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Abstract
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XR, YR = CHN-t-Bu, CHO, COMe, CONH,, CONHPh, CO,Me, NMe,, OAc, OBn, OMe, Ph, SMe, SeMe
E =1y, ICI, NBS, PhSeCl

The relative reactivity of various functional groups towards alkyne electrophilic cyclization reactions
has been studied. The required diarylalkynes have been prepared by consecutive Sonogashira
reactions of appropriately substituted aryl halides and competitive cyclizations have been performed
using I, ICI, NBS and PhSeCl as electrophiles. The results indicate that the nucleophilicity of the
competing functional groups, polarization of the alkyne triple bond, and the cationic nature of the
intermediate are the most important factors in determining the outcome of these reactions.

Introduction

Alkynes are versatile building blocks in organic synthesis. A wide range of carbocycles and
heterocycles have been prepared by the electrophilic cgclization of functionally-substituted
alkynes and by transition metal-catalyzed annulations.< Recently, we and others have reported
that the electrophilic cyclization of alkynes using halogen, sulfur and selenium electrophiles
can be a very powerful tool for the preparation of a wide variety of interesting carbocyclic and
heterocyclic compounds (Scheme 1), including benzofurans, 3 furans 4 benzothlophenes 5
thlophenes,6 benzopyrans benzoselenophenes, 8 selenophenes naphthols 0 indoles,11
quinolines,12 isoquinolines, (x yrones,~* isocoumarins,** isochromenes,
isoindolinones,16 naphthalenesl’ and pog/cycllc aromatlcs 18 isoxazoles, 19 chromones, 20
bicyclic [S-Iactams,2 cyclic carbonates pyrroles furopyrldlnes 24 splrog4 5]tr|enones
5 coumestrol and coumestans,28 furanones,27 benzothiazine-1,1-dioxides, 2 etc.2

In general, these electrophilic cyclization reactions are very efficient, afford clean reactions,
proceed under very mild reaction conditions in short reaction times, and tolerate almost all
important functional groups. Furthermore, the iodine-containing products can be further
elaborated to a wide range of functionally-substituted derivatives using subsequent palladium-
catalyzed processes. These reactions are generally believed to proceed by a stepwise
mechanism involving electrophilic activation of the alkyne carbon-carbon triple bond,
intramolecular nucleophilic attack on the cationic intermediate, and subsequent dealkylation
(Scheme 2).

The success of this reaction prompted us to establish the relative reactivity of various functional
groups towards cyclization. This has been accomplished by studying competitive cyclizations
using halogen and selenium electrophiles.
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Results and Discussion

This electrophilic cyclization methodology has been applied to a variety of unsymmetrical
functionally-substituted diarylalkynes and the resulting products characterized in order to
determine the relative reactivities of various functional groups towards electrophilic
cyclization. The required diarylalkynes are readily prepared by consecutive Sonogashira
reactions30 of appropriately substituted aryl halides. Thus, Sonogashira substitution with
trimethylsilyl acetylene, removal of the TMS group, followed by a second Sonogashira
reaction, generally affords moderate to excellent yields of the desired diarylalkynes. The results
for the preparation of the intermediate terminal alkynes and the subsequent diarylalkynes are
summarized in Table 1 and Table 2 respectively.

The diarylalkyne 25 containing t-butyl imine functionality was prepared by further
derivatization of diarylalkyne 22 using a known procedure13 (Scheme 3). However, similar
derivatization starting with the diarylalkyne 17 resulted in a complex reaction mixture.

In addition to the above substrates, a different type of diarylalkyne 26 bearing both of the
competing groups (OMe and Ph) on the same aromatic ring has been prepared as shown in
Scheme 4. The requisite iodoarene was prepared using a previously reported procedure.31

After preparing the desired diarylalkynes, we subjected these compounds to the previously
established and already optimized electrophilic cyclization conditions for each class of
heterocycle being prepared (Table 3). In most cases, reaction conditions that are appropriate
for both of the competing functional groups present in the diarylalkyne in question have been
used (entries 1-3). In those cases where common reaction conditions for both functional groups
have not been previously reported, more than one set of reaction conditions has been tried in
order to allow the functional groups to react under supposedly “optimal” conditions. For
example, entries 4 and 5 in Table 3 involve the same diarylalkyne 12, yet each entry uses
varying amounts of different electrophiles in compliance with the previously reported reaction
conditions for methylseleno and carbomethoxy functional groups, respectively.8""v14

The results of the competition studies are summarized in Table 3. Before discussing individual
results, it should be noted that a close examination of the results suggests that a number of
factors affect the cyclization. These include electronic (relative nucleophilicity of the
functional groups, polarization of the carbon-carbon triple bond, and the cationic nature of the
intermediate) and steric factors (hindrance and geometrical alignment of the functional groups),
as well as the nature of the electrophile. Three kinds of results have been observed for these
competitive cyclizations. (1) Only one of the two possible products has been obtained. This is
most common, indicating that there is a hierarchy of functional group reactivity toward the
electrophilic cyclizations. Assuming that the various factors mentioned above may affect the
cyclization, the dominance of one functional group over another can be attributed to any one
or a combination of two or more factors operating in favor of the one functional group over
the other. (2) A mixture of both possible products has been observed. This occurs less
commonly, but even in these cases, one product is often obtained in a significantly higher yield
than the other, indicating that one group is usually significantly more reactive towards
cyclization. (3) A complex reaction mixture is obtained. Although this does not provide any
substantial information about the relative reactivity, it points to the fact that either the more
reactive functional group is not compatible with the particular reaction conditions or neither
of the two functional groups involved has a dominant reactivity, thus resulting in a complex
reaction mixture.

It also should be noted that since these reactions are very fast in general, and may involve
multiple steps and intermediates, it is quite difficult to strictly assign the reactivity of any
particular functional group to any one factor mentioned above. Indeed, we assume that in some
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cases one or more factors are operating in opposition to each other, resulting in a mixture of
products. However, in the following discussion, we will attempt to ascribe the relative reactivity
of various functional groups to what we believe to be the most important factors.

With regard to the results of individual experiments, entry 1 (Table 3) demonstrates the
competitive cyclization of a methylsulfanyl group versus a methylseleno group.
Benzoselenophene 27 was isolated as the major product of the reaction using I, as the
electrophile. In another experiment (not shown in Table 3 as the product could not be purified
completely), when PhSeCl was used as the electrophile, the corresponding benzoselenophene
was again formed as the major product in high yield. These results can be attributed to the
higher nucleophilicity of selenium compared to sulfur, due to its lower electronegativity and
higher polarizability. Similarly, in entry 2, when diarylalkyne 10 (containing methylsulfanyl
and methoxy as competing functional groups) was subjected to electrophilic cyclization,
benzothiophene 28 was formed exclusively in an excellent yield. It is a general observation
that the nucleophilicity increases as one descends a column in the periodic table.32 This trend
is also observed when examining the results of entries 3—-14, where the nucleophilicity of the
competing functional groups governs the resulting cyclization. Thus, methylseleno is more
reactive than methoxy (entry 3) and carbomethoxy functional groups (entries 4 and 5).

Entries 6-8 involve the competition between a methylsulfanyl group and a carbomethoxy group
under different conditions. In all three cases, benzothiophene derivatives are the major but not
exclusive products, again suggesting that the greater nucleophilicity of sulfur over oxygen
controls the reaction. It is noteworthy, however, that changing the electrophile to PhSeCl in
entry 8 significantly affects the product distribution, presumably because of the nature of the
electrophile.

When competing nucleophilic atoms are in the same row in the periodic table, the results show
that the nucleophilicity still governs the outcome of the cyclization. Thus, nitrogen nucleophiles
are more reactive than oxygen nucleophiles. This is exemplified by the cyclization of
diarylalkyne 21 bearing an NMe, group and a methoxy group (entry 9), which leads to
exclusive formation of the corresponding indole 34 in an excellent yield. Similarly, a t-butyl
imine group was found to be more reactive than a methoxy functional group (entry 10).
Cyclization reactions involving diarylalkyne 13 (entries 11 and 12) resulted in complex
reaction mixtures. It has been observed previously by us that a primary amide does not afford
the desired cyclized product and generally results in a complex reaction mixture.16 On the
other hand, the related diarylalkyne 14 containing an N-phenyl amide undergoes cyclization
cleanly with I, affording two regioisomeric products, both resulting from cyclization by the
CONHPh group (entry 13). Using ICI (entry 14) also resulted in the same set of products,
although with reduced regioselectivity in accordance to our previously reported results. 16

Entry 15 involving a competition between a carbomethoxy group and an N,N-dimethylamino
group represents a special case where the corresponding isocoumarin 38 was isolated as the
major product of the cyclization. Formation of the isocoumarin product is presumably the result
of one (or a combination) of the two factors working in favor of the carbomethoxy group: (1)
The electronics of the two substituents polarize33 the carbon-carbon triple bond in a way that
leads to a more cationic C2 and anionic C1, thus facilitating nucleophilic attack at the more
electrophilic C2 position (Figure 1), and/or (2) there seems to be a more favorable geometrical
alignment of the ester functionality when compared to the N,N-dimethylamino group.

Entries 16-27 involve competitions among various oxygen nucleophiles. In a competition
between a methoxy group and a carbomethoxy group (entries 16-18) using I,, ICl and PhSeCl
as the electrophiles, the corresponding isocoumarin derivatives are formed exclusively in
excellent yields. Analogous to the previous case (entry 15 and Figure 1), formation of the
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isocoumarin products is again presumably due to the electronic polarization of the triple bond,
which increases the electrophilicity of the carbon being attacked by the carbomethoxy group,
and also a more favorable geometrical alignment of the ester functionality when compared to
the methoxy group.

Entries 19-21 involve the competitive cyclization of an aldehyde and an ester group under
different reaction conditions. When iodine is used as the electrophile (entry 19), the starting
material was recovered after 2 h. If the reaction was allowed to stir for a longer time, a complex
reaction mixture was obtained. Using ICl as the electrophile (entry 20), a complex mixture was
obtained and only isocoumarin derivative 41 was isolable in a 25% yield. It should be noted
that the aldehyde group after nucleophilic attack becomes cationic and needs an external
nucleophile to neutralize the positive charge. Thus, the same reaction was performed with
methanol as an external nucleophile (entry 21). This time, isochromene derivative 42 was
isolated as the major product, indicating the impact of an external nucleophile on the
cyclization. Similar reactions involving a methyl ketone and a carbomethoxy group as
competing entities resulted in complex mixtures of unidentifiable products (entries 22-24).

The cyclizations reported in entries 25 and 26 involving methoxy and benzyloxy functional
groups resulted in inseparable complex mixtures. However, the GC-MS analyses of the product
mixtures indicated the presence of two benzofuran products 43 and 44 in varying ratios, the
major product resulting from cyclization by the OMe group. These results are presumably a
consequence of the greater steric hindrance of the benzyloxy group.

Entry 27 involves a competition between a methoxy group and a relatively electron-poor
acetoxy group. As the reaction outcome, the methoxy cyclization product is formed exclusively
in high yield. The result of this reaction again suggests that electronic factors play a crucial
role in these cyclization reactions. We have taken advantage of this high selectivity and
subsequent palladium-catalyzed carbonylation to prepare coumestrol and a variety of related
coumestans.

Entries 28-35 involve competition of an aryl ring versus nitrogen and different oxygen
nucleophiles. In the cyclization of diarylalkyne 20 containing an NMe, group and a phenyl
ring (entries 28-30), the corresponding indole 45 is obtained when I, is used as the electrophile,
presumably due to the more nucleophilic NMe, group. The reaction of diarylalkyne 20 with
ICI or NBS resulted in complex reaction mixtures. However, mass spectral analysis of the
mixture resulting from the NBS cyclization (entry 30) indicated the presence of the
corresponding indole, an observation that is in accord with that of entry 28. In a competition
between a carbomethoxy group and a phenyl group (entry 31), the exclusive formation of
isocoumarin derivative 46 can be explained based on the greater nucleophilicity of the
carbomethoxy group when compared to the electron-poor phenyl ring.

The cyclization of diarylalkyne 24 bearing a phenyl ring and an 0-methoxy group has also been
studied (entries 32 and 33). Using iodine as the electrophile resulted in a complex mixture of
inseparable products, but analysis of the crude 'H NMR and mass spectral data suggested
preferential cyclization on the phenyl ring. Aromatic rings have previously been observed by
us to give complex reaction mixtures upon reaction with iodine. Using ICl as the electrophile
(entry 33) resulted in a mixture of products resulting from participation by both the phenyl ring
and the methoxy group, with the phenyl cyclized phenanthrene derivative 47 being the major
product. Presumably, the cationic character of the intermediate and/or the higher
nucleophilicity of the phenyl ring when compared to the methoxy group account for this
observation. In competition studies employing diarylalkyne substrate 26 containing both of
the competing functional groups (Ph and methoxy) on the same phenyl ring (entries 34 and
35), the only products observed using either I, or ICIl were products of addition of the iodine-
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containing reagent to the carbon-carbon triple bond. These results can again be rationalized by
assuming the cationic nature and the electronics of the intermediates involved in these
reactions.

Conclusions

The results of competitive electrophilic cyclizations using halogen and selenium electrophiles
on a wide variety of functionally-substituted diarylalkynes have been reported. The results
suggest that a number of factors affect the cyclization. These include electronic (the relative
nucleophilicity of the functional groups, and the cationic nature of the intermediate) and steric
factors (hindrance and geometrical alignment of the functional groups), and the nature of the
electrophile. It should be noted that although the nucleophilicity of the participating functional
groups, the polarization of the carbon-carbon triple bond, and the cationic nature of the
intermediate seem to be the crucial factors determining the outcome of these reactions, the
possibility of some reactions being reversible (Figure 2) before the loss of RL or RZ cannot be
ruled out. Thus in such cases, the selectivity might also be controlled by the relative stability
of the cyclized intermediate ions (A and B).

The following pattern has been observed for the relative reactivity of various functional groups
(Figure 3).

Experimental Section

General procedure used for the preparation of the diarylalkynes

To a solution of iodoarene (1.0 mmol), PdCl,(PPhs), (0.014 g, 2 mol %), and Cul (0.002 g, 1
mol %) in TEA (4 mL) (stirring for 5 min beforehand), 1.2 mmol of trimethylsilylacetylene
(1.2 equiv) in 1 mL of TEA was added dropwise over 10 min. The reaction flask was flushed
with argon and the mixture was stirred at the indicated temperature for the indicated time (Table
2). After the reaction was over, the resulting solution was filtered, washed with brine, and
extracted with EtOACc (2 x 10 mL). The combined extracts were dried over MgSQO,4 and
concentrated under vacuum to yield the crude product. Purification was performed by flash
chromatography.

2-[(2-(Methylselenyl)phenyl)ethynyl]thioanisole (9)

The product was obtained as a white solid: mp 105-107 °C; 'H NMR (400 MHz, CDCl3) &
2.37 (s, 3H), 2.52 (s, 3H), 7.10-7.19 (m, 3H), 7.24-7.33 (m, 3H), 7.54 (t, J = 6.4 Hz,

2H); 13C NMR (100 MHz, CDCl3) § 6.5, 15.5, 92.6, 94.2, 121.4, 123.7, 124.3, 124.4, 125.3,
127.5,129.10, 129.11, 132.77, 132.81, 136.5, 141.8; IR (in CH,Cl,, cm™1) 3053, 2986, 2305,
1266; HRMS Calcd for C1gH14SSe: 317.99814. Found: 317.99874.

General procedure for iodocyclization

To a solution of 0.25 mmol of the diarylalkyne in 3 mL of CH,Cl, was added gradually the
I,/ICl solution (amounts as indicated in Table 3) in 2 mL of CH,Cl,. The reaction mixture was
flushed with argon and allowed to stir at 25 °C for the indicated time (the reaction was
monitored by TLC for completion). The excess I, or ICI was removed by washing with satd
aqg NayS,03. The mixture was then extracted by EtOAc or diethyl ether (2 x10 mL). The
combined organic layers were dried over anhydrous MgSO, and concentrated under vacuum
to yield the crude product, which was purified by flash chromatography on silica gel with ethyl
acetate/hexanes as the eluent.
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[2-(3-lodobenzo[b]selenophen-2-yl]thioanisole (27)

The product was obtained as a white solid: mp 116-118 °C; 1H NMR (400 MHz, CDCl3) &
2.43 (s, 3H), 7.24-7.38 (m, 4H), 7.42-7.50 (m, 2H), 7.85-7.90 (m, 2H); 13C NMR (100 MHz,
CDCI3)516.0,87.2,124.7,125.2,125.6,125.9,126.1,128.8,129.8,131.0, 135.6, 139.3, 141.4,
142.9, 143.1; IR (in CH,Cl,, cm™1) 3054, 2986, 2925, 1264; HRMS Calcd for C15H111SSe:
429.87914. Found: 429.88004.

General procedure for the PhSeCl cyclizations

To a solution of 0.25 mmol of the diarylalkyne in CH,Cl, (3 mL) was added the PhSeCl
(amount as indicated in Table 3) dissolved in 2 mL of CH,Cl,. The mixture was flushed with
argon and allowed to stir at 25 °C for the indicated time. The reaction mixture was washed
with 20 mL of water and extracted with EtOAc or diethyl ether. The combined organic layers
were dried over anhydrous MgSO,4 and concentrated under vacuum to yield the crude product,
which was further purified by flash chromatography on silica gel with ethyl acetate/hexanes
as the eluent.

Methyl 2-[3-(phenylselenyl)benzo[b]thiophen-2-yl]benzoate (32)

The product was obtained as a yellow gel: TH NMR (300 MHz, CDCl3) & 3.59 (s, 3H), 7.07—
7.12 (m, 5H), 7.36-7.39 (m, 3H), 7.48-7.53 (m, 2H), 7.80-7.87 (m, 2H), 7.97-8.00 (m,

1H); 13C NMR (75 MHz, CDCl3) & 52.3, 118.0, 122.3, 125.0, 125.16, 125.19, 126.2, 129.07,
129.11, 130.0, 130.05, 131.5, 131.8, 132.2, 132.8, 135.2, 139.7, 141.1, 147.9, 167.2; IR (in
CH,Cl,, cm™1) 3055, 2987, 1727, 1263; HRMS Calcd for Cy,H160,SSe: 424.00362. Found:
424.00442.
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Figure 1.

Carbomethoxy versus an N,N-dimethylamino group
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Figure 2.

Possible equilibrium among reaction intermediates
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Figure 3.
Relative reactivity of the functional groups towards cyclization
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Scheme 1.
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Scheme 4.

Preparation of diarylalkyne 26 with both competing groups on the same ring
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