and pharmaceuti-
cals, but also for pigments and materials science.” Therefore,
catalytic functionalisation of electron-rich indoles has been
explored extensively,” especially at the nucleophilic C3-position
through electrophilic substitution.® Typically metal catalysts
are employed,” but the major disadvantages associated with
these classical metal-catalyzed C3 functionalisation reactions
are the post-reaction contamination, use of precious and toxic
metals, high temperature, prolonged reaction time, unwanted
by-products and several side selectivity issues. In this regard,
the implementation of a metal-free catalyst as a sustainable
reaction strategy is highly desired in the chemical community.
Recently, the use of main group catalysts such as fluorinated
triaryl boranes (e.g. B(CeFs);) has gained popularity due to
their potentially lower toxicity and high selectivities (Fig. 1).*
For example, Melen, Morrill, and Pulis et al. used catalytic
amounts of B(C¢Fs); for the direct C3 alkylation of indoles
with amine-based alkylating reagents.” Under similar reaction
conditions, Melen et al. reported the introduction of alkyl
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groups with diazoesters via C-H insertion.® The stereoselective
C-glycosylation of indoles with B(CeFs); and glycosyl trichlor-
oacetimidates has also been achieved by Mandal et al.” The
synthesis of bis(indolyl)alkanes by a B(C4Fs);-catalysed
Markovnikov addition of indoles to aryl alkynes as well as the
B(C¢F5);s-catalysed dehydrogenative C-C bond formation of
indoles with N-tosylhydrazones have also been reported.®® An
interesting new approach by Tang et al. was the use of B(C4Fs)3
as a single-electron oxidant.'® Here, an electron donor-accep-
tor complex is formed between B(C¢F;5); and the indole which
promotes a photoinduced single electron transfer event result-
ing in an oxidative C-S cross-coupling reaction of indoles with
thiophenols.*®

The strong Brensted acidity of the H,0-B(C¢Fs); adduct is
well known,"" and has been used by Tang et al. to perform
dehydrative Friedel-Crafts alkylations catalytically,"> and for
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Fig. 1 Previous and current work.
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the C-C coupling of 1,4-naphthoquinones with indoles in
water as reported by Wang et al.'>'* The same group and others
reported the allylation of indole in water catalysed by the
B(CgF5)s/2,6-lutidine frustrated Lewis pair.">'® The introduction
of an allyl group yields highly functionable synthetic inter-
mediates that are important for further manipulations."
However, the previous report with B(CgF5)s/2,6-lutidine used high
temperatures and no scope of the allyl reagent was explored.'®
We anticipate that a further investigation into this reaction to
establish a mild catalytic reaction protocol might be of interest.

Herein we report the high yielding B(3,4,5-F;H,Cs); Lewis
acid-catalysed C3-allylation of indoles with allylic esters includ-
ing a full DFT supported mechanistic investigation. We started
our investigation by searching for the optimal reaction con-
ditions for the C3-allylation of 1-methyl indole 2a (1 equiv.)
with allylic ester 1a (1 equiv.) using a Lewis acid catalyst to give
allylation product 3a (Scheme 1).

A trifluoroacetic ester was used as the coupling partner
since CF;COO™ is a good leaving group. Following extensive
optimisation studies (see ESI, Table S1}), we found that the
optimum conditions for the reaction were 15 mol% B(3,4,5-
F3;H,Cg); catalyst loading in chloroform for 24 h at 60 °C.
Under these conditions, 3a was formed in 97% yield. Other
Lewis acids such as B(C¢Fs)3, B(2,4,6-F3H,Cg)3, BF;-OEt,, BPh;,
and Brensted acid trifluoroacetic acid (TFA) were screened as
different catalysts but none of these produced higher yields
than B(3,4,5-F3H,C¢);. Again, no product formation was

Me  2a 1a 3a

Scheme 1 C3-allylation of indoles catalysed by B(3,4,5-FsH,Cg)s.
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observed in absence of the catalyst. In all reactions, MgSO,
was added to ensure no residual water was helping to form
H,0-B(C¢Fs5); or H,O0-B(3,4,5-F3H,Cg); and the reaction was not
catalysed by a Brgnsted acid. Following on from a previous
publication from Wang et al.,"” we also attempted the reaction
of the alcohol derivative of 1a with 2a using 15 mol% B(CgFs);
as a catalyst in the presence of MgSO,, which yielded 3a in just
40%, confirming our choice for the ester 1a. Other variables
like catalyst loading, solvents, concentration, and stoichio-
metry of 1a and 2a were studied with B(3,4,5-F;H,Cs); but did
not help to improve the reactivity.

With the optimised conditions in hand, we explored the
substrate scope using different commercially available indoles
with diphenyl allylic ester 1a (Scheme 2). The 5-bromo-1-
methylindole afforded the desired allylated product 3d in near-
quantitative yield (93%). On the other hand, relatively lower
yields (65% and 50%) were observed with more sterically hin-
dered 1,2-dimethylindole and 1-methyl-2-phenylindole, (2b
and 2c respectively). Successful introduction of an allyl moiety
to 1-methylindole derivatives was also achieved using allylic
esters with symmetrical aryl rings bearing electron-donating
group (OMe) or electron-withdrawing group (F) in para-posi-
tion (1c and 1b, Scheme 2). Regardless of the electronic effect
of the substituents on 1, the corresponding allylated products
(3f-3i, 3k-3n) were obtained in good to high yields (up to
91%). Interestingly, the unprotected indole also afforded the
desired products (3e, 3j and 30) in moderate yields (up to
57%). The relatively lower yields compared to the allylated
1-methylindole could be attributed to the coordination of the
unprotected indole with the borane catalyst, forming a Lewis
acid-base adduct. When using unsymmetrical esters 1le or 1f
(Table 1), a mixture of two inseparable regio-isomers was
formed (3p-y, 3p’-y, see ESIf) in good to high combined
yields (up to 79%) possibly supporting the formation of an
allylic carbocation. Despite the different electronic effect of the
substituents on the aryl rings of the ester, the ratio of the two
isomers determined by NMR spectroscopy was 1:1 in all

5
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31R2 = Me, R® = H (65%)
3m R2=Ph, RS = H (72%)
3nR2 = H, RS = Br (89%)
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Scheme 2 B(3,4,5-FsH,C¢)s-catalyzed C3-allylation of indoles using symmetrical diaryl allylic esters. All reactions were carried out on a 0.1 mmol

scale; yields reported are isolated.
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Table 1 B(3,4,5-FzH,Cg)3-catalyzed C3-allylation of indoles using unsymmetrical diaryl allylic esters. All reactions were carried out on a 0.1 mmol

scale; yields reported are isolated

Re - .
h ) Me R R R
N TR? B(34,5-CeHoF3)s (15 mol%) N\ N\
, MgSO N
+ 1 — Mgoby +
Z R RS
‘ CHCl3, 60 °C, 24 h
1e RE=F, R =H 2a R°=R2=H,R'=Me 2 N,
1f RC=OMe,R’=H 2b R®°=H,R'=R?=Me R
2¢ R5=H, R'=Me, R? = Ph 1:1 ratio
2d R°=Br, R'=Me, R?=H
2e R°=R'=R?=H
Entry Ester Indole Combined yield (%) Products Entry Ester Indole Combined yield (%) Products
1 1e 2a 79 3p, 3p’ 6 1f 2a 51 3u, 3u’
2 1e 2b 72 3q, 3q’ 7 1f 2b 65 3v, 3v'
3 1e 2¢ 69 3r, 3r' 8 1f 2¢ 65 3w, 3w’
4 1le 2d 76 3s, 38’ 9 1f 2d 79 3x, 3x’
5 1e 2e 61 3t, 3t’ 10 1f 2e 68 3y, 3y’
cases. However, we have tried the reaction with C3 methylated HO._O
indole which did not respond under the standard reaction con- TFA  cr, I e o
(CoFsHa)s Ph O
ditions to give the desired C2-allylation product. \
To understand the mechanism of the C3-allylation of (CaFaHaB™ oj),:a h o~ _O_CFs
1-methyl indole with allylic ester 1a catalysed by B(3,4,5- W Pho O 1&BICeFsHz)s
F3H,Ce)3, we performed density functional theory (DFT) calcu- o Ph BlCaFittas
lations in chloroform at the SMD/M06-2X/def2-TZVP//SMD/ (HzcsFa)g”OYCFs
MO06-2X/6-31G(d) level of theory. According to the calculations, N L
. . o \
the reaction commences with the coordination of the borane e Ph
a
catalyst to the carbonyl functionality of allylic ester 1a to form © 0. cr Wh ~eh Ph
. .. (HCoF2)B” Y ° 4 I
adduct 1a-B(Cg¢F3H,);. This weakens the C-O bond, allowing it . © S @
to be cleaved via transition structure TS, to generate carbo- N\;) N
e 22 e

cation I and tetrahedral boron anion II. The indole then
nucleophilically attacks the ensuing carbocation to form a new
C-C bond. This attack is possible via two transition structures,
TS; and TS3. The transition structure TS; has a lower energy
than TS; by 7.4 kcal mol™", supporting the notion that the C3
position of indole is more nucleophilic than the C2 position.*®
Following the completion of the nucleophilic attack through
TS;, the iminium ion II is formed. III has a highly acidic
proton and is therefore easily deprotonated by tetrahedral
boron anion II to produce product 3a and adduct IV. The TFA
component of adduct IV is a weakly coordinating species, so it
easily leaves the system and regenerates the borane catalyst in
an exergonic fashion (Scheme 3 and Fig. 2, top). According to
our calculations, the rate-determining step of the catalytic reac-
tion is the nucleophilic attack of the indole on the in situ gen-
erated carbocation I via transition structure TS; with a relative
free energy of 21.5 kcal mol™". It is worth noting that disper-
sive interactions contribute significantly to the stability of this
transition structure. This claim is verified by performing
single-point calculations at the SMD/B3LYP/def2-TZVP and
SMD/B3LYP-D3/def2-TZVP levels of theory on the structures
optimised by SMD/M06-2X/6-31G(d).

Using B3LYP calculations, the overall activation barrier to
the nucleophilic addition of the indole to the carbocation is

This journal is © The Royal Society of Chemistry 2023

Scheme 3 Proposed reaction mechanism for the formation of 3a.

calculated to be 33.8 kcal mol™, whereas it is reduced to
15.8 kecal mol™ when dispersive interactions are considered
using B3LYP-D3 calculations. The NCI analysis depicted in
Fig. 3 confirms the presence of non-covalent interactions
(NCIs) in transition structure TSs;, which originate primarily
from n-rn stacking interactions (Fig. 3). We then turned our
attention to determining computationally why the replacement
of ester derivative 1a with alcohol derivative 1a_(al) impedes
the C3-allylation of 1-methyl indole. Fig. 2 (bottom) depicts the
free energy profile for the C3-allylation of 1-methyl indole with
allylic alcohol 1a_(al). As depicted, this replacement causes
the activation barrier for the allylation reaction to increase to
29.3 keal mol™". This increase in activation energy is because
the key carbocation I in this instance has much higher energy
(15.1 kcal mol™ for the allylation reaction with alcohol sub-
strate 1a_(al) versus 7.3 kcal mol™" for the allylation reaction
with ester substrate 1). Our calculation indicated that,
although the borane catalyst binds more strongly to the
alcohol substrate than to the ether substrate, the alcohol sub-

Dalton Trans., 2023, 52, 5039-5043 | 5041
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Fig. 2 DFT calculated reaction pathways for the formation of 3a compound from the reaction of C3-allylation of 1-methyl indole with allylic ester
1a (top) and alcohol derivative 1la_(al) (bottom) in CHClz using SMD/M06-2X/def2-TZVP//SMD/M06-2X/6-31G(d) level of theory. The relative free

energies are given in kcal mol™.

Fig. 3 The non-covalent interaction (NCI) analysis of transition struc-
ture TSs.

strate is less reactive towards the formation of the key carbo-
cation. Thus, the nature of the leaving group on the allylic sub-
strate largely dictates the ease of such reactions.

In conclusion, we have demonstrated the B(3,4,5-F;H,Cg)s
Lewis acid catalysed C3-allylation of indoles using allylic ester
substrates giving 25 examples of allylated products in moder-
ate to excellent yields. The mechanism for the reaction was

5042 | Dalton Trans., 2023, 52, 5039-5043

fully explored by DFT studies which demonstrate that an ester
substrate is crucial for the reaction to proceed. Other reactions
using the B(3,4,5-F;H,C¢); Lewis acid are ongoing in our
group.
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