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ABSTRACT
0
ELAICI (3 equiv), ‘.-\\‘R1
(OC)GCOZ/(j\ 1 CHoCl, I 68-89% yield
& & O R 78°C 1o 30 °C \\ >85:5d.r.
th (0C)Cos” R

A highly stereoselective approach for the synthesis of trans-1,2-disubstituted cyclobutanes through an Al-promoted cobalt-mediated O

ring contraction of dihydropyrans is described.

Trans-fused four-membered rings are found in a variety of

Interestingly, a similar stereoselective strategy to cyclobu-

diverse natural products, such as the sesquiterpenes isotanes not bearing a hydroxyl or ether functionality, such as

caryophyllenel! and pestalotiopsin &2 Accordingly, the
evolution of convergent strategies to heavily functionalized

cyclobutane cores has led to numerous methods for their

formation® The tactic of generating cyclobutanols via the
ring contraction of 2-alkoxy-3,4-dihydroF2pyrans has been
known for more than 25 yedryet has rarely been utilized

in organic synthesis. More recently, this strategy has been
extended to the diastereoselective synthesis of highly func-
tionalized cyclobutanols by the ring contraction of 4-vinyl-
furanosides mediated by zirconiiror samarium iodidé.
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that displayed irl, has yet to be developed.

H &H

isocaryophyllene 1 pestalotiopsin A 2

Studies in our laboratory over the past several years have
focused on developing a stereoselective Co-mediate€O
rearrangement and utilizing the protocol in the diastereose-
lective synthesis of 3-alkynyl cyclic ketoné this context,
we report herein the first example of four-membered ring
formation using Nicholas chemistry to form trans-1,2-
disubstituted cyclobutanes with excellent stereocontrol.
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The procedure was discovered inadvertently while inves- Brgnsted acid. Indeed, we were pleased to find that 5 mol
tigating the in situ isomerization and cyclization of {Zo0)- % of pyridinium para-toluene sulfonate (PPTS) in GEl,
complexed 3,4-dihydrof2-pyrans; the isomerization byprod- was efficient in effecting this transformation, delivering the
uct formed in<5% yield during silica gel chromatography products in good yield. Table 1 highlights our results.
of the parent exocyclic compounds (eq 1). During the course

o
£ Re Table 1. Synthesis of CgCO); Dihydropyran Complexes
tLAIC] ;
. RE [ "Rz ( ) O
& O L
R” Cop(CO)s R corc R "R (0C)sCo, I g
(COkCoz R # 07 "PPhaBF,  Method Aor B >z~ O
Rl 58 Rl 914 R
Silica |
.............. - Re aldehyde/
Gel # © entry R! ketone method? yield®
R™ Cox(CO)s Rz o]
1 5, Ph HJ\F A 9 (33%)
of these studies, we noted that when dihydropy8awas 0
treated with 3 equiv of commercial grade ,&HCl in 2 6, SiMe, HJ\F A 10 (56%)
CH,CI, at —78 °C and warmed to—30 °C the transient o
Nicholas carbocation intermediate collapsed smoothly form- 3 7, CH,OTBDPS HJ\F A 11 (52%)
ing trans-cyclobutand in good yield and diastereoselectivity o
(as determined by analysis of the unpurified reaction mix- 4 8, n-Bu HJ‘\r A 12 (59%)
ture by 250 MHz'H NMR), instead of the anticipated o
(6-enolendo)-exo-triy cyclized cyclohexanone product 5 7, CH;OTBDPS é A 13 (47%)
(Scheme 1). The stereochemistry of the 1,2-disubstituted
o]
6 7, CH,OTBDPS HJ\© B 14 (44%)
Scheme 1 aReagents and conditions. Method A: (a)BuLi, THF, —78 °C,
o aldehyde/ketone; (b) GECO)s, CH,Cly, rt; (¢) 5 mol % of PPTS, CkCly,
ELACI . ] rt. Method B: (a)n-BuLi, THF, —78 °C, aldehyde/ketone; (b) 5 mol % of
| g E2NCL|(0C)Co, L — - PPTS, GHs, 80 °C; (c) Co(CO)s, CH:Cly, rt. © Yield over three steps.
& © >z 9
R™ Cou{(CO)s R AL, N
(COKGe, R
Qo Wittig olefination between pyranyl phosphonium salts
L o EtAICL CH,Cl A 5—8¢ and a variety of aldehydes or cyclohexanone, with
L KO 7810-30°C, 82% n-butyllithium (THF, —78 °C), afforded the corresponding
3 Cox(CON 20 ooea - exocyclic enol ether adducts. The unpurified intermediétes
iMe3

were complexed with GCO) (0.1 M in CH,Cl,) and then
subjected to PPTS (0.05 equiv, 0.1 M in &), affording
the corresponding dihydropyrans in good yield over the three
cyclobutane was assigned on the basis of tHeNMR steps. Isomerization of the alkyl-substituted exocyclic enol
coupling constants embedded within the apparent quartetsethers with freshly dried PPTS proceeded smoothly to furnish
observed for both cyclobutyl methinesk/Hea ke, 2PP 4, the thermodynamically more stablé,4-dihydro-2H-pyran
J ~ 9.0 Hz) and was consistent with those reported for in 1-3 hin all cases. However, the benzaldehyde-derived
analogous compoundsOn the basis of these unexpected substrate (entry 6, Table 1) proved to be more robust to the
findings, we set out to investigate the potential scope of this mild isomerization protocol. Isomerization with 5 mol % of
novel ring contraction. PPTS led only to undesired acyclic products, most likely
First, we examined the synthesis of the requisite dihydro- due to the extra inherent stability of the conjugated aryl enol
pyran rearrangement precursors. On the basis of the aboveether. We were delighted to find that simple reversal of the
observation that exo to endo enol ether isomerization occurs,isomerization and complexation steps in the former sequence
albeit in low yield, during silica gel chromatography, we and changing the isomerization conditions to 5 mol % of
expected that the synthesis of the required pyran substrate®PTS in benzene (0.1 M, 8T, 16 h) yielded the TBDPS-
could be achieved through isomerization of the parent protected 3,4-dihydro-2H-pyrab4 in 44% yield from the
exocyclic enol ethers by application of an appropriate parent phosphonium saft
Optimization studies using dihydropyra® (Table 2)
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demonstrated that reactions carried out with 1.5 equiv of
ELAICI at either—78 or—30 °C failed to yield any product
after >48 h. We were pleased to find that increasing the
number of equivalents of Lewis acid to 3.0 led to an increase
in yield and a decrease in reaction time, witB0 °C proving
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Table 2. Development of Reaction Conditions
] t-Bu
| EtAICI, o
P o t-Bu E\
4
P (COk )6002»
15

—_—
CH,Cl

Coa 0.1 M (oc

Ph
9

entry Et2AICI temp/°C time/h yield (%)
1 1.5 equiv —78 >48 -
2 1.5 equiv -30 >48 -
3 3.0 equiv —178 5 17
4 3.0 equiv —78 to —50 5 79
5 3.0 equiv —78 to —30 2 89

to be the optimum temperature, furnishing the desired
cyclobutanel5 in high yield and diastereoselectivity.
Next, we examined the scope of the Co-mediated ring

proceed in good yield and high diastereoselectivity in all
cases examined. As shown in entry 1, we established that
trans-cyclobutanel5, from unsaturated pyraf, can be
obtained diastereomerically pure in 89% isolated yield. In
addition, recrystallization ofl5 from n-pentane afforded
crystals suitable for X-ray crystallography, allowing un-
equivocal determination of the relative stereochemistihe
efficiency of the Lewis acid promoted rearrangement was
found to be independent of the size of the enol ether
appendage and the nature of the alkyne substituent. Notably,
cyclohexanone derivativie3, which carries a more sterically
demanding cyclohexyl group attached to the dihydropyran
(cf. CH:R vs CHR), cleanly delivered 9 as a single isomer
isolated in 68% vyield. Finally, rearrangement of benzyl-
substitutedl4 led to the diastereoselective generatior20f

in 71% yield. Interestingly, the transformations depicted in
entries 3, 5, and 6 demonstrate that propargylic silyl ethers
are tolerated under the reaction conditions and that Nicholas
carbocation formation is regioselective. Furthermore, forma-

contraction. The results of these studies are presented irtion of cyclohexanone products as a result of enolate

Table 3. Accordingly, the rearrangement was found to

Table 3. Scope of Lewis Acid Promoted Co-Mediated~@
trans-Cyclobutane Formatién

entry substrate cyclobutane® ¢
X
1 [ I 15 (89%)
oz~ 0
P Cox(CO)g PN
9 (0C)Cos” " Ngp
OL)<
2 | s
& 0 16 (84%)
MesSi” Con(CO)s N
10 (OC)Coy SiMes
K
3 ]
t8DPSO., & © 17 (78%)
C0p(COJs
1 (OC)sCoy OTBDPS
5
4 [
0 18 (86%)
n-Bu” " Coy(COJg PN
12 (0C)sCos N 5.
Q
5
o[ “\Q 19 (68%)
TBDPSO. A&
Coy(CO)s x
13 (OC)¢Coy OTBDPS
6 [
Ph 20 (71%)
TBDPSO. & O )
C0,(CO)g N
14 (OC)sCoy OTBDPS

a Reagents and conditions: 3 equiv opA&ICI, CH.Cl, (0.1 M), —78 to
—30 °C, 1—-2 h.bProducts were isolated as a single diastereoisomer as
determined by analysis of the unpurified reaction mixture by 250 NiHz
NMR. ¢Isolated yield.

isomerization (cf. Scheme 1) were not observed in any cases.
Having developed a diastereoselective synthesisaok-
cyclobutanes, it was envisaged that the rearrangement
described herein could serve as a route toward the bicyclic
[x.2.0] hydrocarbon framework found in a variety of natural
products (e.g.y-caryophyllenel). Accordingly, we opted
to construct a model [6.2.0] bicycle via a ring-closing enyne
metathesis strategy. Dihydropyrahwas synthesized by the
Wittig reaction of phosphonium saft with commercially
available 4-pentenal; transformations analogous to those
previously described subsequently furnished comglein
57% vyield over three steps (Scheme 2). We were pleased to
find that treatment 021 with 3 equiv of EtAICI (0.1 M in

Scheme 2. Enyne RCM Strategy Toward Bicyclic]2.0]
Hydrocarbon Frameworks

1) n-Buli, THF, -78 °C;

4-pentenal
Ao epngr, 2.02AC0k CHACl (00)6002\/ 5 | )
_—_— -
Z *= % 3)5mol % PPTS, Z 3
OTBDPS CHaCly, 1t OTBDPS ~
7 (57%, 3 steps)
PC L= 3 equiv ELAICI,
Gl pp 25L=POys CH,Cly (0.1 M),
LAU 26: L = 1,3-dimesityl-4,5- A 5
ol dihydroimidazol-2-ylidenes -78°C10-30°C, 1h
68%
Q Q
! 1) CAN, MeOH, 0 °C, \LHQ\
+ (98%)
2) 10 mol % 25 or 26, Co,(CO)g
CHyClp a0.001 M
OT3DPS OTBDPS  (See table below) OTBDPS
23 24 22
entry  catalyst atm temp/ °C ~ 23/24  yield (%)
1 25 Nag, it 100/ 27
2 35 CH=CH, 68 99
3 26 N reflux 1%0/ 68
4 26  CH~CH, 1t 53/ 4 97
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CH,Cl,, —78 to —30 °C) afforded thedrans-cyclobutan@2
in 68% isolated yield, notably without detection of Prins-
cyclized byproduct$? Elaboration to the bicyclo[6.2.0]-

hindereda-branched alkyl groups. Moreover, the variety of
methods to fornC(1)-alkyl and aryl glycals’ should exhibit
the high synthetic utility of the present method. Investigations

decane ring system commenced by oxidative demetalation,toward the employment of this technique in target-orientated

effected by cerium(lVV) ammonium nitrate (0.1 M in MeOH)
at 0 °C unmasking the alkyne moiety in excellent yield.
Subsequent ring-closing enyne metathésisth 10 mol %
of Grubbs catalys?5 or 26 afforded cyclized produ@3in

27% and 68% yields, respectively. Moreover, conducting the
Ru-catalyzed ring-closing enyne metathesis under an atmo-

sphere of ethyleriéresulted in an increase in overall yield.
However, triene24'6 was isolated along with bicycl23.

In summary, we have developed a protocol for the
Co-mediated O—C ring contraction of 2,6-substituted 3,4-
dihydro-H-pyrans to trans-cyclobutanes promoted by

synthesis are in progress.
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