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ABSTRACT: We report here reactions of alkyl sulfides
with benzynes thermally generated by the hexadehydro-
Diels—Alder (HDDA) cycloisomerization. The initially
produced 1,3-betaine (o-sulfonium/aryl carbanion) under-
goes intramolecular proton transfer to generate a more
stable S-aryl sulfur ylide. This can react in various manners,
including engaging weak acids (HA) in the reaction
medium. This can produce transient ion pairs ArSR,*A~
that proceed to the products ArSR + RA. When cyclic
sulfides are used, A~ opens the ring and is incorporated
into the product, an outcome that constitutes a versatile,
three-component coupling process.

o0-Benzyne (1) is the parent member of one of the most
versatile of all reactive intermediates in organic chemistry,
largely because of its adaptability as an electrophilic agent
capable of capture by many different types of external
nucleophiles. Its reaction with sulfide trapping agents, largely
by way of ylide intermediates (Figure 1), was studied in a
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Figure 1. Trapping of o-benzyne (1) with an alkyl sulfide produces
ylide 3, presumably via the zwitterionic betaine 2.

number of laboratories in the period 1962'—1989° but has lain
fallow until the recent report of Xu and co-workers. As they
pointed out, “nucleophilic attack of alkyl thioether on benzyne
followed by an intramolecular 1,4- froton shift has been almost
totally neglected since its debut%" The majority of those early
studies were described in a series of reports from the Nakayama
laboratory.™ All of this previous work used simple benzyne
derivatives, the vast majority of studies being explored with o-
benzyne (1) itself.

The generation of benzyne intermediates by the thermal
cycloisomerization reaction of tethered trlynes via the
hexadehydro-Diels—Alder (HDDA) reaction’ (e.g, 4 to 8,
Figure 2) produces this important class of reactive species in
environments free of the reagents and byproducts that
necessarily accompany all other methods® of benzyne
generation. This permits interrogation of inherent benzyne
reactivity at a more fundamental level than is often otherwise
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Figure 2. Trapping of HDDA-generated benzyne 8 by thioanisole:
epoxidation of p-CIPhCHO by ylide 10-h; and alkylation within the

sulfonium acetate ion pair 11-d;.

possible.” In addition, new modes of benzyne trapping
reactions'*”'* can be uncovered that would be otherwise
incompatible with most if not all of the more traditional
methods of benzyne generation. We describe here results of our
investigations of the reactivity between HDDA-generated
benzyne derivatives and various sulfides. These studies provide
both mechanistic insight as well as novel trappmg processes,
including new three-component reactions.*®"

To probe details of ylide formation, we first explored
reactions between the benzyne 8 and thioanisole (Figure 2).
Heating tetrayne 4 with PhSCH; in the presence of p-
chlorobenzaldehyde in dg-benzene produced the diaryl sulfide
5-h and epoxide 6 [>60% yield (NMR, see SI)]. Replacing the
aldehyde with acetic acid as the additive efficiently produced 5-
h (79% vyield following isolation). Both results suggest the
intermediacy of ylide 10; the epoxide would result from a
Corey—Chaykovsky-like process” and the outcome with AcOH
would arise by protonation of 10-h3 to give 11-h; (not shown)
and subsequent methylation®® (ca. 1 equiv of MeOAc was
observed by NMR spectroscopy).

We used labeling studies to probe for the intermediacy of a
zwitterion like 9. Tetrayne 4 was heated in CsDg with PhSCD,
and AcOH. This gave, nearly exclusively, the monodeuterated
sulfide 5-d and dideuterated methyl acetate (7, NMR, see SI).
Protonation by AcOH could have occurred at the stage of
either the initially formed 1,3-zwitterion 9-d; or ylide 10-d;.
The deuterium labeling pattern of the products 5-d and 7
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clearly indicates the involvement of 11-d; and, importantly,
establishes the viability of intramolecular proton transfer within
9 (cf. 2 to 3). Finally, heating 4, AcOH, and an equimolar
mixture of PASCH; and PhSCDj; gave nearly equal amounts of
5-h and 5-d (as well as AcOCH; and AcOCHD,), suggesting
that reversal of formation of adduct 9 is slower than the proton
transfer that converts 9 to 10. This result also argues against a
concerted event for conversion of 8 directly to ylide 10 (cf, 1
to 3).

We next explored HDDA-benzyne trapping with a variety of
different types of sulfides (Table 1). These studies demon-

Table 1. Various Modes of Trapping of HDDA-Generated
Benzynes by Sulfides”
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“Reaction conditions: Substrate tetrayne in PhH (0.1 M) containing
the indicated sulfide (1.5—2 equiv) was heated in a sealed culture tube
(see SI for reaction temperatures and times). For entry S, S equiv of o-
NO,PhCH,CO,Me was present. For entry 6, S equiv of AcOH was
present. "R = 1-propynyl. “Benzyne 8 (from 4) is trapped by sulfides
competitively at C6 and C7 to give separable major and minor (yield
in parentheses) isomers, respectively.
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strated various modes of trapping processes, some precedented
and some not. Consistent with our intent, these results
establish the viability of each reaction mode in the context of
HDDA-generated benzynes. In each case, benzyne 8 from the
symmetrical, ether-linked tetrayne 4 (entries 1—3 and Figure 2)
gives a mixture of isomeric products arising from competitive
trapping at C6 (major, shown) and C7. Details about the
structure assignment of these constitutional isomers and DFT
calculations showing the extent of ring distortion of the
intermediate benzyne'* are provided in the SI.

Diallyl sulfide trapped the benzyne 8 to provide the
desymmetrized diene 15 (Table 1, entry 1), presumably via
15-int. This is consistent with the outcome of the reaction of 1
with digeranyl® or diprenyl> sulfide. The rearrangement of 15-
int to 15 could, in principle, occur either by a [2,3]- 51gmatrop1c
process™'” (green arrows) or by a Stevens rearrangement.'® We
therefore carried out analogous reactions with a propargyl
sulfide (entry 2) or dibenzyl sulfide™ (entry 3). The former
cleanly gave an allene (16a or 16b), showing that [2,3]-Wittig
processes (16-int) are viable. The latter gave adduct 17, the
product of a Stevens rearrangement (17-int).

Given the considerable generality of the HDDA cascade, we
were unsurprised to see that sulfide trapping is not unique to
benzyne 8. Those derived from the tetraynes 12—14 participate
as well (entries 4—6). In those instances, we happened to use
various cyclic sulfides as the trapping agents. Either thiirane or
tetrahydrothiophene gave rise to the same product, the vinyl
sulfide 18 (entry 4), likely via the fragmentations shown in 18-
int and 18'-int, respectively. Similar modes of ring-cleavage
have been reported.”**"'” In contrast, use of thietane (entry 5)
gave rise to the ring-contracted cyclopropane 19, an apparently
unprecedented mode of reaction. Finally, N-methylbenzothia-
zoline (in the presence of acetic acid) gave the aminophenyl
sulfide 20 (entry 6), again a new type of trapping reaction.

We then explored the use of cyclic sulfides in the presence of
various protic nucleophiles (H—Nu) with the goal of expanding
this chemistry into a three-component process. ~ We are aware
of one report in which such a reaction has been described:
namely, generation of o-benzyne in the presence of (three)
cyclic sulfides and aqueous hydrochloric acid produced
chloroalkyl sulfides (e.g, 4-chlorobutyl phenyl sulfide from
tetrahydrothiophene).”* The HDDA version, via the ion pair
22, is portrayed generically in the graphic at the top of Table 2.
In the products 23, the tetrayne-derived fragment and
nucleophile are linked in a fashion dictated by the structure
of the sulfide used. This structural motif is relevant to the field
of drug discovery.'®

The reaction is general with respect to the type of benzyne
used (see 21a—g). Two (21d and 21e) represent a previously
unreported type of HDDA substrate. It is notable that HDDA
cycloisomerization leading to 21e occurred faster (ca. $X) than
an analogue lacking the geminal methyl substituents,
presumably a reflection of the bond angle compression that
brings the proximal termini of the diyne and diynophile closer
to one another.'*

Results of three-component coupling reactions are listed in
Table 2. Some highlights are (i) carbon-, nitrogen-, and oxygen-
centered nucleophiles, including N-heterocycles (entries 7 and
9), all participate; (ii) hindered (entry S) or relatively weakly
acidic H—Nu species (Brensted acids) are functional; (iii) the
unsymmetrical sulfonium ion intermediate in entry 6 opens
selectively at the allylic center; (iv) additional functionality can
be tolerated within the cyclic thioether (entries 6 and 8); (v) a
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Table 2. Three-Component Reactions of HDDA Benzynes (21, green), Cyclic Sulfides (blue), and H—Nucleophiles (red)
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“R = 1-propynyl.

number of these nucleophiles are capable of trapping HDDA
benzyne directly; the presence of the polarizable sulfide
nucleophile outpaces those processes. One limitation is that
thiirane has not been an effective participant in the 3-
component reaction to date; apparently fragmentation to the
vinyl sulfide 18 is so rapid™® that it supersedes protonation by
the external protic nucleophile. All told, there is considerable
generality to this process. The preparation of arrays of products
from any one benzyne precursor, itself selected from among
multiple options, can be envisioned.

In conclusion, we have (i) presented evidence supporting the
involvement of initial 1,3-zwitterions in reactions of aliphatic
sulfides with benzynes (Figure 2), (ii) demonstrated the
viability of several new modes of trapping reaction (Table 1),
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(iii) presented two new types of HDDA-benzynes (21d and
21e, Table 2), and (iv) shown that three-component reactions
that engage HDDA-benzynes, cyclic sulfides, and a protic
nucleophile have considerable generality.
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