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An intermolecular condensation of alkynols and terminal
alkynes is reported. Using IPrAuNTf,, an efficient Au-catalyzed
cyclization-alkynylation strategy furnishes (2-arylalkynyl) cyclic
ethers in moderate to excellent yields (up to 94%). This
strategy is extended to the synthesis of functionalized 2,3-
dihydrooxepines via the sequential Au-catalyzed ring
expansion of the cyclic ether substrates.

Gold(l) catalysis has developed rapidly in recent years and
the resulting methodologies have proved useful for the facile
installation of molecular complexity.! Gold’s intrinsic m-acid
mode of activation has rendered it synthetically valuable in
promoting reactions involving substrates bearing unsaturated
C-C moieties (alkyne, allene, and alkene; Scheme 1A).
Consequently, the design of selective catalytic systems is often
problematic when multiple reactive functional groups are
present. > Furthermore, additional challenges in attaining
selectivity arise if these catalytic systems are a composite of
intra- and inter- molecular reactions.’

Over the past several years, our group has demonstrated
the application of 1,2,3-triazole gold(l) (TA-Au) catalysts in
promoting these challenging transformations.* One relevant
example is the intermolecular condensation between homo-
propargyl alcohols and terminal aliphatic alkynes to afford 2,3-
dihydrooxepines (Scheme 1B).° Within this reaction pathway, a
vinyl ether intermediate is selectively formed via the
intermolecular gold-catalyzed hydroalkoxylation of the
terminal alkyne. Moreover, in exploring the reactivity of vinyl
ethers with terminal alkynes under triazole gold-catalytic
conditions, we later developed an intermolecular alkynylation
of vinyl ethers.®
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Scheme 1. Gold-catalyzed C-C multiple bond activation

Despite these recent advances, certain concerns regarding
the mechanisms of the reactions have not been completely
addressed. First, the enyne cycloisomerization reaction
between homo-propargyl alcohol 1 and terminal alkyne 2 was
tolerated only by aliphatic alkynes (Scheme 1B). This result was
unexpected considering that gold m-acid activation of aryl-
substituted terminal alkynes is extensively documented.” A
messy reaction mixture was obtained when aryl-substituted
terminal alkynes such as phenylacetylene were used. Second,
for the alkynylation of vinyl ether 4, aliphatic alkynes such as 1-
hexyne resulted in slightly lower yields in comparison with
aromatic alkynes (Scheme 1C). Based on these observations,
changing the substrate of either reaction has the potential to
dramatically alter the reaction pathway, and this phenomenon
warrants further investigation.

Our strategy in exploring this unique catalytic system was
focused on: 1) extending the reaction scope of the 2,3-
dihydrooxepine synthesis to include aryl-substituted terminal
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alkynes and, 2) exploring the possibility of a cascade process
for the alkynylation of vinyl ether B (Scheme 2).5”°

Ar

1) Extend the reaction scope of
dihydrooxepines to aryl alkynes
= R

Ar

[Au]cat. o R [Ad]cat. o Z 2) Development of cascade
Y Rt alkynylation reaction

Scheme 2. Proposed reaction pathways

As shown in Table 1, the reaction of 1a with aromatic
alkyne 2b under our previously reported conditions resulted in
a messy reaction, with no formation of dihydrooxepine 3a
(entry 2). To explore the plausibility of a cascade process, we
screened various gold catalysts (see ESIT). Interestingly, when
5% RuPhosAuNTf, was used as the catalyst, alkyne 6b was
observed, albeit in low vyield (31%, entry 3). Since the
formation of 6b requires gold m-acid activation of the internal
alkyne of 1a, we increased the reaction temperature with the
objective of promoting the intramolecular cyclization of 1a
over intermolecular hydroalkoxylation. Gratifyingly, the
reaction yield was improved to 61% (entry 4). Finally, ligand
screening revealed IPrAuNTf, as the optimal catalyst, affording
the desired product 6b in excellent yield (5% loading, 91%
yield, entry 5; 4% loading, 87% vyield, entry 6). Having
identified the optimal conditions, we turned our attention to
exploring the reaction scope (Table 2).

Table 1. Optimization of reaction conditions™”

0 o " R
H Au] cat.
{ + =R et \ Lo)/
= ph — Ph
g PN 6

2a: R =nBu
1a 2b: R = Ph

convn yield (%)

Entry Conditions 2 (eq) (%) 3 P

5% [XPhosAu(TA)]OTf, 1% Cu(OTf),,

1 toluene, rt, 24h 2a(3) 100 84% n.d.
2 Same conditions a§ entry 1, 2b(3) 100 <5% n.d.
messy reaction
3 5% RuPhosAuNTf,, CHCls, rt, 12h 2b(3) 100 n.d. 47%
4 5% RuPhosAuNTf,, CHCls, 40 °C, 4h 2b(3) 100 n.d. 61%
5 5% IPrAuNTf,, CHCls, 40 °C, 4h 2b(3) 100 n.d. 91%
6 4% IPrAuNTf,, CHCls, 40 °C, 4h 2b(3) 100 n.d. 87%
7 1% IPrAuNTf,, CHCls, 40 °C, 4h 2b(3) 100 n.d. 34%
8 5% IPrAuNTf,, CHCl5, 40 °C, 4h 2b(2) 100 56% 36%
Other catalysts (5) including AuCls, HOTf,
9 pTsOHeH,0, In(OTf);, Pd(OAc),, CuBr, 2b(3) <30% n.d. <5%

Cu(OTf),, ZnBr,, AgOTf

? General conditions: 1 (0.2 mmol), 2 (eq), and gold catalyst (mol %) in CHCl; (0.8 mL)
under Ar; ®The yield was determined by "H-NMR using 1,3,5-trimethoxybenzene as the
internal standard.

A variety of phenylacetylene derivatives were subjected to
the optimized reaction conditions and subsequently afforded
the desired products in good yield (6b-6l). Other aromatic
alkynes such as ferrocenyl (6m, structure confirmed by X-ray),
thiophenyl (6n), and pyrenyl (60o) derivatives could also be
utilized in the reaction. Additionally, alkynes bearing
adamantyl (6p), indole (6s), and benzofuran (6t) moieties were
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tolerated without significant decomposition of the product.
The amino acid derivative 6q and estrone derivative 6r were
also prepared, demonstrating the tolerance of the reaction
conditions to a variety of functional groups. Conversely, non-
aromatic terminal alkynes such as cyclopentyl acetylene, 1-
hexyne, and TMS acetylene, did not form the desired
alkynylation product.

Table 2. Reaction scope of alkynylation cascade™”*

6b: R =H, 87%;

6c: R = p-OMe, 72%;
6d: R = p-CF3, 86%;
6e R = p-F, 82%;

6f: R = p-Br, 68%;
6g: R = m-CF3, 61%,;

6h: R = m-F, 89%;
6i: R = m-Cl, 73%;
6j: R = m-CHj3, 82%;
6k: R = 0-CF3, 58%;
6l: R = 0-CH3, 94%;

I | o~ O

60: 56% : J

6r. 69% 6p: 66%

X-Ray of 6m
CCDC 1521359

6s: X =NMe, 79%;
6t X =0, 95%

6aa: R = p-OMe, 67%;
_— 6ab: R = p-tBu, 83%;

° Z R 6ac: R = p-CF3, 74%); G 4
6ad: R = p-F, 78%;
6ae: R = p-Br, 88%j;
6af: R = m-CHj, 76%;
6ag: R = m-CF3, 81%;

Ph  6ah: R = m-Cl, 84%}

6ai: R = 0-CHj3, 93%);

O 6aj: 81%

6ak: 91%

Ph
Ph
B T
Ph Ph
6al: 87%, exo:endo = 10:3[c]

Ph

6am: 84%

Ph Ph
VAR
U Ph Ph

6ap: 66%, dr=1:1[]

6an: 93% 6ao: 79%

6aq: 95%, dr=3:2[c]

? General conditions: 1 (0.2 mmol), 2 (3 eq), IPrAuNTf, (3 mol %) in CHCl; (0.8 mL)
under Ar at 40 °C. Yields of isolated products are given. Reference the ESI for
detailed conditions. ” Reaction heated at 60 °C “Ratio determined via ‘"H-NMR.

To fully investigate the scope of this alkynylation reaction,
different alkynols were also assessed. Substitution at the para
(6aa-6ae), meta (6af-6ah), and ortho (6ai) position of the
benzene ring on the homopropargyl alcohol afforded good
yields. Additionally, the naphthyl derivative 6aj could be
furnished in good vyield (81%). To probe the endo/exo
selectivity of the cyclization step, we used a series of
extended-chain internal alkynols bearing aliphatic or phenyl
substitution. Aliphatic substitution selectively yielded the exo
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product (6ak), while phenyl substitution resulted in a 10:3
mixture of exo:endo isomers (6al). Terminal alkynes were
tolerated under the reaction conditions, yielding the 5-exo
(6am), 6-exo (6an), and 7-exo (6ao) products. In contrast, the
terminal alkyne substrate for 8-exo cyclization gave trace
formation of the desired product. To determine the
diastereoselectivity of the alkynylation reaction, we utilized
enantiomerically pure alkynols. However, when an a-methyl
homopropargyl alcohol is used (6aq, dr = 3:2) or an a,B-di-
substituted homopropargyl alcohol (6ap, dr = 1:1), low
diastereoselectivity was exhibited. Next, we diverted our focus
to the development of a strategy for the synthesis of the
corresponding 2,3-dihydrooxepine 3b.

During optimization of the reaction conditions (Table 1),
we observed that if 2 equivalents of terminal alkyne 2b were
used, the yield of the desired product 6b was reduced.
Monitoring the reaction using "H-NMR revealed the formation
of dihydrooxepine 3b as the major by-product (see ESIT).
Reducing the amount of phenylacetylene to 1.1 equivalents
resulted in the formation of 3b as the major product in 74%
yield. Notably, 3b was unstable upon chromatographic
isolation. Therefore, the dienophile tetracyanoethylene was
used to trap the product via a Diels Alder cycloaddition'® and
the adduct 7b was obtained in 71% isolated yield over two
steps. The structure of 7b was unambiguously characterized
by X-ray crystallography (see ESIT). With these new optimized
conditions for the synthesis of 2,3-dihydrooxepines, various
aromatic alkynes were subjected to the reaction and moderate
yields of the derivatives were obtained (Table 2).

Table 2. Reaction scope of oxepine adducts®
— A 1) 5% IPrAUNTY,, R

40 °C, CHCl3 (0.25M : CN
OH (1.1eq,2) 3 ) 0o CN one-pot,
& isolated yield
CN of two steps
A CN
i

o+ 2) NG oN
=R \—=(  75°C
1
Ph 7b: R =H, 71% @
N 3 =n, 0;
- C'\éN 7¢: R = 0-CHj, 73%; R

NC CN g
7d: R = m-CH3, 61%;

O <
R . S CN
& CN  7e: R = p-tBu, 65%; o CN
CN 7f. R = p-Br, 67%;
7g: R = p-CF 3, 59%); & CN
R PH CN

7h: R = m-CH3, 61%;
7i: R = m-F, 68%,;

7j: R = m-Cl, 59%;
7k: R = p-tBu, 64%;
7I: R = p-Br, 54%;

Ph
s CN Ph
O CN © CN
o] CN
CN
CN CN
s// pr CON )
. 0, | -
7m: 81% n: 74% X-Ray of 7b X-Ray of 7g

single isomer CCDC 1521360 CCDC 1521361

? General conditions: 1 (0.4 mmol), 2 (1.1 eq), and IPrAuNTf, (5 mol %) in dry
CHCl; (1.6 mL) under Ar atmosphere at 40 °C. The crude was passed through
silica, 8 (1.5 eq) was added, and the reaction was heated at 75 °C. Yields of
isolated products are given.

Accordingly, to explore the progression of this process, we
monitored the kinetics of the reaction with ‘H-NMR.
Interestingly, within approximately 15 minutes, homo-
propargyl alcohol 1a was completely converted to the

This journal is © The Royal Society of Chemistry 20xx
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corresponding ketone 1a’ via gold-catalyzed hydrolysis.!! Thus,
1a’ serves as a viable intermediate in the formation of 6b.
After the full conversion of 1a’ to 6b, a slow conversion of 6b
occurs with concomitant formation of 3b. Monitoring the
analogous reaction in the presence of 3 equivalents of
phenylacetylene indicated low yield of 3b (<30%) after 48
hours (Figure 1).

Ph Ph
OH . =—_pn 5%IPANT, _Q = o~
=-—ph (11€4.2b) e 4000 Ph =
100 4  1a 6b 3p Ph
go §
— \
X
:: 60 |\
=/}
s
=
g 4o
Q
o
20
0 / t PR et T . " \
0 100 200 300 400 500 600 700

Time (min)

Figure 1. Reaction kinetic profile

Therefore, this kinetic profile and the intermediary nature
of 6b suggest that, unlike the analogous reaction involving
aliphatic terminal alkynes, oxepine 3b was formed via
rearrangement of alkyne 6b.'2 To confirm this hypothesis, 6b
was isolated and subjected to the reaction conditions (5%
IPrAuNTf,, 40 °C). Within 6 hours, full conversion of 6b was
attained, with oxepine 3b formed in 63% yield (Figure 2A).
Notably, treating 6b with a catalytic amount of HNTf, (5%) led
to decomposition of the substrate with no observation of
oxepine (Figure 2A). These results confirmed that this ring-
expansion rearrangement is a gold-catalyzed process.

() on o
o #Z 5% IPrAuNT, O
Raiitehiel .
Ph CHClg, 40 °C, 4hr 63% yield
6b 3b Ph
(®) e o
Q7 _SRANTR 0% yield
Ph CHCly, 40 °C, 4hr \___ decomposition
&b 3b Ph
© o Ph Bu
OH = py(leq 5% IPrAUNTf, 0 = o <
+ B
< __ p, =—Ph(leq CHCl;40°C Ph _
1a 6b, 68% 3a,0% Ph
(D)
OH Ph Bu
0 , =-Bu(le SHPANTE o 2 o
Ph = Ph(1eq) CHCls 40°C Ph /
s 6b,81%  3a,0% Ph

Figure 2. Exploration of reaction mechanism
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An additional mechanistic concern is the reactivity
difference between aliphatic and aryl-substituted terminal
alkynes. As shown in Figure 2B, treating either alkyne 1a
(Figure 2C) or ketone 1a’ (Figure 2D) with an equimolar ratio of
aliphatic and aromatic alkyne afforded alkyne 6b as the major
product, with no aliphatic oxepine or alkynylation observed.
This data suggests that gold-acetylides formed from either
aliphatic or aryl-substituted terminal alkynes exhibit divergent
reactivity within the catalytic system based on alkyne
substitution. Therefore, the intramolecular cyclization of
homo-propargyl alcohol 1a efficiently out-competes the
intermolecular hydroxylation of the terminal alkyne,
selectively forming the alkynylation product 6b.

This result contrasts with our previously reported system in
which intermolecular hydroalkoxylation was preferred.
Furthermore, by utilizing the N-heterocyclic carbene gold
catalyst IPrAuNTf,, !> the internal alkyne functionality of
compound 6 can be activated to form oxepine 3 through a
ring-expansion rearrangement (a detailed mechanistic study is
currently under investigation). Consequently, aryl-substituted
terminal alkynes are successfully implemented into a highly
efficient gold-catalyzed synthesis of 2,3-dihydrooxepines for
the first time.

Herein, we report the gold-catalyzed intermolecular
condensation of alkynols and aromatic terminal alkynes. It
was discovered that the initial alkynylated substrates undergo
a subsequent gold-catalyzed ring expansion to afford the
corresponding 2,3-dihydrooxepines. This reaction represents a
complementary synthesis to our previously reported enyne
cycloisomerization. Additionally, the transformation is an
illustration of reaction divergence that is tuned by altering the
structure of the substrate. As a result of the mild reaction
conditions, expedient functional group modification, and
mechanistic insight gained, this study holds significant value in
the advancement of gold-catalysis for the synthesis of complex
molecules.
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