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A full account of our investigation of C—C bond migration in the cycloisomerization of oxygen-tethered 1,6-enynes is

described. Under Pt(ll) and/or Ir(l) catalysis, cyclic and acylic alkyl groups were found to undergo 1,2-shifts into metal
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carbenoid intermediates. Interestingly, this process does not appear to be driven by the release of ring strain, and thus

provides access to large carbocyclic frameworks. The beneficial effect of CO on the Pt(ll) and Ir(l) catalytic systems is also

www.rsc.org/
evaluated.

Introduction

Enyne cycloisomerization through metal-catalyzed alkyne
activation is a widely studied strategy for attaining structural
. . . . 1

complexity from simple starting materials. In  the
cycloisomerization of 1,6-enynes, a variety of skeletally diverse
products can be accessed depending on the substitution of the
enyne, the enyne tether, and the chosen reaction conditions.
Catalysts that

cycloisomerization include m-acidic metal complexes of Au, Pt,

have been shown to induce enyne
Ir, and several others. Our group has been specifically
interested in the cycloisomerization of oxygen-tethered 1,6-
enynes to give bicyclo[4.1.0]heptene derivatives.” Related to
these studies, both the Fensterbank/Malacria group5 and our
group6 recently reported catalytic examples of similar enyne
cycloisomerizations (using Au and Pt/Ir, respectively), these
specific cases involving a C—C bond migration. The migration
presumably occurs via the metal carbenoid intermediate of the
proposed reaction mechanism (2 — 4, Scheme 1). This process
exploits the reactive capacity of metal carbenoids, which have
been of specific interest for our group for some time.” These
reactive species have been described to undergo a number of
transformations,8 such as cyclopropanation,9 oxidation,10 C—H
bond insertion,11 and bond migration (H, C, Si, S, etc.).12
Although C—C bond migration into metal carbenoids has been
reported via alkyne activation,”® we had found that alkyl
migrations were relatively unexplored when paired with the
cycloisomerization of oxygen-tethered 1,6-enynes to
bicyclo[4.1.0]heptene derivatives. Herein, we provide a full

account of our efforts in this area, where we demonstrate that
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both cyclic (up to a 10-membered ring) and acyclic C—C bonds
are able to migrate into Pt(ll)- and Ir(l)-generated carbenoids,
providing access to large carbocyclic frameworks and
macrolactones. Additionally, we describe our full catalytic
optimization studies of this transformation, ultimately finding
that both the Pt(Il) and Ir(l) catalytic systems are significantly

enhanced in the presence of CO.
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Scheme 1. Proposed 1,2-alkyl migration into metal carbenoid.

Results and discussion

Preliminary results. In order to test the propensity for alkyl
migration in the cycloisomerization of oxygen-tethered 1,6-enynes,
enyne 7 containing a fully substituted propargylic carbon was
synthesized in two steps in straightforward fashion (Scheme 2). The
alkene and alkyne substitution patterns of this enyne had proved
effective in our previous cycloisomerization studies.” Gratifyingly,
when this substrate was exposed to catalytic PtCl, in toluene
at 60 °C, the desired ring-expanded product (8) was formed,
indicating that C—C bond migration was a feasible outcome of
this cycloisomerization. The structure of product 8 was
confirmed by X-ray crystallography. The observed expansion to
the six-membered ring confirmed our initial hypothesis, that
alkyl groups would be capable of migration in this process if
hydrogen migration was not available (2 — 4, Scheme 1).

J. Name., 2013, 00, 1-3 | 1
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=—ph Br~pe (1 equiv)
0 (1.1 equiv) NaH (1.2 equiv)
n-BuLi (1 equiv) 15-crown-5 (0.10 equiv)
S >
THF, 0 — 23 °C TBAI (1.5 equiv)
91% yield THF, 0 — 23°C
5 92% yield
AN
o Me  picl, (7 mol %) e
X PhCH, -
N Ph 60 °C
, 73% yield

Scheme 2. Preliminary cycloisomerization/alkyl migration result.

Reaction Optimization

Initial Catalyst Screens. We continued our investigation with
optimization studies on enyne 7 using catalysts that had been
previously reported to initiate 1,6-enyne cycloisomerizations
(Table 1). PtCl, and PtCl, were both effective catalysts for this
transformation, yielding product 8 in 73% and 78% yield,
respectively (entries 1 and 2). An increase to 86% yield was
observed with the more reactive [(C,H4)PtCl,], (Zeise’s dimer)
at ambient temperature (entry 3). The use of (PhCN),PtCl, and
(Ph3P),PtCl, resulted in only
cycloisomerized product (entries 4 and 5), perhaps because

trace amounts of the
these complexes are more coordinatively saturated, making
them less m-acidic. Catalysts of metals other than Pt were also
tested. A cationic Au complex, (PhsP)Au(NTf,), was able to
effect this transformation in 63% yield (entry 6). When the
cycloisomerization was attempted with [Rh(CO),Cl],, however,
a complex mixture of products was obtained (entry 7).

Table 1. Initial catalyst optimization.

Table 2. Solvent optimization for Zeise’s dimer.

AN
0 Ve catalyst (mol %)
x PhCH,
Ph temperature, time
7
Entry Catalyst (mol %) Temperature (°C) Time (h) GC Yield (%)?
1 PtCl, (7) 60 25 73
2 PICl, (7) 60 3 78
3 [(CoH,)PLCl], (2.5) 23 35 86
4 (PhCN),PtCI, (2.5) 23 2 <5
5 (Ph3P),PtCl, (2.5) 80 20 <5
6 (PhsP)Au(NTf,) (3) 78> 23 12 63
7 [Rh(CO),Cl], (2.5) 80 23 —b
2GC yields using 4,4'-di-tert-butylbi as internal

b Complex mixture obtained

Next a solvent screen was performed with Zeise’s dimer
(Table 2). Both polar and nonpolar solvents provided the
product (8) in good yields, but none gave better reactivity than
the original solvent toluene (entry 1). Overall, Zeise’s dimer in
toluene at ambient temperature gave us the best results for
this substrate.

2 | J. Name., 2012, 00, 1-3

0" Me [(CoH4)PLCL],
(2.5 mol %)
X solvent
Ph 23 °C, time
7
Entry Solvent Time (h) GC Yield (%)?
1 PhCH, 35 86
2 xylenes 16 62
3 THF 16 47
4 1,4-dioxane 20 83
5 Et,0 16 80
6 CH,Cl, 6 63
7 CHCI; 20 74
8 1,2-dichloroethane 18 64
9 hexanes 16 73
10 CH3NO, 20 12
" EtOAc 18 58
aGC yields using 4,4'-di-tert- ylbi as internal

Moving forward, a variety of enyne starting materials were
synthesized by nucleophilic addition of an alkyne into a cyclic
ketone, followed by etherification with an allylic halide
(Scheme 3).

R4
0o =—r! OH x’\%\m
n-BuLi NaH. R2 O/\% R3
-
THF,-78t023°C  ( Q\ 15-crown-5, n-BugNI R?
n n R! THF, 0 — 23 °C ( x
n R
X=Br, CI

Scheme 3. Enyne synthesis.

When the optimized reaction conditions for enyne 7
(Zeise’s dimer, toluene, 23 °C) were applied to other
substrates, however, results varied (Table 3). For example,
disubstituted alkene substrate 9 underwent  the
cycloisomerization with Zeise’s dimer at ambient temperature
in 70% isolated yield, which was comparable to what was
observed under these reaction conditions with enyne 7 (Table
1, entry 3). In contrast, increased substitution on the alkene
(enynes 10 and 11) required elevated temperatures in order
for full conversion to be achieved, and even then product
yields were poor. Clearly, further optimization was needed in
order to encompass a broader scope of substrates.

Table 3. Application of Zeise’s dimer conditions to differentially substituted enynes.

R4
o/\%nﬂ [(CzH4)PLCL,]; (2.5 mol %)
R2 solvent
Q temperature
R!
Entry Enyne R1 R2 R3 R4  Temperature (°C)  Product Isol. Yield (%)
1 9 Ph H Ph H 23 12 70
2 10 n-Bu Me Me H 60 13 26
3 11 n-Bu H Me Me 60 14 1

Effect of CO. In 2005, Firstner and coworkers reported the use
of carbon monoxide to increase reaction rates in Pt(ll)-
catalyzed cycloisomerization of carbon-tethered 1,6—enynes.14
They propose that this beneficial effect, which has also been
observed in other systems,15 may be due to the increased
electrophilicity of the catalyst through coordination of a m-

This journal is © The Royal Society of Chemistry 20xx
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accepting ligand. In an alternative explanation based on
computational experiments, Gimbert and coworkers suggested
that the formation of the Pt-CO complex increases the
preference of the metal for mono-coordination of the alkyne
as opposed to alkene-alkyne bis-coordination, the former
enabling a more facile reaction.’®

Hoping to see a similar increase in reaction rate and yield,
we evaluated the effect of CO on the cycloisomerization of
enyne 15, which had occurred in only moderate yield under Ar
with PtCl, (Table 4, entry 1). Encouragingly, the PtCl,-catalyzed
cycloisomerization run under CO proceeded in 75% vyield and
in a shorter reaction time (entry 2). Likewise, Zeise’s dimer in
the presence of CO gave product 16 in 88% yield, compared to
63% yield under Ar (entries 3 and 4). Thus, our final optimized
Zeise’s dimer conditions were concluded to be 2.5 mol %
catalyst in toluene at 60 °C under CO.

Table 4. Effect of CO atmosphere.

Organic Chemistry Frontiers

Table 5. Evaluation of Ir catalyst conditions under CO.

AN
0 Ph catalyst (mol %)
\\ atmosphere
n-Bu PhCHj
60 °C, time
15
Entry Catalyst (mol %) Atmosphere Time (h) Isol. Yield (%)
1 PICl, (7) Ar 43 54
2 PtCl, (7) €O (1 atm) 25 75
3 [(CoH,)PLCl,], (2.5) Ar 43 63
4 [(C2H4)PLCl,], (2.5) €O (1 atm) 30 88

Optimization of Ir(l) Conditions. A report by Shibata and
coworkers in 2005 described the use of Ir(l) complexes with CO
In light of the
success of our Pt(l1)/CO system, we thought it worthwhile to
examine Ir(l)/CO catalyst systems with our oxygen-tethered

in the cycloisomerization of 1,6—enynes.17

enyne cycloisomization. One catalyst employed in Shibata’s
report was IrClI(CO)(PPh3), (Vaska’s complex);18 however, we
saw very little reactivity with this catalyst, either under an Ar
or CO atmosphere (Table 5, entries 1 and 2). In the report,
mainly nitrogen-tethered substrates were evaluated; oxygen-
tethered significantly
suggesting that Vaska’s complex may be too Lewis acidic for

enynes reacted in lower vyields,
this class of substrates.'® Other Ir complexes, specifically
Iry(CO),, and Ir(CO),(acac), performed poorly as well, giving
low conversions after extended reaction times (entries 3 and
4). Initially, [Ir(cod)Cl], also showed low reactivity, with only
24% of product 16 forming in 60 hours under Ar (entry 6).
Shibata’s report also described a “CO, then Ar” atmosphere
that sometimes resulted in higher yields than simply running
the reaction under CO, but the effect was not elaborated upon
further. Applying this method, when [Ir(cod)Cl], was prepared
under CO, but the reaction was run under Ar, an increase in
yield to 37% was observed with a shorter reaction time as well
(entry 7). Utilizing this same technique with [Ir(dbcot)Cl],

resulted in 68% yield of product 16 in only 3 h (entry 8).%°

This journal is © The Royal Society of Chemistry 20xx

0/\/\Ph
catalyst (mol %)
X atmosphere
N PhCH,
110 °C, time
15, R=n-Bu 16, R=n-Bu

17, R=CH,0Bn 18, R=CH,0Bn

Entry R Catalyst (mol %) Atmosphere Time (h) Result (%)
1 CH,0Bn IrCI(CO)(PPh;), (10) Ar 16 <5% conversion
2 CH,0Bn IrCI(CO)(PPhj), (5) CO (1 atm) 16 <5% conversion
3 n-Bu Irg(CO)42 (3) CO, then Ar 40 ~50% conversion
4 n-Bu Ir(CO),(acac) (5) CO, then Ar 40 <10% conversion
5 n-Bu [Ir(cod)Cl], (2.5) Ar 60 24% yield
6 n-Bu [Ir(cod)Cl], (2.5) CO, then Ar 16 37% yield
7 n-Bu [Ir(dbcot)Cl];, (2.5) CO, then Ar 3 68% yield

aConversions are approximated by 'H NMR; yields are isolated.

CO vs. “CO, then Ar”. Intrigued by the “CO, then Ar” technique,
we investigated further. Table 6 compares the yields of
cycloisomerization product 18 with three different Ir(l)
catalysts both under a CO atmosphere and the “CO, then Ar”
atmosphere. Experimentally, the reactions under an
atmosphere of CO were performed by bubbling CO through
the reaction mixture, and then sealing the reaction vessel. The
“CO, then Ar” experiments were performed by bubbling CO
through the reaction mixture, and then bubbling Ar through
the reaction mixture and sealing the vessel. For [Ir(dbcot)Cl],
and [Ir(cod)Cl],, the yield of product 18 increased from 72% to
87% and from 63% to 81% yield, respectively, when the “CO,
then Ar” conditions were applied versus when the reactions
were just performed under CO (entries 1 and 2). An increase in
yield was also observed for [Ir(coe),Cl],; however, the effect

was less pronounced (entry 3).

Table 6. Comparison of CO vs. “CO, then Ar” atmospheres.

2N
0 ™" pn [ir] (2.5 mol %)
atmosphere
\\ OBn phcp 3 "
110°C
17
Isolated Yield (%)
Entry [ CO (1 atm) CO, then Ar
[ir(dbcot)Cl], 72 87
2 [Ir(cod)Cl], 63 81
3 [Ir(coe),Cl], a7 50

Active Ir Catalyst. Interestingly, when CO was bubbled through
a solution of bright yellow [Ir(dbcot)Cl],, [Ir(cod)Cl],, or
[Ir(coe),Cl], in toluene, a dark blue solid precipitated out on
the sides of the reaction vessel. This solid dissolved in toluene
when heated. Similar observations were made by Roberto and
coworkers in 1994 when they exposed [Ir(coe),Cl], to CO: the
color of the metal complex changed from bright yellow to dark
blue.” Through IR experiments, they proposed that the dark
blue compound being formed was an [Ir(CO),Cl], polymeric
complex. Based on this report and our observations, we
believe the actual active catalyst in the reactions where
[Ir(dbcot)Cl],, [Ir(cod)Cl],, or [Ir(coe),Cl], are combined with CO
is the same [Ir(CO),Cl], polymeric complex.

J. Name., 2013, 00, 1-3 | 3
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If this theory is correct and the active Ir catalyst is being
formed in situ through reaction with CO, then it would seem as
In the
cycloisomerization of enyne 17, however, we observed a slight

if the starting Ir complex should not matter.
variance in yield between [Ir(dbcot)Cl], and [Ir(cod)Cl],, and a

more significant difference between these two and
[Ir(coe),Cl], (Table 6).

We considered that the differential reactivity between the
three Ir(l) catalysts may simply be attributed to the ease of
[Ir(CO),Cl], formation from [Ir(dbcot)Cl], and [Ir(cod)Cl],
compared to [Ir(coe),Cl],. When comparing the stability of
each complex and their metal-ligand bond strengths, however,
this explanation is insufficient. Of the three ligands, the
bidentate chelation of dbcot and cod should render the
[Ir(dbcot)Cl], and [Ir(cod)Cl], complexes more stable than
[Ir(coe),Cl], due to the chelate effect.”? Further, comparing the
dbcot and cod ligands, dbcot should bind more strongly to the
metal due to its greater m-accepting character.”® If [Ir(CO),Cl],
complex formation is dependent solely on ligand
displacement, we would expect it to form most efficiently from
[Ir(coe),Cl], and least efficiently from [Ir(dbcot)Cl], (Figure 1).
Optimal reactivity is obtained, however, using [Ir(dbcot)Cl], as
the iridium precursor, prompting us to wonder whether the
displaced ligand may be playing a role in the reactivity of the

metal.

« Increased Ir(l) complex stability
yield of cycloi: ization product

AA;

]

& b cl é > c o cl O
._i_i_::lr< )r::iil ._[i_:=|r< >|r:::-i| \:Ir< i

@' ci '@ yal ci [N O ci O
ir(dbeotCil, Iir(cod)Cll, [Ir(coe),Cll,

[ >

v

» Expected ease of [Ir(CO),Cl], formation

Fig. 1. Structures and relative stabilities of three Ir(l) catalysts.

To better understand the catalyst system and to probe
whether or not the displaced ligand could be influencing the
reactivity of the metal, experiments were performed where
the displaced ligand was removed from the reaction mixture
prior to addition of the enyne. For these experiments, the Ir(l)
catalyst was taken up in toluene and CO was bubbled through
the solution, causing the dark blue [Ir(CO),Cl], precipitate to
form. The toluene, which contained the displaced ligand
(confirmed by 4 NMR), was then removed from the flask as
thoroughly as possible, leaving the solid behind. The dark blue
solid was then taken up in fresh toluene, enyne 15 was added,
and the reaction was performed as usual. The yields of product
16 with the displaced ligand still present and with the ligand
removed were compared (Table 7). A small decrease in yield
from 68% to 64% was observed when dbcot was removed
from reaction mixture (entry 1), but almost no change in yield
was observed for the [Ir(cod)Cl], with and without excess

4 | J. Name., 2012, 00, 1-3

ligand present (entry 2). In the case of [Ir(coe),Cl],, a slightly
larger decrease in yield was observed when the excess coe was
removed from the reaction mixture (entry 3). Ultimately, the
yield changes observed when the excess ligand was removed
from the reaction mixture were not substantial enough to
conclusively indicate whether or not the displaced ligand has
an effect on reactivity. It remains possible, however, that when
the displaced ligand is still present, some sort of beneficial
competitive binding between the ligand and the enyne
substrate with the [Ir(CO),Cl], complex may be operative.
Alternatively, there could simply be more subtle differences in
the physical nature of the [Ir(CO),Cl], polymeric complex based
on the iridium precursor used, and these differences are
impacting net reactivity.

Table 7. Evaluation of effect of removing excess ligand.

AN &
0 Ph [Ir] (2.5 mol %) o uPh
X atmosphere N
. PhCH, n-Bu
110 °C
15 16
Isolated Yield (%)
CO, then Ar
Entry fir] CO, then Ar (excess lig. removed)

1 [Ir(dbcot)Cll, 68 64
2 [Ir(cod)Cl], 37 38
3 [ir(coe),Cll, 49 39

Substrate Scope

In the interest of exploring new reaction conditions and
comparing the Pt(ll) and Ir(l) systems for different substrates,
we investigated the substrate scope of this transformation
using both our optimized Zeise’s dimer and [Ir(dbcot)Cl],
conditions. PtCl, was also employed, specifically for the
different ring-size substrates.

Alkene and Alkyne Variation. Overall, yields ranged from

moderate to very good. With respect to alkene substitution,
both alkyl and aryl substituents and were tolerated (Scheme
4). Substitution at the terminus of the alkene (position R3)
resulted in higher yields that internal substitution (position R?).
This could be due to the increased stabilization of a short-lived
carbocation intermediate upon nucleophilic attack of the
alkene. Trisubstituted alkenes 13, 20, and 25 reacted in lower
yields than the disubstituted alkenes with both Pt(ll) and Ir(l)
conditions, likely due to sterics. Both alkyl and aryl
substituents were also tolerated on the alkyne. Notably, both
electron-rich and electron-poor alkynes efficiently underwent
the cycloisomerization (21 and 22).

This journal is © The Royal Society of Chemistry 20xx
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o Z ™R3 Conditions A: [(C,H4)PtCl,]; (2.5 mol %)
CO (1 atm), PhCH, 60 or 70 °C
R? -
x* Conditions B: [Ir(dbcot)Cl], (2.5 mol %)
R CO, then Ar, PhCH3, 110 °C

16 19 20 13
A: 88% yield A: 57% yield A: 46% yield A: 63% yield
B: 68% yield B: 74% yield B: 36% yield? B: 54% yield

1
21 1s 22 co.Et
A: 56% yield A: 80% yield
B: 67% yield B: 49% yield
Br
W e

23
A: 77% yield
B: 59% yield

24 18 25
A: 52% yieldd A: 68% yield A: 64% yield
B: 87% yield B: 52% yield

2Run under CO (1 atm)
5Run under Ar

Scheme 4. Scope of alkene and alkyne variation.

In terms of the Pt(ll) vs. Ir(l) conditions, we were not able

to draw any conclusions about why one set of conditions
seemed to work better than the other; patterns in yields were
hard to discern. For example, the Pt(ll) conditions seemed to
work better for enyne 15 with a Ph-substituted alkene and n-
Bu-substituted alkyne, giving the product (16) in 88% vyield vs.
68% vyield with the Ir(l) conditions. With Ph-substituted alkene
17, however, which also contained an alkyl-substituted alkyne
(—CH,0BnN), essentially opposite reactivity was observed: Pt(ll)
catalysis gave the product (18) in 68% yield, while Ir(l) catalysis
gave 87% yield. Ultimately, optimal reaction conditions
seemed to be fairly substrate-dependent.
Ring Size Variation. Next, we explored the propensity for alkyl
shifts in substrates with larger and smaller cycloalkanes at the
propargylic position (Scheme 5). Not surprisingly, under PtCl,-
catalysis a four-membered ring was observed to expand to
give five-membered ring product 26. Medium sized rings (7-
and 8-membered) also underwent the cycloisomerization/alkyl
shift to yield products 27-30, albeit in lower yields. Even an
11-membered ring product (31) was formed in 42% yield.

This journal is © The Royal Society of Chemistry 20xx
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o/\/\Rz Conditions C: PtCl, (7 mol %)
CO (1 atm), PhCH3, 60 or 70 °C
S >

)n\ R!

H

0N _.Ph
X7 H
n-Bu

29
C: 34% yield

31
C: 42% yield

0
C: 42% yield

2Run at 70 — 110 °C

Scheme 5. Scope of ring size variation.

These results are in contrast to previous reports by Toste
and coworkers where, in the Au-catalyzed cycloisomerization
of carbon-tethered 1,5-enynes, 4- and 5-membered rings
underwent a ring expansion into the Au-carbenoid, while 6-
and 7-membered rings underwent a C—H insertion.? Though
this variance in reactivity may simply be catalyst- or substrate-
dependent, both transformations are thought to proceed
through similar carbenoid intermediates. Perhaps, in the
oxygen-tethered cases here, stabilization by the adjacent
oxygen atom through oxocarbenium formation promotes the
alkyl migration for the larger ring substrates. Ring strain may
also be playing a role; 4- and 5-membered rings have higher
strain energies than 6- and 7-membered rings (although 5- and
7-membered ring strains are very close),25 thus the smaller
rings will readily undergo ring expansion. This
rationalization would imply that in Toste’s Au-catalyzed 1,5-

more

enyne cycloisomerization, product formation is driven by
release of ring strain, but in our 1,6-enyne Pt(ll)-catalyzed
system, release of ring strain may not be playing a significant
role.

Acyclic C-C Bond Migration. Lastly, since release of ring strain
did not seem to be necessary for migration into the carbenoid,
we hypothesized that acyclic alkyl groups could shift as well.
Indeed, we observed methyl group migration into both Pt(ll)-
and Ir(l)-generated carbenoids to afford products 34 and 35 in
moderate yields (Scheme 6). In the case of cycloisomerization
product 35, the methyl group shifted exclusively over the
larger isopropyl group.26

34, R=Me
- . H ,

/\/\ Conditions A: [(C,H4)PtCl,] (2.5 mol %) N A: 36% yield

o Ph o (1 atm), PhCH3, 60 °C 0 _.Ph B 25% zield

RMe \\ Conditions B: [Ir(dbcot)Cl], (2.5 mol %) RS s "o 35 R=ipr

n-Bu CO, then Ar, PhCH3, 110 °C M n-8u A: 56% yield

32 ReMe © B: 58% yield
33 R=iPr

Scheme 6. Acyclic C—C bond migrations.

Unsuccessful Substrates. Enynes that were not effective
substrates for the cycloisomerization are depicted in Figure 2.

Terminal alkene 36 was likely an inefficient substrate due to

J. Name., 2013, 00, 1-3 | 5
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the lower nucleophilicity of the alkene. Curiously, cyclohexyl

enyne 37 was not an efficient substrate for the
cycloisomerization. When enyne 37 was exposed to the
reaction conditions, a complex mixture of products was
obtained, in which neither the predicted ring-expanded
product nor the predicted C—H insertion product could be

identified.

& >~ =
T o
. . C’\\ Ph#\
S n-Bu S Ph d\ N me S n-Bu
n-Bu
36 37 11 38 39
Fig. 2. Substrates that did not efficiently undergo the

cycloisomerization.

In the case of enyne 11, we observed that the enyne was
being consumed under the cycloisomerization conditions, yet
the yield of the desired product was very low (11% vyield, see
Table 3). This was somewhat surprising considering the
carbocation intermediate that would result from nucleophilic
attack of the geminal dimethyl alkene should be relatively
stable. To try to explain this consumption of starting material
but low yield, we wondered if product decomposition may be
occurring. Probing this hypothesis, we exposed
cycloisomerization product 14 to the reaction conditions
(zeise’s dimer, PhCH;3, 70-105 °C, ~18 h), but no product
decomposition was observed by TLC or 'H NMR.

We also considered that some kind of catalyst inhibition
could be occurring, where product generated during the
reaction could be inhibiting the formation of more product
through complexation of the catalyst with the enol ether
moiety. To test this hypothesis, the cycloisomerization of
prenyl substrate 11 was performed with 0.5 equivalents of the
product (14) also included in the initial reaction mixture.
Substrate 11 was completely consumed despite the presence
of the extra product, so product inhibition was disproved as
well.

Lastly, the cycloisomerization of enyne 11 was performed
in an NMR tube to ascertain side products in the reaction
mixture that could have been removed through the workup
procedure. The '"H NMR experiment on the cycloisomerization
of prenyl substrate 11 diagnostic  signals

corresponding to 3-methyl-2-butenal (40). Aldehyde 40 could

revealed

arise from ionization of enyne 11 to give the propargyl cation
and oxygen anion, then oxidation of the resulting alcohol
(Scheme 7a). The formation of this aldehyde may explain why
the starting material was consumed, but a low yield of product
14 was obtained. In addition, we believe this ether
ionization/aldehyde formation is also likely occurring in some

. . . . . 27
of our other, more modest-yielding cycloisomerizations.
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[(C2H,)PtCl,],
(2.5 mol %)

_Romol%®
CeD
d\ 60 °C

b. o/\/\Ph

proposed carbocation
intermediate

Scheme 7. a) Decomposition of enyne 11 to aldehyde 40. b) Proposed
deactivation of metal by terminal alkyne. c) Proposed ionization of
ether 39.

Terminal alkyne substrate 38 also did not undergo the
cycloisomerization. This is not uncommon in the enyne
cycloisomerization literature, although certain approaches to
terminal alkyne substrates have seen success.'®%® A possible
explanation for this lack of reactivity could be deprotonation
or C—H insertion of the metal at the terminus of the alkyne
(41), rendering the catalyst incapable of promoting the
cycloisomerization (Scheme 7b).

Lastly, acyclic substrate 39 with phenyl substitution at the
propargylic  position also  did not undergo the
cycloisomerization, perhaps due to the stability of benzylic
carbocation (42) upon ionization of the tethered ether
(Scheme 7c). Only enyne 43 was observed.”

Synthesis of Macrolactones from Cycloisomerization Products

Macrocycle synthesis is of increasing interest in the natural
product community due to the prevalence of this motif in
biologically active molecules.®*® We envisioned that our
cycloisomerization/ring expansion process could provide
access to macrolactones via oxidative cleavage of the cyclic
enol ether of the products. With this in mind, a two-step
method to convert the tricyclic products into macrolactones
was devised (Scheme 8). Reaction of tricycles 16 and 18 with
catalytic OsO, gave diols 44 and 45 in 76% and 58% yield,
respectively.31 The resulting diols were then cleaved with
Pb(OAc), to give macrolactones 46 and 47.

0s0, (3 mol %)
N:

alo, Pb(OAc),

2,6-lutidine PhH, 23 °C

1,4-dioxane/H,0
23°C

16, R=n-Bu 44, R =n-Bu
76% yield
45, R =CH,0Bn
58% yield

46, R =n-Bu
66% yield
47, R =CH,0Bn
54% yield

18, R=CH,0Bn

Scheme 8. Oxidative cleavage to access macrolactones.

Conclusions

We have developed Pt(ll)- and Ir(l)-catalyzed enyne
cycloisomerization/C—C bond migration reactions that provide

This journal is © The Royal Society of Chemistry 20xx
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access to tricyclic enol ethers. A variety of substituted enyne
substrates undergo the cycloisomerization, and both cyclic and
acyclic alkyl groups are able to migrate into the carbenoid
intermediates. The influence of CO on both the Pt(ll)- and Ir(l)-
catalyst systems was explored. The cycloisomerization
products can also be cleaved to generate macrolactones.
Ultimately, this ring expansion process can provide access to
large carbocycles, which are traditionally synthetically
challenging.

Experimental Section

General procedure for the cycloisomerization of oxygen-
tethered 1,6-enynes catalyzed by ([(C,H,)PtCl,];). To a
solution of the 1,6-enyne (1 equiv) in toluene (0.06 M) in a 2-
dram vial under argon at 23 °C was quickly added Zeise’s dimer
(2.5 mol %). CO was bubbled through the solution using a
balloon and needle outlet (ca. 30 s). The balloon and outlet
were then removed, and the solution was stirred at the
described temperature until all of the starting material was
consumed, as determined by TLC. The reaction mixture was
allowed to cool to ambient temperature and diluted with an
approximately equal amount of hexanes. The mixture was
stirred for 15 min, then passed through a small plug of Al,03
(hexanes — 1:1 hexanes/EtOAc eluent). The volatile materials
were removed by rotary evaporation, and the resulting residue
was purified by flash chromatography to afford the product
enol ether.

General procedure for the cycloisomerization of oxygen-
tethered 1,6-enynes catalyzed by [Ir(dbcot)Cl],. To a solution
of the 1,6-enyne (1 equiv) in toluene (0.06 M) in a 16 x 125
mm glass culture tube under argon at 23 °C was quickly added
[Ir(dbcot)Cl], (2.5 mol %). CO was bubbled through the
solution using a balloon and needle outlet (ca. 30 s), during
which time the reaction mixture turned a dark-blue/black
color. The balloon was removed, and argon was bubbled
through the reaction mixture in the same manner. The septum
was quickly replaced with a Teflon cap, and the reaction
mixture was stirred at 110 °C until all of the starting material
was consumed, as determined by TLC. The reaction mixture
was allowed to cool to ambient temperature and diluted with
an approximately equal amount of hexanes. 1,3-
Bis(diphenylphosphino)propane (dppp) (0.25 equiv) was also
added to the mixture. The mixture was stirred for 15 min, then
passed through a small plug of Al,O; (hexanes — 1:1
hexanes/EtOAc eluent). The volatile materials were removed
by rotary evaporation, and the resulting residue was purified
by flash chromatography to afford the product enol ether.
General procedure for the cycloisomerization of oxygen-
tethered 1,6-enynes catalyzed by PtCl,. To a solution of the
1,6-enyne (1 equiv) in toluene (0.06 M) in a 2-dram vial under
argon at 23 °C was quickly added PtCl, (7 mol %). CO was
bubbled through the solution using a balloon and needle
outlet (ca. 30 s). The balloon and outlet were then removed,
and the solution was stirred at the described temperature until
all of the starting material was consumed, as determined by
TLC. The reaction mixture was allowed to cool to ambient

This journal is © The Royal Society of Chemistry 20xx
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temperature and diluted with an approximately equal amount
of hexanes. The mixture was stirred for 15 min, then passed
through a small plug of Al,O; (hexanes — 1:1 hexanes/EtOAc
eluent). The volatile materials were removed by rotary
evaporation, and the resulting residue was purified by flash
chromatography to afford the product enol ether.
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