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Introduction

Electrophile-promoted cyclization of functionalized alkynes is a

valuable tool for

heterocycles.’”” The
nucleophilic functional groups and alkynes. The most recent
examples of electrophile-promoted cyclization for «halogen»
electrophiles open access to oxazinoindolones,® 3-sulfonamido-
sulfonamido-substituted polyaromatic
compounds,’® medium-sized oxacycles,!! iodofuranones,?

4-haloisocuomarins,®

reaction is suitable for different
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Electrophile-promoted cyclizations of functionalized alkynes offer a useful tool for constructing halogen-substituted
heterocycles primed for further derivatization. Preinstallation of an iodo-substituent at the alkyne prior to the iodo-
cyclization opens access to ortho di-iodinated heterocyclic precursors for the preparation of unsymmetrical heterocycle-
fused enediynes. This general approach was used to prepare 2,3-diiodobenzothiophene, 2,3-diiodoindole, and 2,3-
diiodobenzofuran, a useful family of substrates for systematic studies for the role of heteroatom on the regioselectivity of
cross-coupling reactions. Diiodobenzothiophene showed much higher regioselectivity for Sonogashira cross-coupling at C2
than diiodoindole and diiodobenzofuran. As a result, the benzothiophene can be conveniently involved in a one-pot
sequential coupling with two different alkynes, yielding unsymmetrical benzothiophen-fused enediynes. On other hand, the
Sonogashira reaction of diiodoindole and diiodobenzofuran formed considerable amounts of di-substituted enediyne in
addition to the monoalkyne product at coupling at C2. Interestingly, no C3-monocoupling products was observed for all of
the diiodides, suggesting that incorporation of the 1%t alkyne at C2 activates the C3 position for the 2" coupling. Additional
factors affecting regioselectivity were detected, discussed and connected, through computational analysis, to
transmetalation being the rate-determining step for the Sonogashira reaction. Several enediynes synthesized showed
cytotoxic activity, which is not associated with DNA strand breaks typical of natural enediyne antibiotics.

Earlier we have shown that iodocyclization of ortho-
functionalized aryldiacetylenes followed by the Sonogashira
reaction is a convenient approach for the construction of
unsymmetrically substituted enediyne systems fused to
heteroindenes with the highest yields and functional group
tolerance in the case of benzothiophene and indole (Fig. 1A).18
This «diacetylenic approach» was used in the synthesis of 10-
membered heterocyclic analogues of enediyne antibiotics 19-22,
However, this method has some limitations associated with the
possibility of iodination of the second triple bond in the case of
benzofuran and isocoumarin derivatives.1823.24, An alternative

synthesis of halogen-substituted

iodothiazines,3 highly distorted fused helicenes 1415 and
optically active tricyclic piperazine scaffolds through the
dearomative ipso-cyclization.16 Electrophile-promoted
cyclization of various functionalized alkynes has been applied to
construct polyheterocycles targeting nucleic acids.”
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way to obtain unsymmetrically substituted enediynes fused to
heterocycles could be the regioselective stepwise substitution
of different halogens, which has been applied for pyrimidine-
fused enediynes (Fig. 1B).2> Here we investigate the applicability
of this approach under one-pot conditions for 2,3-
diiodoheteroindenes (Fig. 1C).

The 2,3-diiodoheteroindenes can be obtained by several ways
(Figure 2). The first method is the direct electrophilic iodination
which has been applied to indoles 2627, benzothiophene 28, and
2-iodoindole.?° The second approach is based on the sequences
of metalation / iodine exchange steps which has been reported
for diiodoindoles.30 All three compounds can also be obtained
by iodinative decarboxylation techniques, either as the desired
products (reported for indoles, 3132 benzothiophene 33) or as by-
products (reported for benzo-
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Fig. 2 Literature approaches to the synthesis of 2,3-diiodoheteroindenes.

thiophene and benzofuran,3* albeit without the support of
spectral data for 2,3-diiodobenzofuran). The highest yield for
diiodobenzothiophene is reachable by the synthesis of 3-iodo-
2-trimethylsilyl derivative followed by the Si—iodine exchange
using IC|.35.36
In principle,
iodoethynylarenes
alternative synthetic approach to diiodoheteroindenes (Figure

of the ortho-functionalized
convenient

iodocyclization

can be considered as a
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1). However, to the best of our knowledge, the possibility of
using electrophile-promoted cyclizations as a route to
diiodoheteroindenes, has not been studied, despite the fact
that electrophile-promoted cyclization have been used as a
synthetic tool for benzo[b]thiophenes with different halogen
substituents,3” as well as dihalothieno[2,3-b]quinoline and
dihaloselenopheno[2,3-b]quinoline 38

The regioselectivity in CC cross-coupling
important problem that is being studied both theoretically and
experimentally.3® It is known that the halogen atoms in 2,3-
diiodo- and 2,3-dibromothiophenes as well as in 2,3-
dibromoindoles have different reactivity in cross-coupling
reactions.* Because the C2 position is more reactive than the
C3 position, regioselective Sonogashira reactions at the C2
position have been reported for 2,3-dibromothiophene
derivatives 41743, 2, 3-dibromofuran, 43 2,3-diiodothiophenes,**
diiodothienopyridine,** 2,3-dibromobenzo[b]thiophene (Figure
3). 46 Even tetrabromothiophene can undergo regioselective
C2,C5 Sonogashira coupling.#3 Not surprisingly, regioselective
C2-1 Sonogashira coupling has also been shown for C2-iodo/C3-
bromo derivatives: 3-bromo-2-iodobenzo[b]thiophene 43 and 3-
bromo-2-iodoindole 47 where the more reactive halogen was
placed at an intrinsically more reactive position. In the case of
C2-bromo/C3-iodo derivatives, where the two above factors are
in conflict, the C2/C3 regioselectivity is reversed. Thus, C3-iodo
regioselectivity has been observed for 2-bromo-3-
iodothiophenes,*¥-51 2-bromo-3-iodofuran and -benzofuran.52

reaction is an

However, the selectivity of cross-coupling in 2,3-
diiodoheteroindenes (benzo[b]thiophene, indole, and
benzo[b]furan) has not been previously studied. 2,3-

Diiodoindoles were only used in the synthesis of symmetrical
diethynylindoles.53

In this work, we report on the study of electrophile-promoted
cyclization of functionalized iodoethynylarenes and the
investigation of the regioselectivity of the Sonogashira reaction
for 2,3-diodoheteroindenes for the development of a new
«iodoalkyne» approach to unsymmetrically substituted
enediynes fused to heteroindenes (Figure 1).
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Fig. 3 Known regioselectivity for the Sonogashira reaction of dihalo thiophenes,
furans and heteroindenes.
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Results and Discussion
Study on Electrophile-Promoted Cyclization of lodoalkynes

The starting 2-(iodoethynyl) derivatives of thioanisole 3a, N, N-
dimethylaniline 3b and anisole 3c were obtained from the
corresponding TMS-alkynes 1a-c (see the Supporting
Information) by a stepwise desilylation and iodination of
terminal alkynes 2a—c (Scheme 1).

lodalkynes 3a—c turned out to be quite sensitive substances.
They require mild reaction conditions and should be handled
carefully during work up and isolation in order to avoid
protodeiodination (see the Sl). Thus, the iodoalkynes should not
be stored in solution for prolonged time and the water bath
temperature for a rotary evaporator should not exceed 35 °C.
With these rules, the key iodoalkynes 3a—c could be obtained in
high yields (Scheme 1) and stored neat in a freezer for several
months without any degradation.

Then, we turned to the study of iodocyclization of iodalkynes
3a-c using the conditions which gave the highest yields in the
case of alkyl- /aryl-substituted ortho-functionalized alkynes.>4-
56 (lodoethynyl)thioanisole 3a underwent the iodocyclization
smoothly  with iodine as an electrophile: 2,3-
diiodobenzo[b]thiophene 4 was isolated in almost quantitative
yield (Table 1, entry 1). The cyclization of aniline 3b using iodine
gave a complex mixture of products. Switching to N-
iodosuccinimide, gave indole 5 in 86% vyield (Table 1, entry 2).
The reaction of anisole 3c with either iodine (under a variety of
conditions) or ICl ended with electrophilic addition to the triple
bond to form the dihalogenated alkenes 6 and 7, respectively
(Table 1, entries 3,4). When NIS was used, no conversion of the
starting (iodoethynyl)anisole was observed even after 6 hours
(Table 1, entry 5). However, we could overcome this obstacle
by using 2-ethynylated phenols instead of anisoles and by
switching to NIS/PPhs as the electrophilic system as described
previously by Li et al.>”

Interestingly, when optimizing synthesis of (iodoethynyl)phenol
3d, we have inadvertently found that desilylation/iodination of
TMS-substituted ethynylphenol 1d under AgF/NIS conditions>8

T™MS H |
R = R 4 R =
BorC
XMe XMe XMe

X =S, R=H (a), X=NMe, R = COOEt (b), X =0, R=H (c)

R R
~ o cr. oL
SMe NMe, OMe

2a (R=H)A: 99 %

R=H) A: 90 %
3a(R=1)B: 94 % Rely ’

2b(R=H)A: 95 % 2c
3¢ (R=I)C: 85 %

3b (R=1) B: 80 %
2 iv), MeOH or EtOH, rt, 3—
Conditions: A: K,CO, 2 €UIV)- MeOH or 18 h; B: N-iodomorhpoline
hydroiodide (1.25 3 equiv), Cul (15 mol%), THF, 5 °C, 2 3 h (for 2a,b); C: DBU
(1.1 equiv), NIS (1.1 equiv) MeCN, rt, 15 imn (for 2¢c)

Scheme 1 Synthesis of o-functionalized (iodoethynyl)arenes 3a—c.
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Table 1 The study of iodine-promoted cyclization of iodalkynes 3a—c.

R = " R
— N\_| or v
XMe X OMe
3a ¢ 4,5 6(y=1),
T(y=cCl
Entry  lodoalkyne X R Conditions Yield, Product
%
1 3a S H A 97 4
3b NMe COOEt B 86 5
3 3c 0 H C 76 6 (Y=I)
D 99
E 77
4 3¢ o] H F 82 7 (Y=Cl)
5 3c (0] H B - -
Conditions: A — 12 (1.05 equiv), DCM, rt; B — NIS (2 eq.), DCM, rt; C - 12 (1.05 equiv),

DCM, rt; D - I (3.00 equiv), DCM, 40 °, E -
equiv), DCE, 80 °.

I2 (3.00 equiv), DCE, 80 °; F - ICI (1.05

gave the desired 2,3-diiodobenzofuran 8, albeit in a low yield
(13%) and along with a mixture of unidentified products.
lodocyclization of (iodoethynyl)phenol 3d under NIS/PPhs
conditions gave 2,3-diiodobenzofuran 8 in 37% isolated yield
(Scheme 2).

Thus, the preinstallation of iodine at the triple bond of ortho-
functionalized ethynylarenes enables direct synthesis of 2,3-
dioiodobenzothiophene and 2,3-diiodoindole. Although
iodination of 2-(iodoethynyl)anisole leads instead to the 1,2-
diiodination of the triple bond, the target 2,3-diiodobenzofuran
can be synthesized using 2-(iodoethynyl)phenol as a starting
material and NIS/PPhs system as the electrophilic reagent.

Regioselectivity of the Sonogashira Coupling in 2,3-
Diiodoheteroindenes

Next, we explored the regioselectivity of Sonogashira
coupling®280 for the diiodides 4, 5, 8. The idea of selective
substitution of one iodine atom in vicinal diiodoheteroindenes
is based on the known regioselective Sonogashira reaction for
2,3-diiodothiophenes 44 and 2,3-dibromobenzo[b]thiophene.®
The substitution is known to occur first at the C2, and then at
the C3 position.

NIS (1.1 equiv),

TMS
DBU (1.1 equiv)
©\/ KF, DMF, H,0, rt MeCN, 0'C ©\/
OH
1d 2d (80%) d (88%)

NIS ( ¥
Pphs%{b%uu ),)
DCM, rt,
yield 37%

AgF (2.1 equiv), NIS (2.4 equiv),
H,0 (2.0 equiv), MeCN, 0 C, yield 13%

O

8

Scheme 2 Synthesis of 2,3-diiodobenzofuran 8.
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From the theoretical point of view, many factors influence the
regioselectivity of oxidative addition step, which is known to be
the limiting stage of the many Pd cross-coupling reactions.3® An
interesting selectivity feature is that the reaction does not
prefer the weaker of the two C-X bonds as indicated by the data
shown in Figure 4 for C-Br and C-l bonds in the two dihalides.
Interestingly, the shorter and stronger C2-Hal bonds react first.
Such observations are consistent with the earlier suggestion
that, the rate-limiting step for the Sonogashira cross-coupling of
aryl iodides is likely to be not the C-X bond activation via
oxidative addition to the catalyst but trans-metalation of Cu-
acetylides formed in the initial reaction stage.5!

Therefore, we were aimed to compare experimentally the
regioselectivity of the cross-coupling for all three
diiodoheteroindenes 4, 5, 8 with the goal of evaluating how
general the above trend is. From a practical point of view, this
information is useful for deciding which heterocycles are
appropriate for the synthesis of unsymmetrical enediyne
systems under one-pot conditions.

To study the regioselectivity in the Sonogashira reaction of
diiodobenzothiophene 4, we chose 3-methoxypropyne 9a as a
partner because its regioselective cross-coupling would lead to
the corresponding C2-(methoxymethyl)ethynyl derivative,
which is an important starting material for the synthesis of cyclic
enediynes through the Nicholas reaction (Table 2).1°

All reactions were carried out using Pd(PPhs)s/Cul catalytic
system, while the nature of the base, solvent, temperature and

X=1/Br X=Br ; x=l
X Cc2-X C3-Xx ! C2X C3-X
3 BDE. kcal/mol 795 78.8 i 67.0 66.2
N2 » Bond length, A 1.89 190 | 210 2.11
§ s C X orbital polarization, 54.3 529 | 608 58.6
% at C |
iW A *x Energy of bonding orbital, a.u. -0.60 -0.57 -0.52 -0.49
% L%aal)er& 87l Natural atomic charge C, e- 939 94 948  -G3R
Natural atomic charge Br/l, e-

Fig. 4 Energetic and electronic parameters for the two C-Hal bonds in 2,3-dibromo-
and 2,3-diiodobenzo[b]thiophenes

Table 2 Conditions optimization for the Sonogashira reaction between
diiodobenzothiophene 4 and alkyne 9a.@
OMe
; 9%a OMe

Cul,
Pd(PPha)a, o
base, solvent, T, C

| // OMe
S OMe
"OM¢

4 10a 11a 12
Entry Base T,°C Conversion of 4 %" Yield, %
10a 11la 12

1 K2CO3 45 94 76 11 <1

2 K2COs 60 70 64 8 -

3 KsPOs 45 >95 80 9 1.5

4 KF 45 39 45 2 4

5¢ KF 45 55 55 2

64 K3PO4 45 73 66 7 1

9Reaction conditions: 4 (0.25 mmol, 1 equiv), 9a (0.30 mmol, 1.2 equiv), Pd(PPhs)s
(5 mol.%), Cul (10 mol.%), base (1.00 mmol, 4.00 equiv), THF (2.50 mL, c = 0.1 M),
24 h; bConversion and yield were determined by 'H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard; ¢ DMF was used as a solvent; 9the
alkyne 9a was used in amount of 0.25 mmol, 1.00 equiv.
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reagents ratio were varied. The yields of all products and the
conversion of diiodide 4 were estimated using 'H NMR
spectroscopy of the reaction mixture with 1,3,5-
trimethoxybenzene as the internal standard. The Sonogashira
coupling of diiodide 4 with alkyne 9a using potassium carbonate
as a base at 45 °C gave C2-monosubstituted product 10a in 76%
yield. However, a non-desired disubstituted product 11a was
also formed in 11% vyield (Table 3, Entry 1). Raising the
temperature from 45 °C to 60 °C decreased the yield of
monoethynylated benzothiophene 10a (Table 3, Entry 2).
Among the various bases tested (Table 3, Entries 3-5), the best
result was achieved with K3PO, (80% yield of 10a, entry 3), albeit
with the concomitant formation of 9% of enediyne 11a. In order
to diminish the formation of undesired enediyne 11a, we
reduced the acetylene/diiodide ratio from 1.2 to 1.0 equiv.
(Table 3, Entry 6) but found these conditions led to a decrease
in the yield of product 10a. Thus, the conditions from entry 3
were chosen for the regioselective synthesis of 2-ethynyl-3-
iodobenzothiophene 10a: the reaction should be carried out in
THF at 45 °C using K3PO4 as a base and maintaining the starting
diiodide 4 to alkyne 9a ratio of 1:1.25.

Importantly, the product of monosubstitution at C3 has never
been observed. Thus, the ethynyl substituent in the C2-position
of benzothiophene has an activating effect on the rate of cross-
coupling at the C3 position. The activation can be associated
either with a decrease in electron density at the C3 position for
2-ethynyl-3-iodobenzothiophenes compared to 2,3-
diiodobenzothiophene because of the electron withdrawing
properties of Csp atoms, or/and with other factors such as
coordination of palladium at the triple bond at the oxidative
addition step.

Studies on regioselectivity of indole 5 and benzofuran 8
derivatives were carried out under optimized conditions for
diiodobenzothiophene 4. We found that 2,3-diiodoindole 5
cannot be converted to the corresponding C2-ethynylindoles
with the same selectivity as it has been observed for 2,3-
diiodobenzothiophene 4 (Scheme 3). Although the desired C2-
ethynylated indole 13a was the main reaction product (52 %
yield) of the Sonogashira reaction with alkyne 9a (Scheme 11),
the enediyne 14a (18%) along with the remaining starting
diiodide 5 (conversion 87%) was also isolated. Raising the
temperature by 10 °C led to the increased formation of
symmetrically substituted enediyne 14a, with starting diiodide
5 still present in the reaction mixture.

The Sonogashira coupling of benzofuran diiodide 8 with methyl
propargyl ether 9a proceeded mostly through the C2-position
with similar regioselectivity as for diiodindole 5.

OMe
= / OMe
9a (1.20 equiv)
I RAEPhH) | / /
K4POy
R THF, 45°C, 24 h R oMe R OMe
N>t ————— N = * N =
X X
58 13a (52%) 14a(18%)

15a (59%) 16a (27%)

R = COOEt, X = NMe (5, 13a, 14a)
R=H, X =0 (8, 15a,16a)

Scheme 3 Study of the Sonogashira reaction regioselectivity for 2,3-diiodoindole
5 and 2,3-diiodobenzol[b]furan 8.
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The Sonogashira coupling of benzofuran diiodide 8 with methyl
propargyl ether 9a proceeded mostly through the C2-position
with similar regioselectivity as for diiodindole 5.to be 3/ 1, with
the isolated yields of 59% for 2-ethynylbenzofuran 15a and 27%
for enediyne 16.

Moderate yields and less selectivity for monoethynylation in the
case of indole 5 and benzofuran 8 compared to benzothiophene
4 against the formation of diethynylated byproduct can be
explained by higher sensitivity of the C3-I position towards
additional activation by the initially introduced C2-alkyne
moiety for these heterocycles.

Finally, we decided to check the possibility to reverse the
regioselectivity for the benzothiophene series from C2-1 to C3-I
by replacing active halogen (I) with less reactive halogen (Br) in
more activated position (C2). Thus corresponding C3-I
regioselective Sonogashira reaction has been reported for 2-
bromo-3-iodothiophenes (Fig. 3).48-51 2-Bromo-3-
iodobenzo[b]thiophene 17 was obtained similarly to its diiodide
analogue 4 starting from bromoethynylthioanisole S1 (See SI).
The Sonogashira reaction of 2-bromo-3-iodobenzo[b]thiophene
17 with 3-methoxypropyne 9a under optimized condition for
the diiodobenzothiophene 4 (Table 3, Entry 3) proceeded at C3-
| bond instead of C2-Br bond. However, the selectivity for the
mono- vs. bis-substitution was significantly lower than C2-
selectivity observed for substitution to diiodide 4. Along with
the iodine substitution at the C3 position (product 18a), a
significant amount of the disubstituted benzothiophene 11a
was formed: the ratio of alkyne 18a to enediyne 11a was found
to be 2:1 (Scheme 4). It should be noted, that C2-Br substitution
in the starting material was not observed, so the difference in
intrinsic reactivity of C-Br and C-lI bonds was more important
than the inherent C2-preference. It also indicates once again,
that, even for the C2-Br benzothiophene derivative, a triple
bond has an activation effect at the adjacent position.

Additional Selectivity Studies of Dihalobenzothiophenes

To explore the activating influence of the firstly introduced
triple bond on the remaining C-Hal in the Sonogashira coupling,
we carried out additional experiments. In particular, we studied
interactions of the two dihaloheteroindenes with the worst
mono- vs. bis-ethynylation selectivity (i.e., 8, 17) with hept-1-
yne 9b, an alkyne without any additional functionalities
(Scheme 5).

In the case of di-I-benzofuran 8, the mono- to bis-ethynylation
ratio increased from 3/1 (for methyl propargyl ether 9a) to 5/1
(for hept-1-yne 9b).

OMe

; OMe OMe
9a (1.20 equ\v) / /
Pd(PPha)s
I Ko i ! /
THF, 45 °C, 24 h OMe
Nogoo L Ny_Br * N =
s s
7 18a (41%) 1a (20%)
a
(58%) (31%)”

“Yields are corrected for conversion

Scheme 4 Study of the Sonogashira reaction regioselectivity for 2-bromo-3-

iodobenzo[b]thiophenes 17.
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Scheme 5 Study of the influence of alkyne nature on mono- vs. bis-ethynylation
selectivity.

The analogous trend was observed for C2-bromo
benzothiophene 17: mono- 18b to bis-ethynylation 11b ratio
also increased from 2/1 (for methyl propargyl ether 9a) to 3/1
(for heptyne 9b) (Scheme 5). The results are intriguing because
the first alkyne is introduced at the different carbons (C2 for 8,

and C3 for 17) in these Sonogashira reactions.

Exploratory Computational Analysis

Several interesting observations can be made from the
experimental results discussed in the previous sections. First,
introduction of the first alkyne group accelerates the 2nd
ethynylation step. Second, the activation effect of the firstly
incorporated triple bond the alkyne
substituent, i.e. the acceleration is less pronounced for heptyne
9b in comparison to methyl propargyl ether 9a.

In order to understand the electronic consequences of alkyne
introduction, we have used DFT calculations to evaluate charge
distribution in 2,3-diiodobenzothiophene 4 and the two
products of Sonogashira mono-substitution at C2 — 2-ethynyl-3-
iodobenzothiophens 10a and 10b’ (Scheme 6). At this stage, we
have limited our computational analysis only to the
benzothiophene systems where the experimental data are the
most complete. Note that the C2-carbon in the starting diiodide
4 has much more electron density than C3 (natural charges of -
0.48 and -0.30 e). Upon the introduction of a C2-alkyne
substituents, the electron density at both C2 and C3 is
significantly lowered. This interesting finding illustrates the
uniqueness of sp-hybridized carbon and consistent with the
high acceptor ability of alkynes.62.63

is dependent on

Natural Natural Natural
| charge:-0.30 | charge:-0.22 ‘ charge:-0.21
. OMe
D—i E — c c—ch,
s \¢ Natural \« Natural \¢ Natural
charge:-0.48 charge:-0.11 charge:-0.07
4 10a 10b’
|
OMe OMe OMe
\ c=c-cH, - Qecm CH, C=C=CH,
&
T
CHZX

" CHR 5. 93 keal/mol R=OMe
0.56 kcal/mol R= Et

Calculations done using B3LYP-D3/6-311+G** and LANL08(d) for | SMD=DCM

Scheme 6 The activating effect of alkyne moiety and nic=c > 0*co hyperconjugation
on the C3 carbon in benzothiophenes.
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The introduction of an oxygen atom at the propargylic position
further decreases electron density at the C3 atom. This effect
stems from a combination of the inductive effect and mc=c >
o0*co hyperconjugation, which both accentuate the m accepting
ability of the sp carbon. If this remote stereoelectronic effect
can facilitate a reaction at the remaining C-Hal bond, it can
explain the lower mono- vs. bis-ethynylation selectivity for the
propargylic ether.

As transmetallation is known to be the rate-limiting step in
Sonogashira reactions of aryl iodides,54%> we evaluated
substituent effects on this step with the hope that they will help
to explain the observed reactivity trends. Scheme 7 illustrates
differences in the calculated exergonicities for transmetalation.
In this context, it is important to remember that, as long as the
same elementary processes are compared, exergonicities are
known to correlate with activation barriers. Such connection
between reaction thermodynamics and kinetics readily follows
from the Marcus theory or Bell-Evans-Polany postulate.®6.67 For
more recent examples of such connections between kinetics
and thermodynamics, see the references.58:6°

The results of these calculations provided three conclusions, all
in a good agreement with the experimental results. In
particular, comparison of Egs. 1 and 2 explains the preference
for reaction at C2 as this process is more favorable. The more
exergonic transmetalation at C2 (-19.4 kcal/mol) is expected to
be faster than the less exergonic reaction at C3 (-17.8 kcal/mol).
On the other hand, comparison of Egs. 2 and 3 rationalizes the
accelerating effect of alkyne moiety which complicates reaction
designs that rely on the selective formation of mono-
alkynylated Sonogashira products from the diiodides. Finally,
comparison of Egs. 3 and 4 shows how the propargylic acceptor
group at C2 further promotes transmetallation at C3, rendering
selective monoalkynylation even more difficult.

Preparation of Non-Symmetric Enediynes

Next, we applied the optimized conditions for the Sonogashira
cross-coupling of diiodide 4 with different alkynes 9a—f (Scheme
8). In all cases, the reaction proceeded with the full conversion
of diiodide 4 and gave 2-ethynyl-3-iodobenzothiophens 10a-e
in good isolated yields.

A L. pl
Leply i G, kcal/mol Pd.,
OMe . 17.8 N\
- |
1) o= N ., o
| |
OMe L 19.4 v
S s T N o T
s S r
| R
«pl Lapl,
bepd 21.8 Pa.,L
OMe I
.
(3) o= N\ _c=Cc—n-Pr @E\&cchn-m
s s
| R
/
Lapl,, 245 bepa
OMe
. -
@ o= \)—Cc=C—CH,0Me (:\rs\&cchwzom
S
L=PMe, R=CCCH,0CH;

Calculations at MN15-L/def2-TZVP level of theory (def2-TZVP (ECP) for I), SMD=DCM

Scheme 7 Thermodynamics of transmetallations in relevant benzothiophenes.
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Scheme 8 Synthesis of 2-ethynylbenzo[b]thiophenes 10a—f.

The enediyne by-products were formed in
amounts, therefore they were not isolated
chromatographically. Consequently, 2,3-diiodobenzothiophene
shows minimal dependence of regioselectivity on the nature of
the alkyne.

In order to demonstrate the utility of the regioselective
Sonogashira reactions, we have carried out a two-step synthesis
of unsymmetrically substituted enediyne systems from 2,3-
diiodobenzothiophene 4 via two successive cross-coupling
reactions with different alkynes under one-pot conditions, i.e.,
without isolating the product of the first Sonogashira reaction
on the C2 atom. It turned out that this approach allowed quick
and efficient preparation of the unsymmetrically substituted
enediynes 19a-e. In this sequence, the first substitution at C2
was carried out under the optimized conditions (Table 1, Entry
3), while the subsequent C3-substitution of iodine was
accomplished by adding the second alkyne to the reaction
mixture and running the reaction at 60 °C until the complete
conversion. In this way, it was possible to obtain a series of
unsymmetrically substituted enediynes, including isomeric
enediynes 19a / 19b and 19c / 19d (Scheme 9). Because the
resulting enediynes have substituents with different polarity at
the triple bonds, chromatographic separation of the target
unsymmetrical enediynes 19 from symmetrically substituted
by-products 11a,b is straightforward. The isolation of the trace
amounts of symmetrical enediyne minor by-products in the
syntheses of compounds 19c—e was not carried out.

Thus, unsymmetrically substituted enediynes fused to a
benzothiophene 19 can be synthesized from the easily
synthetically accessible 2,3-diiodobenzothiophene 4 within a

insignificant
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Scheme 9 Synthesis of unsymmetrically substituted enediynes 19 using a one-pot approach

single synthetic stage using a one-pot procedure involving two
subsequent Sonogashira reactions. The advantage of the
developed synthetic route compared to the previously
described approach based on the iodocyclization of o-(buta-1,3-
diynyl)thioanisole followed by the Pd-catalyzed cross-coupling
with alkynes is its higher divergence without the need to start
from different diacetylenes in the first synthetic steps.

We have compared the overall yield of enediyne 19a
synthesized by two different routes through the
«diacetylenic» approach 1924 «iodoalkyne»

and via the

steps 1,2 J. Org. Chem. 2020 z%qsg%hgggégﬁ]g]

SMe steps 3-5 Eur. J. Org. Che
|
OH
=)
Pd/Cu/Base
_—

|
OMe
— E— N
e = =
OMe s
10a

approach (Scheme 10). The new method gives a somewhat
higher overall yield; however, it still requires separating traces
of symmetrical endiynes in the last step. Therefore, we would
recommend using the developed «iodoalkyne» approach for
the synthesis of libraries of unsymmetrical benzothiophene-
fused enediynes, while the «diacetilenic» route seems to be
more suitable for the gram-scale synthesis of enediynes with an
identically substituted triple bond at the C2 position.22

This work
SMe
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=/

OH
i) =) I
2
Me
Pd/Cu/Base | -—
-
o <
S
4

/%/o

19a

Scheme 10 Comparison the efficiency of the «diacetylenic» and the «iodoalkyne» routes towards acyclic enediynes fused to a benzothiophene. The two routes are defined in Scheme

1



Preparation of Symmetric Enediynes

The symmetrically substituted enediynes can be synthesized
directly from diiodide 4,5,8 carrying out the Sonogashira
coupling at 60 °C. Following this way, several enediynes fused
to benzothiophene 11a-d, indole 14a, and benzofran 16a were
synthesized mostly in good yields (Scheme 11).

Biological Activity of Acyclic Enediynes

It has recently been shown that several acyclic CgFsS(O)-
substituted enediynes display cytotoxic activity unrelated to the
Bergman cyclization. It is assumed that cytotoxicity is associated
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Scheme 11 Synthesis of symmetrically substituted enediynes fused to a benzothiophene
11a-d, indole 14a and benzofuran 16a

with disruption of the microtubule network.’® Although the
presence of pentafluoroaryl moiety was thought to be
responsible for the binding of enediynes to tubulin through
nucleophilic aromatic substitution, an enediyne molecule
lacking this group was also active against human pancreatic
tumor cells MIAPaCa-2 (IC50 = 15.9 uM). Furthermore, we have
independently demonstrated that dialkylaminomethyl-
substituted benzothiophene-fused acyclic enediynes show
cytotoxic activity against NCI-H460 lung carcinoma.’?
Therefore, we decided to test cytotoxicity for the series of
acyclic enediynes fused to benzothiophene and indole. The list
of compounds included enediynes 11a—-d, 19a—e obtained in
this work, as well as enediynes 19f-h22, 19i,j (see the Supporting
Information), and 20 24 synthesized in our group earlier using
the «diacetylenic» route. Cytotoxicity of these compounds was
tested against NCI-H460 lung carcinoma and WI-26 VA4 lung
epithelial-like cell lines using the MTT colorimetric test 7273, All
the enediynes were studied at a concentration of 75 uM. Most
of unsymmetrically substituted enediynes fused to a
benzothiophene 19 and an indole derivative 20 showed
cytotoxic activity against NCI-H460 lung carcinoma cells.
Furthermore, enediynes 19b,c,g, h, 20 were more cytotoxic
towards the NCI-H460 cells than to WI-26 VA4 lung epithelial-
like fibroblasts (Figure 5).

Earlier, the Hu group showed that acyclic enediynes having a
double bond as a part of a maleimide ring and with a o-acceptor
atom at the propargylic position are able to undergo MARACA
transformation (a cascade acetylene-allene isomerization)
under polar conditions. This reaction cascade leads to eneyne
allenes, prone to the formation of reactive o,m-diradicals
through the Mayers-Saito cyclization that induce DNA breaks.
7475 Taking into account, that most of the enediynes tested here
have a propargylic o-acceptor, we decided to check the ability
of the acyclic enediynes to induce DNA strand breaks. Enediynes
19a-c,f,i,j, 20 were chosen and investigated in the assay with
pBR322 DNA plasmid under the same conditions as for cyclic
analogs of benzothiophene-fused enediynes.? The obtained
data revealed that only enediyne 19i possessed a weak DNA
damaging activity: a trace amount of open circular DNA was
detected in the electrophorogram (Figure 6). Other enediynes
did not display DNA damaging activity. This finding confirms
that cytotoxicity of acyclic enediynes studied here is associated
neither with the Bergman cyclization nor with the Mayers-Saito
cyclization. It may be worth noting that enediynes can also form
polar intermediates that can also damage biomolecules.’®
Therefore, revealing the mechanism of cytotoxicity of
enediynes requires further studies.
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Fig. 5 Screening for the cytotoxicity of the enediynes fused to benzothiophene 11, 19 and indole 20.
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enediynes 19a-c,f,i,j, 20. CC - covalently closed circular plasmid; OC - open circular.

Conclusions

In summary, the iodocyclization of ortho-functionalized

(iodoethynyl)arenes along with the regioselective Sonogashira

coupling opens a convenient synthetic route towards
heteroindene-fused unsymmetrical enediynes. 2,3-
Diiodobenzothiophene and 2,3-diodoindole were easily
accessible via the iodocyclization. Although

(iodoethynyl)anisole underwent iodination of the triple bond
instead of cyclization, 2,3-diodoibenzofuran could be prepared,
instead, from (iodoethynyl)phenol and NIS/PPhs.

The regioselective outcome of the Sonogashira reaction for 2,3-
diiodoheteroindenes depends on the nature of the heterocycle,
as well as on the nature of alkynes. The Sonogashira coupling
for all derivatives follows the C2-regioselectivity rule, without
producing a C3 mono-substitution byproduct. However, the
regioselectivity suffers from the activating influence of the
initially introduced alkyne on the adjacent C-Hal position
resulting in the formation of disubstituted byproduct. This
effect is stronger for diiodoindole and diiodobenzofuran than
for diiodobenzothiophene. The and
disubstituted products also depends on the nature of the
alkyne. Alkynes with propargylic acceptors at C2 have a greater
activating effect at the C3 position towards the subsequent

ratio of mono-

Sonogashira reaction.

As the result, diethynylation does not preclude synthesis of
unsymmetrical benzothiophene-fused enediynes based on a
sequential one-pot C2/C3 ethynylation, but limits the use of the
one-pot approach for the indole and benzofuran derivatives. In



this case, either the “diacetylene” route or the stepwise two-
pot substitution of both iodine atoms by the Sonogashira cross-
coupling are recommended.

In addition, these experimental selectivity trends provided a
tool to probe mechanistic features of Sonogashira cross-
coupling. A diverse set of DFT data, including C-X bond strength,
C-X bond polarizations, electron density distributions, and
reaction exergonicities converge on transmetalation, rather
than oxidative addition, as the be rate-limiting step of this
reaction cascade. Computational analysis using various levels of
DFT revealed a few significant points about the selectivity and
provided insight into the mechanistic basis of the observed
selectivities in the Sonogashira coupling.

Importantly, the alkyne moiety is an activating substituent
(more than the heavier halogens). Furthermore, a remote
(propargylic) acceptor can make this activating effect more
pronounced. This observation illustrates once again unique
properties of the alkyne functionality — it is both a significantly
electronegative substituent and a perfect
stereoelectronic hyperconjugative effects.””
The acyclic unsymmetrical enediynes showed cytotoxic activity

conduit for

against NCI-H460 lung carcinoma cell lines along with the lower
cytotoxicity toward WI-26 VA4 lung epithelial-like cell lines.
Interestingly, the mechanism of the cytotoxicity
associated with the induction of DNA strands breaks.
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