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Abstract: The intramolecular Pauson—Khand reaction of 1,8

enynes derived from salicylaldehyde derivatives has been inves = ,
gated. Substrates derived from salicylaldehyde itself reacted poo Co0,(CO)g, PhMe O
in this reaction, but related substrates contaimirijo-tert-butyl o then 70 T, 80% o

( I\)n\/

1

substituents participated quite effectively and in many cases t n=3
cyclizations proceeded with high levels of diastereoselectivity.
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Scheme 1

Our lab has been interested for several years in extend{&gheme 2). These enynes were converted into the corre-
the scope of the intramolecular Pauson—Khand (PK) reaponding Cg(CO), complex by treatment with GE&O),

tion to permit the construction of a cyclopentenone annand then subjected to the PK reaction under both oxidative
lated to a medium-sized ring, with the expectation déxposure tdN-methylmorpholineN-oxide, (NMO)f°and
using this strategy in natural product total synthesis etirermal conditions (toluene, ~70 °&)As can be seen in
deavors: Our earliest efforts along these lines involve@&cheme 2 only the phenyl-substituted enynadergoes

the use of phenylacetylene analogues derived frooyclization, providing the cycloaddudO in poor yield.
iodophenolg—® The basic idea was to use the aromatimterestingly, it was found that the corresponding silyl
framework as a means to reduce the conformational mether underwent the cycloaddition somewhat more effi-
bility of the enyne, and thus enhance the encounter ratecgéntly, providingl1in 50% yield'?2 However, despite the
the alkene and the Co-complexed alkyne. While systerfat that this latter example did undergo cyclization, we
of this type provided 5,6-fused systems quite efficiehtlyrequired a more general solution to cyclizing this type of
extension to higher homologues was not successful. Hosubstraté? In our previous study we had found that the
ever, it was found that the introduction of a steric buttresgcorporation of buttressing elementsrtho-tert-butyl

ing elemenbrtho to the olefin-containing side chain ledgroups) increased both the rates and efficiencies of
to both enhanced reaction rates and access to mediuntramolecular PK reactions, and so we decided to explore
sized ring$ Perhaps the most interesting result obtainetiis tactic with these substraf®s.

in th_e course of thi_s investigation was that these SySt?'ﬁ‘,ﬁ-Di-tert-butylsalicylaldehyde 1?) was O-alkylated
cyclized to give bridged systems, a mode of cyclizatiogjith allyl bromide as before (Scheme 3), and then treated
hitherto unobserved (e.4. —» 2, Scheme 1§.This out- \yith acetylenic Grignard reagents, affording the enynes
come was rationalized in terms of both eIectrolnlc.anfl4_16 in good yield (ca 75%). Initial attempts to engage
steric factors that are thougitcontrol the PK reaction in {hase substrates in the PK reaction were complicated by
general. In order to further probe this mode of cyclizatiogy e formation of multiple products, and therefore to ease
we began an investigation of a set of related substratesg|j} injtial evaluation of these reactions, we decided to re-
which an additional carbon atom was placed between the) e the propargylic hydroxyl group. This was accom-
aromatic and acetylenic moieties. We hoped to establiﬁnshed readily by treatment of enyrist-16 with ELSiH
yvhether this apparently minor modification was tolerategl e presence of TFA leading to the formatiord £19

in a general sense, and whether the unusual regiochenpigsheme 3). The resulting reduced products were subject-
try would be observed in this case. ed to the PK reaction under both oxidative and thermal
Our initial investigations began with the elaboration ofonditions (Scheme 4, Table 1). Under both sets of condi-
salicylaldehyde J), by O-alkylation and subsequent retions similar results were obtained. The TMS- and Ph-
action with variously substituted acetylenic Grignargubstituted derivatives8 and19 both underwent cycliza-
derivatives, which provided enyné&s7 in good yields tion, providing the expected enon24,and22, in yields
between 45-55% as the only isolable product. An X-ray
crystal structure of enor& was obtained (Figure 1), con-

SYNLETT 2007, No. 13, pp 20112016 firming the formation of the anticipated tricyclic system.
Advanced online publication: 12.07.2007 Interestingly, the parent substrafefailed to undergo cy-
DOI: 10.1055/s-2007-984880; Art ID: SO3207ST clization, providing only decomplexed enyne. We assume
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Scheme 2 Reagents and conditionga) allyl bromide, DMF,
K,CO;; (b) BrMgG=CR, THF, 0 °C; (c) C4CO);, CH,Cl,, NMO; (d)
Co,(CO),, toluene, 70 °C; (e) TBSCI, imidazole, DMF, 55 °C.

14-19

that the substituted enyne complexes are somewhat muic
stable under the PK reaction conditions, whereas the patheme 4
ent substrate complex decomposes faster than it partici-
pates in cyclization. We were also able to engage Hbth
and16in a one-pot, complexation, reduction and cyclizal@ple 1 PK Reaction of Reduced Enynes

tion sequence, which provided the enones in comparal

. N strate Conditiorfs Product Yield(%)
yields (Table 1, conditions C), whereas the parent sub-
stratel4 again failed to provide cycloadduct. 17,R=X=H A 20 0
17,R=X=H B 20 0
CHO CHO 18,R=TMS, X =H A 21 56
=
B N o NF 18,R=TMS, X =H B 21 45
OH
K,CO3, DMF, r.t. 19,R=Ph, X=H A 22 43
12 13, 93% 19, R= Ph, X=H B 22 46
14,R =H, X = OH C 20 0
BrMg————R
15,R = TMS, X = OH C 21 48
THF, 0T
16, R = Ph, X = OH C 22 50
OH
. — 5 aConditions A: Cg(CO), toluene, 70 °C; conditions B: g€O)s,
— R Et;SiH — CH,Cl,, NMO; conditions C: (i) CHCO), CH,Cl,; (ii) NaBH,, TFA,
-~ iii) NMO.
o NF TFA, CH,Cl, o NF (i)
conditions. As alluded to above, each of these substrates
gave several products (Scheme 5, Table 2), including the
17: R =H, 96% 14:R=H, 75%
18 R = TMS. 99% 15 R = TMS, 74% expected enong?-25. In the case of the parent substrate
19-R = Ph, 98% 16: R = Ph, 75% 14, a total of four cycloadducts were obtained. Under ox-

Scheme 3

Given this preliminary success wifty—19, we returned
our attention to the propargyl alcohdlg-16 as sub-
strates, which, after conversion into the,(@®), com-

idative conditions, the expected cycloadd28twas the
minor product, obtained in only 17% yield as a 1:1 mix-
ture of diastereomers, the major product was in fact the
1,4-diketone26, which was isolated in 80% yield as a 6:1
mixture of diastereomePsUnder thermal conditions the
combined yield was somewhat lower, but the same

plex, were subjected to both oxidative and thermgkoducts were obtainéd.The TMS- and Ph-substituted
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derivatives15 and 16 also provided multiple products
under oxidative conditions, both the expected cycloadd
24 and25, as an approximately 2:1 mixture of diastered
mers and the reduction produtsand22 were obtained.

Interestingly, under thermal conditions, none of the redu
tion product was formed, only the expected cycloadduc
Furthermore, only one diastereomer was obtained fro
these reactions. An X-ray crystal structure of the produ
obtained from the Ph-substituted enyne indicated that
was theexoalcohol (Figure 2).

HO R
= )
Table 2
E— O Figure 2 X-ray crystal structure agxo25
o N\F (e}
23:R=H C02(CO)6
14:R=H 24: R = TMS HO |
15: R =TMS O 25:R = Ph — R
16:R=Ph 0

Scheme 5

Table 2 Oxidative and Thermal PK Cyclizations of Enyri&s14

Substrates Condi- Product, Yield (%), Product,Yield (%,
tiong® (Epimer ratio) (Epimer ratio)
23 26
14, R=H A 17 (1:1) 80 (6:1)
B 11 (2:1) 50 (1:1) H
LnCo o
24 21 HO
o]
15, R=TMS A 70 (2:1) 20 =
B 58 (1:0) 0 o
16, R = Ph 25 22 31
A 26 (2:1) 55 i
B 94 (1:.0) 0 0 y
o]
aConditions: A: Cg(CO);, CH,Cl,, NMO; Conditions B: CgCO)g,
toluene, 70 °C.
(]

We assume that the diketone prod®&fsirise as a result
of the insertion of cobalt into the allylic C—H bond and thg peme 6
formation of ar-allyl complex30 (Scheme 6). Formation

of and elimination via the isomeric olefin provides the

enol 31, decomplexation of the cobalt cluster and taf0Palt hydride specie83, which undergoes reductive

tomerization then provides the diketone derivaZiéewe elimination and decomplexation to provide the reduction
similarly assume that the reduction products arise froRfoducts21and22 While the formation of these products

ionization of the allylic hydroxyl group forming2, in a can be rationalized, what is more difficult to understand is

process reminiscent of Nicholas-type chemisty.Loss ]Ehe ?_ubstr?te dipendengi_ ar?g Ct)he prt?]duct ;jlalrtlatlon asa
of the oxygen, presumably as ¢Qhen provides the 'UNction of réaction conaitions.nce the cobalt com-

plex is formed, the distal substituents exert little electronic
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TBSO
OH
. =R
— R 1BSCI, DMF
=
o\ imidazole, 55 o
34: R =H, 98%
14:R=H 35: R = TMS, 97%
15:R=TMS 36: R = Ph, 97%
17:R=Ph
l Table 3
TBSO
o
34:R=H O
35:R=TMS o
36: R = Ph
Scheme 7

Table 3 PK Cyclization of Protected Substrate

Substrates Condi- Product, Yield (%)Product, Yield
tions  (Epimer ratio) (%)
37 20
34,R=H A 52 (2:1) 0
B 80 (1:1) 0
38 21
35 R =TMS A 61 (1:0) 0
B 0 0
39 22
36, R = Ph A 60 (5:1) 11
B 95 (10:1) 0

aConditions: A: Cg(CO);, CH,Cl,, NMO; Conditions B: Cg(CO)g,
toluene, 70 °C.

influence toward the propargylic centéralthough they
do provide a steric bias, which frequently leads teiwe

type selectivity observed in PK reacticf$?

Given that under oxidative reaction conditions, and to a,
limited extent thermal conditions, side reactions involving
the free hydroxyl group had been observed, we decided to

In summary our investigation demonstrates that an aro-
matic ring alone does not sufficiently preorganize the
enyne substrate for cyclization leading to medium-sized
rings. However, the incorporation of conformational con-
straints induced by bulkgrtho substituent enhances both
the efficiency and the yield of the enyne cyclizafibihe

PK cyclizations of the substrates reported in this Letter
occur with normal regiochemistry and where relevant,
proceed with reasonable to high levels of diastereoselec-
tivity. In several examples deoxygenation of the propar-
gylic hydroxyl moiety was observed, but this can be
generally attenuated by incorporation of a silyl protecting
group. It was also found thtese reactions proceed with
the typical regioselectivity observed in intramolecular PK
reactions, presumably as a result of other orientations
requiring unfavorable geometric arrangement of the react-
ing functional groups. We are continuing to explore the
use of buttressing elements in the PK reaction and will
report on these in due courge.
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(2.0 g, 5.3 mmol) in CKCl, (10 mL) under a Natmosphere.
Then trifluoroacetic acid (2.43 g, 21.3 mmol) was added and
stirred for 20 min. The reaction mixture was quenched with
aq NaHCQ and extracted with C)€I, (2 x 10 mL) to give

a yellow liquid. The crude product was purified by flash
chromatography (hexane—EtOAc, 95:5) to di%as a light
yellow liquid (1.87 g, 98%)*H NMR (500 MHz, CDCJ):
$=7.52(dJ=25Hz,1H),7.44 (m,2H), 7.30 @=2.5

Hz, 1 H), 7.29 (dJ = 3.0 Hz, 3 H), 6.11 (ddf,= 4.6, 11.0,
17.0 Hz, 1 H), 5.55 (dql = 1.8, 17.4 Hz, 1 H), 5.32 (dq,
J=1.8, 10.5 Hz, 1 H), 4.46 (dt,= 1.8, 4.6 Hz, 2 H), 3.83
(d,J=5.0 Hz, 2 H), 1.46 (s, 9 H), 1.38 (s, 9 HC NMR

(125 MHz, CDC)): § = 153.6, 146.1, 142.0, 134.0, 131.7,
129.9,128.3, 127.8, 125.5, 124.0, 123.2, 116.5, 88.7, 82.1,
74.1, 35.5, 34.7, 31.6, 31.3, 20.9. IR (neat): 2959, 2870,
1451, 1225, 991, 755 ctnHRMS (ESI)m/z[M + H]* caled

for C,gH350: 361.2526; found: 361.2538.

General Procedure for the Oxidative PK Reaction
(Procedure A) Co,(CO); (1.1 equiv) was added to a stirred
solution of enyne in C§Cl, and under Mat r.t. The reaction
mixture was stirred for 5 h at r.t. The reaction mixture was
cooled to 0 °C before NMO (12 equiv) was added in three
portions at 30 min intervals and then left to stir for 2 h. The
reaction mixture was then filtered through a pad of Celite
and SiQ (ca 1:1) and washed with EtOAc. After rotary
evaporation, the crude product was purified by flash
chromatography (hexane—EtOAc mixtures).

General Procedure for the Thermal PK Reaction
(Procedure B} Co,(CO); (1.1 equiv) was added to a stirred
solution of enyne in toluene and underaxd stirred for 5 h

at r.t. The reaction mixture was then heated at 70 °C under
N, for overnight. Workup and purification was identical to
Procedure A.
6,8-Di-tert-butyl-1-phenyl-4,4a-dihydro-3H,10H-5-
oxabenzoflazulen-2-one (22) The PK cyclization was
carried out according to the general Procedures A and B. The
enynel9 (130 mg, 0.36 mmol) was dissolved in the
appropriate solvent (10 mL). g&€0O); (136 mg, 0.40 mmol)
and NMO (460 mg, 3.93 mmol) were added according to the
general procedure. The crude product was purified by flash
chromatography (hexane—EtOAc, 9:1) to aff@a®{60 mg,
43% using Procedure A and 64 mg, 46% using Procedure B)
as a yellow solid; mp 160-162 °& NMR (500 MHz,

CDCl): 8=7.46 (tJ=7.8Hz, 2H),7.40 (d=2.8Hz, 1

H), 7.34 (dJ=2.8 Hz, 2 H), 7.30 (s, 1 H), 7.14 (s, 1 H), 4.67
(dd,J=5.5,11.5Hz, 1 H), 3.91 (d=12.8 Hz, 1 H), 3.76
(d,J=12.8Hz, 1 H), 3.54 (m, 1 H), 3.35Jtr 11.5Hz, 1

H), 2.75 (ddJ=7.1, 18.9 Hz, 1 H), 2.03 (dd,~ 2.8, 18.8

Hz, 1 H), 1.41 (s, 9 H), 1.35 (s, 9 HJC NMR (125 MHz,
CDCly): 8 = 205.5, 172.0, 156.8, 146.7, 141.9, 139.7, 131.3,
129.7,129.6, 128.3, 128.2, 125.3, 123.0, 76.2, 44.1, 36.9,
36.7,35.2,34.7,31.6, 30.7. IR (neat): 2958, 1705, 1474, 758
cntl. HRMS (ESI):mVz [M + NaJ* caled for GH;,0,Na:
411.2295; found: 411.2266.
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6,8-Di-tert-butyl-10-hydroxy-1-phenyl-4,4a-dihydro-
3H,10H-5-oxabenzof]azulen-2-one (25) The PK

cyclization of the enyn&6 (250 mg, 0.67 mmol) in the
appropriate solvent (10 mL), was carried out following the
general Procedures A and B.,go0); (250 mg, 0.73 mmol)
and NMO (1.22 g, 10.4 mmol) were added according to the
general procedures. The crude product was purified by flash
chromatography (silica gel, hexane—EtOAc, 90:10) to afford
the reduced PK produ2e (142 mg, 55%) and the expected
PK product25 (70 mg, 26%) as a 1:1 mixture of epimers
using Procedure A. Procedure B afforded axg25 (255

mg, 94%) as a light yellow solid; mp 171-173 *g& NMR
(500 MHz, CDC}): 6 =7.46 (m, 3 H), 7.35 (d,=2.8Hz, 1

Synlett 2007, No. 13, 2011-2016 © Thieme Stuttgart - New York

(22)

H), 7.23 (m, 2 H), 7.14 (d,=2.8 Hz, 1 H), 5.49 (1 = 9.2

Hz, 1 H), 4.61 (dd)=5.7, 11.5 Hz, 1 H), 4.09 (m, 1 H), 3.51
(t,J=11.9Hz, 1 H), 3.15 (d,=8.7 Hz, 1 H), 2.76 (dd,=

6.9, 19.3 Hz, 1 H), 2.03 (dd,= 2.8, 18.8 Hz, 1 H), 1.40 (s,

9 H), 1.32 (s, 9 H:*C NMR (125 MHz, CDCJ): 5 = 205.3,
172.3, 156.3, 147.3, 142.8, 139.6, 133.0, 130.7, 129.6,
128.5,128.3,125.1, 125.0, 77.9, 73.7, 38.8, 36.7, 35.3, 34.7,
31.5, 30.7. IR (neat): 3435, 2959, 1702, 1598, 756.cm
HRMS (ESI):mV/z [M + H]* calcd for G;H;305: 405.2424;
found: 405.2425.

Some initial experiments with olefins with terminal
substitution have been successful, but internal substitution is
apparently not tolerated.
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