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Abstract
Kuwajima at al. reported that the Lewis acid-catalysad l"aaction of
a ketal with 1,2-bis(trimethylsilytoxy)cyclobutene (1) followed by
rearrangement of the resulting cyclobutanone derivative with
trifluoroacefic acid can provide a 2,2·disubsliluted 1,3-cyclopentanedione
in a reasonable yield. Whilg this transformation has been improved by
several groups, we now report, contrary to the literature, the analogous
reaction between ketones and 1 occurs. For many substrates addition of
a small amount of water to Ihe reaction medium after completion of the
first step assisted the sUbsequent rearrangement to the product, such
that reversion of the intermediate to the starting ketone became an
insignificant process. Yields were best with cycrohexanones (:>90%), but
sterle hindrance and the presence of conjugated double bonds reduced
yields considerably. This new spiro·annulation procedure has been
applied to model studies towards the syntheses of fredericamycin A and
a [4.3.3j·propellane.
Model studies towards fredericamycin A began with 1-indanone.
Gaminal acylation with 1 followed by dehydrogenation provided the key
enedione, spiro[3-cyciopentene-1,l'·indanj·2,S·dione (83), which had
established the key spiro center required for frederlcamycin A. Our
efforts concentrated on the condensation of 83 with S,7·dimethoxy-1{3H)isobenzofuranone (143). In an altemative approach, a Diels-Alder
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cyclization between the xylylene precursor. 3,4·bis(dibromomethyIHmethoxybenzene (114) and 83 was developed.
Our studies towards the synthesis of propellanes was based on a
novei intramole-cular geminal acylation of a bis(trimethylsilyloxy)cyclononene moiety (175). We had hoped that 175 could be prepared
Irom diethyl 5-(1 ',3'-dioxocyclopentane)-4-melhyl-1 ,g·nonanedioate (174),
however geminal acylation of dielhyI4-methyl-5-(1,3-dioxolan-2yl)nonanedioate (173) with 1 provided 174 in only trace amounts. As
reported from our studies on the geminal acylalion of kalals and ketones
with 1 we attributed this lack of reactivity to the methyl subsliluent. Our
second approach concentrated on a symmetrical bis(trimethylsilyloxy)nonene compound. Double Grignard addition of the organomagnesium
compound derived from S-bromo-1-pentene 10 an ester gave 1,10undecadien·6-01 (1 n), which established the carbon skeleton required
for the nonene structure. Oxidation to 1, 10-undecadien-6-one (179).
followed by geminal acylation with 1 afforded 2,2-bls(4'pentenyl)cyclopentane-1,3-dione (181). Conversion of the terminal double
bonds of 181 into esters gave the nonene precursor, dimethyl S-(l',3'dioxocyclopentane)nonane·l ,9-dioate (185). Unfortunately, our attempts
to effect the acyloin condensation (diester

18~i

to nenena species) and

the sUbsequent intramolecular geminal acylation were nol successful.
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Chapter 1
GEMINAL ACYLATION OF KETONES

INTRODUCTION

Kuwajima and coworkers 1 demonstrated that 1,2·
bis(trimethylsiJyloxy}cyciobutene (1) reacted wilh aldehydes. acetals and
ketals, e.g. 2, under Lewis acid catalysis to afford a cyclobulanone
derivative 3 (~cheme 1). For cyclic substrates the cyclobulanone
derivative was determined by x-ray analysis 10 be the result of equatorial
nucleophilic addition onlo the carbonyl of the substrate.

Scheme 1

Titanium tetrachloride gave the besl results as the Lewis acid
catalyst for the reaction with aldehydes and aliphatic acelals, but it was

inferior to boron trifluoride etherate with the more reactive acetals and

ketals.!
Subsequent acid-catalyzed rearrangement of the cyclobulanone

-2derivative 3, either as it was or after alkylidenation or reduction altha
carbonyl, was reported (Scheme 1).1 In particular, rearrangement of 3
using excess Irifluoroacetic acid (TFA) afforded the 2,2-disubstiluled 1,3cyclopentanedione 4. Kuwajima 1 noted that p-loluenesulfonic acid
(TsOH) in hot benzene, BF3 .EI20, and trimelhylsilyllriflate (TMSOTf) in
dichloromethane were also effective. but the authors claimed these did
not offer the same ease of removal during work-up as did TFA. Both Wu
and Burne1l2 and Ayyangar and coworkers 3 reported a more efficisl,t
approach using 1 and a large excess of BF3 .ElzO, which afforded the

2,2-disubstiluled , ,3-cyclopentanedione directly from a ketal in good
yield. Thd modifications 10 Kuwajima's initial procedure' by bolh groups

Scheme 2

o~
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did not require Isolation of the cyclobutanone derivative 3 and afforded
the geminally acylated products in a one-pot two-step process in higher
overall yield than those reported by Kuwajima. 80th Burnell 2 and
Ayyangar reported virtually Identical experimental procedures, but beuer
yields are reported by the former. The mechanism of the overall

transformation is expected to follow the route illustrated in Scheme 2.
Scheme 3

?Et
El~

1.1, BFa.EI2O

2. TaOH/C&H6

I

The reaction of a ketal with 1 leading 10 the formation of a 1,3cyclopenlanedlone moiety 4 has been thoroughly lested and its synthetic
applications clearly demonstrated in the following examples. Compound
6, a precursor in the synthesis of ~·bulnesene. was obtained by
Oppolzer's group4 in two steps from 5 in 41% yield (Scheme 3).

Scheme 4

-,The approach of Lee and Anderson 5 towards the synthesis of
lrichothecane derivatives concentrated on the key intermediate 8 which
they obtained Irom 7 in 35% (Scheme 4).

Scheme 5

Lee and Anderson' also incorporated the reaction in the synthesis
of 'Y·kelocarboxylic acids, notably 2.3-dihydrobenzenolb]furans. The
starting ketal 9 was transformed into 2·hydroxy·2·(~·carbomethoxyethyl)·
methyl·2,3·hydrobenzo[blfuran (10) in three sleps in an overall yield of

50% (Scheme 5).

Schome 6

X0'

r-L:OTMSH,
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[0'
--yo

Y."I

~ rC~TI.lS_~
R:a

OlMS

-.

-

ROT --1"'...
~.
1\

12

It should be noled thai Kuwajirna's group? reported a more

-5efficient method for producing sUyl enol ethers of y·kelo esters such as
compound 12 using tin tetrachloride as the Lewis acid catalyst (Scheme
6). (Compound 11 was obtained from 1 and the appropriate kelal.) Yields
ranged from 70 to 94%.

Scheme 7

1.',BFJ·Et20
2. TFA

/>:::0
I

40%

PdC\2

18uOH

~
OH

0

60%
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In an approach 10 fredericamycin A, Parker at al. 8 synthesized 4,9·
dihydroxy-2,2·dimethyl·1 H·benzen(~indene-l,3(2H)-dione (13) using
Kuwajima's procedure 10 obtain the koy 2,2-disubsliluled 1,3cyclopentanedione portion in a 40% yield (Scheme 7).

Bum. 'e and ShangraYl reported the in situ generation allhe
reactive 2·melhylene· 1,3-cyclopentanedione 16 from the acid catalyzed
retro-Diels Alder of 15 (prepared from 1 and ketal 14). Under the reaction
conditions (TFA) only 17 was isolated (Scheme 8).

-6Scheme 8

©f©

~OMoO__~OMo~' ~

~2.TFA
14

15

j

©rOO
16

Bach and coworkers' Diels-Alder approach to fredericamycin A
concentraled on the spiro diketone 19 obtained from thiokela! 18 in a
54% overall yield (Scheme 9).10

Scheme 9

©GEl
19

1. 1, BF3-EI20
2.HgC~

©8

0

19

Wu and Burnell's synthesis of isokhusimone (20) exploited the
reaction of 1 with a cyclic ketal in the presence of an unprotected methyl
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ketone to obtain the trikelone directly in 89% yield (Scheme 10).~1>

Scheme 10

{:~ u,:.~ ~ ~ o~
'"

In the synthesis of 3-methoxyestra-l ,3,5,8, 14-penlaen-17·one (21)
by the same authors, the key slep was the introduction of d D-ring

moiety using the reaction between a cyclic ketal and 1. The intermediate
cyclopenlanedione was treated with TFA to close the C-ring. The overall
yield was 76% {Scheme 11),11

Scheme 11

21

While the synthetic IJtility of the reaction of 1 with kelals and
acetals has been clearly demclnstrated, we now report that contrary to
reports in thG lileralure"lw the analogous reaction between 1 and

-8ketones to provide 2,2·disubslituled 1,3-cyclopenlanediones does occur.
Furthermore, in some instances, notably aryl substrates, the overall

yields altha dikelone products are superior to those via the
corresponding kalals.

11.

DEVELOPMENT OF THE METHODOLOGY

Although one might expect a reaction between 1 and a ketone to
occur, Kuwajima and coworkers 'b reported that this reaction was not
observed under a variety 01 acidic and basic conditions. This apparent
unreaclivily 01 silyl enol elhers towards ketones was also reported for

other systems. '3 Mukaiyama 14 showed thai while titan;u'TI tetrachloridecatalysed reactions of silyl enol ethers did proceed with ketones, they
were extremely sluggish. Thus, it appeared that if geminal acylation of
ketones using 1 were to be successful, it would be necessary to
overcome a lack of reactivity.
However, our initial attempts at this reaction indicated that the
problem was not one of formation of the cyclobutanone derivative (from
the condensation of a silyl enol eilier with the ketone substrate) but
rather the subsequent rearrangement of that derivative. This conclusion
was based on the following evidence. Treatment of some ketones with 1,

-9-

using the conditions that had been proven successful in the preparation
of 1.3-cyclopenlanediones from kalaIs, gave crude products thai
contained little of the starting ketones. Analysis of the crude products by

gas chromatography-mass spectrometry (GeMS) indicated lhal while the
starting ketones were largely consumed. large amounts of lhe
cyclobulanone derivatives remained, unlike the reactions involving the

kalals (Scheme 12). During column chromatography on silica gel, the
cyclobutanone

deriv~tives

were almost completely destroyed 10 give back

the starting ketones and only a small amount of the dikelone was
obtained.
Scheme 12

~
1

R~

'~J-l
o

(majo<)

(mIno<)

X-HarTMS
Kuwajima j reported thai the rate of rearrangement of the
cyclobutanone Intermediates was highly dependent on the nature of the
substrate. The product of a ketal (22) rearranged the most rapidly. The
product from an aliphatic acetal (23) exhibited slow conversion. but thv
rearrangement althe adduct 01 an unsaturated acetal (24) (Figure 1)

-10-

afforded complex results. Our research indicated that the cyclobutanone
compound derived from a kelone (25) was generally much more
reluctant to rearrange than those derived bam ketals, as the
rearrangement of 25 provided a large amount 01 the starting ketone in
addition to the diketone product.
Flgur~

1. Cyclobutanone Intermediates.

Tj3S
A

24

A -Carbon

The one-pot two-step process reported by both Burnell and Wu 2
and Ayyangar and coworkers3 utilized a large excess of Lewis acid (10 15 equivalents) with two to lhree equivalents of 1, which were added to a
dichloromethane solution of the ketal at ·78°C. The solution was stirred
overnight during which time it attained rOOm temperature. Aqueous workup followed by purification gave geminally acylated products in good to
excellent yields. This procedure will be referred to as "kelal conditions"
hereafter.
Subjecting ketone substrates to these conditions gave only modest
yields of cyc1opentanedione products. As shown in Table 1. only two

Table 1: Reactions of Kelones and 1 under "Ketal Conditions"
entry substrale

1

bulanone

2 3-melhylbulanone

3 cyclopentanone

produc!

o~

yield(%)

26

"

27

34

2.

"

°59

oSo
o~

4 2-melhylcyclopenlanone

5

noo:am_

d$;J

6 cyclohexanone

7 2·melhylcyclohexanone

°
°8°

0&

29

51

30

42

31

31

32

18
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Table 1: Reactions 01 Ketones and 1 under "Ketal Conditions" (cont)
entry substrate

y1eld(%)

product

. ._--'Q.
9 4-'ertb"'ylcydohe"oooe

09;0
y
.

54

72

34

Ct}l'3

,","~-'~
:~
11

isophorone

12

acetophenone

13 6-methoxy-1·tetralone

87

oyo
M3.

009,..
. - tg

32

37

009,..
~8
OM.

34

41

-13substrales, namely 4-tel1-butylcyclohexanone (entry 9) and 50:cholestanone (entry 10), gave synthetically acceptable yields. The
majority of the substrates provided diketone products in yields less Ihan
45% as the major product was recovered starting ketone.
"Ketal conditions" with cyclohexanone provided a dark oil. The
volatile component of this material was found to be a single compound
by GCMS, the desired 1,3-cyclopentanedione, yet column
chromatography on silica gel afforded the geminally acylated product 31
in only 31"10 yield. This yield was surprisingly low as the lH nmr spectra
of the crude product and GCMS both indicated a high proportion of 31.
The low recovery of product might have been because less concentrated
fractions were often invisible under standard thin-fayer chromatography
(TLC) visualization methods involving acid sprays (eerie ammonium
nitrate/H 2SO., phosphomolybdic acid, or p-anisafdehyde in H2 S04) and 12,
This was observed for many 2,2-disubstituted 1,2-cyclopentanediones
and in extreme cases the diketones were invisible under TLC
visualization even when concentrated solutions were applied. Many
samples were purified by concentrating fractions and using GCMS for
detection. When the norcamphor diketone 30 was reintroduced to "ketal
conditions" only 79% 01' the material was recovered. Similarly, when
cycfohexanone was subjected to "ketal conditions", in the presence of 4tel1-butyl-diketone 34 the overall yield of diketone 31 was 35%, but, more

-14-

impon•.l ntly, only 82% 01 the 4·terl·butyl-diketone 34 was recovered. The
recovery 0131 and 34 in these experiments suggests that the losses are
the result 01 chromatography or the reaction itsell. Noting that diketones

31 and 34 did not participate in additional geminal acylation reactions,
which foreshadows the limited reactivity 01 sterically crowded carbonyls,
visualization diHicullies on TLC could account for a decrease in yields of
diketones by 15 to 20%. This assumption was supported experimentally
when 13% of the diketone 26 was not accounted lor when the sample
was re-chromatographed. These experiments however, did not explain
why the crude yield of geminally acylated products are so low under
"ketal conditions·.
The two experiments using tin tetrachloride as the Lewis acid
gave more complex results than did boron trifluoride etherate. The
products from both the 2·melhylcyclohexanone and cyclohexanone
experiments gave messy gas chromatograms containing respectively four
and three, major components that exhibited similar mass spectral
Iragmentations to lhose of the desired diketone products. In the light of
these results the less vigorous BFa.EllO was still the reagent of choice.
Next we varied the reaction time. However, the yield of 6methoxy-1·tetralone diketone 38 was unchanged wtlen the reaction lime
was increased from overnight to three days. Similarly, the ratio of ketone
to diketone 40 in the producl from lhe reaction of ethyllevulinate with 1

-15~

Scheme 13

.
was also unaffected when Ihe reaction time was increased 10 four days
(Scheme 13). Subslrates with an alpha double bond were more
Interesting. As with the other substrates, longer reaction limes did not
increase the yield, but double bond isomerisation did become a
significant process. For example, when the reaction time for the
sequence involving isophorone was increased from three days to five,
the product was a mixture of dikelone 36 (92%) and diketone 39' (8%) in

which the double bond had migrated (Scheme 14). Simarily, the crude

Scheme 14

product obtained from the sequence involving progesterone after 28 days
had the same raUo of starting ketone 41 to diketone 42 as the sequence

-16with a reacUon lime of only 3 days. However, after 28 days both the
starting ketone and the product were mixtures of double bond isomers
(Scheme 15). In both the isophorone and progesterone reactions double

Scheme 15

+ 41 and ltlldouble bond Iaomef

bond isomerism was detected only in the products from the longer
reaction time sequence:). In the case of 5o.·cholestan·3-one. increasing
the reaction time did translate into a marginal improvement in 'yield.
While "ketal conditions" gave a mixture of starting ketone (19%) and
triketone (82"10) (as determined from GeMS), increasing the reaction time
from overnight 10 two days gave a crude material for which the gas
chromatogram indicated a single volatile compound, the triketone. Flash
chromatography provided the triketone in 87% yield.
If the cyclobutanone intermediate reverted to the starting ketone,
then the effect of the addition of many equivalents of 1 might have been
to allow the ketone to be recycled

in situ. Experimentally. however, the

ove,ralt yield for the norcamphor diketone 30 decreased from 42% to 12%

-17-

when the number of equivalents of 1 was increased from three to eight,
whereas with isophorone there was no change in the yield when the
number of equivalents of 1 was increased from three 10 five. If the
amount of starting ketone were a consequenCE! of the destruction of the
cycfobutanone intermediate, these results indicated that the reversion
must hayti! occurred during aqueous work-up. Indeed, the yields of the
cyclohexanone diketone 31 and the acetophenone diketone 37 rose to
65% and 62% respectively, when the reaction times were increased to
several days and the reaction solution was concentrated directly onto the
chromatographic silica, Le.• without aqueous

wor~(·up.

Under identical

conditions. however, norcamphor provided the diketone 30 in only 4%
yield. Addition of eight eouivalents of 1. in portions over many hours, to a
heated solution of acetophenone and BF3 .Etp. did raise the yield to
91 %. The conditions were wasteful of 1 and were found not to be
beneficial for other substrates. In lact, when other substrates were
subjected to these conditions the yield was lower than that obtained by
using -ketal conditions". For example. 3·melhylbutanone provided a
crude material which by GeMS analysis contained only 11% of product
27. Similarly, 6·methoxy·1·letralone provided the diketone product 38 in
only a trace amount under these conditions. In both cases the major
component of the crude product was the starting ketone.
GeMS analyses of reaction solutions often indicated only traca

-18amounts of the starting malerial with the major signal being that of the
diketone product. In addition, there were varying amounts of
cyclobutano,le intermediates. However, after work-up the proportion of
starting ketone was often much higher at the expense of the diketone. It
seemed possible that the cyclobutanone intermediate might rearrange to
the dikelone in the injector port of the gas chromatograph (280°C). The
cyclob~ltanone

Intermediate mightllberale the starting kelone only under

the aqueous condItions of work-up. Then subjecting the reaction 10 heal
by heating the reacUon solutions at reflux andlor purifying them after
work-up by Kugelrohr distillation at high temperatures might improve the
overall yields,

Scheme 16

Experimentally, only the yield of the 1-indanone diketone 43 (70 •
75%) was improved when the reaction solution was refluxed for several
hours prior 10 work-up and purification by Kugelrohr distillation (&heme
16). Under the same conditions, isophorone and 6-methoxy-1-tetralone
provided only the starting ketones. While cyclohexanone diketone 31

-19could be prepared, the yield was highly variable (best 55%), As a
precautionary measure to ensure thatlhe diketone itself was not
consumed at higher temperatures, the acetophenone diketone 37 was
heated with 1 and BF J .Et20 under the same conditions, and 91% of 37
was recovered after chromatography. Kugelrohr distillation of dikelone 37
was not very deslrucllve, 86% of 37 was recovered.
Overall, there were few satisfactory results that arose from time
and temperature variations on the -ketal conditions". The problem
seemed to be the rearrangement of the cyclobutanone intermediate.
Therefore we focused on that step. We found that the initial aldol step
producing the cyclobutanone intermediate could be carried out following
Figure 2. Isolated Cyclobutanone lntermedlat,i's.

~P-F
44

o

45

0

:1-h
lQT\l

S

.

Kuwajima's ketal procedure. namely using three equivalents of BF3 .Etp
at _78°C. 1b It was possible 10 isolate some intermediates in which the
ketone oxygens had become trimethylsilyloxy groups and/or hydroxyls,
e.g. 44 and 45 from 4-tert-butylcyclohexanone and 46 from

-20acetophenone (Figure 2), but during work-up andlor isolation there was
significant reversion to the starting ketones. Only 10· 15% (by GCMS) of
the product mixtures were the rearranged dikelones. Thus,
rearrangement studies were performed on crude mixtures which in
addition to cyclobutanone derivatives also contained some diketone. The
cyclobutanone intermediates typically had retention times 2-4 minutes
longer than those 01 the diketones, but these often exhiblled mass
spectral fragmentation patterns very similar to that of the diketone, and
their highest mass fragment was often the same as that for the molecular
Ion of the diketone.
The acetophenone derived cyclobutanone 46, which was obtained
as a diastereomeric mixture in a 3.5:1 ratio (by 'H nmr), was treated with
a variety of acids. Trealment with TFA, which was successfully employed
by Kuwajima in the rearrangement of cyclobutanone derivatives obtalnel
from acetals,lb led 10 very little reaction even when the solution was
healed under reflux conditions for many hours.
Crude samples of 46 were also treated with: TsOH, camphorsulfonlc
acid, Amberlyst 15, and silica gel. Silica gel was studied 10 determine whether
any of the cyclobutanone intermediate in crude products rearranged during
chromatography 10 yield diketone. The silica used was not especially dry for
these experiments. After stirring overnight at room temperature the solutions
were worked-up in the same way, and the crude products were analyzed by

-21GeMS. The material from treatment with TsOH indicated a mixture of starting
ketone (35"10) and diketone 37 (54"10): the product from the camphorsulfonic
acid sequence showed starting ketone (24"10) and diketone 37 (68"10); the crude
product obtained from treatment with Amberlys! 15 was determined to be
starting ketone (B"Io) and diketone 37 (75%); and the crude product from the
silica gel reaction gave a messy chromatogram, but it indicated the starting
ketone (6%) and the diketone 37 (67%). From these results it appeared that
Am berlyst 15 did catalyze the rearrangement to an high degree (at least lor the
acetophenone substrate). In preparative experiments, however, Kugelrohr
distillation of the crude products led to large amounts of starting
acetophenone, despite the fact thai GCMS analysis prior 10 distillalion
indicated only small amounts of the starling material. Thi:,,> phenomenon
was also observed with sequences involving the other acids. For
example, Kugelrohr distillation of the crude product from refluxing 46 with
TsOH was determined by GCMS to be a mixture of acetophenone (88%)
and diketone H (2%). The small amount of 37 was most likely generated
during cyclobutanone formation and not from acid catalyzed
rearrangement of the intermediate. Similarly, GeMS analysis of the
solution of 46 and Amberlyst 15 showed only 1% of th'3 ketone with the
dominant signal being assigned to diketone 37 (86%), bUI after aqueous
work-up and Kugelrohr distillation GeMS analysis indicated a mixture of
the starting ketone (70%) and diketone 37 (30%). Concentrating the
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solution of 46 which was stirred wifh silica gel to dryness (without
aqueous work-up) and then placing this silica gel directly on top of a
chromatography column (silica), provided the diketone in only 30% yield.
This low yield demonstrated that silica was not an effective catalyst for
this rearrangement. furthermore, it suggested that it was unlikely that
cyclobutanone intermediates rearranged during column chromatography.
Experimentation with strong acids also failed to increase the
efficiency of the rearrangement to the diketone. Treatment of 46 with
concentrated sulphuric acid in glacial acetic acid afforded, after Kugelrohr
distillation, highly colored material. which by GCMS analysis showed one
major volatile component, acetophenone. No diketone was detecled.
Limited success was achieved when H2 S04 and silica gel were added to
46. Chromatography provided the diketone 37 in 50"10 yield. When the
sequence was repeated in the presence of only silica gel (no H2S04) the
isolaled yield was reduced to 31%, which was similar to the yield under
"ketal conditions": 34%. Addition of H2S04 and silica gel to a solution of
cyclohexanone, BF3.EtzO. and 1, did aHerd a synthetically acceptable
yield of diketone 3', 75% yield. The conditions. however, were not
general because norcamphor under the same conditions furnished the
corresponding diketone 30 in only 11% yield. Furthermore, the yield of
diketone 30 was found to be independent of the amount of H2S04 , This
led us to speculate that the key to the process was the moisture

-23contained in the acid and not the actual acid. Addition of water alone to
solutions uf a ketone, BF3.Et10, and 1, failed to Increase the yield of the
desired diketone. The products obtained under these conditions were
found by GCMS and lH nmr analysis to contain a high proportion of the
cyclobutanone intermediate. After much experimentation we found that
addition of excess BF3.EI20 after the addition of water resulted in an
Initial exothermic reaction. and, after several hours the diketones were
isolated in reasonable yields alter work-up.
Our atlention now relurned to the first step in the process in order
to fine-tune the overall yield. The amount of Lewis acid was varied. It
was determined that the starting ketone was consumed when as lew as
0.5 equivalents of the Lewis acid were present. In some cases, small
amounts of both the geminally acylated product and the starting material
were also isolated when only 0.5 equivalents of BF3.EI20 were used to
generate the cyclobutanone derivatlve. Increasing the amount of
BF3.Et10 to one molar equivalent, provided the cyclobutanone
intermediates (in addition to a small amount of diketone) with only a
minimal amount of residual ketone. Also, after considerable
experimentation. we found that 2.5 to 3 equivalents of 1 were not
necessary. The transformation to the cyclobutanone intermediate was
equally successful when only 1.5 equivalents of 1 were used.
We found room temperature 10 be advantageous over _78°C
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because the time required for the reaction was greatly decreased.
Isolated yields were similar despite the fact that the crude samples from
the room temperature sequences were highly colored, commonly black,
oils, as opposed to the tan or yellow oils isolated from the analogous
reactions at -7eg C. In all cases Ihe JOom te:nperature procedure provided
crude samples for which nmr and GeMS analysis indicated a very high
proportion of the diketone. Most of the impurities and color were
removed easily by passing an ethereal solullon of the crude product
through a small·bore column containing charcoal (3 g) and Floris;! (5 - 7
g). Only a few diketone products had to be purified further by
Chromatography on silica gel.
The best general conditions for the Intermolecular reaction were
addition of 1.0 - 1.2 equivalents of

~:W3.Et20

to a solution of the ketone in

dichloromethane at room temperature followed by 1.5 equivalents of 1.
As slated above subsequent rearrangement of Ihe cyctobutanone
intermediates was accomplished in the same pot by the adJilion of water
(a volume approximately equal to the volume of BF3.Et20 subsequently
used) followed shortly thereafter by 15 equivalents of BF3.Et20. Aqueous
work-up consisted of washing the reaction solution with H20, reextraction of the aqueous layer with CH 2CI 2 , followed by drying the
combined organic solutions by washing with brine and then adding
MgSO•. Purification was usually by passage through a charcoaVFlorisii
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plug. For the first attempt wilh a new substrate, a good starting
procedure would involve a reaction time 011 - 2 h for each step.
When the intermolecular reaction of 1-indanone with 1, for
example, was only allowed five minutes, rearrangement (overnight)
followed by isolation gave a 1: 1 mixture of ketone and diketone 43.
Increasing the reaction lime of the intermolecular step to one hour under
similar conditions gave dikelone 43 in an overall yield 01 71 %. Allowing
each slep 10 proceed over 19 h gave only a marginal improvement in Ihe
yield (75%).
This general procedure was used as

a starting

point for Ihe

optimization of reactions involving a variety of ketones. For some
substrates longer reaction times for either the intermolecular reaction or
the intramolecular rearrangement, or both, led to higher overall yields.
For very unreactive substrates allowing a day for each slep gave the
best overall yields, but in most cases two hours for each slep was
sufficient.
Scheme 17
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These conditions proved equally effective for the 1,3-dioxolane
kelal of cyc!ohexanone (Scheme 17). As a consequence .....e feel that the
reaction of 1 and a kelal can be accomplished under these conditions
offering the advantages of decreasing both the required equivalents of 1
and the reaction time in addition to offering a simplified isolation
procedure. The 1,3-dlthiane ketal of cyclohexanone was unreactive under
our conditions (Scheme 17), so this may be used as a protecting group
thaI might allow selective reaction of di- or triketones.

III.

MECHANISTIC ANALYSIS

As previously stated, a cyclobutanone intermediate in which the
ketone oxygen had become a trimelhylsilyloxy group and/or an hydroxyl
could be isolated, but, because there was significant reversion'to the
starling kelone during work-up and chromatography, these intermediates
were seldom isolated.
The cyclobutanone derivatives were prepared from a few ketones
by quenching a solution of the kelone substrate, one equivalent of
BF3.Et20 and 1.5 equivalents of 1, after the intermolecular reaction had
taken place (typically 1 - 2 h). For 4-tert-butylcyclohexanone, appreciable
amounts 01 tlle diketone were formed when Ihe reaction time was
increased, despite the fact that only one equivalent of BF3 .Et20 had been

-27added. Experimentally, stirring a solution of 4·tert·butylcyclohexanone
under these conditions overnight gave a crude product (78% yield) for
which the lH nmr spectrum showed the dikelone 34 to be the major
component. Cyclobutanone intermediates which had either
trimelhylsilylOXY groups or tertiary hydroxyls could be obtained depending
upon the conditions used to quench the intermolecular reaction. Addition
of a saturaled aqueous boric acid solulion to a solution of 4·tert·
butylcyclohexanone, one equivalent of BF3.Et 20 and 1.5 equivalents 011
provided after 2 hours a crude product, which was shown by GeMS
analysis to be a mixture containing 63% of 44 (Scheme 18).
Scheme 18
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1. 1, BF3-EI20
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Chromatography provided the starting ketone (56% recovery) and the
cyclobulanone derivative 44 (32% yield). Distinctive spectral features of
44 included the carbonyl stretch al1784 cm· 1 in the lR spectrum and lH
nmr resonances for the trimethylsilyl groups as singlets at
0.11 ppm. The

13C

a 0.15 and

nmr spectrum included the carbonyl resonance at

a
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212.7 ppm, and the other quaternary cyclobutanone carbon had a
resonance at 0 98.7 ppm. The two carbons bearing the trimethylsilyloxy
or hydroxy subsliluents had characteristic resonances in the
shifts of 0 96

~

13C

nmr with

98 and 73 - 77 ppm for all cyclobutanone intermediates

independent of the starting ketone. The x-ray structure of 44 (Figure 3)
revealed it to be the product of an equatorial attack onto the carbonyl.
This was the same direction of addition as Kuwajima had observed with
the corresponding keta1. 1b

Figure 3. X-ray Crystal Structure of 44.

Under conditions that we suspected would favor 44, namely
quenching with a large excess of chlorotrimethylsilane (TMSCI),
surprisingly the cyclobutanone derivative 45, in which two oxygens were
in the form of tertiary alcohols, was isolated in 35% yield along with 18%
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Scheme 19
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0

of the diketone 34 (Scheme 19). Evidence supporting the structure of 45
included quaternary carbon resonances at 0 96.0 and 72.8 ppm in the
13C

nmr spectrum.
Whereas the conversion 01 the doubly silylated cyclobutanone 44

to the diol cyclobutanone derivative 45 proceeded smoothly with
tetrabutylammonium fluoride (TBAF), the reverse reaction, conversion of
the dial 45 to 44, was not successful with TMSCI in pyridine; dial 45 was
simply recovered (Scheme 20). Neither sequence resulled in

Scheme 20

~s
o
44

45

rearrangement to diketone 34, which was in agreement with preparative
experiments in which synthetically useful yields of diketone were only

obtained afler treatmenl with excess Lewis acid. Addition 01

Hp or TBAF

without the excess BFa.ElzO resulled in the isolation of the diketone in
yields typically less than 20"10, and 50 - 60% 01 the starting ketone was
recovered.
Scheme 21
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While both cyclobutanone derivatives 45 and 44 rearranged to
diketone 34 upon treatment with excess BFa.Et20 (no H2 0), the reaction
rates for the lransformation were diHerent (Scheme 21). Stirring a
solution of 45 overnight in the presence of fifteen equivalents of BF3 .Et20
provided diketone 34 as the only product. whereas under the same
conditions 44 provided a mixture of diketone 34 and the diol 45 (7:1,
respectively, by lH omr). Decreasing the reaclion time from overnight to
thirty minutes gave the same result. One explanation may be the
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difference In rond strength between the oxygen-silicon (44) versus the
oxygen·hydrogen bond (45). In order lor rearrangement to begin, an
oxygen-silicon in 44 must be broken, in contrast with an oxygenhydrogen in 45. That is rearrangement of 44, compared to 45, will be a
higher £lnergy process.. The fact thai under the above conditions
(BF3 .EIP) 44 afforded a mixture of dlkefone 34 and 45, is most likely the
result of hydrolysis of 44 during aqueous work-up to give 45. One can
speculale Ihat under Ihe experimental conditions we developed Ihat the
addition of water and excess BF3.EI~O must have facilitated the
rearrangement by hydrolysis of one or both of Ihe trlmethylsllyloxy
groups. We expected TBAF would cleave the trimethyrsilyl moieties more
effectively than did water but TBAF In the place of

Hp gave a mixture

-::ontalnlng dlkelone 31 (69%) and the dial cyclobutanone derivative
(23%) from cyclohexanone. In contrast, with H20 Ihe yield was 94%.
Replacing H 20 with TBAF did improve the yield of 1·jndanone diketone

43 to 71%, the best conditions involving reflux afforded 43 in 74%.
The large amount of starting ketone recovered from reactions of a
kelone with 1 under the optimized conditions suggested that for these
substrates the intermolecular aldol step may nol have proceeded with
high efficiency or that there was slill another Inlermediate (which we
have never been able to isolate) that reverted back to starting ketone
instead of rearranging under Lewis acid catalysis. Evidence for the

-32-

Figure 4. Successive 'H nmr spectra tor Acetophenone with 1.

existence of another intermediate was found when the reaction of
acetophenone with 1 was followed by 'H nmr {Figure 4}. While the major
signals were assigned to the diastereomerlc doubly sily\ated
cyclobutanones 46, other signals whose intensity did not decrease with
lime were also detected. Furthermore, while chromatography of the
product from the reaction of 4-tert-butyJcyclohexanone and 1 provided
pure 45 and 44 cyclobutanone intermediates, there were some fractions
containing mixtures of the starting ketone and/or the 44 and 45 in
addition to a minor component with a similar retention time and
fragmentation pattern to 44 and 45 in the GeMS analysis. If this minor
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signal were a third cyclobutanone it might have been destroyed on silica
to give the starting ketone.

Figure 5. 4·tert·Sutylcyclohexanone and t Successive lH nmr
Spectra.

The reaction of 4-tett·butylcyclohexanone with 1 was followed by
IH nmr spectroscopy but unfortunately there was no change in the
successive spectra (Figure 5) after ten minutes. The doubly silylated
compound 44 was generated quickly, but no diketone signals emerged
with time nor did the proportion of the intermediates change with time.
When the reaction of acetone with 1 was monitored by lH nmr

-34spectroscopy, signals for the doubly silylated cyclobutanone intermediate
(analogous 10 44) appeared quickly. In fact, the first acquisition (elapsed
reaction time of 5 min) already showed Ihese signals. Successive
spectra (Figure 6) did show a decrease in the intensity of these signals,
but. unlike acetophenone, no diketone signals emerged. What appeared
to be signals for another cyclobutanone intermediate, quite possibly the
dihydroxy intermediate arose.

Figure 6. Acetone and 1 Successive 1H nmr Spectra.

o
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Cyclobutanone intermediates were obtained from
letrahydrocarvone (a 1:1 epimeric mixture), a substrate which bore an
alpha substituent. Quenching its reaction with a saturated boric acid
solution, as in the preparation of compound 44, provided a mixture that

-35Scheme 22

R-t.4$,A1-H

41R-H,A!-M$
48R-M$,A1-H

consisted of diol intermediates 47 and 48 (Scheme 22). Chromatography
provided the intermediates 47 (12%) and 48 (24%), each as an epimeric
mixture with every resonance in their 'H and 13C nmr spectra doubled. In
addition, a small amount (11%) of diketone 49 was obtained. It was
remarkable that this product consisted very largely 01 the isomer with the
methyl substituent in the axial position. This was in marked contrast with
the major isomer obtained when the same tetrahydrocarvone was
ketalized and then reacted with 1 under "ketul conditions". Under lhese
conditions the product (50) had the methyl substituent in the equatorial
position (Figure 7).16 Hence, depending on the parameters chosen,
different isomers of the tetrahydrocarvone diketone could be prepared
selectively. The 13C nmr resonances for the methylenes C·7,

c-a,

C·10

for 50 were is 35.4, 29.4 and 28.5 ppm. In 49 the influence of the gauche
relationship of the axial methyl (at e-G) was obvious from the significantly
upfield shifts for the analogous methylenes at 8 27.6, 25.2 and 22.1 ppm.

Figure 7. Diketone isomers of Tetrahydrocarvone,

The diol 47 had been obtained as a 1:1 mixture, epimeric at C-2
01 the cyclobutanone moiety. Successive crystallizations resolved onry
one of the isomers. Key spectral features of this pure isomer included
the carbonyl stretch in the IR spectrum at 1"76'/ cm· 1 , and the tertiary
alcohol resonances in the 13C nmr spectrum at 8 97.9 and 76.1 ppm.
From the material that could not be purified, the analogous remaining
signals allributed to the other isomer included the resonances at 0 95.8
and 77.0 ppm. These data did not allow us to assign the relative
stereochemistry of the pure isomer and unfortunately the crystals were
not suitable lor x-ray crystallography.
The diol cyclobutanone intermediate 48 with the equatorial methyl
was also an epimeric mixture in a ratio of 2.2:1, Unfortunately,
crystallization of 48 failed 10 separate these isomers. The key tertiary
alcohol r9sonances in the 13C nmr spectrum were found at

a 97.1

and

76.0 ppm for Ihe major isomer and at 0 98.7 and 75.3 ppm for the minor
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isomer.
In an attempt to isolate and characterize the bis(trimethylsilyloxy)
intermediates from tetrahydrocarvone, the intermolecular reaction
(tetrahydrocarvone, 1.5 equivalents 011 and 1.1 equivalents of BF3.Et2 0)
was stirred overnight. Work· up, however, provided crude materialthal
was again mainly a mixture of the diols 47 and 48. Surprisingly, there
was no evidence for the bis(trimelhyJsilyloxy) inlermediates. In
preparative experiments only the diol cyc!obutanone intermediates 47
and 48 (never the silylated derivative) were isolated along with dikelones

49 and 50.
These results allowed us to speculate that the low yields lor
geminally acylated products with substrates bearing an alpha substituent
are the consequence of both the reluctance of the intermolecular reaction
to occur due to steric hindrance and a decrease in the efficiency of the
rearrangement of the cyclobutanone intermediates.

IV.

DISCUSSION OF YIELDS

The methodology was applied to a wide variety of ketonl3
substrates, and, after considerable experimentation, optimal yields were
reached lor most cases. The optimized yield with each substrate is listed

-38
in Table 2 1• The results confirmed that the reaction is very sensitive 10
the slade environment of the kelone as illustrated by a comparison of

entry 1 (acetone), which furnished diketone 51 in 84% yield. with entry 6
(3·methylbulanone). in which dikelone 27 was isolated in only 52% yield.

Substrates having a quaternary center alpha to the ketone failed 10 react.
For example, reintroducing dikelone 28 (generated from 1 and
cyclopentanone) into the reaction conditions resulted in no additional
gaminal acylation of the cyclopentanedione ketones. The result ensured
that a 2,2·disubstiluled 1,3·cyclopentanedione product does nol continue
to reacl under thase conditions. High yields could only be obtained with
unencumbered ketones. Substrates in which th.:l adjacent carbons on
both sides of the ketone bore substituents, e.g., 2,4-dimethyl-apentanone, also failed to reacl. The eHect of an a-methyl subsliluent on
either the cyclopentanone or cyclohexanone was to reduce the yield by
approximately 30%. Cyclopentanone (entry 7) gave diketone 28 in 79%
yield as opposed to 2-methyrcyclopentanone (entry B) for which the yield
01 diketone 29 was 55%. Similarly, cyclohexanone (entry 10) versus 2melhylcyclohexanone (entry 11) showed a decrease In yield from 94% to
62%. The effect of an a-methyl substituent is believed to be twofold: the

l For the results of the actual optimization experiments see the
dala presented in tabular form for cyclohexanone, 2melhylcyclohexanone, norcamphor, isophorone, and 1-indanone in the

Ap.o~ndix.
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Tatlle 2: Reaclions oI1,2-6is(lrimelhyisilyloxylcyclotlUlene (1) and Kelones
entry

substrate

producl

yield(%)

84

acetone

oJ:)..o
butanone

1

26

61

09;0
65

6·melhyl-2·heptanone

-)::

01:).0
elhyllevulinale

/l40

36

COlEI

000
3-pental1One

3-melhyltlulanone

(153

000

~27

000
cyclopentanone

2·melhylcyclopentanone

o

000
---0

47

52

2.

79

29

55
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Table 2: Reactions of 1,2-Bis{trimethylsilyloxy)cyc1obutene (1) and Ketones (cant.)
ent

substrate

ie:d "!o)

bicyclo{2.2.1)heptan·2·one

30

75

10

cyc1ohexanone

31

94

11

2·methyrcycrohexanone

32

62

12

13

14

lelrahydrocalVone
(1:1 mixture of epimers)

rr

--'tiSO?r

8R'~

R,
49 R1 =H,R2=Me

52

50 R1 =Me, R2=H

3

3·methylcyclohexanone

4,4'dimelhylcyclohexanone

54

09;0
y

33

93

90

-.'.[-

Table 2: Reactions of 1,2·Bis(trimethylsilyloxy)cyclobutene (1) and Ketones (con!.)
entry

substrate

product

"~-~~'

o~o

0~"

16

1,10-undecadien-6-0:e H

17

6-melhyl-5-heplen-2-one

o~

yield (%)

35

87

55

78

56

oJ:).o
18

3·melhyl-2·cyclopenten-1-one

19 2-cyclohexen·1-one

20

isophorone

Q

57

58

36

20a

2a

33
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Table 2: Reactions of 1,2·Bis(trimelhylsilyJoxy)cyclobutene (1) and Ketones (conl.)
entry

substrate

product

yield(%)

4,4-d;meth~-2-cyclohexen- O~O
y

59

71

22

'-phenyl·2·propanone

60

51

23

1·indanone

24

2-indanone

21

1·one

O~

43

74

61

66

62

55

o

Qc©
o

25

Hetralone

O~

26 6-melhoxy-Helralone 0 &

38

52

OMe

27 acetophenone

0% 37

a From GeMS analysis of the crude product.

62

-43initial intermolecular reaction is discouraged because of steric hindrance;
and experiments with tetrahydrocarvone indicated thallhe cyclobutanone
intermediate once generated is much more resislantto rearrangement
than cyclobutanone species bearing no a-methyl substituent.
The distant

a double bonds in entry 16 appeared not to influence

sIgnificantly the reaction as the diketone 55 was isolated in good yield
(78%). Furthermore, the diketone was predominantly the desired
dlketone with only a trace of double bond-isomerized malerial.
Unfortunately, when the double bond occupied a "tPos\tion to the ketone.
as in entry 17, no diketone product was isolated. In fact, the crude
product was found to be a complex mixture from GCMS and nmr

Scheme 23

--'BF".EIP

analysis, but no signals characteristic of a cyclopentanedione moiety
could be Identified. Recently, Curran showed that substrates of this type
undergo further cyclization as illustrated in Scheme 23, IS However,
chromatography of our materiallailed to provide any cyclizalion product.

-44While reactions did proceed when the double bond was In an a-position
(entries 18 - 26), the yield was highly dependent upon the substrate.
Simple enones (entries 18 - 20) gave poor yields. This was especially
true for 2-cyclohexen-l-one (entry 19) in which double bond
isomerization during geminal acylation was not deterred. Indeed, nmr
analysis of the crude product indicated many olefinic and vinyJic
resonances, consistent with the TlC plate, which showed many
compounds but no major component. In all attempts there was a
relatively large amount of intractable material.

Scheme 24
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53

While sterle hindrance about the j}-carbon inhibited the destruction
of the eoones (entries 18, 20, and progesterone), and despite the fact
that the yields improved dramatically over that reported for entry 19,
yields were still synthetically unacceptable except for progesterone and
for 4,4·dimethyl-2-cyclohexen-'-one (entry 21). Progesterone gave a
respectable yield of spiro-annulafed products. The rate of reaction of the
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unhindered conjugated ketone at C-3 was faster than that of the asubstituted ketone (C-20) resulting in 42 being isolated in 66% yield
whereas only 5% of 53 was obtained (Scheme 24). Increasing the
number of equivalents of 1 had IlItle effect on the proportion of 53 that
was formed. 4,4·Dimethyl-2·cyclohexen-1·one (entry 21) gave an
acceptable yield of diketone 59 probably as a consequence of the lact
that isomerization 01 the enone was prohibited by the disubstitution on
the y-carbon.
While the ketals of conjugated ketones did not furnish any
gem in ally acylated products, when ketalization was accompanied with
double bond isomerization these ketals reacted with 1 without further
double bond isomerization (Scheme 25).
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a-Kato-aromatic substrates reacted more efficiently than ~-keto-

-46aromatic substrates (entry 23 versus 24 for example), but both types
gave yields ranging from 50 to 75%. As seen from Table 2, the best
yields were realized for acetophenone (entry 27) and 1-indanone (entry
23), but it is important to note that both of these aromatic substrates
were studied much more extensively than the others. 6·Methoxy-2tetralona decomposed under the reaction condilJons, and benzophenone
was unreactive.
The methodology that we have developed serves as a convenient
process for the gaminal acylation of ketones using 1. It appears that with
specific substrates optimization would involve variation of the times of the
two steps rather than variation of the amounts of the reagents. This
methodology provided many cyclic and acyclic diketones in good yields,
but the best yields, all over 90%, were with cycJohexanones. In
comparison to the ketal reaction, the new method allows a reaction
between 1 and a substrate with an Ct double bond, albeit it modest yield.
Aromatic ketones were superior substrates compared to the
corresponding aromatic ketals,2b and the amount of 1 required was
reduced from typically 2.5 - 3 equivalents to 1.5 as was the tolal reaction
time from overnight to typically 3-4 hou's for most substrates, An obvious
advantage of this new methodology is that the transformation is shorter
by one step, i.e., ketalization, which is not always trivial, is not required.
Finally il may be possible for more substituted substrates to favor one
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isomer of diketone over another as was discussed for the reactions of 1
wilh tetrahydrocarvone and with ketalized tetrahydrocarvone.

V.

EXPERIMENTAL SECTION

General Procedures,
Compound 1 was prepared by the melhod of Bloomfield and
Nelke.

11

AU reactions were performed under nitrogen. Dichloromethane

(CH 2CI 2 ) was distilled from calcium hydride (CaH~). Flash
chromatography ("chromatography") used 230·400 mesh silica gel, with
hexane containing an increasing proportion of ethyl acelate as the eluent.
Infrared (I A) spectra were recorded as casts using a Malison Polaris FTIA instrument. Nuclear magnelic resonance (nmr) spectra were obtained
on a General Electric GE 300·NB (300MHz) instrument. lH nmr spectra
were obtained at 300 MHz In CDCI 3 , unless otherwise stated; shifts are
relative to internal TMS; coupling constants (.I) are in Hz. 13C nmr
spectra were recorded at 75 MHz, and chemical shills are relative to
solvent (5 77.0 for CDC13, 53.8 for CD2CI~); each \3C chemical shift is
followed in parentheses by Ihe number of attached protons for each
carbon, as determined by attached proton test (APT) and heteronuclear
correlation studies. Except where noted, both the low and the high
resolulion mass spectra (MS) data were obtained on a V.G. Micromass

-487070HS instrument. A Hewlell-Packard 12.5 m fused silica capillary
column with crosslinked dimethylsiticone as the liquid phase was used
for GeMS analysis. Melting points (mp) were determined on a FisherJohns apparatus and are uncorrected. Data collection for the x-ray
structure was made with a Rigaku AFC6$ diffractometer.

Ketal Conditions. To a cooled solution (·78°C) of ketone (2
·4 mmol) and BF3.Et20 (15 equivalents) in CH 2CI 2 (30 ml) was added
dropwise a solution of 1 (2.5 - 3 equivalents) in CH 2CI2 (10 ml). The
reaction solution was stirred overnight during which time it attained room
temperature. The rt:laclion mixture was washed with H20 (2 x 50 mL).
The aqueous layers were re-extracted with CH 2CI 2 (2 x 50 mL), and the
combined organic layers were washed with brine (2 x 60 mL). The
organic solution was dried over anhydrous MgSO~, and then the solution
was concentrated under vacuum with a rotary evaporator. Purification by
r.hromatography provided the gemlnally acylatad prodUCt.
As the spectral data for the material obtained under -ketone
conditions· were identical with those of material produced by the ketal
route,16 only the reactions of 1 with ketones will be detailed. All entries in
Table 1 were obtained as described above, I.e., "ketal condilions".

Ketone conditions: To a solution of ketone (2 - 4 mmol) in
CH 2Cl 2 (10.0 ml) at room temperature was added BF3.Et2 0 (1.2

-49equivalents) followed by 1 (1.5 equivalents). The reaction was stirred at
room temperature for 1 - 2 h, after which time H2 0 (equal volume to the
BF3 ·Et20 used earlier) was added. This turbid solution was stirred 10 min
before BF3.EI20 (15 equivalents) was added and the reaction mixture
stirred an additional 1 - 2 h. The reaction solution was washed with H20
(2 x 50 ml). The aqueous layers were re·extracted with CH 2Cl 2 (2 X 50
ml), and the combined organic layers were washed with brine (2 x 60
rnl). The organic solution was dried over anhydrous MgSO~, and then
the solution was concentrated under vacuum with a rotary evaporator.
The crude products were dissolved in ether (100 ml) and filtered through
a small bore column containing charcoaVFlorisiL The plug was washed
with CH 2Cl 2 (70 ml). Concentration of the combined organic solutions
under vacuum with a rotary evaporator followed by subsequent high
vacuum pumping afforded the diketone products. In some cases the
material obtaIned was nat of acceptable purity and was subjected to
chromatography.
2-Ethyl·2-methyl-1,3-cyclapentanediane (26). To a stirred
solution of butanone (204 mg, 2.84 mmol) in CH 2Cl 2 (9.0 mL) at rt was
added BF3.Et20 (0.40 mL, 3.4 mmol) followed by 1 (1.15 mL, 4.3 mmol).
This solution was stirred for 2 h at rt, alter which time H20 (approx. 0.4
ml) was added followed 10 min later by BF3 .Et20 (5.2 mL, 43 mmol).
The mixture was stirred for 1 h. Work·up and purification

-50(ehareoaVFlorisil) provided 26 (243 mg, 61%) as an oil. IR: 1750
(shoulder) and 1720 cm·'. 'H nmr: 52.78 (4H, s), 1.67 (2H, q, J;:: 7.4),
1.09 {3H, s}, 0.81 (3H, t, J;:: 7.4).

13C

nme S 216.4 (2C, 0), 56.9 {OJ,

35.0 (2C, 2),28.6 (2),17.8 (3), 8.7 (3). MS: 140 (51, M'), 125 (92), 97
(31),84 (12), 83 (13), 69 (100), 56 (36), 55 (29),41 (83). Exact mass
ealed, lor

CBH,P2:

140.0837, lound 140.0843.

2-Methyl-2-(methylethyIH,3-cyclopentanedlone (27). To a
solution of 3·melhylbutanone (276 mg. 3.21 mmol) and BF 3 .EI20 (0.50
mL, 3.8 mmol) in CH 2Cl 2 (9.0 mL) at rt was added 1 (1.3 mL, 4,8 mmol).
The reaction mixture was stirred for 2 h at rt, before H 20 (approx. 0.5
mL) was added followed 20 min later by BF3 .Et20 (5.9 mL, 48 mmol).
The mixture was stirred overnight. Work·up followed by purification
(Chareoal/Florisil) provided 27 (258 mg, 52%) as a colorless oiL fR: 1725
em". 'H nmr: 0 2.73 (4H, s), 2,01 (1H, septet, J = 6.9), 1.05 (3H, S), 0.94

(6H, d, J = 6.9).

"c nmr: B 216.6 (2C, 0), 59.2 (0), 35.4 (2C, 2), 33.6 (1),

17.2 (2C, 3),15.1 (3). MS: 154 (18, M'), 139 (100),111 (31),83 (51), 69
(8),56 (24), 55 (60), 43 (30), 27 (51). Exact mass calcd. for C gH,.02:
154.0993, found 154.09995.
Splro[4.4Jnonane-1,4·dlone (28). To a solution of cyclopenlanone
(211 mg. 2.51 mmol) and BF3 .Et20 (0.30 mL, 2.5 mmor) In CH2C~ (9.0
mL) at rt was added 1 (1.0 mL. 3.8 mmol). The reaction mixture was
stirred lor 1 h at rt prior to the addition of H20 (approx. 0.35 mL) followed
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20 min later by BF3.Et20 (4.6 ml. 38 mmol). The mixture was stirred for
1 h. Work-up followed by purification (charcoaVFlorisil) provided 28 (300
mg, 79%) as a colorless solid. mp 54 - 57.SoC (li1. 16 58 - S9SC). IR:
1720 em·'. lH nmr: S 2.48 (4H. br s). 1.61 (8H. br s). 13C omr: 8215.8

(2C, D), 63.0 (D), 34.7 (2C, 2), 34.6 (2C, 2J, 26.6 (2C, 2). MS, 152 ('00,
M'), 124 (35), 11' (48),97 (52), 96 (44),95 (33), 69 (28), 68 (52), 67
(61).56 (61), 41 (37). Exact mass ealed. for CnH\20~: 152.0837. found
152.0831.
6·Methylsplro[4.4]nonane·1,4·dlone (29). To a solution 012melhylcyclopenlanone (216 mg. 2.20 mmol) and BF3.Et20 (0.30 ml, 2.5
mmol) in CH 2CI 2 (9.0 mL) at rt was added 1 (0.9 mL, 3.4 mmol). The
reaction mix1ure was stirred for 1 hat rt, and H20 (approx. 0.3 ml) was
added followed 10 min later by BF3.Et20 (4.S ml, 37 mmol). The mixture
was stirred for 1 h. Work-up farrowed by purification (charcoaVFlorisil)
provided 29 (200 mg, 55%) as an oil. IA: 1718 em·'. lH nmr: 8 2.81·
2.57 (4H. br ml, 2.25 (1H, br ml, 1.B5 (5H. br ml, 1.54 (1H. br ml, 0.95

(3H, d, J = 7.2).

"c om" 0 217.3 (0), 2'6.6 (OJ, 66.7 (0), 46.9 (1), 36.2

(2),35.8 (2), 34.5 (2), 33.5 (2), 24.6 (2), 15.2 (3). MS, '66 (64, M'), '51
('00), 125 (15), '09 (52), 95 (41), 81 (20),67 (4'), 55 (311, 41 (30).
Exact mass calcd. for Cl0Hl~02: 166.0993, found 166.0997.

Splro(blcyclo[2.2.1]heptane-2,1'·cyclopentane)-2',5'-dlone (30).
To a solution of bieyclo(2.2.1jheplan-2-one (206 mg, 1.87 mmol) and
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BF3 .E!p (0.25 mL, 2.0 mmol) in CH 2CI 2 (9.0 rnl) at rt was added 1 (0.75
ml, 2.9 mmol). The reaction mixture was stirred for 1 h al rt, after which
time H20 (approx, 0.3 mL) was added followed 10 min later by BF3.Et2 0
(3.4 mL, 28 mmol). The mixture was stirred for 1 h. Work-up followed by
purification (charcoaVFlorisil) provided 30 (250 mg, 75%) as colorless
crystals, mp 112 - 113°C (Jil. lt, 109.5 - 110.5°C).IR: 1760 (shoulder) and

1715 em". 'H nmr: S 3.07· 2.51 (4H, m), 2.48 (1H, br d), 2.37 (1H, br
apparenl t), 1.89·1.76 (2H, m), 1.57·1.18 (6H, m). 13C nmr: l) 213.2
(0),213,1 (0),66,4 (0), 48,7 (1),37.0 (2), 36.9 (1), 35.2 (2), 34.3 (2),
32.7 (2), 27.8 (2), 24,3 (2), MS, 178 (19, M'). 149 (46), 112 (100), 93

(15), 79 (13), 67 (19), 66 (12), 65 (13). Exact mass calcd. for

ClIH,~02:

178.0993, found 178.0993.
Splro[4.5]decane-1,4-dlone (31) from Cyclohexanone. A
solution of cyclohexanone (212 mg, 2.17 mmol) in CH 2CI 2 (9.0 mL) was
cooled 10 -78°C, and BF3 .EI20 (0.30 ml, 2.5 mmol) was added followed
by a solution of 1 (0.90 mL, 3.4 mmol) In CH 2CI 2 (4,0 mL) over 15 min.
The reaction mixture was stirred at ·78°C lor 3 h, then il was allowed to
altain rt over the next 2 h.

Hp (approx.

0.4 mL) was added, and the

solution was recooled 10 ·78°C before BF3.Etp (4.0 mL, 33 mmol) was
added. The mixture was stirred overnight during which time it was
allowed to return 10 rt. Work-up followed by purification (charcoaVFlorisil)
provided 31 (337 mg, 94%) as large while cryslals mp 60 - 51.5°C (1it.

1b
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a 2.68 (4H. S), 1.7· 1.4
"c nmr: ~ 215.6 (2C. 0). 55.7 (0), 34,1 (2C. 2). 29.0 (2C. 2).

61 - 62"C). IR: 1755 and 1720 em". 'H nmr:

(10H. m).

24.7 (2). 20.3 (2C. 2). MS: 166 (100. M'). 137 (25). 124 (32). 112 (61).
111 (46), 85 (46), 61 (37), 67 (74), 56 (44). Exaet mass calcd. lor
C'OH'402: 166.0993, found 166.0985.
Splro(4.5]decane-1,4·dlone (31) from the Ketal of
Cvclohexanone. To

a

solution of 1,4-dioxasplro[4.5jdec:ane (306 mg,

2.16 mmol) and BF3.EI20 (0.30 mL, 2.5 mmol) in CH 2CI 2 (9.0 mL) at rt
was added 1 (0.9 mL, 3.2 mmel). The reacllen mixture was stirred for 2.5
hat rt, and H20 (approx. 0.4 mL) was added followed 10 min laler by
BF3.E~O (4.0 mL, 33 mmol). The mixture was stirred overnight. Work-up

followed by purification (charcoaVFlorisil) provided 31 (343 mg, 96%).
6--Melhylsplro(4.5]de~l.4-dlone (32). To a solution of 2-

methylcyelohexanone (228 mg, 2.03 mmot) and BF3.E40 (0.30 mL, 2.5
mmol) in CH 2CI2 (9.0 mL) at rt was added 1 (0.8 mL. 3.1 mmol). The
reaclion mixture was slirred for 1 hal

rt,

and H20 (approx. 0.4 mL) was

added followed 10 min laler by BF3.E~O (3.7 mL. 30 mmol). The mixture
was stirred overnight. Work-up followecl by purilication (chareoaVFlorisil)
provided 32 (227 mg, 62%) as an oil. IA: 1715 em". 'H nmr: 62.902.48 (4H, m), 1.95 - 1.17 (9H, m), 0.75 (3H, d, J= 6.3).

13C

nme 15 217.4

(0).216,3 (0). 60.0 (0). 35,6 (2). 35.5 (1), 35,3 (2). 32,0 (2). 26,9 (2).
25,2 (2). 20,0 (2).16.0 (3). MS: 180 (74. M'). 165 (65). 126 (21). 125
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(39), '23 (24),112 ('00), 111 (23), 109 (22), 95 (24), 81 (38),87 (45),
56 (32), 55 (31), 53 (25), 41 (46). Exact mass calcd. for C"H UI 0 2 :
180.1 149, found 180.1149.
8.8-D1methylsplro[4.5Idecane-1.4-dlone (33). A solution of 4,4dimethylcyclohexanone (230 mg, 1.83 mmol) in CH2C~ (9.0 ml) was
cooled to -7BOC. and BF3.Et20 (0.20 mt.. 1.6 mmol) was added followed
by a solution of 1 (0.80 ml, 3.1 mmol) in CH 2CI 2 (4.0 ml) over 15 min.
The reaction mixture was sUrred at -78°C for 3.5 h. then it was allowed to
alta in rt over the next 1.5 h. Hp (approx. 0.3 ml) was added, and the

e

solution was recooled to _78D before BF3.Et20 (3.3 mL, 27 mmol) was
introduced. The mixture was stirred overnight during which lime it was
allowed to return to

rt. Work-up followed by purification (charcoaVAorisil)

provided 33 (320 mg, 90%) as cream-colored crystals: mp 65 - 66.50C.

IA: 1756 (shoulder) and 1715 em·' . 'H nmr:
1.47 (4H, m), 0.95 (6H, 5).

a 2.76 (4H, 5). 1.61 (4H, m).

"c nm, ~ 215.4 (2C, 0), 55.1

(0),34.0 (2C,

2),32.9 (2C, 2), 28.7 (0), 27.8 (2C, 3), 25.2 (2C, 2). MS; 194 (52, M'),
179 (12), '51 (21), '38 (15), '37 (16), '25 ('00), 112 (96), 11 1 (31),95
~~_~_~_W_~_~~~_.~

41 (67). Exact mass calcd. for C'2H,a02: 194.1306, found 194.1300.
8-tert-Sutylsplro[4,5]decane-1,4-dlone (34) Directly from the
Ketone. To a solution of 4-fert-butylcyclohexanone (171 mg, 1.11 mmol)

e was

and BF3.Et20 (0.15 ml, 1.2 romel) in CH~CI2 (9.0 rol) at _7a D

-55added 1 (0.50 mL, 1.9 mmol) in CH 2CI 2 (4.0 mL) over 20 min. The
G

reaction mixture was stirred for 3 h at -78 C before it was allowed to
attain rI. H20 (approx. 0.2 mL) was added, and the mixture was cooled
agaIn to _78GC before BF3.EI20 (2.0 mL, 16 mmol) was added. The
mixture was allowed to altain rt overnight. Work-up followed by
purification yielded 34 (232 mg, 94%) as colorless crystals: mp 82.5 B4GC. IR: "1753 (shoulder) and 1721 cm· 1. 'H nmr: 6 2.75 (4H, br s), 1.76

• 1.49 (9H), 0.87 (9H, 5).

"c om" 5 215.7 (0). '-'5.6 (0), 55.0 (0),46.7

(1),34.3 (2), 34.1 (2),32.2 (0),29.9 (2C, 2),27.2 (3C, 3), 2'.5 (2C, 2).
MS,222 ('0, M'), 207 (8), 166 (59),165 (23), '24 (13),112 (21),111
(23),81 (11),67 (10), 57 (100), 41 (43). Exact mass calcd. for C 1.H22 0 2:
222.161 g, found 222.1628.
Spiro(5o.·chofestane-3,2'-cyclopentane)·1,J.dlone (35). To a
solution of 5a-cholestan-3-one (304 mg, 0.788 mmol) in CH 2CI 2 (35 mL)
was cooled to -78GC, and BF3.Et20 (1.5 ml, 12 mmol) was added
followed by a solution of 1 (0.53 mL, 2.0 mmol) in CH 2CI 2 (5.0 mL) over
12 min. The reaction mixture was allowed to warm to rt, and stirring was
maintained for 48 h. Work-up afforded a brown solid, and
chromatography of this prOVided 35 (310 mg, 87%) as colorless crystals:
1
mp 150.5 - 152GC. IR: 1761 (shoulder) and 1721 em· . 'H nmr: 1) 2.73
(4H, m), 2.0 - 0.9 (unresolved signals), 0.90 (3H, d, J = 6.4), 0.863 (3H,
d, J = 6.6), 0.859 (3H, d, J = 6.6), 0.82 (3H, s), 0.64 (3H, s). 13C omr: 6
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215.5 (2C, 0), 56.4 {OJ, 56.2 (1),56.1 (1),53.5 ('), 42.4 (0), 39.8 (2),
38.4 ('),39.4 (2), 36.0 (2), 35.7 ('.1,35.3

{'I,

35.1 (0),34.4 (2), 34.0 (2).

32.8 (2). 31.8 (2), 31.5 (2), 28.2 (2), 28,1 (2), 27.9 (I), 24.6 (2), 24.0 (2).
23.7 (2). 22.7 (3), 22.5 (3), 20.7 (2). 18.5 (3),11.9 (3),11.0 (3). MS: 454
(29, M'), 439 (30), 330 (18), 328 (1:l), 30' (26),300 (47), 299 ('00), 23'
(41), 191 (32). Exact mass caled. fol' C~,H5002: 454.3808. found
454.3819.
7,9,g·Trlmethylsplro[4.5Jdec-6-ene-1,4·dlone (36). A solution of
3,5,S-trimethyl-2-cyclohexen-l-one (220 mg, 1.62 mmol) in CH 2Cl2 (10
ml) was cooled to _78c C, and BF~.Et20 (2.9 ml, 24 mmol) was added
followed by a solution of 1 (1.3 ml, 5.0 mmol) in CH 2CI 2 (6.0 ml) over
16 min. The reaction mixture was allowed 10 warm to rt, and stirring was
maintained for 65 h. Work-up afforded a black, viscous oil, and
chromatography of this provided 36 (108 mg, 33%), which solidified on
standing: mp 58· 59SC. IR: 1723 em". 'H nmr: 65.05 (1H, br s), 2.84
(4H, m), 1.82 (2H, br s). 1.75 (3H, br s), 1.62 (2H, s), 1.00 (6H. s). ,:lC

nmr: 0212.6 (2C, 0), '39.7 (0), , 12.8 ('), 62.9 (0), 43.3 (2), 36.3 (2).

34.7 (2C, 2), 30.2 (0), 29.2 (2C, 3), 24.5 (3). MS: 206 (100, M'), '91
(49), '63 (24), 150 (28), '35 (20), '2' (22), '07 (94), 91 (42). E:<acl
mass calcd. for C13H,s02: 206.1306, found 206.1299.

2-Methyl·2-phenyl-1,3-cyclopentanedione (37) by Multiple
Additions of 1. A solution of acetophenone (509 mg, 4.24 mmol) in

-57CH 2C1:il (300 ml) was cooled to _78°C before BF3.Et20 (7.7 ml, 13 mmol)
was added followed, dropwise. by a solution of 1 (3.4 ml. 13 mmol) in
in CH 2 CI 2 (10 ml). This was stirred for 15 min before the mixture was
allowed to attain

rt. The mixture was heated al rellux for 12 h, 16.5 h,

and 38 h, al which times aliquots were removed and analysed by GCMS
and additional 1 was added (1.0 ml, 1.0 ml and 3.0 ml, respectively).
After heating for a total of 44 h, GCMS indicated that no acetophenone
remained. The reaction was allowed to cool, and work-up provided a
black residue. Vacuum distillation in a KugeJrohr apparatus gave 37 as a
pale yellow oil (726 mg, 91%). JR: 1765 (shoulder) and 1724 em-to tH
nmr: 6 7.38 - 7.19 (5H. m), 2.82 (4H, br symmetrical m), 1.42 (3H, s).
13C

nmr: 15 212.9 (2C, 0), 136.8 (0), 129.1 (2C, 1),127.8 (0), 126.2 (2C.

1),61.7 (0), 35.0 (2C, 2),19.6 (3). MS: 188 (100, M'), 159 (7), 145 (2B),
132 (2B), 105 (27), 104 (76), 103 (27),78 (24),77 (24), 51 (26). Exact
mass catcd. for C 12H t P2: 188.0836, found 188.0828.
2-Methyl-2-phenyl-l,3-cyclopentanedlone (37) by Ketone
Conditions. To a stirred solution of acetophenone (211 mg, 1.76 mmol)
In CH 2CI 2 (9.0 mL) at rt was added BF3 .Et20 (0.25 mL. 2.0 mmol)
followed by 1 (0.70 rol, 2.7 mmol). After 2 h, GCMS analysis of the
mixture indicated the presence of 37 (73%) and 46 (19%) with only 2%
acetophenone remaining; 30 min laler H 2 0 (approx. 0.3 ml) followed
aller 10 min by BF3 .Etp (3.3 ml, 27 mmol), and stirring was continued
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for 1 h. Work-up followed by purification (charcoaVFlorisil) afforded 37 as
a pale yellow oil (273 mg, 83%), but GCMS revealed that this was
contaminated by approximately 1% acetophenone.
1',2',3',4'-Tetrahydro-6-methoxysplro{cyclopentane-1,1'·
naphthalene]-2.S-dlone (38). To a solution of 6-methoxy·1-tetralone
(198 mg, 1.13 mmol) and BF3 .Et20 (0.40 mL, 3.3 mmol) in CH 2Cl2 (9.0
mL) at rt was added 1 (0.90 mL, 3.4 mmol). The reaction mixture was
stirred at rt for 47 h. An additional 0.40 mL (1.5 mmor) of 1 was added,
and the mixture was stirred for another 45 h. After addition of H2 0
(approx. 0.4 mL) and BF3.Et20 (2.1 mL, 17 mmol), the mixture was
stirred for 3 days. Work-up followed by

purifi~ation

(charcoaVFlorisil)

gave 234 mg of yellow, ally crystals that GeMS revealed to contain 1%
starting ketone, 86% 38. and 5% unrearranged intermediates.
Chromatography yielded 38 (142 mg, 52%) as colorless crystals: mp
116.5 - 117SC. IR: 1716 cm· 1 •

lH

nmr:

a 6.70 - 6.64 (2H, m), 6.45 (1H,

m). 3.75 (3H, 5), 2.94 (4H. br symmetric m), 2.83 (2H, m), 1.92 (4H,
narrow m).

\3C

nmr: I) 215.0 (2C, 0), 158.6 (0), 139.9 (0),129.3 (1),

123.9 (0), "4.0 (I), 112.9(1), 62,0 (0),55.1 (3), 35.1 (2C, 2),31.7 (2),
29.1 (2), 17.9 (2). MS, 244 (100, M'I, '86(42), 174(2'),160 (89), 159
(23), 145 (23), 115 (27). Exact mass calcd. for C 1SH1P3: 244.1099, found
244.1107.
7,9,9-Trlmelhylsplro(4.5]dec·7·ene-1,4-dlone (39). Increasing the

-59reaction time lor the sequence reported above for (36) from 3 days to 5
days provided yellow crystals (30% yield), which, by GeMS analysis,
revealed a mixture of 36 (92%) and 39 (8%). The gas chromatogram and
mass spectrum of 39 were identical with that reported by Wu and
Burnell. v6
2-(2-(Carboethoxy)ethyl)-2-methyl-1,3-cyclopentanedlone (40).
A solution of ethyl levulinate (221 mg, 1.54 mmol) in CHtCl t (38 mL) was
cooled to _78°C, and BF3.Ett O (2.7 ml, 22 mmol) was added fo:lowed by
a solution of 1 (1.2 ml, 4.6 mmol) in CH t CI 2 (6.0 mL) over 30 min. The
reaction mixture was allowed to warm to rt. and stirring was maintained
for 43 h. Work·up provided a dark oil. and chromatography afforded 40
as an oil (118 mg. 36%). IR: 1764 (shoulder) and 1723 cm· 1 .

lH

nmr: I)

4.08 (2H, q, J = 7.2), 2.86 (4H, 5), 2.26 (2H, I, J = 7.5), 1.97 (2H, t. J =
7.5),1.26 (3H, t. J = 7.2),1.15 (3H, s). 13C nmr (C 60J: /) 214.5 (2C. 0),

172.6 (0),60.4 (2),54,9 (0), 34.6 (2C, 2), 29.2 (2),28.9 (2),19.6 (3),
14.1 (3). MS: 212 (M', 9), '67 (12),166 (13), 138 (62), 125 (100),110
(2'),99 ('5), 97 (26), 96 ('3), 95 ('3),69 (29),55 (701,53 (11), 43 (20),
41 (45). Exact mass calcd. for C lI H I6 0,: 212.1048, found 212.1070.
Reaction of Progesterone (41) with 1, To a solution of 41 (259
mg. 0.824 mmol) in CH tCI 2 (20 mL) was added BF3 .Etp (0.25 mL, 2.0
mmol) followed by (0.70 mL, 2.7 mmol) of 1. After stirring for 19 h at rt.
H20 (approx. 0.2 ml) followed 10 min later by BF3 .EttO (1.5 ml, 12
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mmol) were added. Aller stirring lor 2.5 h, the solution was worked-up.
Chromatography provided 42 as pale yellow crystals (208 mg, 66%) and
in a more polar fractico, 53 (19 mg, 5%) as cream-colored crystals. The
nmr spectra revealed that each was contaminated with less than 10% of
its 5·ene isomer. For 42: mp 135.5 - 138°C. IR: 1721 and 1703 em". 'H

nmr: H86 (lH, br 5), 2.83 (2H, ml, 2.12 (3H, 5), 1.07 (3H, 5),0.83 (3H,
s) and other signals unresolved 2.9 - 0.9; NOE enhancement: irradiation
at

a 4.86 gave an enhancement of m at 2.83 (0.5%) and a double m at

2.08 (3%); irradiation at 5 2.83 gave an enhancement of br s at 0 4.86
(4.5%) and a small signal for a minor isomer at 5.30 (m). 13C nmr: 8
214.8(0),213.2 (0), 209.5 (0), 151.4(0), 111.9 (1),63.6 (1),60.5 (0),
56.0 (1), 53.4(1),44.0 (0),38.7 (2).36.8 (0).35.7 (1).34.8 (21.34.6 (2),
32.6 (2), 32.5(2).32.2 (21.31.5 (3). 25.0 (2). 24.3 (2).22.7 (2).21.4(2).
19.1 (3), 13.3(3). M5: 382 (100, M'). 367 (12), 191 (451. 190 (23). 164

(27), 43 (79). Exact mass calcd. for

C!5H~03:

382.2506, found 382.2513.

For 53: mp 267· 268°C. IR: 1759, 1719 em". 'H nmr: 0 4.84 (lH, s),
2.91 ·2.62 (8H.

mi.

2.36· 0.80

(mi.

1.13 (3H. 5), 1.03 (3H. 51.0.61 (3H,

s), and a small signal for a minor isomer at 5.38 (m). 13C nmr: 0 217.8
(0).216.8 (0), 214.9 (0).213.0 (01. 151.4 (0).119.0 (1),60.5 (0). 56.9
(1),55.6 (0).54.9 (11. 53.3 (1),42.9 (0), 38.9 (2). 36.7 (0).35.5 (1).35.2
{21. 34.2 (2). 34.8 (2).34.2 (2), 32.5 (2),32.3 (2). 32.1 (2). 24.9 (2). 22.9
(2). 21.7 (2). 21.0 (2).20.7 (3), 19.0 (3), 14.9(3). MS: 450 (100, M·I. 435

·61(7).422 (8). 339 (8). 323112). 191 (65).190 (38), 164 (45). 147 (22).
135 (19),113 (22), 107 (25), 105 (32),91 (45). Exact mass calcd. lor
C29H380~: 450.2768, found 450.2761.

2',3'-Olhydrosplro{cyclopentane-1',1 '-[1 Hjlndene}-2,S-d1one
(43). A solution of 1-indanone (210 mg, 1.59 mmol) in CH zCI 2 (80 mL)
was cooled to ·78°C and BF3 .ElzO (2.9 ml, 24 mmol) was added
followed by a solution 011 (1.7 ml, 6.5 mmol) in CH 2 Cl z (6.0 ml)

over

18 min. The readion mixture was stirred at -78"C lor 20 min before
being allowed to warm 10 rt, and 1.5 h Ialer the solution was healed at
reflux for 1.5 h. Work· up gave a red-brown oil thai was dislilled ooder
vacuum in a Kugalrohr apparatus to give a bright yellow oil (247 mg).
which GCMS revealed was & .• % 43. Chromatography of a similarly
derived sample yielded 43 as colorless cryslals: mp 104· 10S.SDC. IR:
1754 (shoulder) and 1722 cm· l • 'H nmr: 6 7.33 - 7.10 (3H, m), 6.89 (1 H,
d, J

= 7.5), 3.15 (2H, I, J= 7.4), 2.92 (4H, center 01 complex m), 2.37

(2H,

t. J= 7.4). "C nmr:i 213.1{2C.

0).144.7 (0), 140.610). 128.2 (1).

126.8 (1).125.3 (1). 122.4 (1). 69.8 (0), 35.4 (2C. 2). 32.8 (2).31.6 (2).

MS, 200 (94. M'), 144156).130 (15). 129 (15).116 (82),115 (100).
Exact mass calcd. for C'3H'20'1 200.0837. found 200.0838.
(1'a,4'a)-2-(4-t-Butyt-1-trlmethylsllyloxycyclohexyl)·2·
trlmethylsilyloxycyclobulanone (44). To a solution of 4-tet1butylcycfohexanone (215 mg. 1.40 mmoll and BF:t'Et20 (0.20 ml. 1.6
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mmol) in CH 2 CI2 (10 mL) al rt was added 1 (0.60 mL, 2.3 mmol). The
reaction mixture was stirred at rt lor 2.7 h. A salurated aqueous borie
acid soilltion (approx. 0.3 mL) was added, and the mixture was stirred
ovemighl. Work-up atfOfded a whije solid (355 mg) for which GCMS
analysis Included only 4% starting ketone, 8% diketone 34, and 63% 44.
Chromatography provided the starting ketone (120 mg, 55% recovery)
and 44 (99 mg, 32%) as large colorless crystals: mp 62.5 - 64°C. IR:
1784 ern' I. 'H nmr:

a 2.82 - 2.59 (2H,

m),2.49 (1H, ddd, J= 6.6, 10.5,

12.3),1.95 (IH, ddd, J =3.0, 3.0, 10.2), 1.82 (IH, ddd, J= 8.4, 11.1,
12.3), 1.67 (lH, dddd, J= 3.0,3.0,3.0, 12.3). 1.60 - 1.47 (2H, m), 1.36
(1H, dddd,J= 3.3, 12.3, 12.3,12.3), 1.29·'.'2{2H, m), 1.04 (1H, br

ddd, J = 3.8,12.2,12.2),0.89 (1H, partially overlapped m), 0.84 (9H. 5),

0.15 (9H,

'I,

0.1l(9H, s). "C nmr. ~ 212.7 (D), 98.7 (0), 15.8 (0),47.3

(I), 41.2 (2), 34.6 (2), 32.3 (0), 30.8 (2), 27.5 (ac, 3), 25.1 (2), 22.1 (2),
21.9 (2), 2.4 (3C, 3), 1.5 (3C, 3). MS: 384 (0.5, M'I, 329 (12), 328 (38),
327 (21), 230 (181,227 (53), 147 (27), 75 (32), 73 (100), 62 (13), 57
(43). 45 (471, 41 (20).
(1'a,4'a)-2-(4-t-Butyl-1-hydfoxycyclohexyl)-2hydroxycyclobutanone (45). To a solution of 44 (20 mg, 0.052) in
CH t Cl 2 (2.0 mL) was added approximately 0.1 mL 01 a 1 M solution 01

lBAF in THF (Aldrich). The solutioi'\ was stirred at rt for 6 h. Work-up
provided no 34. just 45 (8.8 mg, 70"10) as a colorless solid: mp 147 -

-63149.5°C.IR: 3376 and 1757 em· 1 • 'H nmr: li 3.41 (lH, br 5l, 3.02 - 2.75
(2H, m),2.33 (1H, ddd, J=6.4, 11.1, 12.6), 2.03 (lH, ddd. J=8.7,l1.2,
12.6), 1.90 - 1.70 (2H, m including apparent br s al1.81), 1.70 - 1.50
(4H, m), 1.44 - 1.21 (3H, m), 0.97 (1 H, ml, 0.87 (9H, s).

"c nmr. 5213.1

(0),96.0 (0),72.8 (0),47.6 (1), 42.3 (2), 32.4 (0),30.5 (2), 27.5 (3C, 3),
23.4 (2), 21.6 (2),21.7 (2). M5, no M', 222 (1.3, M', HP), 207 (2), 184
(2),155 (14),123 (10), 96 (13), 95 (14), 81 (21),57 (100), 43 (37),
41(42). Exact mass ca1cd. for C 1.Hn 0 2 (M'· H2 0): 222.1619, found
222.1626.
8·tert·Butylsplro(4.5]decane-I,4·dlone (34) from 44. To a
solution of 44 (13 mg, 0.033 mmol) in CHlCll (2.0 mL) was added a drop
01 H2 0 followed by BF,.EtlO (0.06 ml, 0.5 mmol). The reaction solution
was stirred at rt overnight. Work·up provided 8.3 mg of a cream-colored
solid. 'H nmr analysis revealed was composed of 45 and 34, in a 1:1.8
ratio, respectively.
S-tert-Butylsplro[4.5]decane-1,4-dione (34) from 45. A 50lul1on
0145 (18 mg, 0.075 mmo!) and BF,.Et2 0 (0.15 ml, 1.2 mmol) in CH 2CI,
(2.0 ml) was stirred at rt for 17.5 h. Work-up provided 34 (17 mg,

100%).
2-(1-Phenyl-1-trlmethylsilyloxyethyl)-2·trlmethylsllyloxycyclobutanone (46). A solullon of acetophenone (229 mg, 1.91 mmol) in
CH 2Cl 2 (75 ml) was cooled to -7eGC, and 8F3 .Et20 (0.12 ml, 0.98 mmo1)

~
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followed, dropwise, by a solution of 1 (1.5 rnL, 5.7 mmol) in CH2C1 2 (6.0
ml) oller 30 min. The solution was allowed to warm to rt oller the next 2
h, and then it was heated at reflux for 1 h. Work-up prollided a bright
yellow liquid. Chromatography galle 46 (a diastereomeric mixture in a
3.5:1 ratio, by lH nmr) as an oil: IR: 1793 em". lH nmr for the major
isomer: 87.51 (2H, br d, J

~

7.1), 7.41 - 7.27 (3H, m), 2.88 (1H, ddd, J=

B.7, 11.7, 17.6), 2.70 (lH, ddd, J

=5.7,

10.B, 17.6), 2.50 (1H, ddd, J =

5.7, 11.7, 12.2), l.B3(3H, 5), 1.66 (lH, ddd, J = B.7, 10.B, 12.2),0.15

(9H, s), 0.08 (9H, s); and some discernable signals for the minor isomer:
82.70 - 2.48 (m), 1.94 (1H, m), 1.77 (3H, s). 13C nmr for the major

isomer: 5213.6 (0),143.6 (0), 127.1 (2C, 1), 127.0 (2C, 1), 126.9 (1),
97.1 (0), 79.3 (0), 41.8 (2), 24.2 (2), 22.9 (3), 2.5 (3C, 3), 2.1 (3C, 3);

and some discernable signals for the minor isomer: 8211.6 (0), 143.5
(0), 126.6 (2C, 1), 98.0 (0),79.4 (0), 41.3 (2), 25.5 (2),24.2 (3), 2.5 (3C,
3), 1.7 (3C, 3). MS: 350 (0.3, M'), 294 (24), 232 (12), 231 (6), 193 (47),

147 (19), 75 (14), 73 (100), 45 (14). Exact mass calcd. lor C18H3003Si2:
350.1732, found 350.1753.

(1 '(l,4' o:)-2~(2~Melhyl·5-melhylethyl-1-hydroxycyclohexyl}-2~
hydroxycyclobutanone (47) and (48). To a solution of
tetrahydrocarvone (9:1 mixture of epimers) (291.8 mg, 1.90 mmol) in
CHpl2 (10.0 ml) was added BF3.Etp (0.3 ml, 2.1 mmol) followed by 1
(0.8 ml, 2.8 mmol). The reaction solution was stirred lor 3.5 h after

-65which time an aqueous saturated boric acid solution (0.3 mL) was added.
The reaction mixture was stirred overnight. The solution was was.'~d
with H20 (2 x 30 mL) and the aqueous solutions were re-extracted with
CH2C~

(2 x 30 mL). The organic solutions were washed with brVl8 (50

mL) and dried over MgSO•. Concentration at reduced pressure followed
by chromatography (5% EtOAclhexanes) gave starting ketone (33.4 mg.

11% recovery), mixture of 47 and 48 (169.0 mg, 37% if pure) and
diketone 49 (48.0 mg, 11%). Rechromatographing the cyclobutanone
mixture on a small bore column provided 47 (105.1 mg, 23"/0) as opaque
crystals (mixture of diastereomers from lH omr ratio determined 10 be

1:1.5) and eartier fractions provided 48 (34.0 mg, 7%) as colorless
crystals (mixture of diaslereomers from IH nmr ratio 3:1).
While rechromatographing faited 10 resolve the mixtures.
successive recrysfatlizaUons did allow one isomer of 47 to be resolved.
For this isomer of 47: m.p 130· 131.5"C. JA: 3508, 3341 and 1768 em".

IH nmr: 52.93 (2H, overtapping unsymmetrical fl, 2.66 (lH, br s). 2.56

=1.5), 1.56 (3H,
=7.2). 0.88 (6H. br

(lH. m), 1.91 (3H. unresolved m), 1.62 (2H, br AB d. J
br s), 1.37· 1.49 (6H, unresolved m), 1.00 (3H, d, J

I, J = 5.7).

"c nmr: 5 210.8 (0),97.9 (0), 76.1 (0), 42.7 (2), 38.3 (1),

34.9 (2), 32.6 (1), 30.4 (2), 29.1 (2), 23.8 (2), 22.3 (1), 20.0 (3), 19.3 (3),
15.6 (3). MS: no M', 222 (11), 207 (25), 179 (10), '65 (16), 155 (56),
151 (2'), 139 ('2), '38 ('6), 137 (49), '25 (18), 123 (22), 1,' (32), 109
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(24), 97 (18), 95 (66), 83 (21), 62 (23), 61 (64), 69 (43), 68 (10), 67
925), 55 (63), 45 (46), 43 (100), 41 (69),29 (37), 26 (21), 27 (24).

Resolved signals for the minor isomer of 47: 13C nmr: 1S 214.8 (0),95.8
(0), 43.9 (2), 38.1 (1), 32.9 (1),32.0 (1),28.6 (2), 25.2 (2),22.7 (2), 19.3
(3), 15.2 (3). For 48 (mixture 3:1 from 'H nmr): IR: 3456 and 1763 em".

'H nmr (CD,CI,): 02.88 (6H, m), 2.66 (2H, m), 1.65· 2.03 (10H,

unresolved m), 1.24 - 1.55 (16H, unresolved m), 0.82 - 0.94 (30H,
overlapping d).

\3C

nmr: S213.3 (2'3.2), 9B.7 (97.1), 76.0 (75.3), 43.5

(43.0),36.8 (38.6), 37.6 (36.0), 32.9 (32.6), 31.4 (31.3),26.9 (28.8),26.0
(23.8),20.1 (19.5), 17.0 (16.9).
(6S,9R)-6-Methyl-g.(methylethyl)spiro[4.5Jdecane·1.4~drone

(49) and

(6R.9R)·6-Methyl~g..(methylethyl)spiro(4,5]decane-1
A·dione

(50). To a solution of tetrahydrocarvone i1:1 mixture of methyl epimers;
340 mg, 2.20 mmol) and BF3 .Etp (D.30 mL, 2.6 mmol) in CH 2 CI 2 (9.0

ml) was added 1 (0.9 mL, 3.3 mmol) at rt, and the reaction mixture was
stirred for 22.5 h.

Hp

(approx. 0.4 mL) was added, followed 10 min later

by BF3 .Et20 (4.0 mL, 33 mmol). This was stirred for 30 h. Work-up
followed by purification (charcoal/Florisil) provided 408 mg of a yellow oil.
Chromatography of the oil gave 12 mg of recovered tetrahydrocarvone,
50 16 (14 mg, 3%) and the more polar isomer 49 (254 mg, 52%) as a
yellow oil: IR: 1759 (shoulder) and 1719 em". lH nmr: 1S 3.01 - 2.74 {2H,

ml, 2.66·2.49 (2H, m), 2.07 • 1.74 (3H, m), 1.70·1.00 (6H, m),0.91

-67(3H, d. J = 5.0). 0.874 (3H, d, J = 6.7), 0.869 (3H, d, J :: 6.8).

':Ie nmr:

1) 214.6 (0),214.1 (0),60.8 (0), 38.8 (1), 34.7 (2), 34.3 (2), 32.7 (1),31.7

(1),27.6 (2), 25.2 (2), 22.1 (2), 19.7 (3), 19.4 (3), 14.6 (3). MS. 222 (21.
M'), 207 (8), 179 (12), 151 (13). 138 (59),126 (59), 125 (100), 112 (37),
111 (24),98 (46), 95 (25), 55 (54), 43 (37), 41 (87). Exact mass calcd.

for C,.H 220 2: 222.1618, found 222.1604.
2,2·0Imethyl-l,3-cyclopentanedione (51). To

a solution 01

acetone (16S mg, 2.84 mmol) and BF3 .Et20 (0.35 mL. 2.9 mmol) in

CH l CI 2 (9.0 mL) at rt was added 1 (1.1 mL, 4.2 mmol). The reaction
mixture was stirred for' hat rt. and H;P (approx. 0.4 mL) was added

followed 10 min later hy BF3.EI2 0 (5.1 ml, 42 mmol), which provoked a
vigorous exothermic reaction. The mixture was stirred lor 1 h, and work-

up followed by purilication (charcoaVFlorisit) which afforded 51 (299 mg.
84%) as a pare yellow solid, mp 36.5· 38°C. IR: 1725 em". 'H nmr: 15

2.81 (4H, 5), 1.'5 (6H, 5).

"c nm" 0 216.3 (2C, 0), 52.6 (0),34.5 (2C,

2),20.2 (2C, 3). MS. 126 (54, M'), 111 (19),83 ('8), 70 (100), S6123),
55 (21),42 (83). Exact mass calcd. for C 7HIO0 2 : 126.0680, round
126.0678.
2~Methyl~2·(3-methylbutyl)·1,3·cyclopentanedlone(52).

A

solution ol6·methylheptanone (303 mg, 2.37 mmol) in CH 2CI 2 (35 mL)
was cooled 10 -78°C, and BF3 .Et20 (4.5 mL, 37 mmol) was added
followed by a solution of 1 (1.6 ml, 6.1 mmol) in CHP2 (6.0 mL)

over
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2S min. The reaction mixture was allowed to warm to 11, and stirring was
maintained for 3 days. Work·up provided a dark, viscous oil. from which
chromatography afforded S2 (300 mg, 65%) as an oil: fR: 1764
(shoulder) and 1724 em". 'H nmr: S 2.76 (4H, apparent narrow d. J '"
0.6),1.56 (2H, m), 1.49 (1H. m), 1.22 - 1.03 (4H, m), 1.09 (3H, s), 0.82
(6H, d, J

= 6.6).

"c nmr: S 216.3 (2C, 0), 56.4 (0), 38.7 (2), 35.7 (2),

34.9 (2C, 2), 27.2 (11, 22.1 (2C, 3), 22.0 (21, 18.5 (3). MS: 196 (1.4, M'l,
181 (1), 153 (4), 125 (100), 113 (30), 112 (60), 97 (24), 82 (17), 69 (27),
41 (61). Exact mass calcd. for C12H2Q02: 196.1462, found 196.1454.

2,2-Dlelhyl-1,3-cyclopentanedlone (53). To a solution of 3pentanone (243 mg, 2.83 mmol) and BF3 .Et2 0 (0.40 ml. 3.4 mmol) in
CH2C~

(9.0

ml) at rt was added 1 (1.1 ml, 4.2 mmol). The reaction

mixture was stirred for 3.7 h at 11, and H"O (approx. 0.4 ml) was added

° (5.2 rnl, 42 mmol). The mixture was

followed 10 min later by BF3 -:1 2

sUrred overnight. Work-up followed by purification (charcoaVF1orisil)
yielded 53 (204 mg. 47%) as an oillhat crystallized during storage: mp

a2.74 (4H, S), 1.68 (4H, q, J", 7.5),
a217.4 (2C. 0). 62.0 (0). 36.2 (2C, 2),

62 - 63.SoC. fR: 1720 cm· l . IH nmr:
0.77 (6H, I, J = 7.5). 13C nmr:

27.7 (2C, 3). MS (from GCMS): 154 (82, M'), 1391100), 126 (27),125
(91), , 11 (24), 97 (33), 83 (48), 69 (20), 55 (59). Exact mass calcd. for
COH,.02: 154.0993. found 154.0983.
7-Methylsplro{4.5}decane-1,4-dione (54). To a solution of 3-
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methylcyclohexanone (205 mg, 1.83 mmol) and BF3.EI20 (0.25 mL, 2.0
mmol) in CH 2C1 2 {9.0 mLl at rt was added 1 (0.75 mL, 2.9 mmol). The
reaction mixture was stirred for 1 h at rt, and Hp (approx. 0.3 mL) was
added followed 10 min later by BF3 .Etp (3.3 ml. 27 mmo!). The mixture
was stirred for 1 h. Work-up followed by purification (charcoaVFlorisil)
yielded 54 (306 mg, 93%) as a colorless solid: mp 68 - 70.soC. IR: 1714
cm· 1 • lH nmr: S 2.76 (4H, m), 1.94 (1 H, m), 1.90 - 1.53 (5H, m), 1.41
(1H, ddd, J

= 3.9,12.9.

0.87 (3H, d, J = 6.6).

13C

13.4). 1.13 (1H. dd. J- 12.7. 13.1), 0.89 (1H. m).
nmr: S, 215.9 (0), 215.5 (0), 56.7 (0), 36.8 (2),

34.3 (2), 34.2 (2), 33.6 (2), 29.0 (2), 26.2 (1), 22.2 (3), 20.6 (2). M5: 180
(55, M'), 165 (6), 151 (5), 125 (21),124 (49),112 (lOC), 111 (25). 95
(37),81 (43),69 (28),67 (38), 55 (69), 41 (51). Exact mass calcd. for
CllH1S02: 180.1149, found 180.116.2.
2,2~Bls{4·pentenyl}-1.3-eyelopentanedlone

(55). To a solution of

1,10-undecadien-6-ane (1.75 g, 10.6 mmol) and BF3 .Etp (1.3 mL, 11
mmol) in CH 2CI2 (90 mL) was added 1 (4.2 mL, 16 mmol) at rt, and the
reaction mixture was stirred far 11 h. Hp (approx. 1.3 mL) was added
followed 10 min later by BF3 .Et20 (20 mL, 165 mmal). This was slirred
for 3.5 h. Work-up followed by purification (charcoaVFlorisil) provided
2.15 9 of a brown oil, which GeMS analysis showed was 90% 55, some
unrearranged material. and less than 5% slarting ketone. A colorless
sample was obtained by chromatography: IA: 1722 and 1541 cm'l. lH
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nmr: S 5.69 (2H, m), 4.95 (4H, m), 2.71 (4H, s), 1.96 (4H, apparent q, J

= 7.0), 1.62 (4H, m).

l~C nmr: S 217.3 (2C, 0), 137.3 (2C, 1), 115.1 (2C,

2),60.8 (0), 36.1 (2C, 2), 34.6 (2C, 2), 33.7 (2C, 2), 23.7 (2C, 2). MS; no
M', 205 (2),167 (52),166 (33),141 (26),125 (25), 124 (17), 112 (44),
111 (35). 99 (21), 81 (38), 79 (26), 68 (27). 67 (54), 55 (69). 53 (26), 41
(100).
Reaction of 6-methyl-S-hepten-2-one with 1. Attempt to
prepare 56. To a solution of 6-methyl-S-hepten-2-one (198.5 mg, 1.58
mmol) in

CH2CI~

(9.0 mll was added BF3.EI2 0 (0.2 ml, 1.6 mmol) and 1

(0.6 ml, 2.4 mmol). The reaction was stirred 1.5 h prior to the addition of
H2 0 (0.3 ml). After further stirring 10 min, BF3.E~O (2.9 ml. 24.0 mmol)
was added and then the reaction solution was stirred overnight. Work-up
followed charcoaVFlorisil purification provided a brown oil, (71.5 mg, 23%
yield if pure). GCMS very complex with the major signals all containing a
mass fragment corresponding to 56. In addition many higher mass
fragments were present. A small portion of this material was heated with
TFA under reflux to give a black tar upon work-up, but unfortunately,
GCMS analysis indicated no new signals. Chromatography (2'%

EtOAclhexanes) of the remaining material, gave a small sample, a yellow
oil whose nmr did not suggest 56 nor any further cyclized material as
reported by Curran. 15
7-Methvlsplro(4.4]non-6-ene-1,4~dlone

(57). To a solution of 3-
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melhyl-2-cyclopenten·1-one (222 mg. 2.31 mmol) in

CH~CI~

(9.0 ml) was

added 1 (0.95 mL, 3.6 mmol) followed by BF3.ElzO (0.30 mL. 2.5 mma!),
and the reaction mixture was stirred al rt for 1h.

H~O

(approx. 0.4 rnL)

was added followed by BF:J.EI~O (4.2 mL, 34 mmol). alld this was stirred
for 1 h. Work-up followed by purification (charcoaVFlorisil) gave 210 mg
of a viscous oil for which GCMS analysis indicated a mixture of double
bond isomers, including the major peak. (41%), with this MS: 164 (100.
M' required for C'OH ,20 l ). 149 (14). 136 (29), 121 (20), 10B (83), 80 (82).
79 (94), 77 (34). T!le 'H nmr spectrum of the mixture showed olefinic
mulliplets at is 5.95, 5.18, and 5.01 in a ralio of 4:1 :2.5, respeclively.
Splro[4.5]dec-6-ene-1,4-dione (58). A reaction of 2-cyciohexen-1one (251 mg. 2.61 mmol) under conditions very similar 10 lhose far 36
and subsequent chromatography ultimately provided only 9.3 mg
(approx. 2%) of a yellow oil, which GeMS suggested contained a mixture
of 58 and its double bond isomer (3: 1, respectively). For 58: MS: 164
(96, M'), 136(13), 135 (10),122(121.108 (581, 80 (57).79 (100), 77
(37).
8,8-Dimelhylsplro[4.5]dec-6-ene-1,4-dlone (59). To a solution of
4.4-dimethyl·2·cyclohexen-1-one (214 mg. 1.73 mmol) and BF~.EllO
(0.20 ml, 1.6 mmol) in

CH2CI~

(9.0 ml) at rt was added 1 (0.70 mL, 2.7

mmol). The reaction mixture was stirred for 1 hat rt prior 10 the addition
of H~O (approx. 0.2 ml) followed 10 min later by BF3.EI~O (3.2 mL, 26
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mmol). The mixture was stirred for 70 min. Wor1<·up followed by
purification (eharcoallFlotisil) afforded 59 (237 mg. 72%) as pale yellow
crystals: mp 78.5 -

aaoc. IR: 1755 (shoulder) and 1716 em·

1

•

'H nmr:

a

5.88 (lH, d, J = 9.9), 5.11 (lH, d, J = 9.9), 2.85 (4H, m), 1.79 (2H, m),
1.60 (2H, m), 1.04 (6H, 5).

"c nmr: 6 213.3 (2C, 0), 143.3(1), 117.2 (1),

60.0 (D), 34.6 (2C, 2), 31.7 (2), 31.1 (0),26.9 (2C, 3), 25.6 (2). MS: 192
(46, M'), 177 (IOO), 149 (18), 131 (20),121 (43), 107 (17), 93 (34), 91

(30),77 (29). Exact mass ealed. for C12H,f.o2: 192.1149. found 192.1141.
2-Benzvl·2-methyJ·1,3·cyclopentanedlone (60). To

a solution of

1-phenyl-2-propanone (260 mg, 1.94 mmol) and BF3.Et20 (0.30 mL, 2.5
mmol) in CH2Cl 2 (9.0 mL) at rt was added 1 (0.80 mL, 2.9 mmol). The
reaclion mixture was slirred lor 2.3 h al rt prior 10 the addilion of Hp
(approx. 0.4 ml) followed 10 min laler by BF,.EI20 (3.6 mL, 29 mmoO.
The mixture was stirred overnight. Work-up followed by purification
(charcoaVFlorisil) afforded 317 mg of a pale brown oil from which
chromatography yielded 60 (300 mg, 51%) as waxy yellow crystals: mp
42 - 4:r'C. IR 1724 em". lH nmt:

a 7.21

(3H, m), 7.03 (2H, m), 2.95 (2H,

s). 2.55 (2H, m), 2.05 (2H, m), 1.19 (3H, 5). 13C nmr:

a217.2 (2C, 0),

135.6 (D), 129.4 (2C, 1), '28.4 (2C, 1), 127.0 (1),58,1 (0),42.8 (2), 35.6
(2C, 2), 19.8 (3). MS: 202 (33, M'), 187 (10), 159 (18),145 (11), 117

(18),91 (100). Exact mass calcd. for C13H,.02: 202.0993, found
202.0989.

-732',3'-Olhydrosplro[ cy~1 opantane-1 ,2'-[1 H] Indena]·2,5-dlone
(61). To a solution of 2·indanone (259 mg. 1.96 mmol) and BF3 .EtzO
(0.30 mL, 2.5 mmol) in CHzCl: (9.0 mL) at rl was added 1 (0.80 mL. 2.9
mmol). The reaction mixture was stirred lor 2 h at rt prior to the addition
of H20 (approx. 0.4 mL) followed 10 min later by BF3 .Elp (3.6 mL. 29
mmol). The mixture was stirred overnight. WorK-up followed by
purification (ehareoaVFlorisil) provided 61 (258 mg, 66%) as a beige
solid: mp 112 - 114°C. IR: 1721 em". 'H nmr: S 7.17 (4H. br s), 3.22
(4H, 5), 2.84 (4H, 5).

"c omr: 5213.7 (2C, 0), 139.2 (2C, 0),

127.1 (2C,

1),124.2 (2C, 1), 62.0 (0), 40.0 (2C, 2), 34.7 (2C, 2). MS: 200 (56, M').
172 (100), 158 (53), 143 (42),128 (47),116 (74),115 (85). 58 (59).
Exact mass calcd. for C'3HUOZ: 200.0837. found 200.0856.
1',2',3',4'·Tetrahydrosplro[cyclopentane-1.1'-naphthalene]-2,5dione (62). To a solution of1-tetralone (296 mg. 2.03 mmol) and
BF3 .EtZ O (0.30 mL. 2.5 mmol) in CHzCIz (9.0 mL) al rt was added 1 (0.80
mL. 2.9 mmol). The reaclion mixture was stirred for 2.2 h at rt prior to
the addition of H2 0 (approx. 0.4 mL) followed 10 min later by BF3 .EtzO
(3.7 mL. 31 mmol). The mixture was slirred overnight. WorK-up followed
by purification (charcoaVFlorisil) provided 312 mg of a pale brown solid
that GCMS analysis showed was a 1:3.3 mixture of Hetralone and 62. A
colorless, analytical sample was obtained by chromatography: mp 102.5
• 104°C.IR: 1719 em". 'H nmr: S 7.21 - 7.03 (3H, m), 6.53 (1H, d. J=

-74-

7.6),2.91 (4H, complex m), 2.82 (2H, narrow m), 1.92 (4H, narrow mI.
'~nmr: 0214.7 (2C, 0), 138.4 (0), 131.7 (0), 129.6 (1),128.3 (1), 127.4

(t), 126.2 (1), 62.3 (0), 35.1 (2C, 2), 31.4 (2), 28.6 (2), 17.8 (2). MS: 214
(100, M'), 186 (16), 158(43), 130(64), 129(73), 128 (40),115 (37).
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STUDIES TOWARDS THE SYNTHESIS OF FREOERICAMYCIN A

INTRODUCTION

Fredericamycin A, isolated from strains of Streptomyces grieseus
in 1981," is an antitumor and antibiotic compound v'hich, unlike other

Fredericamycin A
mpllbers of this class, has a unique l-shlipe structure owing 10 the spiro
ring system. II

As a result

01 its promising anticancer activity. there have

been numerous model studies20 · 30 and four successlultolal syntheses,:"
:lS

While the first total synthesis of fredericamycin A was repOr1ed by Kelly

and workers 20 • 31 in 1986, it was 1992 before the second synthesis was
completed. 32 In 1993, two addilionaltotal syntheses have been
reported.33.~
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Scheme 26
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A common strategy lor the synthesis of fredericamycin A was to
establish the spiro center by the condensation of a lower DEF ring
synlhon with an upper ABC synthon. Indeed, the inital synthesis by Kelly
and workers 20• 31 provided (±)·lredericamycin A (in less than 1% overall
yield) with the key step being the hase induced cyciization of the lower
DEF synthon 63 with the upper ABC synthon 64 (Scheme 26).
Scheme 27
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Both Clive32 and Rao» established the key spiro center using
radical cyclization. Clive and coworkers 21 • 32 prepared the pentacyclic
alcohol 67 (68%) by the condensation of aldehyde 65 with Ihe carbanion
derived from bromide 66 (Scheme 27) and subsequent functional group
manipulation led to !he radical precursor 68. S-ext>Oigonal closure usng
triphenyltin hydride gave the spirocyclic compound 69 in 50% yield as a
single isomer (Scheme 28).
Scheme 28
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Aao and coworkersn . 33 gained access 10 the key spiro center
using a S-endo-trigonal radical cyclizalion. Aldol condensation of
aldehyde 70 with the ABC synthon 71 in the presence of lithium
diisopropylamide (LOA) furnished adduct 72 (54%) (Scheme 29). Sodium
methoxide-mediated rearrangement of 72 (S8%) followed by introduction
of a halogen using copper(lI) bromide and maganese(lll) acetate in
ace!' acid gave the radical precursor 73 (Scheme 30). Radical

-78Scheme 29
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cyclizalion foUowed by dehalogenalion yielded the hexamelhyl elher of
Iredericamycin A in 55%

y~ld.

Scheme 30

73

~:~..J ~

While our work was in progress, Julia and coworkers23. 34
pUblished the tolal synthesis ollredericamycin A using

a

very similar

approach 10 ours. The entire lower portion of fredericamycin A including
the spiro center was prepared using :1".'3 "kelal conditions· developed in
our laboratories with 1,2-bls(lrimelhylsifyloxy)cyclobulene 1. 16
Spiroannulation of ketal 74 with 1 aftorded spiro diketone 75 in 33% yield
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Scheme 31
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(Scheme 31). Subsequent bromination and dehydrobromination provided
the key enone 76. Condensation of the AB synthon. lactone 77 (see
earlier model studies by both Parker2· and Bach 25 for similar AS ring

Scheme 32

,.~

construction), wit.h enedione 76 under basic conditions (LDA then NaH)
gave access to the complete carbon skeleton with all the oxygen
funclionaUUes of fredericamycin A (Scheme 32).
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Scheme 33

7.
In addition to these total syntheses there have been numerous
model studies and partial syntheses. Parker and coworkers"

2.

concentrated their efforts on the preparation of the trialkoxyphthaJic acid
derivalive 78, which was 10 serve as the ABC ring precursor (Scheme
33). Subsequenltransformation to the analogous lactone was intended to
fead to the ABCOEF rings using an isobenzofuran approach developed

Scheme 34

~
eo

previously (79 to

OH

8W'" (Sch:::me 34) in conjugation with the OEF synthon

81 (Scheme 35).201<1

-81Scheme 35

An extension 10 Parker's isobenzofuran approach was adopled by
Bach and coworkers,zs who reported a Diels-Alder cyclization between
Ihe isohenzofuran 82 (generated in situ) with enone 83 (Scheme 36).
Scheme 36

©yo
83

Boger and Jacobsen25 furnished the ABCDE rings using an
alkyne-chromium carbene complex benzannulatlon reaclion lollowed by

Scheme 37

aldol cyclization. .AJkyne 84 (Scheme 37), prepared fr':lm 4-chromanone
in six steps in 36% overall yield, was coupled wilh the chromium carbene
85 (Scheme 38), generated from vanillin in 43% overall yield (chrom'um
carbene being established by melallation), to afford the key telracyclic
compound 86 in E. single step in 48% yield (Scheme 39). Cleavage of the
sUy! ethers, Swern oxidation of the alcohols, and aldol closure
established Ihe ABCDE rings.

Scheme 38
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Scheme 39

84+85

66

Terashima11 accessed the ABeD rings using an intramolecular
Diels-Alder cyclization. Dieneyne 87 furnished adduct 88 (Scheme 40) in
a high yield since the configuration of the carbon-carbon single bond of
the diene portion was fixed (only s-cis dienes will partake in the DielsAlder reaction). The result demonstrated that Ihis method may be used
with an optically aClive dieneyne derivative to enable an optically active
synthesis of fredericamycin A.

Scheme 40
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Kende and Ebetino13 approached the spiro center by a phenoxy-

~84

-

enoxy radical cyclization. Treatment of p-diketone 89, prepared from 3.5dimethylphenal in 18% overa! yield, with lerricyanide provided

a mixture

of 90 (67%) and the desired telracyclic compound 91 (8%) (Scheme 40).
The authors reported that the yield increased with the introduction of an
iodine in the 4-posilian of the aromatic starting material. The iodine
analogue af 91, however, was recovered in less than 50% yield.
Scheme 41
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A novel, two-step photochemical approach toward fredericamycin
A was reported by Mehta and Subrahmanyam. 29 Enane 92, prepared by
the condensation of an indenyl anion with 2-melhylbenzoyl chloride,
provided the spirocyclic compound 93 (Scheme 42). The mechanism
presumably invotved a 1,6-hydrogen abstraction from the methyl
substituent followed by spirocyclization. Unfortunately, introduction of the
second carbonyl in the C ring was found \0 be a multistep task.
Madel studies by Braun and Veith:JO (Scheme 43) concentrated on
an intramolecular Friedel-Crafts cyclization. The key thioacetal substrate

-85Scheme 42
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94 was derived from phthalic anhydride in several steps and provided the
desired tetracyclic compounds 95a and 95b upon treatment with
aluminum trichloride or silver perchlorate.
Scheme 43
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II.

RESULTS AND DISCUSSION

Our synthetic studies towards lredericamycin A 'ocused on the
preparation of the molecule 96. which addressed the ABCDE rings. The

spiro center, whictl had proved troublesome in other approaches, would
be established by gaminal acylation of l·indanc"le with 1,2-

Fredarlcamycln A

96

bis(lrimethylsilyloxy}cycJobutene (1). Indeed, the preparation of 43
(Scheme 44) was described in the previou!' chapter.

Scheme 44

1. 1, BFJoEt20
2.

H2O I xs BFJ· EI20

©So
43

Our Initial attempts to extend this methodology was to employ a
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much more elaborate cyclobulene reagent. Thus, we hoped to not only
incorporate the C ring ,Jut also the A and B rings during the gem ina I
acylation step. For such a transformation to be successful, a fused
tricyclic

~yclobutene

would be required such that its rings were either

aromatic at the onset or had funclionality in place to allow aromatization
in a later step. Noting the high degree of oxygen substitution on both the

A and B rings it seemed beneficial to have an aromatic cyclobutene
derivative such as 97 (Scheme 45), in 'Nhich not only were the rings
Scheme 45
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aromatic, butlhey also possessed the (equired oxygen subslituents. The
conjugated aromatic cyclobutene derivative 97 was expected to be of
much higher energy than 1, as all four carbons of the cyclobutene moiety
would be Sp2. Furthermore, the diester required to generate such a
cyclobutene analogue, 98, would be more rigid than an aliphatic diester,
and this might discourage the acyloin coupling. However, if the
cyclobutene 97 could be prepared, even as a short-lived species, and

-88the subsequent geminal acylal;oo were successful, the entire ABCD ring
lystem with the oxygen substituents, in addition 10 a nonlunclionalized E
ring. could be realiZed ;n a single synthetic translormalioo (Scheme 46).
Schelll6 46
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Model studies utilized the nonsubsl~uted phthalate 99 and it was
subjected to conditions used for the preparatjoo of 1 (Scheme 47).11 All
the fractioos obtained during vacuum distillation 01 the producl boiled at
temperatures greater than 100°C /2 mm Hg and were highly colored.
The

I:lC

nmr spectrum of the fractions all contained resonances lor the

starting diester 99, and while some spectra included minor signals
assigned to TMS and aromatic resonances, there were also alkane
resonances. Thesa resonances suggested that reduction and/or
polymerization 01 the starting material and/or product may have occurred
as both the starting mat~rial and solvent were aromatic. In an attempt to
avoid these processes, th& reaction was repeated under milder
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Scheme 47
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conditions as reported by Auhlmann 3511 such that the
sodiumfTMSClJtoluene solution was cooled to room temperature prior to
the addition of the diester. As an additional precaution, vacuum
distillation of the product was not attempted. Removal of the solvent by
simple distillation under a nitrogen atmosphere left a highly colored
liquid, which, from nmr analysis, was found to be mainly the starting
diester 99.

It was possible thai the cyclobutene species was generated but in
such a smalt quantily that its nmr signals were masked by the residual
starting diester, or that the cyclobulene species was of such high
reactivity that it was consumed in polymerization andlor decomposition
pathways. We reasoned that while chromatography would not directly
provide the proposed cyclobutene (stability of cyclobulenes on silica is
poor), if the proposed cyclobutene could be reacted with a carbonyl
moiety, the subsequent geminally c.cylaled product could be isolated
from residual sfarting diester 99. Isolation and characterization of such
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an acylaled product would not only prove the in situ generation 01 the
cyclobutene but would also give an indication 01 the elticiency of lhe
gemina I acylation reaction. In practice. ketalized cyclohexanone was
added to the filtrale obtained from the acyloin sequence. followed by an
excess 8F3.Et20. Aqueous work-up provided a crude product whose nmr
spectrum was dominated by signals for the remaining diester.
Chromatography gave a 64% recovery 01 diester 99, but, more
importantly, there was a series of later fractions (('rude yield 30%) that,

'00

while impure, indicated the geminaUy acylated producl100.
Unfortunately, both the diester 99 and the putative geminally acylated
product 100 had similar R) 's making separation difficult. As a result the
nmr spectra of the putative product 100 also included resonances for the
stA.rting material. The lH nmr spectrum included two aromatic
rEsonances at 5 7.5 and 7.8 ppm, two broad, ill-defined alkane
resonances between 5 1.0 - 1.3 ppm, in addition to four multiplets from 5
1.7 to 2.0 ppm having approximately equal integration. Included in the

-91-

':lc nmr speclrum were a number of resonances that were similar to the
resonances reported lor the analogous carbons of spiroj4.5jnonane-1,4diane (ppm) 31:' 0 100 (vs 31) 202.2 (215.0), 52.6 (55.6), 33.9 (39.1),
29.6 (29.0), 24.7 (24.7), 20.3 (20.3) ppm in addition to aromatic and ester
type resonances. While this data does support an acylation product,
repealing the experiment failed to provide the proposed acylated product
100 free from the starting diester. In all attempts the recovery of the
diester was typically 60 • 77%, suggesting that if the acyloin sequence
were successful, the subsequent geminal acylation would not afford the
desired diketone in a synthetically acceptable yield. Faced with a low
chemical conversion and no pure samples

(0

determine actual yields, we

turned to a sequential roule for the addition of rings A, 8, and C. A
compound with ring C was diane 43 lhat was prepared in the
methodological study (Chapter 1).

Scheme 48

©So
83

Dehydrogenation 01 diane 43 with benzeneselenic anhydride
provided enedione 83 in 59% yield (Scheme 48), Its 'H nmr spectrum

~o
102

83

included vinylic hydroge... resonances at 67.45 pPm. The structure 01
enedione 83 was similar 10 thai of N-phenytmaleimide 101 and maleic
anhydride 102, two very effective Diels-Alder dienophiles. It

Scheme 49
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was this correlation thaI suggested the possiblity of generating the A and

-93B rings by successive Diels-Alder cyclizalions, as depicted in Scheme

49. However, the limitations 01 enone 83 as a dienophile with
conventional dienes was quickly realized. Indeed, no evidence for any
Diels-Alder adduct between 83 and 2-methoxyfuran co~ld be obtained
even under catalysis by ethylaluminum chloride. Even the more reactive
Danishefsky's diene (tranS-1-meth oxy-3-(trimethylsilyloxy)-1 ,3-butadiene)
(103) was very reluctant to ~yclize. A solution of 83 and 103 {1.5
equivalents} even after being heated at reflux for 8 days. provided only
13% of adduct 104, which had aromatized by the loss of methanol during
chromatography (Scheme 50). lis

13C

nmr spectrum included carbonyl

resonances at 8203.0 and 201.4 ppm in addition tCl alkane resonances
Scheme 50
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at /) 68.5, 33.4, and 32.9 ppm. The 'H nmr spectrum included two
distinctive one-proton aromatic resonances at /) 7.05 and 7.92 ppm, This
was in contrast to the same sequence by Bach and coworkers 25e in which
106 was obtained after chromatography (Scheme 51). These authors
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Scheme 51

reported that
obtained

a mixture of diastereomers lOSs and 105b (87%) was

afl~r

healing the reaction at reflux for six hours, but the

trimethylsilyl group was lost upon Chromatographic workup affording 106
(60%). One can speculate that the increase in reaction time from 6 h to 8
days was the major difference. It is important to note however, that we
had observed very little consumption of the starting materials by TlC
during the first hours of reaction.
Scheme 52
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The apparent unreal:tivity of eoone 83 with 2-melhoxyfuran was a
concern as (Jur retrosynlhelic analysis (Scheme 49) hinged upon a
cyclizalion involving a highly substituted furan diene. The substituted
furan diene 110,J5b derived !rom tetronic acid 108 (Scheme 52), was
studied as it more closely resembled the required bicycJic furan diene

107. Futhermore, we hoped that the additional

~'Ieetron donating group

would induce Diels-Alder reactivity. Before allempUng the Diels-Alder
cyclizalion with enone 83, the analogous sequence with the more
reactive N-phenylmaleimide 101 was studied. Unfortunately, experimental
efforts to trap diene 110, generated from the treatment of enone 109 with
Scheme 53
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LDA and TMSCI, with 101 failed (Scheme 53). Despite a low recovery of
starting materials, no evidence for a Diels-Alder product could be found.
The result suggested that the less reactive dienophile 83 would not
undergo a Diels-Alder

~yclization

under these conditions.
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Scheme 54
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Xylylene derivatives are much more reactive in Dials-Alder
reactions owing 10 concomitant restoration of aromaticily. Such
derivatives have been used successfully in the synthesis of a number of
polycyclic ring systems.:l6 Bromination of ortho-xylene 31 allowed access 10
the nonlunclionalized xylylene precursor, compound 111. in 60 - 70%
yield (Scheme 54). Subsequent treatment of 111 wilh sodium iodide in a

Scheme 55
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refluxing dimelhylformamide (DMF) solulion:l8 allowed the in situ
generation of diene 112, which could be trapped in the presence of
enedione 83 to give pentacyclic compound 113 (Scheme 55). Neither

-97chromatography nor crystallization provided pure 113, rather a mixture of
enone 83 and the desired adduct 113 was obtained. In an attempt 10
oblain 113 free of 83, the sequence was repeated using three
equivalents of telrabrominated 111, which allowed the isolation of adduct
113 in 47% yield. The IR spectrum for 113 included two carbonyl
resonances at 1734 and 1705 cm·'. Included in the

13C

nmr spectrum

was the carbonyl resonance at 0 201.6 ppm and the spiro carbon at 0
68.5 ppm. The lH nmr spectrum included aromatic resonances with the
singlet at 0 8.60 ppm being most distinctive. The transformation was not
optimized, but a similar reaction by Bach and wo;kers found activated
zinc to be superior to Nal.2SC It was important first to functionalize the
brominated precursor to allow incorporation of some o~en substituents.
Scheme 56
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·98The methoxy was introduced using 3,4·dimethylanisole instead of
artha-xylene as the starting malerial. Tetrabrominated 114, prepared in
the same manner as that reported Irom ortha-xylene, provided adduct
115 (Scheme 56), albeit in a lower yield (14%). Again, the sequence was

not optimized. Unlike the unfunctionalized adduct 113, however, the
material obtained by chromatography was only partially soluble in

COCI~,

The soluble material contained 115. The insoluble white powder that
remained was readily dissolved in CD:pD, and it showed no resonances
assigned to 115. The adduct 115 obtained in this way was of reasonable
purity, contaminated by only trace amounts of the CD30D·soluble
material. The 'H nmr spectrum of 115 included aromatic resonances at 0
8.48, 8.02, and 6.62 in addition 10 the melhoxy resonance at B 4.00 ppm.
The 13C nmr spectrum included carbonyl resonances at e5 201.9 and

201.4 ppm, and the aromatic carbon bearing the methoxy substituent
appeared at B 160.5 ppm. Derivatizing such a methoxy compound would
allow incorporation of whal would become the Quinone oxygens in
addition to the methoxy substituent of the A ring. A similar scheme was
previously reported,25<: but It did not address the Bring oxygens. Work by
other groups2l. 25, ~ has demonstrated the reluctance of an
unfunctionalized 8 ring 10 be oxidized. Therefore, il was very important to
have oxygen funclionalily established in what would become both the A
ring (OMe and phenolic) and the B ring (quinone).

-99Scheme 57
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While the required oxygens of the A ring may be derived from a
highly substituted anisole derivative, the oxygens of the B ring would
require the sites of bromination to be primary alcohol derivatives

M.O~H,OX
~CH,OX
OX

'16
(Scheme 57). A target such as 116 would be necessary but
its sensitivity towards brominalion and subsequent xylylene generation is
unknown. As shown in Scheme 58, il was hoped Ihal the trisubstiluted
aromatic 119 could be prepared 10 serve as a model compound. DielsAlder reaction of dimethyl acetylenedicarboxylate wilh Danishefsky's
diene 103 provided the aromatic diester 117 in 58"10 yield. The adduct
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Scheme 58
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had aromatized by lhe loss of methanol, just as we had found with lhe
sequence involving enedione 83. The 'H nmr spectrum of the product
included the phenolic resonance at S 8.06 ppm in addition to aromatic
resonances at S 7.73, 7.01 and 6.93 ppm. Protection of 117 using
dimethyl sulfate proceeded smoothly to alford 118, but in a low yield
(39%). We suspected that ester hydrolysis may have been a competing
reaction to give the polar dicarboxylic acid, which would not have been
eluled during chromatography. Unfortunately, ester reduction was not
straightforward using liAIH. as the material isolated after
chromatography had a complex nmr spectrum. Under the assumption

-101Ihat atleasl some material W3S reduced 10 Ihe alcohol, the product was
brominated. The compound itself was to serve only as a model Sludy, so
no attempts were made 10 isolate and characterize the protected benzyl
alcohol derivative or the brominated analogue 119. Subsequent trapping
of the xylylene with N-phenylmaleimide 101 was not successful.
It was uncertain whether this was because Ihe tetrabrominated species
had not been prepared or that the xyJylene had not been generated.
Later work involving the reduction of another aromatlc dIester 136 was
only accomplished using DIBAl at

-7aoe. All products recovered from

atlempts to reduce the diester with UAIH. were found to be complex,
which suggested that the former reason was correct.
Scheme 59
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Bromination of 2'''Wdroxymethyl)phenoI120 (Scheme 59), under
condiiions thai had proven successful in brominating xylene and the
derivative with the methoxy substituent, provided a crude product which
from the nmr spectra suggested a mixture of the monobromo product
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121 (the nmr spectrum obtained on the crude product included the
following resonances: in the 'H nmr spectrum a singlet at is 4.50 ppm,
while the

13C

omr spectrum included a benzyl resonance at is 27.1 ppm),

the further brominated derivatives SUGh as 122 (the

13C

nmr spectrum

included an additional alkanE:! resonance at is 32.8 ppm whereas the
aromatic region suggested a mixture of at least three different
compounds) and the oxidized derivative 123 (the 'H nmr spectrum of the
crude product also included an aldehyde resonance at is 9.80 ppm and a
carbonyl resonance at is 194.9 ppm was observed in the

13C

nmr

spectrum). One possible explanation for the formation of aldehyde 123 is
through the bromo compound 124 as illustrated in Scheme 60. While it is
stili uncertain as to whether a brominated protected benzyl alcohol can
be prepared, we redirected our atlention to base-induced cyclizations.

Scheme 60

~H
124

123

To a solution of 43 and LOA was added diacid chloride 125,
obtained from the treatment of phthalic anhydride with phosphorus
pentachloride (PCl s),39 the product obtained after an additional equivalent

-103of LDA was added, gave very little indication of any reaction as the
starling malerials were nol consumed (Scheme 61).
Scheme 61
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1.4·Nucleophilic additions to enedione 83 were more successful.
Subsequent 1,2·addilion would give the desired carbocycle as illustrated
in Scheme 62. A suitable nucleophile would be the anion obtained by the
Scheme 62

deprotonalion 01 bicyclic lactone 126. Deprotonation at the benzylic
position would result in two potential reaction modes, via the two
resonance structures 127 and 128 (Scheme 63). The former should react
as a nucleophile, whereas the latter might react by a Liels-Alder
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cyciization. Both would result in the formation of the same product.
Scheme 63

120

127

128

Lactone 126 was obtained from the pyridinium chlorochromale

(pee) oxidation of the crude DIBAL product (lac101129 and dio1130)
(Scheme 64), the yield was unexpectedly low, 60% from the starting
diester using normal DIBAL conditions.~o The yield increased to
approximately 75% by gently heating the resulting gel after the DIBAL
Scheme 64

solution was quenched and washing it with a large volume of
dichloromethane (300 mL). Spectral characteristics of lactone 126
includl3d the carbonyl resonance in the I~C nmr spectrum at 1) 17t.1 in
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addition to the benzylic carbon at

a 69.6 ppm. The benzylic hydrogen
a 5.33 ppm.

resonance in the lH nmr spectrum was observed al
Scheme 65

As discussed above, deprotonalion of 126 can provide two
canonical forms of the same anion, 127 and 128. If the latter were
dominant, one would expect that during the reduction of diester 99,which
was likely to proceed through an intermediate such as 131, a Diels-Alder
cych::.atlon might occur if a dienophrte were added, Some ambiguous
evidence for adduct 132 was found upon addition of N-phenylmaleimide

OR

OC><,OH

o

130

C><,OH

0

OOq:-o
132

o
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101 10

a solution

of DIBAL and diester 99 (Scheme 65).

Chromatography, not unexpectedly, established the major componenlto

be the diol130 (the ,~ nmr spectrum included a benzyl resonance at ii
63.4 ppm), but in addition it yielded a small amount (4%) 01 adduct 132.
It's lH nmr spectrum included a multiplet at l) 4.5 ppm, a double doublet

at 0 3.4 ppm,

oc:

126

99

130

a double doublet at 0 2.8 ppm, and two distinct aromatic

signals at 0 7.5 ppm and 7.3 ppm. However, reproducibility was a
problem as subsequent experiments yielded only diester 99, lactone 126
and dio1130.
SCheme 66
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133

134

Deprotonation of lactone 126 and trapping with chlorotrimethyl·

silane gave overwhelmingly 133, not the O-alkylated product 134
(Scheme 66). Included in the 13C nmr spectrum of 133 were resonances
at 0 170.9. 77.9, and -4.4 ppm. This result suggested that nucleophilic
addition rather than Diels·Alder cyclization was the beller reaction path. It
is possible that the isobenzofuran 134 was generated in situ, but, being
exuemety reactive, ~ was destroyed on workup al: the 13C nmr spectrum
of the product also included resonances for the starting lactone 126. The
intensity of these resonances (Iactooe 126) were approximately half
compare with those allribuled to 133.
Deprotonalion of lactone 126 with LOA followed by the addition of
N-phenylmaleimide 101 afforded a highly colored solution.
Chromatography gave a traction thai contained a crystalline colorless
solid (16%). which was insolubie in many deuterated solvents (CDCI3,

sulfoxide. A second traction (17%) was less pure, but contained mainly
the same compound. The nmr spectra were consistent with an aromatic
product. The adduct was assigned structure 135, in which one of the

~
135

o
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oxygens of 126 was lost 10 generale a second aromatic ring. It's

l:<C

omr

spectrum included a carbonyl resonance at 15 166.3 ppm in addilion to a
phenolic resonance at 5 152.5 ppm. The 'H nmr spectrum included
multiplets at S 8.42 and 8.15 ppm, both integrating to two protons, in
addition to a singlet at S 8.02 ppm. Recrystallization from dimethyl
sulfoxide provided crystals suitable for x-ray analysis, which confirmed
structure 135 (Figure 8). Because the maction was to serve only as a
modellhe reaction was not further studied.
Figure 8. X-ray Crystal Structure for 135.

If one oxygen could be incorporated in each of the A and Brings
(in addition to the required melhoxy substituent), subsequent oxidation to
the desired phenolic and quinone systems should be feasible. Therefore,
our efforts concentrated on the preparation of lactone 137 despite the
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·'~o
a.'
137

o;>M'~Co,A

Y'a.'Co,A
136

fact that under the reaction conditions one oxygen of the B ring was lost.
Bach 2olc: had reported that chromium trioxide in 80% acetic acid solution
failed to oxidize the 4- and 9-positions of the 8 ring in a compound
similar to 115. They attributed the reluctance of the aromatic ring to
undergo oxidation to deactivation by adjacent cyclopen,3ne ring
carbonyls. Parker and coworkers 23 reported the preparalfon of a triply
oxygenated aromatic diester in a related study.

Scheme 67

~C~
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As determined from model studies w!th phthalide, a suitable
precursor for the lactone appeared to be the substituted aromatic diester
136. The preparation of 136 by Dials-Alder sequences was studied. It

-110was hoped that the Diels-Alder adduct from Danishefsky's diene and
furanone could be oxidized to 136. However. no adduct was detected
even alter 6 days at room temperature (Scheme 67). Furthermore,
heating this reaction solution at reflux overnighl was also fruitless as only
the starting furanone (35%) was recovered. Our earlier investigation
showed that cyclizalion involving Oanishefsky's diene and dimethyl
acetylenedicarboxylate did afford an aromatic diester in which one
oxygen was lost to gain aromaticity. If another substituent could be lost
instead of the desired oxygen the idea could be of synthetic use.
Protection of the enol of dimedone as the methyl ether was
accomplished using Amberryst 15 and methanol which afforded 138 In
excellent yield (Scheme 68). The 13C nmr spectrum included the methoxy
resonance at 0 55.1 ppm while the IH nmr spectrum included the vinytic
hydrogen resonances at 0 5.36 ppm in addition to the methoxy singlet at

33.71 ppm.
Scheme 68

M~H.

o

A

M~~
138

1.LDA

2.TMSCi

Meo5
139

Depi Jtonation and subsequent trapping of the enolate with TMSCI.
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gave the desired oxygen-alkylated diene 139 (Scheme 68) in greater
than 80% yield. The regiochemicaJ purify was easily evident from

nmr

analysis. The 1H omr spectrum showed only two vinyJic hydrogen
resonances at 0 4.72 and 4.37 ppm. and tile

13C

nmr spectrum contained

nine signals including the Irimethylsilyloxy resonance at 0 0.15 ppm.
Scheme 69

'"
Dlels-Alder cyclization between diene 139 and dimethyl acetylenedicarboxylate slowly afforded the desired aromatic diester 140 (Scheme
69) that was not purified for fear of cleaving the trimethylsilyloxy group
during chromatography.
DIBAL reduction of 140 followed by

pee oxidation gava less than

1% of the desired lactone 141 1 (Scheme 70). (Its

lH

nmr spectrum

included aromatic resonances at 06.90 and 6.62 ppm in addition to the

I The structure or 141 was assigned from comparison with lactones 143 and
144. Included in the 'H nmr spectra 01141 was a methoxy resonance at 8 3.86 ppm
which was very similar for thai in 143 which had a shift at 8 3.a9 ppm.

-112Scheme 70
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T~S
CHP
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141

trimethylsilyloxy resonance at 1) 0.31 ppm.) The major product was the
desilylated laclone. Therefore, diester 140 was converted into the
Scheme 71

o ~H, ~

TM'1Qlco,cH,
OCH,

140

'.TSAF

CH,OlQtCo,cH,

0

COzCH:!

OCH,
142

dimethoxy derivative 142 by cleaVing the silyt ether with TBAF followed
by reprotection as the methyl ether using lodomathane (Scheme 71).
DIBAL reduction of 142 followed by pee oxidation gave laclones 143
(60%) and 144 (less than 10%) (Scheme 72). The regiochemistry of 143
and 144 was assigned based upon the NOE (Nuclear Overhauser Effect)
enhancement of the H·3 singlet by 4% upon irradiation of H·4 for 143.
Futhermore, lactone 143 showed two distinct methoxy resonances in its

lH nmr spectrum, at 5 3.95 and 3.89 ppm, wheras the IH nmr spectrum

-113-

Scheme 72

143 (mejor)

142

144 (minor)

for the minor lactone 144 gave a single methoxy signal at 0 3.88 ppm.
With the functionalized lactone 143 in hand, condensations with enone
83 were attempted In the hope of preparing the tetracyclr.; compound 145
(Scheme 73).

Scheme 73

"1°"'
°
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o

83

143

145

A solution of the lactone anion. generated with LOA, and enedione
83 was stirred overnight, but chromatography led only to the recovery of

-114the starting materials, 83 (17%) and 143 (79%). (Under the same
conditions the analogous silylated lactone 141 was also unsuccessful, as
chromatography provided recovered lactone 141 (31%) and 83 (100%),
as was the regioisomer, lactone 144).
Experiments in which the lactone 143, not the enedione 83, was
the limiting reagent, and using many equivalents of LOA, resulted in
consumption of the starting materials but failed 10 effeclthe desired
transformation. Repeating the sequence but with only two equivalents of
LDA yielded a crude product that from nmr analysis showed new
resonances in the aromatic region. Chromatography and crystallization
gave a product whose structure we could not assign from the nmr data.
The 1 H nmr spectrum suggested that it was composed of 83 and lactone

143 in a 2:1 ratio, but, unfortunately, the crystals were not suitable for xray analysis. We suspected the product might have been derived from
the desired tetracyclic compound by additional deprotonation and
incorporation of the second enedione molecule. When the sequence was
repeated using 1.2 eq LOA we recovered only starting materials:
enedione (48%) and lactone 143 (95%). While to date the conditions
required to generate the direct precursor for the synthetic target have not
been found, it is believed that with further experimentation, especially
varying the concentration of the base or the base ilself, Ihe desired
cyclized material can be prepared. In rel'lted work by both Parker"4 and

-115Bach25 OM equivalent of tert-butyllithium was successful for the reaction
utilizing a derivatized laclone. Both of these routes involved
isobenzofuran intermediates.

Figure 9. Target Molecule for Frederlcaymcln A Synthesis.

Frederlcamycln A

96

One crucial difference between our synthetic target 96 and
fredericamycin A (Figure 9) is that the target compound did not contain
an oxygen substituent in the E ring. This functionality in addition to the
remainder of fredericaymcin A might be allained by starting from ketone
146, prepared by Clive and coworkers,32 instead of 1·indanone.

~
'..
OSI~BI,l
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During the development of the gaminal ac;'lation of ketones with 1
(Chapter 1 of this manuscript), we did not evaluate substrates bearing a
p-oxygen substituent. For a 8-substituentthere was little effect on the
overall yield as both a-tetralone and S-methoxy-1-tetralone gave nearly

62

36

identical yields of cylopentanedione products f2 and 38: 55 and 54"10,
respectively. II was hoped that this would also be true for aromatic
substrates with a ll-substilUent such as ketone 146.
Scheme 74

147

'48

11 this route fails, the E ring substituent may be realized via 4chromanone. Gaminal acylation of chromone wilh 1 gave 147 in 35%
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yield. It is planned 10 cleave the ether function using boron Iribromide
and to recyclize to 148 (Scheme 74). Dehydrogenation of 148 with
benzeneselenic anhydride would afford the analogous enone, which
could replace the unfunctionalized enedione 83.

III.

Experimental

For general experimental conditions and instrumentation see
Chapter 1. Each nmr resonance has been assigned where the numbers
after the H (for 'H nmr resonances) or C (for

'3e nmr resonances)

denote the numbering scheme used for naming. For example, 07.45
(2H, s, H-3, H-4) refers to a 'H nmr resonance integrating to lwo protons
which are attached to carbons 3 and 4, respectively.
Spiro[3-cyclopentene·1,1'-lndan]-2.5-dlone (83). To a solution of
dikelone 43 2 (312.9 mg, 1.56 mmol) in chlorobenzene (80 mL) was
added benzeneselenic anhydride (0.68 g, 1.9 mmol). The reaction
mixture was heated at reflux overnight. Removal of the solvent under
vacuum furnished a tan oil. Chromatography (2% EIOAcJhexanes)
afforded 83 (182 mg, 59%) as yellow crystals: mp 58.5 . 61°e. IR: 1767
(shoulder) and 1703 em". 'H nmr: 07.45 (2H, S, H·3, H·4), 7.30 (lH,
symmetrical m, H·5'), 7.11 (lH, symmetrical m, H-4'), 6.78 (1H, m, H·7'),

~

See Chapter 1 for preparation and characterizalion.
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3.21 (2H, t, J = 7.5, H·3'), 2.39 (2H. I, J= 7.5, H-2'). '3(; nmr: l) 204.2 (C-

2, C'5), 150.2 (C'3, C·4), 145.4 (C'7a" 140.1 (C·3a'), 128.4 (C·5',
128.8 (C·4', 125.2 (C·B,. 122.2 (C·7'. 83.1 (C·l), 31.8 (C·2'), 31.7 (C·
3l MS, 198 (M', 100), 170 1M'· CO, 29), 155 (2), 141 (37), 115 (87), 82
(14),58 (37). Exact mass calcd. for C'3HIP2: 198.0680. found 198.0689.
Splro(cyclohelC8ne~1.2'-{2H)lndeneJ-1',3'-dlone

(100). Following

the procedure of Ruhlmann,35 sodium metal (1.24 g, 54.0 mmol) was
balled in toluene (250 rnl) for 1.5 h. After cooling to rt. TMSCI (7.5 ml,
5.9 mmol) was added to the suspension followed by 99 (5.9 g, 27 mmol).
After the additions were complete the reaclion mixture was heated at
reflux for 3.5 h and the mixture was maintained at approximately 60"C
overnight. After refluxing for an additional 7.5 h. the reaclion mixture was
allowed to cool, after which time it was filtered under a N2 atmosphere.
To the filtrate (under N2) was added cyclohexanone ketal (461 mg. 3.25
mmol) and BF3.2l:z0 (1.3 ml, 9.7 romol). The solution was stirred
overnight. The solution was washed with H20 (2 x 50 mll. and the
aqueous layers were re-extracted with ether (2 x 50 ml). The combined
organic solutions were washed with brine (70 ml). dried over MgSO.,
and &vaporated at reduced pressure. The crude material was filtered
through a charcoaVFlorlsil plug as descibed in Chapter 1 belore
chromatography (2% EIOAclhexanes), which provided 99 (3,82 g, 64%
recovery) and. in a later f~action, impure 100 (209 mg. 30% yield,

-119tentative structure). lH nmr resonances included aromatic patterns at 5:
7.8 and 7.5 in addition to alkane resonances at 5: 1.6 and 1.3.
Aesonances in the 13(; nmr of interest included 5: 202.2, 133.9, 131.0,
128.8 (2C), 125.6, 122.0, 52.6, 33.94, 29.6, 26.6, 24.7, 23.3, 22.1, 14.0.
5'-Hydroxysplro[2'.1-lndane-2H-lndene]-1',3'-dlone (104). To a
solution of 83 (212 mg, 1.07 mmol) in benzene (2.0 mL) was added 103
(30 mg, 1.6 mmol). The starting malerials were not consumed after
stirring at room temperature overnight. The reacUon solution was heated
under reflux for 7 days. Evaporation of the benzene at reduced pressure
followed by chromatography (35% EtOAcJhexaMs) yielded 104 (55.0 mg,
13%) as yellow, hair-like crystals: mp 210 - 213SC. IR: 3366, 1736, and
1692 cm". 'H nmr (C0300): 57.92 (1H, d, J= 8.4, H·7'), 7.27 - 7.37
(4H, m, H-4, H-4', H-6' and phenolic H), 7.20 (1H, m, H-5), 7.05 (lH,
symmetrical m, H-6), 6.59 (lH. d, J= 7.8, H·7), 3.22 (2H, I, J
3), 2.47 (2H, two overlapping t, J = 7.5, H-2').

= 7.5. H-

"c nmr (C0300): 5203.0

(C-11, 201.4 (C-31, 166.9 (C-51, 146.9 (C-3a' or C-7a), 146.7 (G-7a or
G-3a1. 143.7 (C-7a'), 135.8 (C-3a), 129.2, 127.8, 127.0, 126.0, 125.5,
123.6 (unassigned signals for C·4, 5, 6, 6', 7'), 109.1 (C-4), 68.5 (C-2'),
33.4 (C-2), 32.9 (C-3). MS: 264 (M'. 61), 247 (9). 235 (5), 207 (5), 178
(4), 149 (17), 115 (15), 62 (12), 45 (26), 28 (100). Exact mass calcd. for
C 17H 12 0 3 : 264.0786, found 264.0776.
2(SH)-4·melhoxyfuronone (109). To a solution of tetronic acid
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(424 mg. 4.24 mmol) in MaOH (30 ml) were added Amberlyst 15 beads
(2.0 g). The solution was stirred at rl for 4 days. Filtralion foUowed by
coo-:entration directly on chromatographic silica provided 109 (166.1 mg.
35%) as orange crystals upon flushing the column with MeOH: mp 58.5 -

6O"C. 'H nmr: 6 5.12 (lH. t, J
(3H, 5, methoxy).

''C nmr:

~ 1.1, H-3). 4.64 (2H. d, J = 1.2, H·5), 3.91

~ 180.3 (C-2), 88.7 (C·4), 67.6 (C-3 and C-5),

59.4 (methoxy). An earlier fraction provided 2(SH)-4,4-dlmethoxyluranone (15.5 mg, 3%) as a pale yellow liquid. IR 1789 em". lH nmr~:
4.26 (2H, s. H-5), :3,28 (6H, s, melhoxy), 2.73 (2H, s, H-3). 13C nmr 0:
173.1 (C-2), 104.4 (C-'), 72.2 (C-5), 49.8 (me'hoxy), 38.0 (C-3). MS, '46
(M', 6),115 (28), '04 (10), 89 (5), 88 (86), 73 (11), 71 (26), 59 (14),58
(28), ..5

(~1),

43 (100), 42 (31), 41 (34). Exact mass calcd. for

CsH,oO~:

146.0578. found 148.0589.
l,2-Bls(t:ibromomethyl)benzene (111). A solulion of Ol1ho-xyJene
(30.0 mL, 250 mmoij in

CCI~

(45 ml) was heated at reflux for 0.5 h.

While maintaining reflux the solution was irradiafed with a 100W flood
lighl, 2 - 3 em away from reaction vessel, and a solution of bromine (1.8
mL, 18 mmol) in CC1~ (10 mL) was added over 3 h. The reaclion solution
was heated at reflux and irradiated for an additional 5 h before being
allowed to cool to rt. The reaction vessel was left open to the
atmosphere overnight. The sample was fillered through a charcoal!
Florisil pad which was washed with CCI~ (200 mL). Evaporation al
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reduced pressure afforded a rust colored solid. This material was
dissolved in hot CHCI3 (400 mL) and filtered through a charcoal plug.
The solution crystallized upon storing in the refrigerator to give colorless
crystals. Filtration to remove the solvent followed by drying under
vacuum gave 111 as colorless crystals (43.12 g, .. 1%): mp 110.5·

112,0°C. IP.: 1230 and 1135 em". 'H nmr:

a 7.66 (2H, m, H·2, 4 or H·

3,4),7.32 (2H, m, H·3,4 or H·2,4), 7.12 (2H, s, dibromomethyl H). 13C
nmr: 0 130.3 (C-2,3,4,5), 129.3 (C·l,6), 36.4 (dibromomethyl). MS: 343

(M'("Br)+ 1,100),341 (M' ("Br), 99), 339 (33), 264 (14), 262 (28), 183
(34), 181 (35), 131 (15), 102 (51), 101 (13),75 (15), 51 (47),50 (24).
Exact mass ealcd. fer C8 H,Br2 (a'Sr): 342.7971, found 342.7996 and for
C8 HsBr2 f 9 Br): 340.8000, found 340.7999.
Splro(2H-benz(l)lndene·2,1'·lndan]·1,3·dlone (113). To a
solution of 83 (255 mg, 1.29 mmol) in DMF (16 mL) was added 111

(1.73 g, 4.10 mmol). The mixture was heated at reflux overnight, and
then stirred for one day at rt during which time the mixture gelled. The
material was transferred into a stirred solution of NaHS0 3 (0.65 g, 6.2
mmol) in H20 (30 mL). After stirring for 10 min, the contents were
transferred to a separatory funnel and extracted with ether (3 )( 50 mL).
The combined organic solutions were washed with brine (75 ml), dried
over MgSO., and concentrated under vacuum. The resuillng black tar
was purified by chromatography (3% EtOAclhexanes) to yield 113 (180

-122mg, 47%) as beige crystals: mp 211 - 212.5"C. IR: 1734 and 1705 em',
'H nmr: S 8.60 (2H, s, H-4 and H-9), 8.13 (2H, symmetrical m, H·S,8),
7.73 (2H, m, H-6,7), 7.34 (1H, d, J = 7.5, H·4'), 7.21 (lH, two
overlapping t, J = 7.5, H·6'), 7.02 (lH, symmetrical m, H-5'), 6.61 (lH, d,

J

=7.8, H-7'), 3.35 12H, t, J =7.5. H-3'). 2.64 12H. t. J =7.5. H-2'). "c

nmr: S201.6 (C-l, C-3), 145.4,142.3, 137.1, 136.5, 130.6, 129.7,128.2,
126.7,125.2,124.9,122.7,68.5 (C-2), 32.7 (C-2' or 3'), 32.1 (C-3' or 2').

MS, 298 IM-, 99), 283 It 1),269 (7), 239 (12), 208 (5). 183 (14). 155
(10), 118 (44), 91 (5),69 (100), 51 (16). Exact mass ealcd. for Cl,H,~O?:
298.0993, found 298.0990.
3,4·Bis(dlbromomethyl)-1-methoxybenzene (t t4). The
procedure was as for 111 exceptthat3,4-dimethylanisole (1.16 g, 8.53
mmol) and Br2 (3.3 mL, 34.0 mmol) were used and the sequence was
refluxed 8 h. The solution was filtered through a large bore column
containing charcoal (3 g) and Florisil (1.5 g). Concentration of the filtrate
under vacuum provided crude 114 (3.85 g, 99% if pure) as a red,
viscous oiL Key resonances from the nmr spectrum of the crude product
included: 'H nmr: 0 7.18 (lH, unsymmetrical d, J= 2.4, H-6), 7.12 (2H,
s, dibromomethyls), 7.06 (lH, s, H-2), 6.85 (1H, dd, J= 8.7, 2.7, H-5),
3.83 (3H, s, methoxy). '3C nmr: S 160.5 (C·,), 139.0 (C-3 or C-4), 137.1
(C-3 or C-4), 130.8 (C-2), 115.9 (C-2 and C-6), 55.6 (methoxy), 36.4
(dibromomethyl), 36.2 (dibromomethyl). MS: 372 (M' (a'Br), 71), 371 1M'
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('"Br), 71), 293 (27), 2921'8), 229 (36). 227 (35), 212 (12), 211 (41),
149(35),148 (95). 133(37), 121 (45), 105 (22), 89(50), 82 (43), 77
(29),59 (49), 51 (43),45 (61), 43 (100). Exact mass caled. for C9 H80Br 2:
(

81

er): 372.8085, found 372.8102 and ('gBr): 370.8106, found 370.8114.
6-MethoxyspiroI2H-berlz(t)lndene-2,1 '-lndan)-1 ,3-dlone (115).

A solution of 83 (230 mg. 1.16 mmol), Nal (1.04 g, 6.93 mmol) and 114
(1.65 g, 3.65 mmol) in DMF (16 mll was heated under reflux overnight.
The solution was allowe.d to cool and it was stirred at rt for 2 days. The
reaction mixture was poured into a H20 (50 ml) and stirred vigorously.
After 10 min, NaHS03 (0.58 g, 5.5 mmol) was added and stirring was
continued for 10 min. The solution was extracted with ether (3 x 50 mll,
and the combined organic solutions were washed with brine (75 ml),
dried

over MgSO(, and concentrated at reduced pressure.

Chromatography (5% EIOAclhexanes) of the black oil gave 115 (53.8
mg. 14%) as a tan powder: mp 235 - 23g<'C. Upon dissolving in CDCl 3 a
white powder remained (soluble in CD30D). lIs nmr spectrum, however,
was not compatabi!e with that of the CDCI 3 soluble malerial (115). For
115: lH nmr:

a 8.52 (1 H, S), 8.45 (1 H, s). 8.02 (1 H, d. J = 9.0), 7.35 -

7.40 (5H. m), 7.20 - 7.29 (2H, m), 7.19 (1H, br I, J = 7.5). 6.62 (1H, d, J

= 7.5), 4.00 (3H, s. melhoxy), 3.34 (2H. t, J = 7.8. H-2'), 2.62 (2H, t. J =
7.8, H-3'). 13C nmr:

a 201.9 (C-1 or C·3), 201.3 (C-1

or C-3), 160.5 (C-6),

145.4,138.7,137.8.135.5,132.0,128.2,126.7, 125.2, 124.8, 123.3,

-124123.0, 122.8, 107.5,69.5 (C-2), 55.6 (methoxy), 32.7 (C-2' or C-3'), 32.2
(C-2' or C-3'). Note that two carbons must have the same chemical shift.

MS, 32B (M', 100),313 (12), 299 (3), 26B 12), 240 (2), 213 (12), 1B5 (B),
156 PO), 142 (5),115 (15). Exact mass cared. Cn H 160 3: 328.1099, found
328.1095.
Dimethyl 4'hydroxyphthaJate (117), To a solution 01103 (533
mg. 3.10 mmol) in benzene (8 mL) was added dimethyl acetylenedicarboxylate (0.50 mL, 4.0 mmol). The solution was stirred at rt under a
nitrogen atmosphere, and the progress of the reaction was followed by
TLC. After 5 days the solution was concentrated directly onto the silica
gel used for chromatography. Chromatography (2% EtOAclhexanes)
provided 117 (359 mg. 55%) as a yellow waxy solid: mp 76.5 - 80°C. lA:
3369 and 1721 em". 'H nmr: S 8.06 (1H, br s, phenol), 7.73 (lH, d, J =
8.4, H'3), 7.01 (1 H. d, J

= 2.4, H-5), 6.93 (1 H, symmetrical m. H-6). 3.90

(3H, s, melhoxy), 3.86 (3H, s, melhoxy). 13C nmr; S 182.8 (2C, carbonyl).

169.6 IC·4}, 167.2 IC·2}, 159.7 (C-1), 131.6IC·3), 117.2 IC'5), 115.2 IC,
6),52.9 (methyl ester), 52.4 (methyl ester). MS; 210 (M', 30), 179 (M'OMe, 100), 149 (4), 120 (3), 85 (62). Exact mass caled. for CloH,005:
210.0528, found 210.0518 and for CgHP. (M'- OMe): 179.0344, found
179.347.
Dlmethyl4-methoxyphthalate (118). To a two-phase system of
50% NaOHlH20 (70 mL) and CH 2C1 2 (100 ml) was added crude 117

-125-

(0.77 g, 3.7 mmol), (MeO)2S02 (1.4 g, 11 mmol), and tetrabutylammonium iodide (4.0 g). The mixture was stirred vigorously at rt
overnight. The solution was washed with

Hp (100 ml)

and the organic

layer was re-extracted with saturated NaHC03 (100 ml) and brine (100
ml). The solution was dried over MgSO. and concentrated at reduced
pressure. Chromatography gave 118 (325 mg, 39%) as a yellow oil. IR:
1725 cm·' .

IH

nmr: 0 7.81 (1H, d, J = 8.7, H-6), 7.06 (lH, d, J = 2.7. H-

3),6.99 (1H, dd, J = 8.4,2.7, H-5). 13C nmr: 0 168.8 (carbonyl), 166.6

(carbonyl), '62.0 (C-4), '35.6 (C-2), '3'.482 (C-3), 122.0 (C-'), 115.6
(C-S or C-6), 113.3 (C-S or C-6), 55.6 (methoxy), 52.7 (methyl ester).

52.3 (methyl ester). MS, 224 (M', 30),193 (M'- OM•. 100), '65 (7), 107
(5),92 (4), 77 (6), 63 (8), 28 (10). Exact mass calcd. for C ll HI 30 S:
244.0684 found. 224.0676.
Brominatlon of 2·(hydroxymethyl)phenol (120). A solution of 2hydroxybenzyl alcohol (1.14 g, 9.17 mmol) in CCI 4 (45 mL) was heated
at reflux for 0.5 h. While maintaining reflux the reaction solulion was
irradiated with a 100W flood light -2 - 3 cm away from reaction vessel
during the addition of bromine (1.8 ml, 18 mmol) in CCI 4 (10 ml) over 3
h. The reaction solution was heated at reflux and irradiated for an
additional 5 h before allowed to cool 10 rt. The reaction vessel was left
open to the atmosphere overnight. The sample was filtered through a
charcoaVFlorisii pad, which was washed with CCI 4 (200 ml).

-126Concentration at reduced pressure provided a orange oil wrich
crystallized under vacuum: mp 63 - 65"C. Nmr suggested a mixture of 2bromomethylphenol121, 2-dibromomethylphenoI122, and 2hydroxybenzaldehyde 123. For 121: lH nmr: 0 4.50 (benzyl H's) in ':lC
nmr: 0 27,1 (bromomethyl~ For 122: lH rimr: 0 6.99 (benzyl H) in 1~
nmr: 0 32.B (dibromomethyl), and for 123: 'H nmr: 89.B1 (aldehyde) in
'3C nmr: 0 194.9 (aldehyde).
1(3H)-lsoBenzofuranone (126). From 130. To a solution of 130
(71.5 mg, 0.52 mmol) in CH 2CI 2 (90 mL) was added PCC (0.14 g, 0.62
mmol). The solution was stirred overnight at rt. The reaction mixture was
filtered through a large bore column containing silica gel (- 30 - 40 g). The
silica plug was washed with ether (100 ml) and CH~CI2 (90 mL) and the
combined organic solutions we'e concentrated under reduced pressure.
Chromatography (5% EtOAc/hexanes) yielded 126 (39.0 mg, 56%) as
colorless crystals. From diester 99: To a solution of 99 (447 mg, 2.01
mmol) in toluene (15 mL) cooled to -7B"C. was added DIBAL (4.0 mL,
6.0 mmol). After stirring for 3.5 h, H20 (3 ml) was added over 5 min.
The gelatinous mixture was allowed to warm to rt over 40 min. The
solution was washed with H20 (2 x 50 mll and the combined aqueous
solutions were re-extracted with ether (2 x 30 mL). The combined
organic solutions were washed with brine (50 ml), dried over MgSO. and
concentrated at reduced pressure to give a colorless toluene solution.

~127-

pee (0.88 g, 4.0 mmol) was added and the mixture was stirred
overnight. Filtration through a silica pad provided, afler chromatography
(10% EtOAclhexanes), 126 (132 mg, 49%) as colorless crystals: mp 64.0
• 65.0 C. IR: 1757 cm-'. 'H nmr: 5 7.93 (1H, d, J = 7.8, H-7), 7.70 (1H,
G

overlapping t, J = 7.8, H-S), 7.53 (2H, two overlapping dd, J

= 7.5,

6.6,

H-4, H-6), 5.34 (2H, s, H-3). 13C nmr 5: 171.1 (C-1), 146.S (e-3a), 133.9

(C-7'), 129.0 (C-5, C-61, 125.7 (C-7), 122.1 (C-4), 69.6 (C-3). MS: 134
(M', 44), 10S (100), 77 (44), 50 (12). Exact mass calcd. for C,H,02:
134.0367, found 134.0354.
Attempt to trap intermediate Isobenzofuran generated from 99
and DIBAL with 101. To a solution of 99 (669 mg, 3.01 mmol) in

e was added DIBAL (6.0 mL 1.2 M solution, 6.3

G

toluene (20 mL) at-78

mmoi). After stirring for 3 h. a solution of 101 (363 mg, 2.10 mmol) in
toluene (10 mL) was added. After stirring for 3 h, the solution was
allowed to warm to rt (1 h) then ice was added slowly. The resulting gel
was filtered through Celile, the Celite pad was washed with H20 (lOa
rnL) Bnd ether (100 mL). The organic solutions were washed with H20 (2
x 50 mL), and the aqueous solutions re-extracted with ether (2 x 100
mL). The combined organic solutions were washed with brine (75 mL)
and dried over MgSO•. Concentration at reduced pressure provided a
yellow oil upon evaporation at reduced pressure. Chromatography (10%
EtOAclhexanes) gave 101 (308 mg, 85%), "·hydroxy-3a,9a·dlhydro-1 H-

-128benz[l]lsolndole-1,3(2H)-dlone·4,9-oxide 132 (24.6 mg. 4%) and 1,2bls(hydroxymethyl)benzene 130 (95.4 mg. 23%). For 130. beige
crystals: mp 46.5· 48°C. IR: 3275 em". 'H nmr: li 7.29 (4H, s. H·
3,4,5,6),4.61 (4H, s, benzyl), 3.85 (2H, br s. hydroxy). 13C nmr: li 139.3
(C·l, C'2), 129.6 (C'3, C·6), 128.4 (C-4, C-5), 63.9 (benzyl). MS, 120
(M', 100), 119 (74), 92 (20), 91 (90), B9 (B), 79 (22), 77 (2B), 65 (19), 51
(15). Exact mass calcd. for CS H'002: 120.0575, found 120.0575. For 132
(major resonances from impure malerial): 'H nmr: Ii 7.53·7.40 (4H. m,
H-5,B.7,8), 7.35 -7.24 (5H, m, phenyl H), 4.50 (1H, dd, J= 18.0, 8.4. H3a), 3.42 (1H, dd, J= 1B.0, 5.7, H-9a).
3-Trlmethylsllyl-1(3H}-lsobenzofl.oranone (133). THF (20 mL)
was cooled to DoC and diisopropylamine (0.4 mL. 2.9 mmol) was added
followed by nBuU (1.3 mL of a 2.5 M solution. 3.1 mmoJ). After stirring
for 1 h, the reaction solution was cooled to -84°C (EtOAc/liquid N2l, and
126 (356 mg, 2,66 mmol) in THF (10 mL) was added over 25 min. After
stirring for 1 h. TMSCI (0.7 mL. 5 mmol) was added. The solution was
stirred overnight while il attained rt. Filtration followed by concentration at
reduced pressure gave a pale orange oil which crystallized on standing.
Nmr analysis showed 133 to be the major product. IR: 1755 em". 'H
nmr: (integration as it apppeared on the spectrum of the crude material)
~ 7.64 (3H, dq, J

=7.6, 0.9), 7.43 - 7.51

(4H, m), 7.35 (2H, dd, J

0.6l. 5.33 (2H, br s), 0.12 (17H. s, trimelhylsilyl). 13C nmr (major

='.B,

-129resonances): 0 170.9, 150.2. 133.5, 127.2. 125.6, 120.6. 77.9, -4.4.
4-Hydroxy-2-phenyl-l H-benz[t]lsoindole-l ,3(2H)-dlone (135).
THF (20 ml) was cooled to DoC and diisopropylamine (0.5 ml, 3.3
mmol) was added followed by nBuU (1.6 ml of a 2.5 M solution, 3.5
mmol) over 5 min. The solution was stirred at DoC for 1.5 h, before it was
cooled to ·78°e. To this solution was added dropwise a solution of 126

(398 mg, 2.97 mmol) in THF (10 ml). The solution was stirred lor 2 h
before a solution of 101 (455 mg, 2.63 mmo!) in THF (10 ml) was added
in four portions over 5 min. After an additional 4 h. TMSCI (0.8 mL. 6.0
mmol) was added, and the solution was stirred overnight while it attained
rt. Filtratlon and concentration at reduced pressure gave a brown oil.
Chromatography (5% EtOAclhexanes) provided 135 (121 mg, 16%) as
yellow crystals: mp 206 • 209.soC. TlC visualization for 135 was poor
and a second sample (126 mg, 17%) was obtained by blindly collecting
later fractions (the purity of this sample was -90% from 13C nmr). IR: 3340
(weak). 1765, and 1688 cm· 1. lH nmr (CD 3SOCD3): 08.43 (1H, m, H-S),

8.15 (lH, m, H'8), 8,02 (lH, s, H·9), 7.75 (2H, symmetrical m, H·6. H·7).
7.59 - 7.43 (5H. m, phenyl H). (The phenolic H was not identified. We
suspect it was buried beneath other signals). 13C nmr (CD 3SOCD3): 0

166.3 (C·l, C·3), 152.5 (C·4), 136.6 (C·9a), 132.1 (C·3a). 130.0. 129.7,
128.8. 128.5 (C·8a), 128.3. 127.9, 127.4. 124.0, 116.6, 107.1 (C·4a). MS:
289 (M', 100),245 (26), 217 (10), 169 (5), 114 (15), 77 (13). Exacl mass
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calcd. for ClsHll03N: 289.0738, found 289.0725.
3-Methoxy-S,5·dimethyl-2,cyclohexen-1·one (138). To a solution
of 5,S-dimelhyl-1,3·cyclohexanedione (1.86 g, 0.13 mmol) in MeOH (50
mL) was added Amberlyst15 beads (- 2 g), and this was stirred
overnight. Filtration followed by concentration at reduced pressure gave
a viscous oil. Chromatography (30% EtOAclhexanes) yielded 138 (1.69
g, 83%) as a pale yellOW oil. iR: 1657 and 1609 em". lH nmr: 55.36
(1H, 5, H-2), 3.71 (3H, 5, methoxy), 2.29 (2H, 5, H-4), 2.20 (2H, 5, H-6),
1.08 (6H, s, methyls). 13C nmr:

oS

198.4 (C-1), 176.2 (C-3), 100.4 (C·2),

55.1 (mbthoxy), 50.2 (C-4), 42.0 (C-6), 27.6 (2C, methyls). MS: 154 (34),
143 (171, ,'1 (4),96 (100). 91 (51),79 (3), 69 (321, 66 (69), 55 (6), 41
(14), 40 (26).
1-Methoxv-S.S-dlmethyl·3-trimethylsilyloxy-1,3-cyclohexadlene
(139). To a cooled (-78°C) LOA solution (1.2 equivalenfs, 12.1 mmol)
was added a solution of 138 (1.55 g, 10.1 mmol) in THF (10 mL) over 15
min. After stirring for 1.5 h, TMSCI (2.6 mL, 21 mmol) was added, and
the solution was allowed 10 warm to rt overnight Filtratirn followed by
vacuum distillation afforded 139 (1.69, 72%) as a colorless liquid: bp 62 -

63°C/2 mm Hg. IR: 1656 and 1610 em· ' . 'H nmr:

oS

4.72 (1H, br s, H-2),

4.37 (1H. br s, H·4), 3.58 (3H, s, methoxy), 2.10 (2H, br 5, H-6), 1.01
(6H, s. methyls), 0.20 (9H, 5, trimethylsilyloxy). 13C nrne I) 159.8 (C-3),

'47.4 (C-l), 107.3 (C-2), 93.5 (C-4), 54.7 (methoxy), 42.1 (C-6), 26.7

-l]l~

(2C, methyls), 0.15 (3C, frimelhyfs!lyloxy). MS: M' not found, 212 (38),

211 (100), 195 (37), 154 (36), 144 (42), 98 (63), 75 (36), 73 (63), 69
(38), 68 (48). Exact mass calcd. lor C ll H21 0 2 Si (M++ Me): 211.1153,
found 211.1139.

Dimethyl 3-melhoxy-S-trimethylsllyloxyphlhalate (t40). To a
solution of t39 (1.49 g, 6.58 mmol) in benzene (10 mL) under an aryon
atmosphere was added dimethyl acetylenedicarboxylate (1.3 mL, 9.9
mmol). The reaction solution was heated under reflux for 8 days.
Concentration under reduced pressure yielded crude 140 (1.8 g, 90%) as
ar. orange waxy solid. The major component was 140 and further
purification was not undertaken for fear of cleaving the lrimethylsilyloxy
group. lH nmr: 6 7.03 (1H, d, J = 2.0, H-4), 6.62 (1H, d, J = 2.1, H-S),
3.86 (3H, s, melhoxy), 3.83 (6H, s, methoxy), 0.27 (9H, s,
trimethylsilyloxy).

13C

nmr: 5 167.6 (carbonyl), 165.3 (carbonyl), 157.5 (C-

3), 156.8 (C-5), 129.4 (C-1), 126.0 (C-6), 112.6 (C-2), 105.5 (C-5), 55.9
(melhoxy), 53,2 (esler methyl), 52.3 (esler melhyl), -0.1
(trimelhylsilyloxy). MS: 240 (M+- TMS, 23), 209 (100), 181 (7), 151 (13),

136 (8), 92 (9), 69 (13), 57 (13), 41 (13).
S·Methoxy·7·trlmethylsllyloxy·1(3H)-lsobenzofuranone (141).
To a solution of 140 (1.80 g, 5.79 mmol) in toluene (15 ml) cooled to78~C ""as added DIBAL (11.6 mL, 17.0 mmol). After stirring at _78°C for

2 h. the solution was allowed 10 warm to O°C, and the solution was

-132poured into a vigorously sUrred ice/Hp (150 ml) mixture. The resulting
gelatinous mixture was filtered through a Celile pad, and the aqueous
layer extracted with ether (3 x 50 ml). The combined organic solutions
were washed with brine (75 ml), dried over MgSO., and concentrated at
reduced pressure. Chromatography (20% EtOAclhexanes) gave 141

(14.0 mg, 1%) as pale yellow crystals: mp 225· 22goC. 'H nmr and
mass spectroscopy indicated the major product to be the desilylaled
analogue. lH nmr: 66.90 (1H, d, J= 1.5, H-6), 6.62 (1H, d, J= 1.8, H·4),

5.20 (2H, s, H·3), 3.86 (5H, s, methoxy), 0.31 {11H, s, Irimethylsilyloxy)3.

MS, 252 (M', 100),237 (7'), 223 (50), '98 (15), '80 (12), '5' ('9),135
(12), 104 (15), 73 (52). Exact mass calcd. for C1z H1SO.Si: 252.0817,
found 252.0802.
DlmelhyI3,5-dimethoxyphthalate (142). To a solution 01140
(1.73 g, 5.57 mmol) in CHzCl z (15 ml) 'MIS added TBAF (4.8 ml of a 1.0
M solution, 4.8 mrliu:j. After stirring al rt for 3 h, iodomethane (0.5 ml,
7.3 mmol) was added, and the mixture was stirred overnight.
Concentration at reduced pressure provided a red colored oil which
crystallized upon standing. GeMS analysis showed a mixture of dimethyl
acelylenedicarboxylatB (remaining from 140 preparation) 22%, and 142
50%. The sample was not further purified.
5,7-0Imethoxy-1(3H)·isobenzofuranone (143) and 4,6-

} Integration not consistent with structure!

-133dlmethoxV-1(3H)-lsobenzofuranone (144). To a cooled (-7BOC)
solution of impure 142 (108 mg, 0.42 mmor) in CH 2CI 2 (15 mL) was
added DIBAL (0.80 mL of a 1.6 M solution, 1.3 mmol). After stirring for 3
h, the solution was allowed to warm to DoC and ice/H20 (5 mL) was
added dropwise. The resuJling gel was filtered through a Celite pad~. The
Celite pad was washed with Hp (50 mL) and CH 2 CI 2 (50 mL). The
aqueous layer was extracted with CH 2CI 2 (2 x 30 mL). The combined
organic solutions were washed with brine (50 mL), dried over MgSO.,
and concentrated at reduced pressure. The residue was dissolved in
CH 2CI 2 (15 mL) to which pce (0.2 g, 0.8 mmol) was added, and this was
stirred overnight. Filtration through a silica plug, as for 126, followed by
concentration and chromatography (10% EtOAclhexanes) gave 144 (2.0
mg, 5%) as pale yellOW crystals, and tater fractions gave 143 (50 mg,
60%). For 143: mp 131· 132.5°C. IR: 1749 cm· 1 •

1H

nmr: 8 6.49 (1H, br

s, H-4), 6.42 (1H, br s, H-6), 5.17 (2H, s, H-3), 3.95 (3H, S, methoxy),
3.89 (3H, s, methoxy). 13C nmr: 8 166.7 (C·l). 159.5 (C-5, C-7), 151.6
(C·7a), 106.3 (C-3a), 98,7 (C-4 or C-6), 97.5 (C-6 or C·4), 68.5 (C-2),
55.9 (2C, melhoxy). NOE irradition of H-3 gave a 4% enhancement of H4. MS: 194 (M', 73), 176 (50), 165 (47), 148 (100), 135 (29), 120 (13),
106 (14), 92 (12), 77 (18). 63 (25), 50 (20). Exact mass calcd. for

~ Filtration was greatly aided by gently warming the sides of the suction funnel
using a heat gun. Under Ihese conditions the yield was dramatically improved from
15% to typically 60%.
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C,oH lG0 4 : 194.0578, found 194.0585. For 144: 'H nmr (100 MHz): S 6.95

(lH, d, J = 2.5, H-7), 6.68 (lH, d, J = 2.5, H-5), 5.25 (2H, S, H-3), 3.88
(6H, s, melhoxy). MS (from GeMS): 194 (70), 193 (13), 165 (100), 137

(23). 122 (17).
Attempted reaction of 143 with 83. To a LOA solution (2.0
mmol) cooled to -7BG e, was added

a solution

of 143 (190, 0.98 mmol) in

THF (3 mL) over 25 min. The solution was stirred for 1 h prior to the
addition of a solution of 83 (274 mg, 1.3B mmol) in THF (4 ml) over 25
min. The solution was warmed to rt over 0.5 h. after which time TMSCI
(0.3 mL, 2.4 mmol) was added. After stirring for 5 - 10 min, the reaction
solution was concentrated 10 half its original volume and filtered through
a plug of Florisil (10 g). The plug was washed with CH 2CI 2 (200 mL), and
the combined organic solutions were concentrated at reduced pressure
but did not provide any material with nmr signals consistent with the
expected product. The Florisil plug was re-extracted with MeOH (300

mL), and concentration of this solution followed by chromatography (20%
EtOAclhexanes) gave tan crystals (31 mg) which GCMS indicated was a
mixture of 83 (5%) and an unknown material (70%). Successive
recrystalHzations afforded white crystals with the following spectroscopic
features. 'H nmr: 15 7.34 - 7.26 (m), 7.11 - 7.23 (m). 6.83 (d,

J:;; 7.5).

6.45 (dd, J= 20.7,1.8),5.30 (s), 4.44 (s), 3.954 (s), 3.932 (s), 3.76
(unsymmetrical dd, J:;; 9.9. 1.2), 3.56 (d. J:;; 9.6), 3.35 - 3.15 (m

-135-

including I, J::: 6.6),3.15 - 3.0 (m including two s), 2.95 - 2.80 (m), 2.702.55 (m), 2.55 - 2.41 (m), 1.57 (br s). 13C nmr: S 214.3,146.0,145.4,
128.8,128.2,126.8,126.4,125.9,125.0,124.7, 124.7, 122.0,99.9,99.0,
81.6,78.6,77.2,56.5,56,12,56.05,55.2,54.2,33.9, 33.5, 33.0, 31.9,
31.2.
Spiro compound from chromanone (147). To a solution of 4chromanone (523.3 mg, 3.54 mmol) in CH l CI 2 (10 ml) was added
BF3 .Etl O (0.5 ml, 3,9 mmol) and then 1 (1.4 mL, 5.3 mmol) neal.
Solution stirred at rt 2 h belore HlO (0.5 mLl was added. After further
stirring 10 min, BF3 .Etl O (6.5 mL, 53.0 mmol) was added and the
resulting solution stirred overnight. The reaction solution was washed
with H20 (2 x 50 mL) and the combined organic solutions were reextracted with CHlCll (2 x 40 mLl, washed with brine (50 mL), dried
over MgSO~ and concentrated at reduced pressure. Chromatography
(5% EtOAclHexanes) gave 147 (269.8 mg, 35%) as cream colored
crystals: mp 99.5· 102°C. IA: 1723 cm· l • 'H nmr S: 7.16 (1H, dt, J=
7.8, 1.8, H·S), 6.90 (1H, dd, J = 7.2. 1.2, H·6 or H·7), 6.82 (1H, dt, J:::
7.5, 1.2, H-7 or H-B), 6.56 (lH, dd, J::: 7.5, 1.5, H-8), 4.27 (2H, t, J

=

5.4, H-3), 2.92 (4H, symmelrical m, H·4', H-S'), 2.019 (2H, t, J= 5.4, H2). 13C nmr 0: 213.6 (C-1', C·3'), 155.2 (C-4a), 129.2 (C-S or C-?). 128.0
(C-7 or C-6), 120.8 (C-5), 117,7 (C-8), 117,6 (C·8a), 60.8 (C-4' and C-5'),
57.0 (C-1), 35.2 (C-3), 28.9 (C-2). MS: 216 (M', 100), 187 (6), 160 (37),
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146 (21). 145 (7), 132 (30), 131 (85). 115 (4),103 (12), 77 (18), 76 (7),
66 (8), 63 (6), 51 (17), 50 (7), 39 (8), 28 (10),27 (9). Exac' mass ca'cd.
for C 13H 1P3: 216.0786, found 216.0782.

Chapter 3
STUDIES TOWAROS THE SYNTHESIS OF A [4.3.3)·PROPELLANE

INTRODUCTION

The name ·prope1Iane" was coined by Ginsburg for compounds
having three non·zero bridges and one zero bridge between a pair of
bridgehead carbons. While propellanes have been the subject 01 a great
deal of research, mostly concerning their spectroscopic and physical
organic characteristics and behaviour. Indeed, Ginsburg has published
several volumes on propellanes, which cover the literature through part
of 1984,~1 and since that time Wiberg has written two reviews,42 As a
result, only a few examples of propellane syntheses will be illustrated in
this manuscript These have been chosen to be representative of the
different synthetic strategies that have been pursued.

Scheme 75

149

(25%~

1SO

-138Transannular ring closure has been used successfully by several
groups_ Reingold and Drake~~ accessed [3.3.1]-propellane-2,8-dione
(150), by the transannular addition 01 a carbene 10 the exocyclic double
bond of 149 (Scheme 75). Rhodium

aceta~e-catalyzed

decomposition

provided 150 quantitatively. Yamago and Nakamura u obtained the
[3.3.3J-propeliane 152 by

a metal-catalysed transannular ring closure of

the methyltlne cyclopropane 151 (Scheme 76). The authors reported that
Ni(1,S-cyclaactadiene)2 in the presence of 0.5 equivalents of
triphenylphosphine effected cyclizBtion solely in the desired manner in
74% yield.

Scheme 76

~~,~~~:I~ [E:~ ]- ~
151

152 (74%)

More conventional chemistry such as acid- and base-catalysed
cyclizations 01 bicyclic precursors have also been proven successful for
propeUane formation. Weber and COOk~5 gained entry to the {n.3.31propel1anes (n '" 10, 6, 4, and 3) by acid-catalyzed cyciization of two
glularate molecules and an alicyclic 1,2·dione (Scheme 77). For
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example, the authors reported that stirring a solution of dimethyl 3·
Scheme

n

~

pH-~

~

15370·90%

n-e,4,2,1
A-CQ2Me

ketoglutarate and an alicyclic 1,2·dione in an aqueous buffer (pH = 5.6)
afforded good yields 01 propellanes 153 after several days. Kuck and
Palsdo~

offered a new and efficient route 10 tribenzo[3.3.3]-propellanes

Scheme 78

..

....,

"

154 (8.2%OWlfalQ

such as 154 from 1,3-indanedione (Scheme 78). Based on earlier work

by Thompson and coworkers,41 the key step was the cyc1odehydralion of
the 2,2-disubstituled diketone using polyphosphoric acid (PPA). Mundy
and Wilkening 48 gained access to simple propellanes by nucleophilic
displacement via dio1155. Treatment 01 diol155 with p-toluenesulfonyl
chloride afforded the propellane 156 albeit in a 10VI yield (36%) (Scheme

79),
Scheme

19

156

155

Paquene and coworkers prepared [4.4.4J-propel1a-3,6,10-trien-2one 158 by the-base catalysed aldol closure of the bicyclic precursor 157
{Scheme 80)"9
Scheme 80

NaOH, EIOH

157

t

O~I
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Scheme 81
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Kraus and Shi 50 synthesized propellanes from bridgehead bromide
precursors, e.g. 159. Upon nucleophilic addition. these precursors

underwent Favorskii rearrangement 10 give a bicyclic precursor, 160,
which was now suited for aldol cyclization (Scheme 81). The authors

suggested the mechanism 10 involve the addition of the nucleophile 10
the carbonyl group of 159 10 give the bicyclic precursor 160, followed by

base-calalysed aldol closure to furnish 161.
Scheme 82
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There are numerous examples of syntheses 01 small-ring
propel1anes based on the nucleophilic displacement of a leaving group.
For example, Fuchs and Szeimies

sl reported the synlhe~is of [n.n.1 J-

propellane 163 from a dihalogenated cyclopropane 162 (Scheme 82).
Scheme 83
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Photochemical pathways have also been studied, especially by
Wender and Dreyer 2 in their work towards modephene. rne [0.3.3JpropeHane skeleton of modephene was quickly established by the
Scheme 84

~
5.5h

165

166

photochemical addition of an orefin to an aromatic substrate (Scheme
83). meta-Addition of vinyl acetate to indan provided the propellane 164

-143(21%, based on consumed starling indanj. Smith and Jerris53 reported a

[2 + 21 photochemical addition as the key step in their synthesis of
modephene. Irradiation of a solution of enone 165 and 1,2-

dichloroelhene provided the propellane 166 in 67% yield (Scheme 84).

Yamago and Nakamura~· accomplished a transannular [2 + 2]
pholoaddilion of 151 10 generate 167 in 90% yield (Scheme 85).
Scheme 85
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167(90%)

Dials-Alder cyclization was emp!oyed by Ghosh and coworkersS. in

their short and convienl strategy for the synthesis of [3.3.3]-propellanes.

Hydrolysis of the adduct 168, followed later by an aldol closure

provid~d

169 in 62% overall yield from cyclopentadiene (Scheme 86).
Scheme 86
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II.

RESULTS AND DISCUSSION

Our attempt to gain access to medium-sized-ring propellanes was
based on the spiroannulaliorl reaction first reported by Kuwajima and
Scheme 87

coworkers 1 and extensively studied in our laboratories.~lu6 It was hoped
that one could perform an intramolecular spiroannulation of the type
illustrated in Scheme 87. Thus. by preparing different 1,2bis(trimethylsityk>xy) ring sizes. a variety of propellanes might be
realized. including the natural product modephene 170. However, while

.•...

,

~

....':.

170

-145the reactions 011 and l,2-bis(lrimethylsityloxy)cyclopentene have been
studl9lf and employed in tolal synthesis, 3 -12 the reactivity of such larger
bis(trimethylsilyloxy) rings is unknown. If the geminal acylation did
proceed, It would be the first intramolecular cyclization of this type.
Scheme 88

-~
174

175

171

172

"'"

173

II was believed that the carbon framework could be assembled by
successive gemlnal acylalions, as Illustrated In the retrosynthetic analysis
In Scheme 88. The first, Involving the ketal of ethyl leYullnate and 1,2bis(trimethylsllyloxy)-cyclopentene,2. would provide the precursor for the
preparation of the key 1,2-bis{trimethylsilyloxy)cyclononene (172 -> 173).

-146The second gaminal acylation, this time involving 1, would provide the
remainder of the carbons for the framework of the propellane (174). If the
substituted bis(trimethylsilyloxy)cyclononene species 175 were prepared
Its reactivity might require that the crude material 00 Ireated with a Lewis
acid and the propel1ane (rather than the bis(trimethylsily1oxy) derivative)

be isolated directly.
Scheme 89

o~
172

Under the conditions reported by Wu and Bumell,2. treatment of
the ethylene ketal of ethyl Jevulinate 171 with 1,2-bis(trimethylsilyloxy)cyclopentene under boron trifluoride etherate catalysis gave 172
(SCheme 89), lor which the

13C

nmr spectrum showed a ketone carbonyl

atll 209.7 ppm and an ester carbonyl at 5 172.7 ppm. Chromatography
of 172 gave poor recovery, therefore, the crude product was treated with
sodium ethoxide to yield directly the keto-diester 176 (SCheme 90). Its
13C

nmr spectrum included carbonyl resonances at 5 213.0 ppm and

-147Scheme 90
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173.1 ppm, the latter being attributed to both ester functions. The crude
yield of kelo-diester 176 (based on 171) was 85%. This implied thallhe
conversion 10 1,3-cyclohexanedione 172 must have been high, and the
Scheme 91
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yield of 172 after chromatography was poor due to TLC visualization
difficulties as previously discussed 1• Ketalizalion of 176 was
accomplished using standard conditions to provide 173 (Scheme 91). Its

IThis reaction has been reported by Wu and Burnell 2• but unlike these authors
our attempts failed to provide respectable yields of 172 after chromatography. We
allribute this difference to TLC visualization difficulties. For individual reaction
parameters considered see Table 8 in the Appendix.

13C nmr spectrum had on~' carbonyl resonances for the ester functions
and it possessed a quaternary resonance at S 113.0 ppm. It was
interesting Ihat whereas the nmr spectra of the product showed the
material to be reasonably pure, chromalography led to poor recovery

(41%).
Scheme 92
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Generation of the diketone 174 (Scheme 92) in more Ihan trace
quantities was unfortunately not successfuF. At best the crude product
was determined from GeMS analysis to contain the geminally acylated
product, 174 in only 27%. The major component in all attempts was
hydrolysed starting material, 176. From the combination 01 several crude
products a small sample (less than 1% yield) of 174 01 approximately
90% purity was obtained alter tedious chromatography. Its lH nmr
spectrum included a doublet at I:i 0.93 ppm, attributed to the methyl

~Table 9 in the Appendix provides a summary of the conditions and parameters
that were studied, but compound 174 remained elusive as the reaction was not
reproducible.

-149resonance, in addition 10 a resonance at 0 2.73 ppm characteristic 01 the
cyclopentandione hydrogens. Included in the

13C

nmr spectrum was the

Quaternary carbon resonance at 0 63.4 ppm.
This work was carried out prior to the extensive studies on
geminal acylation of kelals2 •lI and ketones. 55 In retrospect, the result with
113 is not surprising as it is consistent with studies involving other
substrates bearing an alpha methyl substituent with 1. In all cases, there
was a sharp decrease in yield compared to substrates having no alpha
subsliluent.

Scheme 93
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The initial strategy was modified to avoid the a-methyl substituent,
as depicted in our second retrosynthetic analysIs (Scheme 93). The

·150symmetrical framework was to be generated by a double addition of the
Grignard reagent derived lrom 5-bromo-1-pentene to a formyl ester. Alter
oxidation and subsequent geminal acylation with 1, oxidation of the
terminal double bonds to esters, might afford the precursor required for
propellane formation.
Scheme 94
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After considerable experimentation, good yields of the desired
alcohol 171 were obtained in a two step process (Scheme 94).
Generation of the organomagnesium compound from 5-bromo-1·pentene,
followed by the addition of isobutyl formate gave a mixture of the alcohol
177 (with ils

13C

omr spectrum showing an alcohol resonance at 0 71.3

ppm and its IR spectrum including an OH stretch at 3400 cm·
ester 178 {for which the

13C

1

)

and the

nmr spectrum showed a formate resonance

at S 160.7 ppm, and its IR spectrum included a carbonyl stretch at 1722

-151cm'I). Simple base hydrolysis of the mixture provided acceptable yields

01 crude 177. Chromatography proved unnecessary as gOOd yields 01
kelone 179 CQuid be obtained by direct oxidation of crude 177 with

pce

(Scheme 95). Characteristic for 179 was the carbonyl resonance alii

Scheme 95

210.5 ppm in lhe 13C spectrum in addifion to the carbonyl slretch al1714
cm- 1in its IR spectrum.

Scheme 96

,c:e::
aF,.Etp
2.tfv'omRlglllphy

179

180

2. H20/QBF:l.EI2O

3.c:har'alaI1FloIiIII

47%

25%

,.,

-152·
Ketalization of 179 gave 180 (84%) with 1.2-ethanediol under
standard conditions. The

13C

nmr spectrum for 180 included the

qualernary carbon resonance at I) 111.6 ppm and its 'H nmr spectrum
revealed a dioxofane resonance at 0 3.92 ppm. Subsequent geminal
acylation gave a poor yield of the 2,2·disubstituted-l.3-cyclopenlanedione
181 (Scheme 96), despite lhe facl thaI the crude reaction product was
determined from GeMS analysis to conlain a high proportion of 181. The
13C

nmr spect;um of 181 showed a ketone resonance ..1 I) 217.4 ppm,

and the distinctive cyclopentanedione hydrogens appeared at I) 2.71
ppm in the lH nmr spectrum. Suspecting, as before, thatlhe low yield
was at teast partly a consequence of our inability to detect the dikelone
using conventional TLC visualization methods during chromatography,
we focused on the preparation of 181 from the ketone 179, because our
modified "ketone procedure" obviated the need for chromatography. As
discussed in Chapter 1, diketone products of acceptable purity could be
obtained by filtration through a FlorisiVcharcoal plug. Thus, treatment of
crude ketone 179 with 1 under lhe "ketone conditions" gave 181 in 47%
yield, approximately twice that obtained when the analogous ketal
substrate was employed (25%).
With the cyclopenlanedione moiely established, it was now
necessary to convert the terminal double bonds into esters. Periodalepermanganate oxidation S6 of the terminal double bonds of 181 failed to

-153provide any of the desired dicarboxylic acid 184. The best conditions
were found to be ozonolysis with reductive work-up followed by
subsequent oxidation rather than ozonolysis with oxidative wOrk-up.
Scheme 97
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Bubbling ozone through a solution of 181 followed by addition of dimethyl
sullide gave a mixture of the dialdehyde 182 and some more oxidized
material. 183 (Scheme 97). The l~ nmr spectrum of the crude product
included two carbonyl resonances, one al6 201.2 ppm, characteristic of
an aldehyde and the other at l) 162.9 ppm, characteristic of a carboxylic
acid. This crude material was oxidized to the diacid 184 using a
potassium permanganate solution in a phosphate buHer (Scheme 98l. 51
The 13C nmr spectrum Of 184 included the ketone resonance atl) 216.4
ppm and the carboxylic acid resonance at l) 176.9 ppm. Eslerificallon
with Amberlyst15 in methanol provided the key diester 185 (Scheme
98). The

lJC

nmr spectrum lor 185 showed two carbonyl resonances,

one for the ketones at l) 216.2 ppm and the other for the esters at 0

-154Scheme 98

182 + 183

~
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173.0 ppm, in addition to the methyl resonance at" 51.5 ppm. The
ketones were not ketalized to any degree. The diester 185 was obtained
in 55% overall yield from 5-bromo-1-pentene.

Scheme 99
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What remained was the key process of preparing the 1,2bis(trimethylsllyloxy)cyclononene compound and its splroannulation

-155(Scheme 99)~. With the 185 in hand. and in light of the research
involving 1 and ketones, direct access to the propellane skeleton was
attempted without protection of the ketone functions. Under the same
conditions as we had used for the preparation of 1,17 the diester 185 was
boiled in toluene with 8.5 equivalents sodium metal and 6.7 equivalents
of chlorolrimelhylsilane to give a golden yellow solution. No attempt was
made to isolale an intermediate cyclononene, but rather BF~.EtP was
added and the solution was stirred overnight. Water was added followed
by excess BF~.Etp. This should have afiorded the spiroannulated
product 186, but in the event thattha ketones had been reduced by the
excess sodium in the acyloin step, pee was added to bring all oxygen
functions to at least the kelone oxidation level. Unfortunately there were
no ketone resonances in the l~C nmr spectrum of the crude product. and
both the l~C and (H nmr spectra were very complex. No starting material
was recovf'red.
Ultrasonic irradiation affects chemical reactions in solution by the
generation of sound waves which induces rapid growth and sudden
collapse 01 bubbles. The overall result is an intense !ocalized pressure
and temperature change during collapse of these bubbles. More
importantly because these are localized changes it does not elevate the

'For a detailed account 01 the parameters considered see Table lOin the
Appendix.

-156temperature of the total reaction solution. Futhermore, many organic
transformations involving metals have been developed or improved from
ultrasonic studies. 58 We felt that the use of ultrasonic conditions might
favor the desired acyloin reaction, which is a process known to occur on
the suriace of the metal. Unfortunately, this also failed to give any acyloin
product or geminal acylation product. Unlike the previous conditions,
however, the major component could be identified from crude spectra as
the starting diester 185. This result demonstrated that whereas ultrasonic
irradiation was mild enough to leave the ketones untouched, it also failed
to be of use in facilitating the desired acyloin sequence.

187

The failure of ultrasonic irradiation led us to reconsider the inital
conditions using boiling toluene, as it was important to determine
whether the acyloin reaction actually teok place. The most likely problem
with this reaction would be reduction or coupling reactions involving the
ketone functions. Therefore, the diester 187, with the ketones protected
as ketals, was considered. To avoid a possible problem with

-157lransesterification, this kelalized derivative was prepared from 181 so
that ketalizalion preceded esler formation.

Scheme 100
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Acid-catalysed ketalization of 181 with l,2-ethanedlol was difficult.
presumably because this involves the formation of three adjacent
quaternary ceflters. The major product was the mono-ketal 188 (Scheme
100). The 13C nmr spectrum included a ketone resonance at S 216.5
ppm and a quaternary carbon at S 117.0 ppm, and the IR spectrum
showed a carbonyl stretch at 1740 em". A very small amount of the
diketal 189 was also obtained by chromatography. II had no carbonyl
signals in either the IR or the 13C nmr spectra but included in its 13C omr
spectrum was a quaternary carbon resonance at S 117.9 ppm.
Reintroduction of monoketal 188 back into the ketalization conditions did
not generate any more of the desired dikela1189. Allempis 10 recycle Ihe
monoketal resulted in its destruction. Spectral analysis of the crude
product showed evidence of double bond isomerization and opening of

-158the r.yclopentanedione ring. Ketalizalion using 2,2-dimethyl-1,3propanediol was unsuccessful even when the Dean-Stark water
separator was filled with anhydrous copper sulfate or Molecular Sieves to
facilitate water removal, as only staning 181 was recovered. Ketalization
using 1,2-bis(trimethylsllyloxy)ethane under trlmethylsl1yl trifluoromethane
sulfonate catalysis was also unsuccessful.

Scheme 101

The ketalizalion using 1,2-ethanediol was not optimized, due in
part to uncertainty regarding the stability of a ketal under the conditions
required for ester formation, and also the uncertainty as to whether the
desired propellane skeleton can be accessed from such a precursor. As
discussed for the diestsr 185, the ketalized analogue was prepared from
the terminal double bond precursor in the same manner. Ozonolysis with
reductive work-up, followed by oxidation with permanganate in a
phosphate buffer and esterification with Amberlyst 15 in methanol gave a

-159mixture of diester 185 (57%), the monokelal 190 (9%), and diketal 191
(32%) (by GeMS analysis) (Scheme 101). The mixture was treated with
sodium metal and chlorotrjmethylsilane in boiling toluene in Ihe hope of
obtaining some evidence for a propeflane (Scheme 102). The filtrate
obtained from the acyloin step was cooled to -78°C prior to Ihe addition
of BF3.Etp. Aqueous work-up followed by flash chromatography gave
only one identifiable compound, the diester 185.

Scheme 102
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Faced with no satisfactory conditions for generation of the
propef1ane skeleton. the diester 185 was treated with a variety of non·
nucleophilic bases in the hope of preparing the angularly fused
lriquinane, 192 (Scheme 103), Aldol cyciization onto the ketones of the
1,3-cyc!openlanedione moiety should allow access to sitch a system as
illustrated in Scheme 103. Initial attempts using a large excess of NaH
gave only what appeared to be polymeric material. The

13C

nmr

spectrum of this product showed no evidence for either ester or olefinic

-160Scheme 103

'"
functionality, but the alkane repion was extremely complex. Addition of
sodium metal to a methanol solution of the diester did show some
evidence for aldol condensation. Among the volatile components were
what appeared to be (by GeMS) a mixture of cyclopentanedione ring
opened analogues of starting diester 185 and two isomers having the
correct molecular ion for 192 (the chirality of the carbinol centers will give
diastereomeric mixtures). Dehydration should force the mixture to

a

single compound if double bond isomerization does nat occur (Scheme

104), so the crude material was heated in the presence of pTSA.
Scheme 104
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Chromatography failed to give any pure fractions and while the 'H nmr
spectrum of some fractions did include olefinic resonances (may possibly
be double bond isomers of 193) in addition to methoxy resonances, the

amount of malerial isolated was very small (all combined fractions would
account for only 1 - 2% yield). Inverse addition led 10 a crude product for

which the

13C

omr spectrum was very complex in the aliphatic region, but

it did show olefinic and ester signals. Flash chromatography gave a very

small amount (less than 1%) of a material thai showed vlaliole signals at
S 125.7, 128.2, 128.3 ppm and an ester resonance at 15 173.7 ppm in its

1JC omr spectrum. The 'H omr spectrum showed no olefinic resonances
(the dehydrated triquinane would have tetrasubstiluted double bonds)
and many methoxy singlets in the S 3.6 to 3.8 ppm range in addition to a
very complex aliphatic region likely due to polymeric impurities. The
volatile component of this material was analySed by GCMS, and this
showed what may have been a mixture of the non-dehydrated Iriquinane
(M' 298: (4), M'- HlO: 280 (12)) having a 27% peak area and the singly
dehydrated trlquinane (M' 280: (8), M'· Hp: not observed) having a 9%
peak area. The mixture was stirred In the presence of pTSA for 16 days
after which GCMS analysis indicated isomers of two singly dehydrated
triquinanes in a ratio of 3.5:1, Chromatography failed to give pure
fractions and only trace amounts of material were recovered.
Two-pot sequences were also studied in which only one

-162deprotonation at a lime should occur. Both the sequence employing (.
BuOK and NaH failed to give any evidence for a triquinane derivative as
both crude materials were, from nmr analysis, found to be only polymeric
materia!. Unlike the one-pol processes, no olefinic or carbonyl
resonances were detected in the l:1C nmr spectra.
Further experimentation will be required if such lriquinane species
are to be accessed from diesler 185. From our studies it is uncertain
whether the cyclopentanedione hydrogens are also abstracted, especially
when large number of equivalents of base are used, and whether
Intermolecular/intramolecular coupling of the anion with the ester function
is a competing reaction.

III.

EXPERIMENTAL

For general remarks and instrumentation see Chapter 1. As
discussed in Chapter 2 nmr spectra resonances have been completely
assigned with the numbers referring to the numbering scheme.
EthyI4·(1,3-dloxolan-2-yl)-penlanoate (171). To a solution

01

ethyl levulinale (12.7 g, 88.6 mmol) in benzene (75 ml) was adaeo

pTSA (-0.3 g) and 1,2-elh&nedioJ (10.9 g, 0.18 mol). The mixture was
heated under reflux overnight with azeolropic removal of water. After
cooling, the solution was washed with saturated NaHC03 (70 mL) and

·163·
then with H20 (50 mL). The aqueous layers were

re~extracted with

ether

(2 x 50 mL). The combined organic solutions were washed wilh brine (75

mL), dried over MgS04 and concentrated at reduced pressure. Vacuum
distillation of the yellow residue gave 171 (12.5 g, 75%) as a colorless
liquid, b.p. 68 - 69°C /1 mm Hg: IR: 1740 em", 'H nmr: 0 4.11 (2H, q. J

= 7.2, ester CH 2), 3.92 (4H, symmetrical m, dioxolane), 2.35 (2H, I, J 7.7, H-2), 1.99 (2H, I, J - 7.7 H·3), 1.29 (3H, S, H-S), 1.24 (3H, I, J = 7.2,
ester CH 3 ).

13C

nmr: S 172.5 (C·l), 10a.3 (C·4j, 64.0 (2C, dioxolane),

59.4 (ester CH 2), 33.4 (C-2), 28.3 (C'3), 23.2 (ester CH 3), 13.5 (CoS).
MS:

no

M', 173 (M' - CH 3 • 15), 143 (M' - ethyl, 20), 129 (9), 99 (56), 87

(cleavage between C·3 and C·4, 100),43 (R,8). Exact mass calcd. for
C~Hj304

(M' - CH3): 173.0813, found 173.0809.

Ethyl 3-(1'-methyJ-2',6'·dloxocyclohexane)propanoate (172).

The following is a representative procedure 4 : A solution of 171 (306 mg,
1.62 mmol) in CH 2C1 2 (30 ml) was cooled to _78°C. BF~.Et20

(3.0 mL, 24

mmol) was added followed, dropwise, by the addition of a solution of 1,2bis(trimelhylsilyloxy)cyc1openlene (4.1 mmol, 1.2 mL) in

C~j2C~(10

mL).

The mixture was stirred for 45 h during which time the mixture attained
room temperature. The dichloromethane solution was washed with water
(2 x 30 mL), and the aqueous layer was re-extracted with CH~CI~ (2 x 40

mL). The combined organic solutions were washed with brine (75 mL),

4For individual experiments see Table 8 in the Appendix.

-164~

dried over MgS04 and concentrated at reduced pressure. The dark
residue (GeMS showed one volatile component) was dissolved in ether
(150 mL) and purified by filtration through a charcoal I Florisil plug to
give 172 (99.0 mg, 27"10) as

a

red viscous oil. Nmr showed one major set

of signals thaI was consistent with those in the literature. 2A

IH

nmr:

0

4.09 (2H, q, ester CH 2 ), 2.69 (4H, m, H·4' and H·6'), 2.10 . 2.22 (4H, m,
H-1 and H-2), 1.90 - 2.09 (2H, m, H-5'), 1.26 (3H, s, C-1' CH 3), 1.21 , .24 (3H, br I, ester CH 3 ). IJC nmr:

a 209.7 (C-2' and C-6'), 172.7 (C-3).

64.2 (C-l'), 60.5 (ester CH,), 37.7 (C-3' and C-5'). 30.4 (C-2). 29.4 (C-l),
20.7 (C-S'), 17.5 (C-l' CH 3 ), 14.1 (ester CH 3 ).
Dlethyl 4-methyl·S-o;cononanedloate (176). After bubbling a
stream of nitrogen through a solulion of crude 172 (3.47 g, 15.4 mmol) in
EtOH (60 mL). freshly cut sodium (42 mg, 18 mmol) was added. The
reaction mixture was stirred at room temperature under N2 unlillhe
sodium had been consumed. Water (200 mL) was added, and the
aqueous layer was re-extracted with CH 2 CI 2 (3 x 50 mL) and EtOAc (2 x
50 mL). The combined organic solutions were washed with brine (75
mL), dried over MgS04 and concentrated at reduced pressure to give
176 (1.88 g, 85%) as a tan oil. No purification was undertaken.IR: 1700
and 1730 em". lH nmr: 34.12 (2H, q, J

=7.2, ester CH

2 ),

=7.2, ester CH

2 ),

4.10 (2H, q, J

2.62 (1H, m, H·4), 2.50·2.59 (2H, m. H-7). 2.25·

2.39 (4H, m, H·2 and H-S), 1.96 (1 H, m, H·6), 1.83 - 1.93 (2H, m, H·3),

..16S1.65 (1H, symmetrical m, H-6), 1.26 (3H, t, J", 7.2, ester CH J), 1.24 (3H,
t, J'" 7.2, ester CH 3), 1.09 (3H, d, J == 6.9, methyl). 1JC nm;: Ii 213.0 (C5),173.1 (C-l and C-9), 60.31(esler CH 2), 60.27 (ester CH 2 ), 45.5 (C-4),
39.9 (C-S), 33.7 (C-2 or C-8), 31.7 {C-2 or C-8}, 27.5 (C-7), 18.7 (C-3),
16.3 imethyl), 14.1 (2C, ester CH J). MS: 272 (M', 0.7), 227 (M- - OEI,
7), 181 (50), 143 (a-cleavage between C-S and e-G, 100), 115 (59), 101
(22), 87 (39), 55 (40), 43 (23). Exact mass calcd. for

C12Hl~C~

(M' - CEI):

227.1282, found 227.1292.
OIethyI4-methyl-S-(1,3-dloxolan-2-yl)nonanedioate (173). To a
solution of 176 (4.11 g, 15.1 mmol) in benzene (75 mL) was added 1,2ethanediol (t.87 g, :'0.2 mmol) and pTSA (-200 mg). The reaction miXlure
was heated under reflux overnight with azeotropic removal 01 water.
GCMS analysis of the miXlure still indicated unketalized material.
Additional 1,2-elhanediol (3.6 g, 60 mmol) and pTSA (-500 mg) were
added. and the system was heated under reflux for an additional 20 h.
After cooling, the solution was washed with H20 (2 x 50 mL), then the
aqueous layers was re-eXlracled with ether (2 x 50 mL). The combined
organic solutions were washed with brine (75 mL), dried over

MgSO~

and

concentrated at reduced pressure. Chromatography (5% EtOAclhexanes,
of the brown residue aflorded 173 as a pale yellow liquid (1.98 g, 41%):
IR: 1730 cm· 1.

IH

ome 0 4.12 (4H, q, J = 7.2, ester CH 2 ), 3.94 (4H, s,

dioxo)ane), 2.21 - 2.43 (4H, m, H-7 and H-2 or H-B), 1.90 (tH,

·166·
symmetrical m, H-B), 1.63 - , .78 (5H, m, H·4, H-3 and H·2 or H·B), 1.41

(lH, m, H·G), 1.25 (6H, I, J = 7.2. ester CH 3 ), 0.93 (3H. d, J = 6.9,
methyl). 13C nmr: 0 173.6 and 173.3 (C·, and C-9), 113.0 (C·S). 65.02
and 64.96 (dioxo!ane). 60.0 (ester CH 2 ), 38.9 (C·4), 34.2 (C-?), 32.8 (C-2
or CoB), 32.5 (C-2 or

CoB), 26.4 (C-G), 18.6 (C·3), 14.1 (eSler CH 3 ), 13.9

(C-4 CH 3). M$: M+ nOl found. 271 (M· - DE!. 16).225 (8), 201 (cleavage
between C-S and C·B. 39),187 (cleavage belween C·4 and CoS, 100),
113 (29), 99 (63), 55 (24). Exact mass calcd. for Cl.H~305 (M' - DEI):
271.1544; found 271.1532.
Oiethyl 5·(1' ,3'-dioxocyclopentane)-4-melhyl-1 ,9-nonanedioale
(174). A solution of 173 (186 mg, 0.57 mmol) in dry CH 2CI 2 (30 mL) was
cooled to _78°C under N 2 . Tin tetrachloride (8.6 mmol, 1.0 mL) was
added at once, followed by the dropwise addition of a solution of 1 (1.43
mmol, 0.40 mL) in dry CH 2Cl 2 (6.0 mL). The mIxture was stirred
overnight during which time the mixture attained room temperature. The
dichloromethane solution was washed with water (2 x 50 mL), and the
aqueous layers were re-extracted with CH 2Cl 2 (2 x 30 mL). The combined
organic solutions were washed with brine (2 x 50 ml), dried over MgSO.
and concentrated at reduced pressure. During aqueous work-up
emulsions were encountered. GeMS analysis of the crude maleria'
showed hydrolyzed starting ketal 176 (major) and 174 (approximately
20%). After repeated chromatography (1.5 drops of MeOH per 10 mL 01

-167·
CH1C~I,

a small sample 01174 (35 mg, 8%) as a yellow oil was

obtained. IA: 1710 em·' . 'H nmr: I) 4.11 (2H, q, J = 7.2, ester CH 2), 4.10
(2H, q, J = 7.2, ester CH1), 2.71 (4H, narrow m, H-4' and H·5'), 2.20·
2.41 (4H, m, H-2 and H·8). 1.91 (lH, m, H-4), 1.76 (lH, m, H·B), 1.61 1.72 (4H, m, H·3 and H-7), 1.40 (1H, m, H-6), 1.24 (3H, I, J= 7.2, ester
CHa>, 1.22 (3H, l. J = 7.2, ester CHJ, 0.91 (3H, d, J = 6.9, methyl). '3C
nmr: I) 216.9 (C·l' and C'3'), 172.9 and 172.6 (C-' and C-S), 63.4 (C-5),
60.4 (ester CH,), 37.5 (C·4), 36.53 and 36.48 (C·4' and C·S'), 34.3 (C'2
or C·8). 32.1 (C·2 or C'8), 31.2 (C·7), 26.3 (C'6), 19.9 (C'3), 14.1 (ester

CH,), 13.6 (C·4 methyl). MS: 340 (M', 39), 294 (40),267 (47), 239
(cleavage between C-3 and C·4, 70), 193 (239 - OEt, 85), 165 (193CO, 85), 137 (61),81 (59), 55 (100). Exact mass calcd. for CIIHze06:
340.1884: found 340.1871.
l,lQ-Undecadlen-6-ol (In). To a suspension of

~reshty

cut Mg

ribbon (129 mg, 5.29 mmol), anhydrous ether (0.4 mL) and a crystal of
' 1, was added a solullon 01 5-bromo-1-penlene (880 mg, 5.91 mmol) in
anhydrous elher (0.8 mL) at a rale thai mainlained a gentle reflux. After
the addition was complete, the solution was stirred at room temperalure
for 10 min, and then it was healed in a water bath lor 15 min. After
cooling 10 DoC, a solution 01 melhyllormate (436 mg, 7.26 mmol) in
anhydrous ether (0.4 mL) wai; added in three portions over
approximately 5 min. The solution was stirr'3d an additional 20 min

-168before quenching (at O·C) with saturated NH,CJ (3 mL). The organic layer
was washed with H20 (2 x 10 mL), Ihen the aqueous layers were reextracted with elher (3 x 10 rnL). The combined organic solutions were
washed with brine (2 x 10 mL), dried over MgSO, and concentrated at
reduced pressure. The dark yellow oil was shown (by GCMS) to be a
mixture of the alcohol1n (27%) and (l,10-undecadien-6-yl) formate
178 (62%). The crude sample was heated in a solution of KOH (0.9 g) in
EtOH (20 mL) and

Hp (3.0 mL)

for 30 min. The solvent was removed

under reduced pressure and chromatography (5% EtOAcJhexanes) of the
residue gave 177 as a yellow oil (215 mg, 48%). For 177: iR: 3400 and
1690 em". 'H nmr: 0 5.60 (2H, symmetrical m, H-2 and H-l0), 4.925.03 (4H, m, H-1 and H-l1), 3.57 (lH, narrow m, H-6), 2.27 (lH, br s,
OH), 2.03- 2.09 (4H, m, H·3 and H-9), 1.37 • 1.57 (BH, m, H-4, H-5, H7, and H-B). '~C nmr:

oS

138.6 (C-2 and C-l0), 114.4 (C-l and C-l1),

71.3 (C·6). 36.7 (C'3 and C·B), 33.6 (C'5 and C·B), 24.8 (C·4 and C·7).
MS: M· not found, 135 (2), 121 (3),81 (M'· H2 0 and cleavage between
C-5 and C-6, 100), 67 (20), 55 (70). For 178: a light yellow oil (1.24 g,
43%). iR: 1722 and 1641 cm· 1• 'H nmr: 0 8.08 (lH, S, CHO), 5.78 (2H,
symmetrical m, H-2 and H·1D), 4.93 - 5.00 (4H, m, H·l and H-11), 5.03
(lH, m, H·B), 2.06 (4H, dq, J= 7.5, 1.5, H-3 and H-9), 1.55 - 1.61 (4H,
m, H·5 and H-7), 1.37 - 1.47 (4H, m, H-4 and H-8). '~C nmr: 0 160.8
(CHO), 138.1 (C·2 and C·10), 114.7 (C·1 and C·I1), 73.7 (C·6), 33.3 (C·

~169o

3, C-g and C-5, C-?). 24.3 (C-4 and C-8). MS; M' not found, 167 (M

O
_

CO, 2), 149 (9),109 (11), 95 (20), 81 (76),41 (100).
1.10~undecadren-6-one

(179). To crude 177 (169 mg, 1.01 mmol)

in CH 2CI 2 (10 mL) was added pec (467 mg, 2.17 mmol) and, to facilitate
stirring, a Scoopula-tip 01 silica gel. The solution was stirred overnight
before ether (150 mL) was added, and the solution was filtered through a
silica gel plug. Evaporation of the filtrate at reduced pressure gave a
yellow oil. Chromatography (5% EtOAclhexanes) provided 179 (157 mg,
94%). IA: 1715 and 1641 em". 'H nmr; 05.78 (2H, symmetrical m, H-2
and H-10), 4.93 - 5.00 (4H, m, H-l and H-l1), 2.40 (4H, dq, J = 7.5, -2,
H-3 and H-9), 2.05 (4H, br q, H-5 and H-7), 1.62 - 1.72 (4H, m, H-4 and

H-B). '3C nmr /): 210.5 (C-6), 137.8 (C-2 and C-l0), 115.0 (C-l and C111. 41.8 (C'3 and C'9), 33.0 (C-S and C·l), 22.6 (C-' and C·8). MS:
166 (M', 0.5), 112 (21), 97 (cleavage between C-5 and C-6, 35), 69 (59),
58 (44), 41 (100). Exact mass calcd. for C6 HpO (cleavage between C-5
and e-6); 97.0653, found 97.0648.
6-(l',3'-Oloxolan-2'-yl)undeca-l,10-dlene (180). To

a

solution of

179 (114 mg, 0.69 mmol) in benzene (75 mL) was added 1,2-ethanediol
(0.20 g, 3.5 mmol) and pTSA (- 0.5 g). The mixture was heated under
reflux overnight with azeotropic removal of water. After cooling the
solution was washed with

Hp (2

x 50 mL), and then the aqueous layers

were fe-extracted with ether (2 x 50 ml). The combined organic

·170solutions were washed with brine (75 ml), dried over MgSO. and
concentrated at reduced pressure. Chromatography (10%
EtOAclhexanes) of the residue afforded 180 as a yellow liquid (122 mg,
84%): IR: 1650 em· 1 • lH nmr: 0 5.80 (2H, symmetrical m, H-2 and H.10j,
4.93·5.03 (4H, m, H·1 and H-11), 3.92 (4H. s, dioxolane). 2.05 (4H. br
q. J= 7.2, H·3 and H·9). 1.58·1.64 (4H, m, H-5 and H-7). 1.40 - 1.50
(4H, m. H-4 and H-B). 13C nmr: 0 138.6 (C-2 and C·10). 114.5 (C·1 and
C·11), 111.6 (C'6), 64.9 (diexolane), 36.5 (C-5 and C·7). 33.8 (C·3 and
C-S), 23.0 (C-4 and C-8). MS: no M', 141 (cleavage between C-5 and C·
6,100),99 (57),69 (13), 55 (19), 41 (43).
2,2·Bls(4'-pentenyl)cyclopentane-1,3-dione (181). From ketal
180: A solution of 180 (104 mg, 0,49 mmel) in CH zCI 2 (20 ml) was
cooled to -7B°C. BF3.Etp (1.05 g, 7.41 mmol) was added at once,
followed, dropwise, by the addition of a solution of 1 (350 mg, 1.50
mmol) in CH 2CI 2 (10 ml). The mixture was stirred overnight during which
time the mixture atfainecl room temperature. The reaction solution was
washed with water (2 x 30 ml), and the aqueous layers were reo
extracted with CH2C~ (2 x 2S ml). The combined organic solutio~s were
washed with brine (50 mL), dried over MgSO. and concentrated at
reduced pressure. Chromatography (5% EIOAc/hexanes) gave 181 as a
yellow oil (36.0 mg, 31%).
From ketone 179: To a solution of 179 (1.96 g, 11.8 mmol) in

-171CH 2CI 2 (70 mLl at n was added 8F3 .Et,O (1.5 mL, 12 mmol) followed by
1 (4.7 mL, 18 mmol). Water (0.7 mL) was added after 26 h, followed 10
min later by 8F3 .Et20 (22.0 mL, 1.76 mot). The solution was stirred
overnight before being washed with water (2 x 50 mL). The aqueous
layers were re-extracted with CH2C~ (2 x 50 mL). The combined organit
solutions were washed with brine (75 mL), dried over MgS04 and
concentrated at reduced pressure. The brown residue was taken up in
ether (150 mL) and fillered through a charcoaVFlorisil plug (as described
in Chapter 1), to give 181 as a red oil (1.89 g, 47%): IR: 1722 and 1641

em". lH nmr: 0 5.80 (2H, symmetrical m, H·4' and H-4' of other tether),
4.93 - 5.00 (4H, m, H-5' and H·S' of olher tether), 2.71 (4H, s, H-4 and
H-5), 1.92 - 1.99 (4H. br q. J= 6.9, H-3' and H-3' of other tether), 1.591.65 (4H. m, H·" and H·l' of other tether), 1.14 - 1.25 (4H, m, H-2' and
H-2' of other telher).

'=t: nmr: 6 217.4 (C-l

and C-3), 137.5 (C·4' and C-

4' of other tether), 115.2 (C-S' and C-S' of other tether), 60.9 (C-2), 36.2
(C·4 and C-S), 34.7 (C-l' and C·,' of other tether), 33.8 (C-a' and C-3' of
other lether), 23.8 (C-2' and C-2' of other tether). MS: no M', 205 (2),

167 (52). 141 (26). 125(25). 112 (44).99 (21). 81 (34).67 (54). 55 (69).
41 (100). 39 (42).
S-(l',3'-dJoxocyclopenlane)nonane-1,9-dial (182). A stream of
ozone was bubbled through a solution of 181 (343 mg. 1.47 mmol) in dry
CH 2CI 2 (75 mL) at -780(; until thE' blue color persisted. Oxygen was

-172bubbled through the solution until the solution was de'/oid of color. The
solution was placed under a N2 atmosphere and dimethyl sulfide (3.5
mL) was added. The solution was stirred overnight while it attained room
temperature. Concentration at reduced pressure gave a pale yellow oil.
Chromatography (20% EtOAclhexanes) provided a small sample of 182
as a pale yellow oil (70.7 mg, 20%), but thE: major component was a
mixture of 182 and 183. For 182: lR: 1720 em· l . IH nmr: 5 9.7B (2H, s,
CHO), 2.74 (4H, s, H·4' and H-S'), 1.61 - 1.69 (BH, m, H·2, H-4 and H·6,
H·B), 1.23· 1.31 (4H, m, H-3 and H-8). laC nmr /): 216.6 (C·l' and C·3'),
201.B (C·l and C-9), 60.2 (C·2'), 36.1 (C'4' and C·S'), 34.4 (C-2 and C·
B), 31.2 (C·4 and C·6), 18.8 (C-3 and C·7). For 183: Ihe laC nmr
spectrum included resonances at 6 201.2 and 162.9 ppm io addiHon to
those resonances assigned to 182.

5-(1 ',3'-Dioxocyclopentane)nonane·1,9-dlolc acid (184). The pH
ot a suspension of 182 (201 mg, 0.84 mmol) in I-SuOH (3.2 mL) was
adjusted to 5·6 by tile addition of a 1.2 M phosphate buRer (2.2 mll
before the addition of KMnO, (3.2 mL of a 1.0 M aqueous solution). The
reaction mixture VIas sUrred for 15 min before saturated aqueous Na2SO:.
(5.0 ml) was added. Adjustment to pH 3 by the addition of ice cold,
dilute HCI, was followed by extraction with ether (3 x 35 mL), drying of
the combined organic solutions over MgS04 and concentration at
reduced pressure to afford 184 as a yellow oil (117 mg, 51%): IA: 3412

·173·
and 1720 em"l.

'3t: omr 0: 216.4 (C·l' and C·3'), 176.9 (C·l and e-g),

69.6 (C·2 and C'8), 60.5 (C·5), 35.9 (C·, and C·6), 33.8 (C·" or C·5'),
33.6 (C-5' or C,"), 19.5 (C·3 and C·l).
Dimethyl 5-(1 '.3'-dioxocyc:lopentane)nonane-l ,9-dloate (185).
To a solution of crude 184 (5.55 g, 20.6 mmel) in MaOH (100 ml) were
added Amberlyst·15 beads (-1 g). This was stirred for 10 h. The beads
were removed by filtration, and the solulion was concentrated at reduced
pressure. The Ian residue was purified by dissolving it in ether (100 ml)
and filtering the solution through a charcouVFlorisii plug. Concentration al
reduced pressure gave 185 (4.57 g, 74%) as a yellow viscous oil: fR:
1735 and 1724 em", 'H omr: 03.65 (6H, S, ester CH:J, 2.75 (4H. s, H-4'
and H·S'). 2.23 (4H. I, J= 7.2. H·4 and H'B), 1.61· 1.63 (4H. m, H·2 and
H·B). 1.45·1.48 (4H.

m, H-3 and H-7).

1~ nme 6216.3 (C-1' and C-3',

173.0 (C-' and C-9), 60.4 (C-5), 51.5 (2C, ester CH,), 35.9 (C-4' and C-

51,33.72 (C-' and C-6), 33.66 (G-2 and C'8), 19.7 (C'3 and C·7). MS;
298 (M', 3), 266 (5), 234 (19), 221 (8), 179 (1'), 151 (32), 137 (17), 115
(31),97 (29), 79 (28), 55 (100). 41 (71),39 (10). Exact mass calcd. for
C1sHn 0 6 : 298.1415; found 298.1419.
6-(1 '-(1 ~ ,3~ -D1oxolan-2~-yl )-3'-oxocyCI opentane)undeca·1 ,g·dlene
(188) and 6-(1 ',3'-bls(1" ,3"-dloxolan-2"-yl)cyclopentane)undeca-1 ,9dlene (189). To a solution of 181 (519 mg, 2.22 mmol) In benzene (75
mL) was added 1,2-ethanediol (2.0 g, 0.30 mol) and pTSA (0.5 g). The

-174reaction mixture was heated under reflux with azeotropic removal 01
water lor approximately 30 h. After cooling. the solution was washed with

Hp (2 x

50 mL), and the aqueous layers were re-extracted with ether (2

x 50 mL). The combined organic solutions were washed with brine (75
mL), dried over MgS04 and concentrated at reduced pressure.
Chromatography (5% EtOAclhexanes) of the brown residue afforded 188
(297 mg. 48%) as a yellow liquid and 189 (121 mg, 17%) as a dark
yellow oil. For 188: IR: 1740 and 1641 em· 1. 'H nmr: 0 5.69 (2H,
symmetrical m, H·2 and H-10). 4.84 - 4.94 (4H, m, H-1 and H·l1), 3.90
(4H. symmetrical narrow m, dioxolane), 2.23 (4H, br t, J = 8.1, H·5 and
H-7), 1.89 - 1.99 (4H, ro, H·4' and H-5'), 1.53· 1.64 (2H, m, H-3), 1.35 1.46 (2H, m, H-9), 1.21 - 1.31 (4H, m, H·4 and H-B). I~C nmr: 0216.5
(C-3'), 138.5 (C-2 and C-l0), 117.0 (C-l and C-11), 114.3 (C-1'), 64.5
(dioxolane), 56.0 (C'6), 34,B (C-5 and C-?). 34,0 (C-4'), 29,6 (C-5'), 27.8
(C-3 and C-9), 22,5 (C-4 and CoB), MS, 278 (M', 1),223 (54), 209 (5),
167 (4), 99 (100), 87 (10), 67 (19), 55 (29), 41 (45). Exact mass calcd.
for CI7H~03: 278.1881, found 278.1878. For 189: IR: 1642 cm· ' . lH
nmr: 0 5.84 (2H, symmetrical m, H·2 and H-10), 4.91 - 5.03 (4H, m, H-1
and H-11), 3.90 (8H, s, dioxolane), 1.99 - 2.05 (4H, q, J

= 6.6, H-5 and

H·7), 1.88 (4H, 5, H-4' and H·5'), 1.54 - 1.61 (4H, m, H-3 and H-9), 1.43
_ 1.51 (4H, m. H·4 and H·8). 13C nmr: 0 139.2 (C-' and C-11), 117.9 (Cl' and C-3'), 114.0 (C-2 and C·l0), 64.0 (dioxolane), 52.6 (CoS), 35.0 (C-

-1753 and C-9), 32.4 (C-4' and C-5'), 27.9 (C-5 and C-7), 23.3 (C-4 and C-a).

MS; 322 (M', '), 276 ('), 223 (100), 205 (3), '67 (4),119 (2), '00 (79),
86 (23), 67 (23), 56 (14), 41 (53),27 (14). Exact mass calcd. for
CI~HJlP~:

322.2141, found 322.2143.

Attempt to prepare

djmethyI5-(I·,3'·bis(I",3"-djoxolan-2"~

yl)cyclopentyl)nonane-l,9-dioate (191). Following the procedure
previously repMed for the transformation 01181 to 185, noting the
following changes: the starting diene being 189 (621.2 mg, 1.93 mmol)
and that characterizalion and purification were omitted. Ozonolysis,
oxidation and esterification were performed sequentiany on the crude
product obtained from the previous sequence. GeMS of the crude
product after esterification indicated a mixture of the nonketallzed diester

185 (27%); GCMS; no M', 234 (23), '89 (2'),164 (17), '51 (29), '23
(26), 'as (25), 67 (35), 55 (100); dimethyl 5-(1'·(1",3"·dioxoian·2"·yl)·
3'-oxocyclopentane)nonane-1,9·dloale 190 (10"10): GCMS: no M+, 255

('3),24' (10), '79 (12), '5' ('3), '37 ('3), 99 ('00), 86 (18), 55 (62)
and dimethyl S-(I',3'·bis(I",3"·dJoxolan-2"·yl)cyclopentane)nonane-

l,9-dloate 191 (42%); GCMS; no M', 342 (8), 311 (7), 255 (46), '99
(15). 179 (17). 151 (20),99 (100), 55 (58). Chromatography (5% to 60%
EtOAclhexanes over SOD fractions) using a small bore column with
approximately 10 9 01 silica was not successful in separating the
compounds. None 01 the fractions collected contained either of the

-176compounds above despite the increase in polarity to 60%. Stripping the
column with EtOAc provided a pale yellow oil (190 mg, 27% if pure)
which from GeMS analysis indicated a mixture of 185 (32%), 190 (9%)

and 191 (57%). This mixture was not purified but was treated directly
with sodium and chlorotrimethylsilane in boiling toluene following the

procedure sucesstully used in the preparation of 1. U After boiling in
toluene for 9 h, the solulion was fillered under a nitrogen atmosphere to
give a yellow toluene solution. This filtrate was cooled to _78°C where

BF3,EtzO (15 equivalents based upon 185). The solution was stirred
overnight where it was allowed to allain

rt. The solution was washed with

water (2 x 70 ml) and the aqueous solutions were re·extracled with
CH2C~

(2 x 75 mll. ltIe combIned organIc solutions were washed with

brine (70 mL), dried over MgSO., and concentrated at reduced pressure.
Unfortunately, no evidence lor the propellane skeleton was found from
nmr analysis of the crude product. ltIe major component was identified
as 185.
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SUB-APPENOIX 1. OATA TABLES

The following abbreviations hava been used in the Data Tables.

Column

Column chromatography

Crude

Crude product

days

typically 5 • B days

INT

Cyclobutanone intermediate

Kugelrohr

Kugelrohr distillation

LA

Lewis Acid

Neat

Reagent added without dilution

Pdt

2,2-disubstituted

1,3~

cyclopentanedione
SM

Starting material

Sub

Substrate

RT

Room temperature

SRing

1,2-bis(trimethylsilyloxy)cyclopentene
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-1'16Table B: Optimizalion for the Geminal Acylation of 171 with 1,2bis(lrimethylsilyloxy)cyclobulene.

Experimenl ,

Stb'SRingILA

Molar Cone

CorodiUono

Crude

1.0:1.5:15.0

0.00

Cool 10 ·78"C
Stir overnight
5Ring added
assolnover

MlXIureoiSM
and diketone.

30"""

1.0:2.5:15.0

,

0.Q7

Flash, impure
pdl.SM

recovered

-

Nol..

SMand

""'"'"

diketooe

Cool 10 -78"C
Add LA stir 30
mlnlhen
5Ringover
3Omin. Stir
19h

Crude GCMS
pdI62%and

iogive any

INT 36%

pure diketone

Colurmlailed

1.0:2.5:15.0

0.08

Cool 10 ·7S'C
Add LA st!r 30
min loon
SRingover
17h. Slir48h

ClUdemessy
pdl only 16%
by GCMS

add"015ring
sornover
long period
gave poor
yield

1.0:2.5:15.0

0.00

Cool 10 -78·C
5RIng added
last (5 mln)

Hydrolysed
SM nopdl
detected

Nopdl with
rastadd"ol
SRing

1.0:3.5:15.0

0.07

Cool 10 -71rC
add 2.5 eq
5Ringstir 19"
add1eq 5Ring
Slir2h

Messy crude

Sequence
lailedl0
provtdepdl

""-pdt,,,,

del"''''

1.0:2.5:15.0

0.00

Cool to -78'"C
Add 5Ri'lg stir·
C -78"C 48 h

P1Jlont'j13%
byGCMS

Very lilUe rxn
Cit -7f!'C48h

1.0:2.5:15.0

0.00

CooI10-78'"C
Add SRing lh
SUrovemight

....I~

On/y1t8Ce 01
pdtlnGCMS

Coolto·7lrC
Add 5Rlng
Slirovernlghl
Then 0 rt
SOh lolal

Crude GCMS
100% pdt No
hydrolysed
SMdelecled

-urc

Crude GCMS
9%pdt 21%
hydrolysed
SM

t---

1.0:2.5:15.0

1.0:2.5:15.0

0.05

0.06

Cool 10
sUrlor48h

hydroysedSM

FlorisiV

charcoal
removtIIJ
mosl 01 Ihe
color
SlillSM
unlikeenlryB
where soln
stirred C rt

-197Table 8: Optimization lor the Geminal Acylation 01171 with 1,2.
bis(trimelhylsilyloxy)cyclobutene (cant.).
Experimenl Ii

Slti5RingllA

MolarConc

Cond~lons

Crude

10

1.0:2.5;15.0

0.12

Cool 10 ·7S"C
Warm to rt
overnight then
slirlor26h

Crude GCMS
pdIS5%bul
TlC vel)'
streaky

Florlsllx5
Yield =27%

11

1.0:2.5;15.0

0.16

Coollo ·78"C
Warm to rt
ovemighllhen
sllrlor26h

Crude GCMS,
pdt major
sIgnal but
only 50%

Florlsil
Yield =5S%

12

1.0:2.5;15.0

0.09

CooIlo-7S"C
Warm to rt
overnighllhen
sllrlor 26h

Rxndivided
inlo3
ponlons, all
pooled alter
aqueous

Crude nol as
good ror
morecooc
runsbul
5Ringwas
notlresh

13

1.0:2.5:1.';.0

O.OS

Cool to -78'C
Warm 10 rt
ovemighllhen
sHrror26h

Twoklenlical
runs pooled
for workup

Crude GCMS
65% pdl,lNT
20%

14

1.0:2.5:15.0

0.19

Cool 10 ·78"C
Warmtort
overnighllhen
stlrfor26h

Crude GCMS
pdt 45%

Unknown
detecled 55%

15

1.0:2.5:15.0

0.~7

Coollo -78"C
Warm to rt
overnlghl

Ctude GCMS
onty 60% pdl

Unknown
(mlz243)
22% also
delected

16

1.0:1.9:15.0

0.10

Coollo -78"C
Warmtort
overnighl

Crude GCMS
pdlonly29%
mosl1ySM

lesslhan
2.5eq5Rlng
net as
effeclive

17

1.0:2.5:15.0

0.07

Coollo -78"C
Warmtort
overnighllhen
stir25h

Crude GCMS
pdl100%

Usadwllhout
puri/lcalion in
nexlstep

Noles
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Table 9: Allempt to prepare 174.
Experiment'

Sub/1IlA
1.0:2.5:15.0

1.0:8.0:15.0

MolarCorlC

Cond~ions

0.03

Cool 10 -78'C
Stirovemighl
1 added as
soln over 60
min

Crude
Nodikelone
onlySM
detecled in

GeMS

Notes
Hydrolysed

SMand
impumyfrom

,

0.02

Cool 10 -78"C
Slirovemlghl
1 added as
solnover
60mln

Crude GCMS
no pdt. ooly
hydrolysed
SM

Addilional
1 failed 10
give pdt.

1.0:3.0:15.0

0.02

Cool 10
Slirovemlght
1 added as
solnover60

-nrc

Crude GCMS
no diketone

Hydolyscd
SM, no pdt

1.0:2.5:15.0
LA=SnCI.

0.02

Cool to -7fr'C
Slirovemighl
1 added as
soln over 60
min

Crude SM
33% and pdl
27%. Change
In lA resu~ed
inemuislons

Emulsions
v 'ry severe
during work-

1.0:3.0:15.0
lA=SnCl.

0.02

Cool 10 ·78·C
Warm to rt
ovemlght.slir
2days@rt.
1 added as
soln over 60
min

Crude SM
37% and pdt
18%. Similar
to experiment
4 despite Ihe
increase time

Additional
Ume did nol
irnproveraUo
ofSM:pdl.
Some pdt
delecta<:!

1.0:2.5:15.0
LA..SnCl.

0.02

Cool to -78"C
Removeafler
add"s.Stir2
days. 1 added
as a sotn ovar

No,,"

Removing
immediately
from-7«'C
appears 10
prohibil the

1.0:2.5:15.0
LA=TiCl.

0.01

Keep@.7S·C
overnlghl
quench cold

1.0:2.5:15.0
lA=SnCI.

0.02

Keep@-78"C
overnight.
Warmlort

Trace of pdt
<1%

Very liUle rxn.
longer ncn
lime required

1.0:2.5:15.0
lA=Sr,CI.

0.01

Add" 0 rtsUr

Crudenopdl

Appears add"
@·78·Cbesl

mlo

detecledonly
SM. Appears
temp -7SOC
beneficial

1h

22h

""

~o

No,,"
detected

T!C1.as
catalyst. NR

-199Table 9: Attempt to prepare

174 (cont.).

Experiment It

Subl1JlA

MolarConc

Condillons

Crud.

10

1.0:2.5:15.0
lA::SnCI.

0.01

Cool 10 .Uf'C
Warm 10 It
overnighllhen
slirlot26h

Crude GCMS
no pdt only
hydrolysed
SM

Rxn not
predictable

11

1.0:2.5:15.0
lA",SnCI.

0.01

Cool to ·78"C
Warm 10 It
overnight

No pdt
detecled

Only
hydlOlysed
SM

'2

1.0:2.5:15.0
LA,.SnCI.

0.01

Coolto·78"C
Warm to rl
overnight
Recoolstlr
overnight

N,pdt

Cannot
reproduce
resulllor pdt

13

1.0;2.5:2.0
lA=SnCI.

0.Q1

Coollo-7SoC
Watm to It
overnight

1.0;2.5:15.0
lA:SnCI.

0,01

Cool 10 -78"C
Warm!ort
overnlghllhen
recool/or
3.5hWarmlo

1.0:2.5:15.0

0.01

,.
15

"

detected

No pd'
delecled

Crude GeMS

00 pdl

Coollo ·78"C
Warm 10 rl
overnight

CrudeGCMS

00 pdl

Noles

less LA did
noldestfoy
atitheSM
(ketal).
FreSh LA
used but still
no pdt

BF 3 01herale
used no pdl

16

1.0:2.5:15.0

0.01

Cool 10 -7SoC
Warm 10 rt
overnlghl
AecooIslir
3.5h

Crude GCMS
no pdt

Adjusted pH
to 7 aoo reextracted slill
no pdt

17

1.0:...5:15.0
LA",SnCI.

0.02

Coollo ·78"C
Warm 10 rl
overnight
Aecoolslir3h

Crude GCMS
pdt 8%

Pdt dqlecled
bUt major
hydrolysed
SM
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Table 9: Attempt to prepare 174 (cant).
Experimenl'

Sub/1IlA

MolarConc

Cond~ions

eNd.

Noles

18

1.0:2.5:15.0
LA=SnCl.

0.01

Cool 10 ·7ffr;
Warm tort
overnight

GCMS
showed pdl
wilhonly 18%
peak area

liReredlhru
celile 10 aid
emulsion
belore
extraction

19

1.0:10.0:15.0
LA=SnCI.

0.02

Cool to ·78°C
Warmlort
overnight
Recoolstir

pdt-1%
hydrolysed
SM21%

GCMS
complex
$uspectdue
loxs1

3.5h

Table 10: Attempt to Access the Propellane Skeleton from 185.

Entry

1851NafTMS

185ltoruene

1.0:8.5:6.7

0.024

rxnlime
10.5h
reflux

Reflux add 18S1TMSCt over 2h. Rellux
additional 8 h. Cool and tiner. BF~.EtP
(3eq) added Immediately aller lillralion
and soln stirred overnighl under Nl .
Hp/XS BF~.EI20 added and solulion
further stirred overnight.. Aqueous
work-up was followed by lrealment of
the crude with pee. Slir 1h before
filleringthroughsilica. No carbonyl
signals In 03e nmr speclNm (very
complex). Does not appear to indicate
propellane. polymeric marerial formed.

1.0:4.0:4.0

0.008

4.5h
))1))

Nalloluene,u,lasoundfor 1 h prior 10
lhe aMof 1851TMSCI soln over j h
The mixture was fun her iHidaled lor an
additional 1 h. Solutionfillered undor
N2 whero xs BF~.EI20 was immedialely

Procedure

ack1~.SoIUlionslirredovarnighl.

Aqueous work-up followed by specfral
analysis showed major signal 10 be tho
staningester, 185.
1.0:6.0:6.0

0.009

2h
))1))

Nalloluene ullasound for 10 min prior
to lhe add"H~YTMSCI soln over 10
min. The mixture was iurther irridaled
lor an additional 2 h. Solution fillered
unc:ler N1 where xs BF~.El20 was
immedialely added. Solullon stirred
overnight. Aqueous work·up tollowed
by spectral analysis showed major
signal to be.lhe starling esler, 185.
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SUB·APPENDIX 2. 'H NMR SPECTRA.

The lH nmr speclra of the synlhalic samples are arranged in lhe
order in which they appear in the text and unless otherwise noted were
recorded in CDC1 3 •
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