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Gold-Catalyzed Cyclizations of cis-Enediynes: Insights into the Nature

of Gold-Aryne Interactions**
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ortho-Benzynes'!! and ortho-arynes® are reactive and versa-
tile intermediates in organic synthesis.”] Their diverse
chemistry has been further enriched by the formation of
metal aryne complexes.'>¥ They are mostly generated by
elimination of two adjacent groups or atoms on the arene ring.
The elimination strategy, however, can be synthetically
limiting because of difficulties in accessing suitably substi-
tuted arenes, demanding reaction conditions, and operational
hazards. A notable exception is a de novo aryne formation by
intramolecular hexadehydro Diels-Alder reactions.”!
Considering that the coordination of alkynes to gold
complexes often serves as the point of entry into versatile gold
catalysis, it is notable that an aryne has seldom served as the
substrate for gold catalysis. Although an aryne is highly
electrophilic as a result of its low lying LUMO, the HOMO of
benzyne was computed to have an energy level similar to that
of 2-butyne.l’’ Hence, it is not unreasonable to anticipate that
the interaction between electrophilic gold complexes and
arynes would be plausible. In fact, the study by Zhang and co-
workers® has invoked a benzyne gold complex, but the
interaction between insitu generated benzyne and
[Ph;PAuCl] is not clearly defined and leaves some doubt
about its existence. In contrast, another study used in situ
generated benzyne to trap a gold intermediate en route to
anthracene derivatives, wherein no interaction between gold
and benzyne is proposed. We envisioned that gold-aryne
interactions, if understood, could serve to advance gold
catalysis. Herein, we disclose a study inferring that the
interaction between a cationic gold complex and an aryne
(i.e., a gold aryne complex) is a transition state and leads to
regioisomeric ortho-aurophenyl cation intermediates, which
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could either be trapped by weak nucleophiles or undergo
intramolecular C—H insertions by a-carbene gold carbene
mesomers.

In our attempt to generate gold aryne complexes, we
reasoned that an aryne could be formed upon the addition of
a deprotonated terminal alkyne to the other C—C triple bond
in a cis-enediyne substrate with the assistance of a metal
catalyst (Scheme 1a). Notable in this design is that the
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Scheme 1. New approach to the aryne moiety and metal aryne
complexes.

strained C—C triple bond in the aryne originates from the
terminal alkyne in the substrate and, in contrast to the typical
elimination approach, is formally not the bond formed. To
implement it, we envisioned that an additional metal could
facilitate the pivotal cyclization,[w] as shown in Scheme 1b,
thereby potentially leading to the generation of a metal aryne
complex. Moreover, we reasoned that a cationic gold(I)
complex could serve as both the metal catalysts M' and M?. It
is well established that gold complexes can activate carbon-
carbon triple bonds efficiently and, at the meantime, alky-
nylgold can be readily formed in situ upon reaction with
terminal alkynes."

Welll' have recently reported the generation of gold
vinylidenes (i.e., Ay.,) from benzene-1,2-dialkynes through
a highly regioselective, gold-promoted 5-endo-dig cyclization
(Scheme 2a)." DFT calculations for the energy surface
revealed that A, ., was formed by a bifurcation mechanism in
competition with the a-auronaphthyl cation B,., from a 6-
endo-dig cyclization!" (see the Supporting Information of
that work). Moreover, By, rearranges to its more stable
structural isomer C,., through a low-energy-barrier gold
migration. The calculation also predicted the formation of the
gold carbene intermediate E,, from C,, upon carbene
C(sp®)—H insertion in the next step, thereby indicating the
contribution of a mesomeric a-carbene gold carbene (i.e.,
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Scheme 2. a) Reaction pathway for ring A=benzene and R=Me as
determined from previous DFT calculations. A bifurcation to form two
possible intermediates, Ay, and By, was predicted. The structures are
indicated by the subscript ben. b) Reaction pathway for ring A=cyclo-
hexene and R=Et as computed for the formation of 2a. The structures
are indicated by a subscript cy.

C'yen)- Although the naphthalene-type products were not
detected, likely due to the fact that the bulky BrettPhos!"* was
used in place of PH; as the ligand in our experiments, we were
nevertheless intrigued by the 6-endo-dig reaction path.

The isomerization from By, to C,, was calculated to
proceed via a transition state in the form of an aryne-
coordinated gold complex (i.e., Dy.,). The phenyl cationic
structures By, and C,., can be viewed as resulting from a shift
of the gold atom to the ends of the coordinating triple bond in
D,.,. As a result, B, and C,., appear to be the appropriate
structures from the interaction between a cationic gold(I) and
an aryne. It is most likely that they are more electrophilic than
typical arynes because of their aryl cation nature, which would
be consistent with known silver catalysis!'” where in situ
generated benzyne in the presence of Ag’ reacts with
significantly enhanced electrophilicity.

After having no success with benzene-1,2-dialkyne sub-
strates in achieving the desired 6-endo-dig cyclization, we
switched to the cis-enediyne 1a, and the reaction discovery
and optimizations are shown in Table 1. Much to our delight,
the C—H insertion product 2a was indeed formed when the
substrate was treated with [BrettPhosAu]NTf, (5 mol %) and
2,6-lutidine N-oxide (5a, 0.5 equiv) in 1,2-dichloroethane
(DCE; entry 1). The formation of 2a can be readily ration-
alized by invoking the mechanism shown in Scheme 2b, and is
additionally supported by DFT calculations (see the Support-
ing Information). The additive 5a, in line with our previous
study, acted as a mild base to facilitate the formation of the
alkynylgold species in Scheme 2. This mechanism can also
explain the formation of the phenol 4a, which is attributed to
the regioselective addition of adventitious H,O to the ortho-
aurophenyl cation C,.,. The side-product 3a, though present
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Table 1: Initial reaction discovery and optimization.?!

// Me
| _catalyst (5 mol %), DCE _ C@b .
\\ J\/:L 5a (R = Me)
Me
2a 3a

R 5b (R = Br)
1a (0.5 equlv)
O
nBu
4a
Entry Catalyst Base  T[°C] t[h] Yield [%]®
2a 3a 4a
1 [BrettPhosAu]NTf, 5a RT 17 61 trace 9
2 [BrettPhosAu]NTf, - RT 24 24  trace 4
3 [BrettPhosAu]NTf, 5b RT 24 28 trace 4
4 [BrettPhosAu]NTf, TsNa RT 24 30 trace 5
5 [BrettPhosAu]NTf, lutidine 60 24 61 trace 4
6 [tBuBrettPhosAu]NTf, 5a 60 24 45  trace 10
7 [JackiePhosAu]NTf, 5b RT 20 50 trace trace
8 Mor-DalPhosAuNTf,  5a 60 11 839 trace trace
9 [Mor-DalPhosAuCl]/  5a 60 20 76 trace trace
NaBArf,
10 [Ph;PAUINTH, 5a 60 35 8 54  trace

[a] Reaction run in flame-dried vial using dry DCE as solvent.
[1a]=0.05 m. [b] Estimated by "H NMR spectroscopy using diethyl
phthalate as the internal reference. [c] 1.1 equiv [d] Yield of isolated
product. Tf:triﬂuoromethanesulfonyl Ts :4—to|uenesu|fonyl.

OMe OMe
MeO F’Cyz MeO PtBu
BrettPhos tBuBrettPhos

{ Q
»

R= 35 CF3)2Ph

JackiePhos Mor-DalPhos

in trace amounts, is likely formed by a mechanism similar to
that reported by Liu and co-workers for the use of PtCl, as the
catalyst.!!

Other base additives and gold complexes were then
examined to improve the intended chemistry. In the absence
of a base, only 24 % of 2a was obtained (Table 1, entry 2).
Other bases such as 2,6-dibromopyridine N-oxide (5b;
entry 3) and TsNa (conjugate acid pK,=1.99;1" entry 4)
could not improve the reaction, either. With the more basic
lutidine (entry 5), the reaction was slower but resulted in an
identical yield to that of entry 1. With regard to the gold
catalyst, [fBuBrettPhosAu]NTf, (entry 6), a bulkier catalyst
than [BrettPhosAu|NTf,, and [JackiePhosAu|NTf, (entry 7),
a more Lewis-acidic catalyst, were less efficient. However,
Mor-DalPhos!" turned out to be the most efficient ligand,
thus affording 2a in 83 % yield (entry 8). The use of the less
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coordinating BAr",~,™ however, did not lead to additional
improvement (entry 9). In all the cases discussed above, 3a
was formed in trace amounts, but much to our surprise the
Gagosz catalyst, [Ph;PAu]NTY,,* promoted the formation of
3a at the expense of 2a (entry 10). It appears that the smaller
steric size of Ph,P is the cause for the switch of selectivity.?!!

With the optimized reaction conditions in hand, we then
studied the scope of the reaction featuring C—H insertions,
and the results are shown Scheme 3. In these reactions, 4 A

=
1
R LAU* (5 mol %)
R2 | XH 5al5b (0.5 equiv)
N N DCE, 60°C
1

ﬁ
oo

2d (95%, 5a, 14 h)P]

QLD s

b (60%, 5a, 30 h)P! 2c (87%, 5a, 11 h)l©

OTBDPS n-C7Hys

CCSQ%CE&

(84%, 5a, 4 h)! f (79%, 5a, 16 h)! (67%, 5b, RT, 23 h)l9

o od of

(67%, 5a, 36 h)l! (71%, 5a, 7 h)®! 2j (80%, 5b, 16 h)c

C@@C@Q

(43%,91 52, 80°C, 24 h)dl 21 (90%, 5a, RT, 9 h)e!  2m (52%, 5a, 24 h)l°

p-ToI

C@@C@@Q%

2n (89%, 5a, 6 hyledl 0 (79%, 5a, RT, 10 h)®€! 25 (589, 5a, 24 h)e

Scheme 3. Reaction scope of aryne gold chemistry.”! [a] [1]=0.05 m.
Reactions were run in flame-dried vials in the presence of 4 A M.S.
except entry 13. Yield of isolated product reported. [b] [MorDalPho-
sAuU]NTf, was used. [c] [BrettPhosAu]NTf, was used. [d] Wet DCE as
solvent. [e] 10 equiv of ethanol was used. [f] 5 equiv of p-toluic acid
was used. [g] 6% of starting material recovered. TBDPS =tert-butyl-
diphenylsilyl.

molecular sieves were added to minimize the formation of
phenol derivatives. Various types of aliphatic C—H bonds,
including a primary C—H (2b), a tertiary C—H (2¢), a benzylic
C—H (2d), and a C—H «a to a silyoxy group (for 2e) were
readily inserted, thus leading to indane derivatives in mostly
excellent yields. Changing the cyclohexane ring in the
enediyne substrates discussed so far revealed that a smaller
cyclopentene ring hindered the reaction as the corresponding
substrate mostly remained unchanged. However, a bigger
cycloheptene ring was inconsequential, and the indane 2 f was
isolated in 79 % yield. Moreover, the ring could be completely
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removed (2g) or replaced with an n-butyl group at either end
of the C—C double bond (2h and 2i) without significantly
impacting the reaction yield. Notably, in several cases the
reaction conditions deviated from the optimized reaction
conditions (Table 1, entry 8) by the use of a different catalyst
(e.g., BrettPhosAuNTf, for 2c,e,gh) and base (e.g., 5b for
2g).

Besides the C—H insertions by the carbene-type reactivity
from the mesomer C', (Scheme2b), the phenyl cation
character of the isomeric C,, could also be exploited. For
example, a tethered phenyl group served as the reacting
nucleophile partner, and the reaction led to the formation of
9,10-dihydrophenanthrene (2j; Scheme 3) in 80% yield.
When phenanthrene was the tethered nucleophile, the
reaction resulted in a direct transformation of an enediyne
into pentacyclic benzo[e]acephenanthrylene in a serviceable
yield (2k). We were pleased to find out that a tethered HO
group worked well as the nucleophile, and the tetrahydroox-
epin 21 was formed in 90% yield. This highly efficient
formation of a seven-membered O-heterocycle and the lack
of competing C—H insertion are particularly noteworthy, thus
suggesting that C,,/C',, prefers to react as a phenyl cation (i.e.,
in the form of C,,). This observation is consistent with cationic
gold complexes as strong soft Lewis acids'® but weak m-back
donors.”? Similarly, a tethered sulfonamide was able to trap
the cationic intermediate to deliver the seven-membered N-
heterocycle 2m in a moderate yield. Again, no competing
intramolecular C—H insertion was detected.

During the scope study of C—H insertion reactions, we
found that a 4-chlorobutyl group at the alkyne terminus did
not participate in the C—H insertion. While this result again
suggests that the carbene reactivity of C'., might be limited,
the chloride substrate was used to examine intermolecular
trapping of C,,. With wet DCE as the solvent, the phenol 2n
was indeed formed in a very good yield (Scheme 3). Similarly,
ethanol and p-toluic acid, also used in excess, were suitable
trapping nucleophiles, and the phenyl ether 2 0 and the phenyl
ester 2p were isolated in 79 % and 68 % yields, respectively.
Importantly, these intermolecular trapping reactions were
highly regioselective as the isomer anticipated from trapping
of the phenyl cation of type B,, (Scheme 2b) was not detected
in each case.

Attempts to switch the regioselectivity were unsuccessful.
For example, subjecting the enediyne 1q to the typical
reaction conditions in DCE led to the formation of the phenol
5 in 75% yield in 42 hours [Eq. (1)]. Neither the regioiso-

Ph

Ph
[BrettPhosAuJNTf, OH
= (5 mol %) Ph
| 5a (0.5 equiv) M
regular DCE Me e
X
A o s
1q Me 60°C,42h 2q 5
Not detected Not detected 1)
H
tho
Me
5: 75%

www.angewandte.de

Chemie

7951


http://www.angewandte.de

Angewandte

7952

Zuschriften
a)
AE (AG®08 chycl,)
(kcal mol™")
A
4L
2
O -
-2+ Au
n Q1334
6 Au
-6.3 (-6.5)
b) .
AUPH, AuPH; AuPH;
N - * -
Me Me Me
AuPH;Z AuPH;, *AuPH;,
C'CY-Me Ccy-Me C"cy-Me

Figure 1. a) The rearrangement of B, into C., .. The energy diagram
shows the electronic energies and free energies (see value within
parentheses) in methylene chloride, as well as the structures optimized
at the M06/6-31 +G(d,p)/SDD(Au) level of theory. b) The resonance

structures of C,ye.

meric phenol 5 nor the C—H insertion product 2q by an a-
carbene gold carbene mesomeric to B was detected. This is
consistent with the DFT calculations (Figure 1a), where B,
has a very low barrier to rearrangement to C... and is
6.5 kcalmol ' less stable. It is expected that B, . cannot be
trapped because of its predicted, very short lifetime in
solution. The reason for the enhanced stability of C .y
could be attributed to the contribution of its mesomeric
bent allene form, C’,y. (Figure 1b),”*! which is in accord-
ance with the DFT-optimized structure in which the bond
length of C2-C3 is 1.33 A, and is significantly shorter than
1.40 A in benzene. In contrast, the corresponding bond length
for By is 1.45 A.

It is well known that arynes can undergo [4+2] cyclo-
addition with furan,®! however, our attempts to perform the
reaction with the enediyne substrates in the presence of gold
catalysts led to no desired product. In contrast, the reaction of
In with trans-p-methoxycinnamaldehyde did lead to the
formation of the [442] adduct 6 [Eq. (2), M.S. = molecular
sieves]. The formation of the [242+2] adduct 7 as the major
product suggests that 6 is most likely generated by a stepwise
process involving an ortho-aurophenyl cation of type C,.

Deuterium-labeling studies were performed to gain addi-
tional experimental support for the reaction mechanism.
First, the alkyne terminus of 1¢ was labeled by a deuterium.
With 10 equivalents of H,O added, the reaction resulted in
nearly complete loss of the isotope [Eq. (3)]. In contrast, with
the same amount of D,O as the additive, the nonlabeled 1c¢
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| AN
1n  [BrettPhosAu]NTf,
\\ Cl (5 mol %) (e} N
4 5a (0.5 equiv) al
+ DCE, 4 AM.S., 60°C, 3 h A
AN A
CHO 6 (25%) o
(5 equiv) Ar = 4-MeOCgH,4 7 (68%)
D (>98%)
= C95%)H  Me
= Me
[BrettPhosAulNTf, (5%) 3)
N 5a (0.5 equiv)
X M .
e H,0 (10 equiv)
Me DCE, 60°C, 12h H (>97%)
[Di}-1e 2¢ (75% yield)

proceeded to give [D,]-2¢ with a significant amount of
deuterium at C4, but very little at C9 [Eq. (4)]. These two
experiments confirm that the alkyne terminal hydrogen is

H 0,
FZ (>95%) Hg MeMe
[BrettPhosAuINTf, (5%) @)
[ 5a (0.5 equiv)
N Me D,0 (10 equiv) 4
M DCE, 60°C, 17h D (50%)
1c © [Ds]-2¢ ( 72% yield)

removed as a proton during the reaction and the C4 hydrogen
atom is installed by protonation. The origin of the C9
hydrogen atom was revealed experimentally by deuterium-
labeling the side chain in a related substrate [Eq. (5)]. All the
isotope-labeling results are consistent with the mechanism
shown in Scheme 2b.

= (>92%)
~ T Phy (a0
‘ [BrettPhosAUINTS, (5%) D (>99%)
A Ph 5a (0.5 equiv) ®
> DCE, 60 °C, 27 h
(98%) [D,]-2r (64% yield)
[Da]-1r

The remaining question with this chemistry is how the lack
of the fused benzene ring in the substrates led to a complete
switch of the initial cyclization from 5-endo-dig!"" to 6-endo-
dig (Scheme 2). It can be explained by considering the
difference in gained aromatic stabilization: when ring A is
a benzene ring, the additional resonance energy gained upon
the 6-endo-dig cyclization is 28 kcalmol ™' (64 kcalmol ™" for
naphthalene and 36 kcalmol™! for benzene). However, when
ring A is neither benzene nor nonexistent, the aromaticity
gained by the newly formed benzene ring would be 8 kcal
mol' greater (36 kcalmol™'). Our DFT calculations in
methylene chloride solution at 298 K confirm this idea. We
find that the free energies for the formation of A and B favor
B by 12.0 kcalmol ! when the fused ring is cyclohexene, and
by 15.6 kcalmol™ when benzene is the fused ring. These
values are much larger than the 2.2 kcalmol™! difference
observed for the fused ring as a benzene, where the 5-endo-
dig product is favored.!" It is not unreasonable to imagine in
the bifurcation mechanism that making the 6-endo-dig
product much more stable relative to the 5-endo-dig product

Angew. Chem. 2013, 125, 7949 —7953


http://www.angewandte.de

could skew the energy surface in a fashion such that the 6-
endo-dig path is favored.

In summary, we have disclosed a dual gold-catalyzed
cyclization® of cis-enediynes, which offers a new approach to
various substituted indanes, heterocycle-fused benzenes, and
phenol derivatives. This chemistry represents a dramatic
switch from the initial cyclization of the previously observed
S-endo-dig!l to the 6-endo-dig path in the bifurcation
mechanism. Besides its synthetic utility, this chemistry
offers, for the first time, insights on the interaction between
cationic gold(I) and arynes. This interaction can be viewed as
leading to a gold aryne transition state which results in the
formation of two regioisomeric ortho-auroaryl cation inter-
mediates, and can be considered to be the result of a shift of
the metal along the highly strained C—C triple bond. The
more stable of these aryl cation forms reacts regiospecifically
with a range of nucleophiles in a manner similar to arynes,
though the cation should be more electrophilic. While
cycloaddition reactions observed with arynes could not be
realized, new reactivities with the polarized forms, such as
facile intramolecular insertions into C(sp®)—H bonds through
mesomeric a-carbene gold carbenes are realized.
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