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Absrract: The BF)'Et20<atalyzed geminal acylation ofketones and acetals with

3·methyl-I,2-bis(trimethylsi lyloxy)cyc1obutene (3) provided methylcyc1opentanediones

in yields that ranged from 40 to 94%. The best substrates were unhindered

cyclohexanones. With acetals, stereochemical preferences in the initial Mukaiyama-Iike

aldol step giving cyclobutanones translated into the stereochemistry ofthe ultimate

cyclopentanedione products. With ketones, equilibration of the initial cyc1obutanone

compounds resulted in cyc1opentanedione products with a different stereochemical

preference. The gem-dimethyl cyc10butene reagent 4 reacted with ketones to give gem

dimethylcyc1opentanediones in modest yield. The process was much more

slereochemicaUy efficient than the reaction with 3. Rearrangement from the initial

cyclobutanonc compound was partially divened towards air-sensitive 3-furanone

compounds and ring-opened 1,2-diones. Use ofBCh as the L~,;s acid in reactions of

ketones "ith 4 inhibited cyc1obutanone equilibration by formation of five-membered

boraie-containing compounds. Conversion to the corresponci.i"'~ diol cyc1obutanones with

hydrofluoric acid and thence to dimethylcyc1opentanedione.s wilh trifluoroacetic acid

provided dimethylcyclopentanediones in synthetically acceptable yields.

Treatment ofaromatic ketones with 1,2-bis(trimethylsilyloxy)cyclobutene 1 or its

methylated analogues 3 and" in the presence ofBF1'EhO smoothly led to products of

gemina: acylation. Le., 2,2-disubstituted I,3-eyclopentanedione derivatives. Yields

ranged from 42 to 76 %. Minor products (up to 27%) were lactones that are proposed to

have arisen by an alternate rearrangement pathway from a COtnm01\ cyclobUlanone

intermediate.



Since its discovery in 1981, the antitumor antibiotic fredericamycin A (91) has

been the subject of extensive synthetic efforts focused mainly on construction of its spiro

1,3-cyclopentanedione subunit. Six tNa) syntheses of91 in racemic form have been

reported. An asymmetric synthesis of fredericamycin A was accomplished only very

recently. We have devised a potentially enantioseleetive route to fredericamycin A

relying on precedents set in our laboratory for the construction of spiro-I.3

cyclopenlancdiones and their reduction in an enantioselective manner by Baker's yeast.

The naphthoquinone ponion of91 was to be constructed by a silicon-tethered

photochemical [2+2] cycloaddition or allernatively an irotermolecular Diels-Alder

reaction. The isoquinoline fragment was to be introduced using a Beckmann

rearrangement strategy. A review oflhe literature dealing with 91 and the results ofour

own preliminary studies directed toward an enantioselective synthesis of this interesting

molecule are presented.
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Chapter l. Geminal Acylation nf Ketone. and Acetal. with
Methyl-Substituted Analogues of 1,2

Bis(trimethylsilyloXYlcyciobutene.

Introduction

Geminal acylation oran acetal with 1.2·bis(trimelhylsilyloxy)cyclobutene (1) is a

powerful method for the construction of a variety of I,3-cyclopentanediones (Scheme 1

with Rl and R1 = various alkyl subslituents). This methodology, first introduced by

Kuwajima and co-workers, I is comprised ofa two-step process. The first event is a

Le\\is acid-catalyzed Mukaiyama-Hke aldol reaction yielding an isolable a-

(trimethylsilyloxy)cyclobutanone. Treatment arthis cyc1obutanone with trifluoroacetic

acid induces a 1,2-migration of the acyl function. This bond reorganization results in a

1.3-cyc1opentanedione. The reaction sequence was named geminal acylation to ref1«t

the net displacement ofa C:Q double bond by two acyl groups.

Scheme'

Wu and Bumelliater observed that conversion oracetals to 1.3-

cyclopcntanediones could be effected in a single operation.2J Treatment or the more

synthetically useful 1.3-dioxolanes with several equivalents or 1 and a large excess of

BF,.EhO at low temperature gave a cyclobutanone intennediate that was not isolated. In

the presence of this large excess of lewis acid. the i,2-acyl migration occurred in situ

(Scheme 2). Yields ofcyclopentanedione were significantly improved using this



modification. It was also shown that 1.3-cyclohexanediones could be fonned in high

yield by substituting 1.2·bis(trimethylsilyloxy)c:yclopentene (2) for 1 (n-2, Scheme 2).·

Ketones do not undergo Mukaiyama-aldol reactions with enol-sHyl ethers at the

lower temperatures employed for the more reactive aldehydes and acetals. However,

Mukaiyama noled that the desired reaction does occur at room temperature (rt).'

Kuwajima Slated that the aldol reaction between ketones and 1 did not proceed under a

variety of acidic or basic conditions.' Jenkins and Burnell' found that the Mukaiyama-

type reaction of 1 \\ith ketones does occur if the reaction is conducted at rt.

Cyclobutanone intennediates were isolated as bis-sHyl ethers or as the corresponding

diols depending on the reaction conditions. Optimal conditions for the initial

Mukaiyama-like step typically employed I.S equivalents of 1 and an equivalent of

BFl·EtlO. Rearrangement of the intennediate cyclobutanoDC in the same vessel required

the addition ofa small quantity of water prior to the introduction ofa large excess of

BF)'Etl0. The reaction of4-1erl-butylcyclohexanone with 1 produced the bis-silylated

cyclobutanone originating from equatorial delivery of 1 ODto the carbonyl (Scheme 3).

Kuwajima made a similar observation with the c:orrespooding dimethyl acetal.'



A™S0'=t0TMS BF3"Et20 ~ H20 ~Y . L-,J ---C;;;C;;--t.BUr -O)-J~ 0 YJ 0

t-Bu X=TMS Of H t-8u

The yields of 1,3-eyclopentanediones from ketone substrates rivaled or exceeded those

obtained from the corresponding acetals. Thus, the formation ofan acetal is no longer a

prerequisite for gemina! acylation onto a ketone center. The clear advantage Oflhis

method in synthesis is a reduction in the number ofsteps.

The synthetic utility of the geminal acylation reaction is further illustrated when

one considers that a quarternary center is fonned in concert with a cyclopentane ring.

The geminal acylation reaction also represents a powerful spiroannc:lation method when

an alicyclic ketone or acetal is used. The ability to fashion such hindered geometries

about carbon is one of the more challenging tasks confronting a synthetic organic

chemist II therefore is not surprising that synthetic approaches to a diverse array of

natural products (Fig. 1) such as trichothecanes,' P-bulnesene,' estrone,' isokhusimone.1

pentalenene,lO and fredericamycin A,ll have relied on Seminal acylation as a key

transfonnation.11



Fig. 1. Natural products that have been synthesized by routes that relied on
geminal acylation as. key transformation.
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A variety of interesting natural products possess cyclope:ntane subunits decorated

with methyl or gtm-dimethyl substitucnts. Some representative examples are illustrated

below in Figure 2.

Fig. 2. Natural Products that could potentialy be lynthesized using the geminal
acylation reaction employWlg methyl-substituted analogueS of 1 as 8 key step.

~H ..~
o ..

Pentalenolaclone G

Clovene

AMlacolicle

-itJ.
Eremolactone

Silphinene

Pinguisol'le

Synthetic routes to these molecules employing the geminal acylation methodology

could potentially be designed using methyl-substituted versions (3, 4) of 1. These can be

prepared from the corresponding methyl- and dimethylsuccinic acid esters via an acyloin

condensation (Scheme 4).13,14 Key questions regarding the reactivity of3 and 4 in the

initial aldol-type reaction and the course of reanangement of the cyclobutanone, as well

as issues of regio- and stereochemistry, must first be addressed before such future

synthetic journeys can commence.

Scheme 4

(co,Et • (CH,),S;(;l OTMS+ +4Na-_ r(
R1R COzEt ~ R1~OTMS

, R,

1 R,=Rz=H
3 R,zMe,Rz"'H
4 R,=RzaMe



Results and Discussion

Reactions of KdoDCI Ind Acttats with Mttbylcyclobutene 3. A variety of

ketones and their corresponding acetals. derived from l,2-ethanediol, were treated with 3

and BFrEt}O following the procedure developed for the reaction of1 with ketones.' In

this p~urt, the initial aldol reaction was mediated by BFrEt:zO in dichloromethane

under anhydrous conditions, and then the second, rearrangement step was initiated by

addition of water and a large excess ofBFrEt20. As can be seen in Table I, the yields of

cyclopentanediones ranged from modest to excellent. Trends were similar to those seen

previously in the reactions of 1 with both ketones' and acetals.u The ketones gave

similar, or bener, yields than did the acetals. Unencumbered cydohexanones and their

acetals gave the best yields (entries 3, 6, 7). Cyclopentanone and its acetal (entry 2) gave

more modest yields ofme spiro-diketone 6. a-Substitution had a deleterious effect on the

efficiency of geminal acylation, especially with the acetal (entries 4 and 5).

Reactions with 3 introduced a stereochemical complexity that had not been

present in reactions with 1. The reaction with butanone and its acetal (entry I) provided

Sa and Sb with no diastereoseltttivity whatsoever. However. with 4-terl

butylcyclohexanone and its acetal (entry 7) some modest selectivity was apparent An x

ray crystal structure ofa 2,4-dinitrophenylhydrazone derivative llc revealed that the

major isomer obtained from the ketone was lb. Selectivity was also evident in reactions

between 3 and other substituted cydohexanones and their acetals (enuies 4--6). (Although

it was not feasible to determine rigorously the stereochemistry ofeach component in

these product mixtures, the relative stereochemistry at the spiro centers was inferred from



Table1. Reactions of3 with Ketones 8I1d TheirCofTuponclinSJAcetalsDerived tom 1,2-et1anedo1

enlJysubslrate produd(l) fromtelol'le .... .,....
yield (%) diastereomeric yIeId(%) diastereomeric

ratio(%) ratio<%)0 o.p.or" ., a:b

"
a:b

1:1 1:1

50,'0 o.g.o6 .9 '"
•

6 °So 03 ..
70

0& ~a- "
a:b:e:d

"
a:b:e:d

3.8:3.0:1.<1:1 2.9:1.7:3.1:1

Sa,b k,d0 1$0 oSoQ "
a:b:e:d 50 a:b:c:d

5.0:04.6:1.5:1 7.1:1.8:15:1

h,' k,d

0 e& ofrQ "
a:b:c:d 9' a:b:e:d

04..2:".1:1.1:1 1:1..2:1.<1:1."

10.,b 10e.,d

6 o~o ~o 92 a:b .. a:b
3.1:1 1:2.2,..

"'"
(1:7.5)'

1t. 1t.

l~lIoobtlirwdfn:lm"cRlenz)lac:.aol



results presented below.) It is important to note that the selectivity was clearly different,

even complementary, with ketones and their corresponding acetals.

H~N ... 2."'[)NP

FH:
N

H
Me,-8,

H 0

11.

In an effort to illuminate the reason for the stereochemical difference between the:

ketone and the acetal versions of the geminal acylation, the products Mre isolated after

only the first step in the reactions of4-ter/·butylcyclohexanone and its acetal with 3. The

ketone provided two cyc1obulanone compounds 12. and I2b in a 3.3 : 1 ratio, which was

very similar to the 3.1 : 1 ratio for the cyclopentanedione products in entry 7. (Minor

amounts of II. and lib, in a 2.6: I ratio, were also detected in the crude product even

when no water or extra BFrEt20 were added.) Comparison of the llC NMR chemical

shifts ofsignals arising from the cyclohexyl moiety with those of the known, equatorial

product with 16 indicated that both ofme cyclobutanone compounds had arisen by

equatorial attack on the ketone.- Considerable similarities between the NMR spectra of

12_ and 12b (p. 187·189) and the spectra of 15_ and 15b (p. 190·193) allowed

assignment of the structures of 12. and I2b. The isolation of intermediates from acetals

• With the norbomyt S)'1Im1. ao Ilddition 0(3 was very likely f.lvored with both tbe ketone and its accW,
but, as can be seen in entry 5, this Jys:em showed the 1arJest, yet obviously difl'erml. stereOKlectivities
wilhketoneindac:elli.



was carried out in conjunction with an evaluation of the stereoselectivity ofthc geminal

acylation with different acetals.

,·",rJA '~'-rJlf t·",~fi __
i2a X=H Y=H i2b X=H Y=H 16
13. X=Me Y"'TMS 13b X=Me Y"'TMS
i4a X:Bn Y:TMS 14b X:Bn Y:TMS
i5a XI:Bn Y=H i5b X:Bn Y=H

Reaction of the acetal derived from 2,2-dimethyl-I,3-propanediol gave

cyclopentanediones Ita and lib in a I : 2.4 ratio, which was not significantly different

from the I : 2.2 ratio for the acetal derived from 1,2-ethanediol. Cyc1obutanone

derivatives from the dimethyl and dibenzyl acetals were obtained by following

Kuwajima's procedure. I The dimethyl acetal provided cyclobutanone compounds 13a and

13b in a I : 4.1 ratio. When this mixture was stirred in trifluoroacetic acid (TFA), Iia

and lib were produced in a ratio of I : 3.6. The use of a dibenzyl acetal funher improved

selectivity. CyciobutaRones 14a and 14b were obtained in I : 7.4 ratio. In TFA, this

mixture rearranged to I" and lib in at: 7.5 ratio. Cyclobutanones 14. and 14b were

desilylated with tetrabutylammoniwn fluoride (TBAF) to keto-alcohols IS. and ISb, and

Illese proved to be separable by chromatography. During chromatography, a fraction of

lSa also showed a set of IH NMR signals attributed tentatively to a very small amount of

16. Nuclear Overhauser enhancement (NOE) measurements with both IS. and ISb

established that the hydrogen ofthe methine of the cyclobutanone moiety was syn to the

cyclohexane ring (Fig. 3). Hydrogenolysis of the benzyl groups ofeither IS. or ISb over

Pd on charcoal in ethanoUacctic acid provided a mixture of 12. and 12b in a 5.2 ; 1 ratio,



which provided evidence ofacid-mediated equilibration between 12. and 12b. This was

exactly the ratio predicted by the Austin Modell (AMI)IS calculated relative energies of

12a and 12b.

Fig. 3. Nuclear Ovemauser enhancements (NOE) used for assignmenl
01 the relative stereochemistry olcydobutat'lOnes 151 and 15b.

~
NOr Me

H .
t..su .' 0

H 0 OH
BM

'"

o~tE
Me

15.

These results lead to the following generalizations regarding reactions with 3.

The cyclobutanones obtained from acetals undergo rearrangement to cyclopentanediones

by inversion at the cyclohexyl C-l, with little stereochemical scrambling. This was also

true for the processes with 1 for both acetats lll and ketones.' Thus, the stereochemistry of

the cyclopenlanediones derived from acetals was largely determined by stereochemical

preferences in the first. aldol reaction. The stereochemistry of the cyclopentanediones

derived from ketones was generally opposite to that from acetal$, and appeared to reflect

equilibration to the thermodynamically preferred cyclobutanone (Scheme S).

Schemetl



Reactions of Ketoaes with gem-Dimelbyl Cytlobulene 4. The results of

reactions of4 with several ketones are presented in Table 2. Cyclobutene 3 bad shovm a

considerable reluctance: to add to its face syn to the methyl, but with cyclobutene 4 steric

hindrance between a methyl on the cyclobutene and the ketone substrate seemed

unavoidable. Hence, it was not surprising that in many examples with 4 the yields ofthe

cyclopentanediones were modest, and a very significant proportion of intractable material

was generally obtained. Addition of water and extra BFrEt20 was not necessary to effect

rearrangement to cyclopentanediones from any of the enone substrates. The reaction with

2-cyclohexen-I-one (entry 10) only gave a 32% yield of40, but this was still

considerably better than had been seen in the reaction ofcyclohexenone with 1.6 Both

isophorone and 4,4-dimethylcyclohex-2-en-l-one (entries II and 12) gave good yields of

cyc1opentanediones, although with the fonner there \\,'8$ some isomerization (ca. IS %) of

the double bond during reaction. A comparison of the 13C NMR spectnun of the

predominant cyclopentanedione product from isophorone with the spectra of products

from 1).6 led to the assignment ofstrueture 41.

\I



Table' 2. Reactions of" with Ketones

entry substrate products and yields (%)

cycJopenlanedione fun!none 12-dione

J. 040 22 -P-< 26 of-< <2
" 11 11

f ~O22 -k<- 2. X:< <5

2. 21a,b

~o~
(1:1)

6 -R-o <5

2. ..
4 °it° .0

25a,b
(2.8:1)

0 oSo .. -0'6 t<6 16

21 27 21a,b
(1.2:1)

0 0 ,2 -;:$-b2. t<6' 6' 16

2ta,b 30a,b 31,32
(8:1) (U:1) (2.4:1)

0

~337' Q o~o .7..... ua,•
("100:1) (1.5:1)

·T_,",*requinilnbof4-.lIStllillltlilfUdlon..
t~MpIqtionofU.""'34.t,b"'~
Yoe/dsrelled:lIleisotMld""ltIdhprgpartionol»-1IId Ma.!t{GC-MS)ill.,.,..,hc:lioII.

12



Table 2. Reactions or 4 with Ketones (continued)

entry substrate products and yields (%)

cycIopentanedione furanone 1 2-dione

° ~070• e
35

° -r$=o-t.f3U189' ¢ o~o 4.
"" '"... 37

°
15°32,. 6

40

"A~~ J:x?- 24

41 42a,b

~011
(E/l.1.9:1)

°
" 9 j:KJ< 7

38a,b; 39.,b
(1.2:1)

43 44a,b
(ElZ1:1)

<R'adiOl\oflhel.3-dio:Qla,.det!wedfl'vm.~ufy\qdoIIeQn_wilh•• lInd"'lI'l.o,...pot
conditio""develope<lloraeetalswilll 1,1pve .1.2:1 mixture ofU.,nd lsepmer)lc in .loI.Il
yieldofJ6'l1..Nthi$prooussllowe<l_nti.lllynoltlreoMlKIMry.nllQianlof~w~h4

w.rel'lOt~"rther.

13



In spite of the poor yields, cyclopentanediones were produced from 4 with much

higher stereoselectivity than had been seen from 3. In two instances (entries 7 and 9) one

diastereomer of the cyclopentanedione was produced predominantly, and the struCtw'es of

their 2,4-dinitrophenylhydrazone derivatives (33c and 36b) were determined by X-ray

crystallography.

w
~

H,N"'2,4-ONP

".

H·
N

... 2,4-ONP

~ "'!><Me
t_BU~Me

...
The yields with 4 suffered from synthetically troublesome, yet mechanistically

interesting, side-reactions that repeatably produced substituted furanones, 1,2-diones, and

lactones. The proportion of furanone in the product mix.tures did not seem to correlate in

a straightforward way with the structure of the ketone substrate. A comparison ofentries

7 and 8 illustrates this. Furanones were fonned with little to no geometrical preference

(entries 2,6, and 7), and they oxidized readily in air to dihydroxy compounds.

Characterization ofox.idation products 4S and 46a1b, derived from 18 and 30alb, was

helpful in establishing the general structure of the furanones.

..
r-t0

"/\

-j-o~...
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t,2-Diones were isolated in lesser amounlS. Careful analysis by IH NMR of the

reactions with cyclohexanone (entry 5), and 4·ttrt-butylcyclohexanone (entry 9) showed

that the p,y-unsaturated compounds (188, 388, and 39a) were initially fonned. and these

rapidly isomerized in the reaction medium to a,f3.-unsaturated diones (28b, 38b, and 39b).

A secondary rearrangement process led to minor amounlS of lactones 428,b and 448,b

from eRone substrates (entries II and 12).

The dimethylcyclobutanone compounds 47 and 48 were prepared from the

corresponding ketones by working up the reaction mixture without addition of extra

BF3'Et20 and water. The structure of48 was detennined unequivocally by X·ray

47 R=H
'8 R=t-Bu

crystallography. This showed the reaction had resulte.d from equatorial addition with

respect to the cyclohexanone ring, and that the new C-e bond was to C-I ofcyclobutene

4. Prolonged treatment of cyclopentanediones with BF3'Et20 did not provide any

furanone, but when 47 was added to neat BFrEhO the result was a 3 : I mixture of26

and 27. On the other hand, treatment of 47 with dilute BFJ'Et20 in dichloromethane

provided only cyclopentanedione 26. Similarly, cyclobutanone 48 in neat BFJ·Et20

provided 368 and 37 in an 8 : 1 ratio. With dilute BFJ'Et20 in dichloromethane the ratio

improved to 13 : I, and BFJ'Et20 in dichloromethane in the presence ofa small amount of

IS



water provided 36& exclusively. The formation of furanone and the 1,2-diones can be

rationalized as illustrated (Scheme 6) with the reaction of4·tert-buty)cyc)ohexanone.

Scheme 6

H F~~H

'-B,~ -="'- '-B'~-r -;~ H 0

0SF3 49.. .
'1."--:;\_ J.- 37

t'BUr~~b~ 3"&3"~ 3Bb&39b

50

The equilibrium bet....-een 12. and 12b suggests that 48 might equilibrate with

cyclobutanone 49. We were unable to observe 49. but an AMI calculalion'i indicated

that 49 should be 6.1 kcallmol higher in energy than 48. Whereas both 12a and 12b

rearranged 10 I,J·diketones, an alternate pathway to the tertiary carbocation SO presents

itself with 49. (Furanones were never observed in reactions with 1 or 3, so the

intennediacy ofa carbocationic intermediate was suspected.) Cyclization of SO gives the

furanone 37, or deprotonation ofSO with the internal assistance ofan oxygen would give

the terminal double bond in 38a and 39a. Evidence for the laner stage of this hypothesis

is that treaunent ofa solution of the mixture of31 and 32 in CDCI) with BF)'Et20

provided some 30a,b, but treatment of fwanones with acid (with or without waler) under

an inert atmosphere did not give any 1,2-diketone. Additional support for the proposed

,.



series ofevents came from the reactions of two ketones with the tetramethylcyclobutene

51. 14 No cyclopentanedione was produced using the conditions employed with 4. Instead,

furanone 52 (31 % yield) was the only isolated product from the reaction with acetone,

and S3 (35 % yield) was the only isolated product from cyclohexanone.

TMS):(TMS

52 .3

Ruction of I, 3 and 4 witb Aromatic Ketones and Acttals. Unlike the

reactions of their saturated counterparts, a,~unsaturated ketones provided

cydopentanediones directly, without the addition of water and excess BF)·Et20. This

might be anributed to allylic stabilization ofa positive charge in the transition state of the

rearrangement. We reasoned that a similar benzylic stabilization could arise with

aromatic ketones, which might lead to an improvement in the procedure for the reaction

of these substrates \\ith 1 and an opportunity to carry out geminal acylation ofaromatic

ketones with both 3 and 4.

Five aromatic substrates were subjected to very similar reaction conditions. For 1

and 3, the ketone and 1.5 equivalents of freshly distilled BFrEt20 were dissolved in dry

CH2Ch. and 2-3 equivalents of the bis(trimethylsilyloxy)cyclobutene were added while

maintaining anhydrous conditions. For 4, the only difference was that up to 3 equivalents

of BFrEt20 were employed. The reaction mixture was stirred at room temperature for

17



approximately 24 hours (h). Straightforward aqueous work-up followed by flash

chromatography provided the geminally acylated product, a 1.3-diketone. The results art

summarized in Table 3.

Tableo 3. Reactions of live aromatic ketones with cydobutenes 1, 3, and",

substrate

•sa X-Ml, Y-H
Ub X-H, Y-Me

Wb1,t:I,52%
(fl'omICIIIII:albl:I.5,SS%)

with ..

., X-Y-Me,69%

"AIl8S%yilldoflt:1mi1t1.ot8f11l7lt1'lt1lWOiIorMric:c:ompouI'lClS•
• Sum 01 isoIal8dyi8lcls pkDPfVPOItion fill haiDn conuining I m~fII118tld12Lb.
c AIl87%yieldol.',):lrnildlMoIlOiIM.1.

The yields of54, 55, 56, and 58 (from 1 with acetophenone, I-indanone, 1-

tetralone, and 4-chromanone) were similar 10 the yields by the earlier procedure that

involved adding H20 to the reaction mixture,' which in turn were generally bener than

the reactions with acetals derived from aromatic ketones.l •
la The acetal ofbenzophenone

"



was reported by Ayyangarl2e to react with 1 to give only a trace of60, whereas the

conversion ofbenzophenone to 60 was 75% under these anhydrous conditions. The

reactions with I·tetralone, +chromanone, and benzophenone also gave minor amounts of

lactones 57, 59a,b, and 61, respectively.

57 59. 59. 11

Similar lactones had been observed in the reactions ofenones with 4, and Pandey

reported the photochemical conversion of55 and S6 to the corresponding lactones. 16 ln

our case, we postulate the foonation of these lactones by the process shown in Scheme 1.

Acid-promoted elimination of the benzylic oxygen function could lead not only to 1,2-

acyl shift (and thence to the 1,3-cyc1opentanedione) but also to rupture: of the four-

membered ring to produce the acylium ion in 75. Anack ofthe conjugated enol moiety

onto the acylium ion would give the lactone.

SChemeS
0eF,

(j)%'xox R XO..... if
R -KJ

R' R'
q;) 75
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Yields in the reactions of (racemic) 3 with the five substrates mirrored those with

1: l-tetralone and 4-<:hromanone gave lower yields, near 50010. Unlike the produet5

derived from 1 and 4, those from 3 were complicated by diastereoisomerism, except in

the case of 66. Very modest stereochemical preferences were noted, with acetophenone

showing the largest stereoselectivity, albeit only 2.6 : I. When acetals were prepared

from acetophenone, I·indanone, and I-tetralone, and these were reacted with 3, geminal

acylation products were obtained in slightly lower yields and again with modest

diastereoselectivities. Production of the isomer that had been more abWldant from the

ketone reactions was reduced in the reactions with acetals. In the cases of l-indanone and

I-tetralone, the diastereoselectivities were opposite to the reactions of their cOrTCsponding

acetals. AMI calculationslS gave no difference in the energies of61. and 62b, so any

stereoselectivity was likely to be the consequence of a kinetically controlled process. We

suggest that the stereoselectivity was a result of facial selectivity in the initial aldol

process since a regiochemical preference in the initial aldol step v..ould have no remaining

manifestation in a racemic product. It was curious that lactone products were not isolated

from the reactions with 3, although small amounts ofcarbonyl-<:ontaining secondary

products were detected by IR and NMR spectroscopy.

Oeminal acylation using 4 with the five substrates gave 1,3-diketones in moderate

yield. With acetophenone, 67 was the dominant component ofthe product, which also

contained small amounts of isomeric compounds that were inseparable by flash

chromatography. The reactions of4 with I-tetralone and 4-cbromanone provided minor,

but significant. amounts of the lactone pairs 70a,b and 721,b (2.6: 1 ratio in each case),

2.



and NOE measurements indicated that the £-isomer was the more abundant isomer.bA

lactone 74 was also a by-product ofthe reaction with benzophenonc.

J; ~. ~I" " "
h X I h X I h I h

70. X=CH2 70b X= CH2
,.

72. X::O 72bX=O

Solutions ofdiketone 71 in CH2CI2 were stirred for 24 hours at room temperature

with 4 equivalents ofBF3'EhO under anhydrous conditions, and with 15 equivalents of

BF3·EI10 and 6 equivalents ofwater. In neither case were lactones 72a,b observed.

Furthermore, when the reaction of4 with acetophenone was conducted at -20 OC it was

possible to intercept two diastereomeric cyclobutanone intermediates 76 and 77, in a 5.7 ;

I ratio.' (The relative stereochemistry of the minor product was determined by X-ray

crystallography.) Thus, the regiosele(;tivity of the initial aldol step was very high, and

facial selectivity was responsible for the production of76 over 77. The process sho\\1l in

Scheme 7 would also account for the formation 70a,b, na,b, and 74.

HO OH

p~m

76

~ The IH NMRspe<:tn orthe (minor) Z-Iaclones 70b and nb showed one aromatic resonance jusl
downfield oris S. This ruture wu~ to assign lhe Z-Iaceone stn1CtUres 10 57 and 59b.
, Similar allClnplS to obtain cyclobutanont inlmntdiatts from I-indinone and 1-tettal0llt at -20"C pve
onlythel.3-dikttoneandlacloneproduCIS.
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GemiDII AcylllioD of KetoDes Medilled by Boroa Trichloride. To explore the

possibility that the Lewis acid might both mediate the initial aldol reaction and inhibit

subsequent equilibration of the initially formed cyclobutanone, reactions of4 with BCll

were conducted at -78 °C in an NMR tube and on a preparative scale. Scheme 8 presents

the salient features of the novel process, which proceeds with the incorporation of boron

by the formation of five-membered borate-containing compounds.

Scheme'

CI OR
I I

o/~ o/~

t:::::::f"0 ~c=dft-+M"SK:I ~~
Ba,

o 0

78 178 R'" SiMe3
HF TFA 80R=H

TFA ~HOOH M.O 0Y\< cfO<0
26-- ;::::::::J-(. , + 0

o 0
~ H U

Addition ofcyclohexanone to a solution of BCI) (liB NMR a46.3) in CD2CI2

resulted in a signal for the complexed BCI) at a8.3 in the liB NMR. Specuwn. 17'

Introduction of4 e'Si NMRI7tl 0 18.4 and 18.0) initiated the disappearance. over several

hoUtS, of the BCll-cyclohexanone complex and the emergence ofa lIB NMR signal at a

27.6. which was ascribed to a very labile compound 78, and a 29Si NMR signal at 0 29.9,

which was identified as Me3SiCI by admixture with genuine MelSiCI (in a separate
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experiment). Addition ofwater to the reaction medium caused the inunediate

disappearance ofthe liB NMR signal at 8 27.6 and the emergence ofa signal at 8 20.3.

At the same time, the Me3SiCI signal was replaced by a 29Si NMR signal at 8 16.5.

Aqueous work·up gave a mixture of79, the hydrolyzed product 80, and the diol

cyclobulanone 47 (2.4 : 1.2 : I. respectively). (Introduction ofa large amount of Me3SiCI

before work-up afforded only 79 and 47, in a 6.5 : 1 ratio.) Spectral data supporting the

structure of 79 included peaks in its infrared spectrom (lR) at 1785 (C=O) and 1456 (B

0) cm'l, a 9-proton singletat8 0.19 in its IH NMRspectrum, J3C NMR signals at /) 215.5

(C=O), 99.3 and 88.1 (quaternary C-Q's), and 0.97 (SiMe3), and the liB and 29Si NMR

signals noted above. The lIB NMR signal for 80 was at521.9, and the IR spectrum

included an absorption at 32\4 cm-l (Bo-H). Thus, the labile nature of the B-Cl bond,

relative to the B-F bonds of BF3, allowed the initial aldol to take place by an association

or the boron with both the carbonyl oxygen and an oxygen on 4. Rearrangement of 47 in

TFA gave only diketone 26, but stirring a 6.5 : I mixture of the borates 79 and 80 in TFA

at rt overnight gave both 26 and J-furanone 27 (1.2 : I). Nevertheless, HF in methanol

smoothly converted 79 and 80 to a mixture of47 and 26 (7.4 : I), and the rearrangement

to 26 was completed in 87% yield from cyclohexanone by the addition ofTFA without

the production orany 3-furanone 27.

Aone-pot procedW'e was developed based on the above frndings. Geminal

acylations were carried out on a variety ofketones. The results are summarized in Table

4.
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Table 4. BCl3Mediated Reactions of" with Various Ketones.

substrate prod", yield substrate product yield
(%) (%)

0

040

0

o~oR~ Q .2R

17 R=CH3 83

13 ~ ~ g~~g~~5
75

33051
67 R=C6 5 47

oi§o0

0

o~o 0 '7

6 .,
3.

23

&o.g~0

o~oQ ••4.
81

25a,b{2:1)

~&o~
0

¢ ,.
" t·8u

t-Bu

29a,b{1:2) 3••

There was a great improvement in the overall yields of the diketones over the

previous procedure with BF)'Et20, The relative stereochemistry ofdiketones 36. and

33a was the same as from the BFrEt20 procedure. and the stereoselectivity in their

production was at least as good as with BF)·Et20. The relative stereochemistry of81. the
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only product from 3-melhylcyclohexanone, was established by an X-ray structure of the

2,4-dinitrophenylhydrazone (2,4-DNPH) derivative 82. Diketone 81 was derived from

two cyclobutanone-diol compounds 83.,b. Comparison of their HC NMR shifts with

those of 48 and other similar compounds indicated that they differed only in the face of 4

that had been anacked. However, 2-methylcyclohexanone was an exceptional substrate

with regard to both yield and stereoselectivity. It appeared that the initial aldol step with

this substrate took place in a reasonable yield, but six diol intermediates were produced in

aratioof8.4: 1.9: 1.9: 1.1: t: I. Two of these, the majordiol 84 and one of the minor

diols 85, were isolated by chromatography. The structures of these were evident from the

NMR dala, although the relative configurations at C-2 of the cyclobutanone moiety could

not be determined.

13a,b

dlA-
ICX=H.Y=Me
8SX=Me.V=H

Whereas 85 rearranged cleanly to 29b in TFA, the major diol 84 gave only small

amounts ofdiketone 29. and 3-furanones 30a,b along with intractable material. Except

\\ith acetophenone, starting matenals were largely returned when conjugated ketones

(isophorone, l-indanone, and a-tetralone) were subjected to the one-pot procedure with 3

and BCI). Acetophenone gave dione 67 in 52 % yield.

In summary, the mechanism ofaction of BC!) differs in an important way from

thaI ofBFl"Et20 because BCl) not orny induces the initial aldol reaction, it is incorporated

2S



into a cyclic borate that inhibits subsequent equilibration orthe aldol product. The use or

BCll now makes the ronnation or4.4-dimethyl·1 ,3-cyclopentanediones by geminal

acylation a very anractive synthetic methodology.
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Experimental Section

Gt:ne~1 Seetio•• Compounds 3, 4, and 51 were obtained using the method for

the preparation of 1 of Bloomfield and Nelke. ll The CH2Ch used in the geminal acylation

reactions was distilled from CaH2. All reactions were pe:rfonned under N2. "Work·up"

usually consisted of addition of the reaction mixture to H20, extraction of the aqueous

layer with CH2Ch, washing with brine, drying of the combined organic solutions over

anhydrous MgSO~ or Na2S0~, and evaporation of the solvent under vacuum. Flash

chromatography ("chromatography") used 230·400 mesh silica gel. IR spectra were

recorded on a Manson FT-IR instrument as thin films unless otherwise noted.. Relative

intensities of absorption bands are indicated using the following abbreviations: s (strong),

m (medium) and w (weak). IH NMR spectra were obtained on a General Electric OE-300

NB at 300 MHz in CDCll unless specified otherwise, and shifts are relative to internal

teuamethylsilane. The following abbreviations are used in descriptions of IH NMR

spectra: s (singlet), d (doublet), t (triplet) and q (quartet), m (multiplet) and br{broad).

For spectral data obtained from mixtures, only clearly distinguished signals are reponed.

Most product ratios were detennined by integration of lH NMR spectra. NOE

measurements were made from difference spectra and are reported as: saturated signal

(observed signal, enhancement). IlC NMR spectra were Tttorded at 75 MHz; chemical

shifts are relative to solvent; the number ofattached protons as detennined by APT and

heteronuclear correlation spectra follows each chemical shift in parentheses. Overlap

may have prevented the reporting ofall resonan~ when the spectral data ofminor

components were obtained from spectra of mixtures. liB NMR spectra were recorded at
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96.3 MHz; chemical shifts relative to an external BF)·Et,O standard. 29Si NMR spewa

were recorded at 59.6 MHZ; shifts were relative to an external chlorotrimethylsilane

reference. NMR FlO data were processed using WinNuts (Acorn NMR software). Low

and high resolution mass spectral data were obtained on a V.G. Micromass 7070HS

instrument. Melting points were determined using a Fisher-Johns hot stage apparatus and

were uncorrected. Data for the X-ray structures were obtained with a Rigaku AFC65

diffractometer. X-ray structure data collection and structure detenninations were

performed by Dr. John Bridson and Mr. David Miller. Ultraviolet (UV) spectra were

recorded on a Varian Cary 5E instrument. GC-MS spectra were recorded using a Hewlett

Packard mode15890 gas chromatograph coupled to a model 5970 mass selective detector.

A 12.5 m fused silica capiUary column with cross linked dimethylsilicone as the liquid

phase was used for the GC-MS analyses.

OiMS 3-Mctbyl-l,2-bis(trimelhylsilylox}')cyclobutcac (3)0 Colorless liquid,

H-}J(OTMS bPimm 69-72 °C; IR t720 cm· l ; IH NMR6 2.45 (IH, m, H3), 2.36 (tH,
H,C

dd,J~4.3, 10.0 Hz, H4), 1.65 (lH, dd,J-1.2, 10.0 Hz, H4), 1.10 (3H,

d,J~ 6.6 Hz, C3-methyl), 0.21 (9H, s), 0.20 (9H, s); 13CNMR6 125.4 (0, C2), 119.6 (0,

Cl), 34.9 (2, C4), 33.3 (I, C3), 17.8 (3, C3-methyl), 0.35 (6C, 3); MS244 (34, M), 229

(19), 148 (12), 147 (83), 75 (12), 73 (100),45 (20).

3,3-Dime:tbyl-l,2-bis(trime:thylsilyloxy)cyclobuleac (4). Colorless

liquid, bP3mm 60-61 OC; IR 1727 cmol
; IH NMR6 1.97 (2H, s, H4), 1.12

(6H, s, C3-methyl), 0.21 (9H, s), 0.18 (9H, s); 13CNMR6 128.6 (0,

C2l, IIB.3 (0, CI), 42.7 (2, C4), 3B.6 (0, C3), 24.2 (2C, 3, C3-methyls), 0.35 (6C, 3); MS
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258 (33, Mi, 242 (24), 152 (13), 148 (11), 147 (67), 75 (32), 74 (10), 73 (100), 69 (10),

60 (12), 58 (18), 57 (18), 56(14), SS (22); HRMS caled forCl2H26ChSiz 258.1470, found

258.1472.

General procedure for tbe reactioDS of3 with Itttonts or ac:etals. Based on the

procedure of Jenkins and Burnell,' to a solution of ketone or acetal (2.0 nunol) in CHIClz

(l0.0 mL) were successively added BF)'Et10 (0.30 mL, 2.4 mmol) and 3 (0.73 gt 3.0

mmol). The mixture was stined at rt for 24 h before H20 (0.30 mL) was introduced,

followed 10 minutes (min) later by BFrEt20 (3.7 mL, 30 mmal). The resulting black

solution was stirred for 24 h. Work-up and decolorization ofa CHICh solution by

activated charcoal and filtration through Florisil, gave the cyclopcnlancdione product(s).

For yields and product ratios see Table 1.

2-Etbyl-2.4·dimetbyltyc:lopentant-l,3-dionc (5atb). From spectra of the

mix.ture: IR 1765 (m), 1723 (s) em·1; IH NMR63.1G-2.96 (lH from each,

two overlappingdd, H5), 2.9~2.77 (IH from each, m, H4), 2.37 (IH, del,J

5a,b =8.7,18.3 Hz, H5), 2.29(1H,dd,J-9.J, 18.0 Hz, H5), 1.80-1.55 (2H

from each, m,ethyl CH2), 1.29(3H from each, d,J=6.9 Hz, C4-methyl), 1.12 (3H, s,

C2-methyl), 1.09 (3H, s,C2-memyl), 0.81 (3H, t,J= 7.5 Hz, ethyl CH), 0.76 (3H, t,J=

7.5 Hz, ethyl CH]); "c NMR6 219.01218.6 (0, Cl), 216.31216.1 (0, CI), 57.2157.0(0,

C2), 44.5/43.7 (2, C5), 41.7/40.9 (I, C4), 29.4128.2 (2, ,thyl CH,), 20.2 (3), 17.9 (3), 15.7

(3),15.1 (3),9.418.9(3, ,thyl CH,); MS 154 (48, Mi, 139 (41), 84 (37), 69 (100), 55

(11),42 (19), 41 (37); HRMS calcd for4Hl4~ 154.0993, found 154.0985.
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2-Mttllybpiro[4.4)aollue-l,4-dioDe (6). Tan-colored oil; IR 1761 (m),

1119 (,)cm"; 'HNMRH02 (IH, dd,J-IO.3, 11.7 Hz, Hl), 2.88 (lH,

m, H2),2.35 (tH, dd,J- 8.2,17.7 Hz, H3), 1.90-1.70 (8H, m, H6·H9),

1.29 (m, d,J- 7.0 Hz, C2·melhyl); "CNMR6 220.4 (0, CI), 211.6 (0,

C4), 61.9 (0, C5), 42.3 (2, C3), 39.7 (I, C2), 35.4 (2), 32.4 (2), 25.1 (2),25.3 (2), 13.7 (3,

C2·rn,lhyl); MS 166 (98, MJ, 151 (12), 138 (12),125(19),97 (56), 96(100), 95 (20), 70

(12),69 (29), 68 (54), 67 (29), 55 (16), 42 (34), 41 (41~ 40 (23); HRMS oalcd fo,

CloHl402 166.0993, found 166.0995.

2-Metbylsplro(4.5)dtcaae-l,4-dioae (7). Yellow oil; IR 1760 (m), 1718

(,),rn"; 'HNMRHoo(IH,dd,J-IO.4, 17.6 Hz, Hl), 2.90 (lH,m, H2),

2.34 (lH, dd,J- 8.2, 17.6 Hz, H3), 1.90-1.42 (lOH, m, H6-HIO), 1.27

(m, d,J- 6.9 Hz, C2-rn'lhyl); "c NMR6 218.0 (0, CI), 215.3 (0, C4),

55.5 (0, C5), 43.1 (2, C3), 40.3 (I, C2), 30.5 (2), 28.6 (2), 24.9 (2), 20.5 (2), 20.3 (2), 15.6

(3, C2·m,lhyl); MS 180(100, M'), 151 (12), 138 (14),126 (38),125 (25), llJ (II), III

(32), 110 (42), 109 (I~ 99 (16),82 (21), 81 (25), 79 (13), 70 (10), 69 (17), 67 (79),55

(18),54 (26), 53 (18),43 (13),42 (38),41 (63),40(14); HRMS ,akd fo,C"H"o,

180.1149, found 180.1168.

2.6--Dilllletbylspiro[4.5Idecalle-l.....dioae (Sa..d). Spectra oCthe mixture:ana IR 1758 (m), 1716 (s),rn"; MS 194 (97,MJ, 180(11), 179(89),152(13),

U 140(20),139(34),138 (12),126(93),125(26),124 (13),123 (15), III

",- (10), 110 (10), 109 (100), 96 (12), 95 (22), 81 (59), 79 (16), 77 (II), 69

(18),68 (17), 67 (57), 55 (35), 54 (13~ 53 (29), 43 (18), 42 (52), 41 (78~ 40 (14); HRMS

caled forC 12H1a02 194.1306. found 194.1285. For Sa from the mixture: IHNMR6 3.03
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(IH, dd,J-I0.6, 18.2 Hz, H3), 2.12(1H, dd,J-9.0, 18.2 Hz, H3), 1.25

oho(3H, d,J-6.9 Hz, C2-methyl), 0.705 (3H, d,J-6.6 Hz, C6-m.thyl); "c
~ NMR 8 219.6 (0, C I), 215.6 (0, C4), 60.4 (0, C5), 45.1 (2, C3), 40.0 (I,

ee,. C2), 34.9 (I, C6), 32.8 (2), 28.9 (2), 25.3 (2), 20.1 (2), 185 (3, C6-methyl),

14.8 (3, C2-methyl). For 8b from the mixture: IH NMR 6 2.70 (tH, overlapped dd, H3),

2.41 (IH, ev.dapped dd, H3), 1.31 (m, d, J: 7.0 Hz,C2-methyl), 0.74 (m, d,J- 6.9

Hz, C6-methyl); "c NMR8 219.8 (0, CI), 217.2 (0, C4), 60.0 (0, C5), 44.1 (2, C3), 43.1

(I, C2), 36.3 (I, C6), 32.2 (2), 29.1 (2),25.3 (2), 20.2 (2), 18.1 (3, C6-methyl), 16.5 (3,

C2-methyl). ForSe: from the mixture: l HNMR5 3.08 (tH, dd,J= 10.5,18.8 Hz. H3),

2.18 (IH, dd,J- 6.9 Hz, H3), 0.715 (3H,d,J= 6.4 Hz, C6-m.thyl); "c NMR8 218.3 (0,

CI), 216.; (0, C4), 60.7 (0, C5), 44.6 (2, C3), 39.9 (I, C2), 35.2 (I, C6), 32.9 (2), 28.9

(2),25.4 (2), 20.2 (2),18.3 (3,C6-m.thyl), 14.8 (3, C2-m.thyl). FerSd from the

mixture' 'H NMR8 2.42 (IH,eved.ppeddd, H3), 1.32 (m,d,J- 7.0 Hz, H3), 0.75 (3H,

d,J- 6.3 Hz, C6-methyl); "c NMR8 218.6(0, CI), 216.2 (O,C4), 59.6 (0, C5), 43.6 (2,

C3), 35.7 (I, C6), 32.0 (2),19.9 (2),16.3 (3, C2-methyl).

4·-Mtlbylspiro(bkydoI2.2.1Ib~t••e.2,2'-cyclopeDta.t)-l',3'-dio.t

(9.-eI). Spettraofthe mixture: 1R 1758 (m), 1716 (s}cm*l; MS 192 (39,

9a,b

MI, 163 (56), 127 (12),126 (100),122 (14), 94 (II), 93 (55), 79 (21), 77

(11),67 (18), 66 (18), 65 (20), 53 (IS), 42 (11),41 (30); HRMS "led fer

C12HI10 2 192.1149, found 192.1147. For 9. from the mixture: IH NMR6

1.20 (m, d,J-6.9 Hz, C4-methyl); "c NMR8215.5 (O,Cn 213.1 (0,

CI1, 66.4 (0, C2), 49.2 (I), 44.0 (2), 39.5 (I), 37.3 (2), 36.9 (I), 33.0 (2),te,.

28.0 (2), 24.1 (2), 15.4 (3, C4'·methyl); Fer9b from the mixture, 'HNMR82.82(IH, del,

JI



J=9.0, 16.5 Hz, H5), 2.55 (lH, b,m), 2.46 (lH, dd,J- 9.8,16.5 Hz), 2.46(1H, m), 2.36

(IH, m), 1.44 (3H, d,J= 7.2 Hz); "CNMR6 216.1 (0, C3'),213.2 (0, CI'), 65.4 (0, C2),

48.6 (I), 43.9 (2), 42.1 (1),37.1 (2), 36.7 (I), 33.9 (2), 27.7 (2), 24.5 (2), 17.6 (3, C4'

methyl). For9~ from the mixture: 'HNMRS 3.23 (IH, dd,J= 11.4, 19.0 Hz, H5), 2.94

(lH, b,m), 2.48 (IH, m), 2.36 (IH, m), 2.15 (lH, dd,J- 8.7,19.0 Hz, H5), 1.22 (3H, d,

J= 6.9 Hz, C4'-methyl); He NMR 5 215.2 (O,C3'), 212.4 (0, CI'), 66.5 (0. e2), 49.1 (I),

43.2 (2), 40.5 (I), 37.0 (2), 36.8 (I), 32.8 (2), 27.8 (2), 24.5 (2), 14.3 (3, C4'-m,thyl). Fo,

9d from the mixture: IlC NMR 0 216.5 (0, C3'), 213.4(0, C\'). 42.8 (2), 41.8 (I), 37.6

(2),34.1 (2),27.7 (2), 17.6 (3, C4'·m,myl).

2,7-Dimeth)'lspiro(4.S)decaDt-l,4-diOQC (IOa-d). Spectra oCthe mixture:

10il,b

IR 1761 (m). 1718 (s) om"; MS 194 (86. M), 151 (10). 139(18). 138 (65).

127 (12),126 (100),125 (28),124 (14).123 (12), 109 (12), 99(14), 96

(13),95 (39), 93 (10), 82 (23), 81 (56), 79 (14), 70 (17), 69 (31), 68 (14),

67 (30), 55 (30). 54 (12), 53 (15), 43 (17),42 (24), 41 (52),40 (12); HRMS

calcd forC nH1s02 194.1306, found 194.1306. I HNMR rcreach isomer

1OC,ct

comains 0 3.03 (IH, m. H3), 2.88 (IH, rot H2), 2.33 (lH, m, H3), 2.00

(IH, m
t
H1), 1.27 (3H, d,J=6.9 Hz, C2-methyl), (0.857 (JH. d,Je:s6.3

Hz) 0.86 (3H, d,l= 6.6 Hz), 0.85 (3H.d.J=6.6 Hz), C7·methyl). For lOa/b: llC NMR

'217.9/217.9(0, CI),215.64/215.59(O, C4), 56.5 (0, C5), 43.3 (2, C3),40.9(I, C2),

38.1136.8 (2), 33.76 (2), 33.4 (2), 28.9 (2), 26.53/26.46 (I, C7), 22.5122.4 (3, C7-m"hyl),

20.96120.90 (2), 15.9 (3, C2-methyl). For tOdd: 1JC NMR 5 218.21218.1 (0, Cl), 215.0

(0, C4), 56.6/56.5 (0, C5), 43.4/43.3 (2, C3), 40.3/40.2 (I, C2), 38.6136.5 (2), 33.80 (2),
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30.9 (2), 28.5 (2), 26.7126.3 (I, C7), 22.6122.3 (3, C7-methyl), 21.02120.8 (2),15.7115.6

(3, C2-methyl).

o~o
t-Bu
11.

o~o
t-Bu

1"
l..t"N~ 2,4-DNP

N

,..,pJ{:'..
H 0

11,

1-8-un-BUIyI.2-melbyl.r-t·spiro[4.51deuDt-I,4-dioac (11a)

and c-8-tert-butyl.2-melbyl.,.I-spiro[4.Sldec:aDt-I.4-dioDc

(Ub). Spectraoflhe mixture: IR 1756 (m), 1113 (5) em"l; MS

236 (44, MI, 221 (17), 181 (12), 180 (88),179(39),139 (12),

138 (15),126(24),125 (26), 109(23), 81 (19),79 (14), 67 (12),

57 (100), 55 (15), 53 (13), 43 (17),42 (10), 41 (54); HRMS

calcd for CI,H2~02 2]6.1775, found 236.1173. For 11a from the

mixture: IH NMR S 2.96 (IH, ddtJ= lOA, 11.4 Hz, H3), 2.33

(IH. ddtJ= 7..7.17.4 Hz, H3), 1.26(3H. d,J= 7.0 Hz, C2

methyl); 13C NMRS 218.2 (0, el), 215.4 (0. C4), 55.3 (0. C5),

46.8 (I, C8), 43.2 (2. C3), 40.8 0, e2l, 32.3 (0, I-butyl), 31.2

(2),29.7 (2), 27.3 (3C, 3, ,·butyl), 21.7 (2), 21.6 (2),15.7 (3, C2-

methyl). For lIb from the mixture: lH NMRS 3.02 (lH, ddJ= 10.4, 18.0 Hz, H3). 2.33

(tH. ddtJ= 8.9,18.0 Hz, H3), 1.27 (3H, d.J=6.9 Hz, C2-methyl); 13C NMRS 218.1 (0,

CI). 215.3 (0, C4), 55.4 (0, C5), 46.8 (I, C8), 43.3 (2, C3), 40.1 (\, C2), 32.3 (0, ,·butyl),

31.7 (2), 29.3 (2),27.3 (3C, 3, '-butyl), 21.7 (2), 21.5 (2), 15.4 (3, C2-methyl). For the 4-

(2,4-dinitrophenylhydrazone) derivalive lIe (derived from 11., purified by

recrystallization): orange solid, mp 194.5-197.5 "C; IR (Nujol) 3301, 1747, 1712, 1615,

1589 cm· l
; lH NMRS lUI (IH, brs), 9.12 (lH, d,J= 2.6 Hz), 8.31 (lH, dd,J=2.5, 9.6

Hz), 7.92 (IH, d,J=9.6 Hz), 3.27 (IH, dd,J= 10.4. 17.6 Hz), 2.83 (IH, br m), 2.43 (IH,

dd,J'" 8.7, 17.6 Hz), 1.85-1.60 (8H, m), l.JI (3H, d,J=2.9 Hz), 1.14 (tH, brm), 0.95
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(9H, s); "c NMR6 218.3 (0),164,5 (0),145.0 (0),138.0(0),130,0(1),129.3 (0), 123.4

(1),116.3 (I), 52.7 (0), 46,9 (I), 40.4 (I), 33.4 (2), 32.6 (2), 31.4 (2), 31.3 (2), 27.4 (3C,

3),21.5 (2), 15.7 (3); MS 416 (2, M'), 81 (15),79 (16), 78 (10), 77 (12), 68 (16), 67 (12),

57 (100), 55 (21), 53 (12), 43 (15), 41 (70); HRMS <akd [orC"H"o,N, 416.2058,

found 416.2047. The structure of He was dctmnincd by X-ray crystallography.

,.•,.df:
T -of-\.

12a

bydroxy-4-metbykydobutanonc 12. and (2M,3SI1lr2-(c+

lerl-butyl-,-I-bydrosycydobuyl)-2-bydroxy-J-lDetbyl-

cyc:lobutaDonc l2b. Compound J (0.34 g, 1.4 mmo!) was added

to a solution of4-terr-butylcyclohcxanone (219 mg, 1.42 mmol)

and BFrEt!O (0.11 ml) in CH2Cb (7.0 mL). The mixture was

stirred al rt for 4.5 h. Work-up gave an oily, tan solid (304 mg). IH NMR analysis

revealed this to be a mi:tture: of 12. and 12b in a 3.3 : I ratio. and tl. and lib in a2.6: I

ratio. \\ith the ratio ofcyclobutanone compounds 10 cyclopc:ntanediones being 6 : I.

Cyc1obutanones 12. and 12b could not be separated by nash chromatography. Sptttra of

the mixrure: IR 3453, 3357,1767 em· l ; MS no M.... 236 (2),166(18),155 (23),137 (II).

123 (II), 109 (13), 98 (21), 95 (20), 83 (II), 82 (10), 81 (28), 71 (10),69 (14), 67 {I 5),

57 (100), 55 (22), 53 (10), 43 (26), 42(11). 41 (49); HRMS 'aL,d [orC"H"o, (M'.

H20) 236.1775. found 236.1775. For 12. from the mixture: 'H NMR B3.30 (IH, br s,

OH). 3.05 (IH, br ro, H4), 2.58 (lH, apparent 1.J= 11.8 Hz. H3), 1.86 (IH, m), 1.81

1.45 (4H, rnl, 1.45-1.21(3H. ml, 1.14 (3H. d,J-?) Hz, C4·methyJ), O.96(IH, m, H4'),

0.87 (9H, " ,·b'tyl); "c NMR6 215.7 (0, CI), 94.5 (0, C2), 72.7 (0, C1'), 49.6 {I, C4),

47.7 (I, C4'), 32.6 (2, C2), 32.4 (O, ,·butyl), 32.3 (2), 30.9 (2), 27.5 (3C, 3, I·b'tyl), 21.9



(2),21.8 (2),14.4 (3, C4-methyl). For llb from the mixture: lH NMR& 2.48 (lH,dd,J

=6.0,17.8 Hz, H4), US (3H, d,J=6.9 Hz, C3·rnethyl); llC NMR &213.6 (0, Cl), 95.2

(0, C2), 73.3 (0, CI'), 50.6 (I, C4), 47.6 (I, C4'), 32.5 (0, I-butyl), 32.4(2), 32.1 (2),30.6

(2),27.5 (3C, 3, I-butyl), 21.8 (2), 21.7 (2), 14.4 (3, C3-methyl).

'-BU-fJfl:
13.

MeO "fMSt-BUFJ!
H 0

13"

(2M,4Ri.S)-1-(c-4-lert-Butyl-,-1-metboxycytiobexyl)-4-

metbyl-2-(trimetbylsilyloxy)q·tlobutanone 13a and

(2R1.S'.3S'1l)-2-(c-4-lert-butyl-,-I-melhoxycyclobesy1r3•

metbyl-2-(lrimelbylsilyloxy)c)'clobulaaone 13b. Based on the

procedure of Kuwajima, I compocnd 3 (0.53 g, 2.t mmo1) was

added dropwise over 2-3 min to a solution at -78°C of4-tert-

butylcyclohexanone dimethyl acetal (0.39 g, 2.0 nunol) and BhEhO (0.24 ml) in

CH2Ch (3.0 ml). After stirring at this temperature for 6 h, the reaclion mixture was

poured into aqueous NaHCOJ solution (10 ml) and extracted with Et20 (2 x 40 mL).

The combined organic layers were washed with H20 (40 mL) and brine (40 mL) and

dried over anhydrous MgS04• Evaporation of the solvent under vacuwn left a viscous.

colorless oil (0.66 g. 99%) as a I : 4.1 mixture of 13a and 13b. Spt:ctra afthe mixture: IR

1775 ('lorn"; MS 340 (2, Mj, 170(12), 169 (100), 81 (23),75 (13), 73 (64), 67 (11),59

(14),57 (43), 41 (18); HRMS calcd for CI9H160 JSi 340.2432, found 340.2413. For 13a

from the mixture: lH NMR /) 3.29 (3H, s, OCHl). 0.14 (9H. 5, OTMS); IlC NMR /) 214.2

(0, CI). 97.1 (0, C2), 22.5 (2), 22.3 (2), 14.5 (3, C4-methyl), 1.7 (3C, 3, OTMS). For 13b

from the mixture: IHNMR53.28 (3H, S,OCHl), 2.94 (dd,J= 10.7, 18.0 Hz, H4), 2.83-

2.68 (rn, H3), 2.33 (dd,J= 6.3,18.0 Hz, H4), 2.19-2.05 (2H, rn), 1.84-1.70 (IH, rn),

1.67-1.44 (2H, m), 1.40-1.00 (3H, m), 1.12 (3H, d,J= 7.1 Hz, C3-methyl), 1.00--0.87

"



(IH, m, H4'), 0.84 (9H", '-butyl), 0.16 (9H", OTMS); "c NMR 6212.2 (0, CI), 99.1

(0, C2), 7;.9 (0, CI'), 51.7 (1, OCH,), 50.1 (2, C4), 47.1 (I, C4'), 12.2 (2), 27.5 (lC,l,'

bUlyl and IC, 2), 27.1 (I, Cl), 22.2 (2), 22.1 (2), 15.2 (l,C3-m,thyl), 1.8 (lC, J, OTMS).

This mixture of 13a and 13b(114 mg, 0.335 nunol) was stirred in TFA (1.0 mL)

at n for 20 h. Work-up afforded 82.6 mg ofa pale brown oil consisting largely of l1a

and lib in a I : 3.6 ratio.

I.B, d--hWS

T-o~,..
1MS

BnO '

I.BU-p:Jjf
H 0

'4"

(2M,4R1.S)-2-(r-I-BenzyloX)'-c-4·tf!rt-hutylcyclohexyl)-4-

metbyl-2-(lrimetbylsilyloxy)qdobu'aDODt 14. aDd

(2R1S,JSIR)-2-(r-l-btnzyloxy-c-4-tf!rt-butylcyc:lobexyl)-3-

melhyl·2-(trimetbylsilyloxy)cydohutalloIlC 14b. Based on the

procedure ofKuwajima,1 compoWld 3 (0.54 g. 2.2 mmol) was

added over 2-3 min to a CH2C1z(3.0 mL) solution of 4·tert-

bUlylcyclohexanone dibenzyl acetal (0.70 g, 2.0 mmel) and BF]'Et20 (0.25 mL) at -78

°C. Stirring at this temperature for 9.5 h. followed by work-up and chromalography gave

0.79 g (96%) ofa while solid. consisting ofa 1 : 7.4 mixture of148 and 14b. Spectra of

the mixture: IR 1775 cm· l
; MS 416 (0.3. M·), 245 (12). 143 (13), 92 (14), 91(100}, 75

(13),73 (46), 57 (19). For 148 from the mixture: lH NMR 8 4.68 (1H, d,J= 10.0 Hz,

benzyl), 4.61 (IH. d,J .. 10.0 Hz, benzyl), 0.16 (9H, s, OTMS); Uc NMR~ 213.8 (0,

Cil. 97.5 (0. C2), 7;.9(0, CI'), 6;,) (2, benzyl), 48.4 (I, C4'), 33.7 (2), 28.0(2), 22.4 (2),

14.6 (3, C4-methyl), 1.7 (3C, 3, OTMS). For 14b from the mixture: lH NMR81.5Q-1.l8

(5H, m, aryl), 4.58 (lH, d,J= 11.7 Hz, benzyl), 4.49 (IH,d,J= 11.7 Hz, benzyl), 2.92

(IH, m, H4), 2.86 (IH, brm, H3), 2.40-2.26 (2H, overlapping m), 1.89 (IH, m, H4),

\.68-1.50 (2H, m). 1.42 (IH, m), 1.33-1.24 (2H, m), 1.20 (IH, apparenl dd,J=4.7, 12.2
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Hz), t.13 (3H, d, J'" 7.0 Hz, C3-methyl), 0.98 (I H, br m, H4'), 0.85 (9H, s, t·butyl), 0.19

(9H, S, OTMS); "c NMRS 212.0 (O,CI), 140.0(0), 128.2 (1),127.1 (I), 127.0 (I), 99.5

(0, C2), 76.1 (0, CI'), 65.4 (2, benzyl), 50.2 (2, C4), 47.1 (I, C4'), 33.0 (2), 32.4 (0, 1

bUlyl), 27.8 (2), 27.5 (3C, 3, I-butyl), 27.1 (1,0),22.2 (2), 22.1 (2), 15.3 (3, O-methyl),

\., (3C, 3, OTMS).

t'B'~-.r -OJ--\..,.
15.

BnO OH

t'B'--p:Jj3'
H 0

15"

t.B'~
~o)-J-··.1.

(2R1S,4R1S)-2-(,-I-BcnZ)'loI)'-e-4-tcn-iJutykyclohuyl)-2-

bydroI)'-4-mctbylcyciobutanonc ISa and (2R1S.JSI")-2-(,-I-

btnzyloIY-<-4·ten-butylcyclobcI)'I)-2-bydroxy-3·

mttbykyciobulanODC ISb. Treatmenl of the above mix.ture of

14a.b (0.20 g, 0.48 mmol) ....,.ilh TBAF (0.60 mL, 1.0 M in THF)

in Et10 (4.0 mL), followed by chromatography afforded 15. and

ISb (Iotal 0.142 g, 84%). IH NMR signals for a very minor third

isomer, tentatively ascribed structure 16, were noted in some

fractions that were mainly 15&. IR (mixture) 3506 (m), 1775 (s),

1607 (w). 1497 (m) em· l
. MS (mixture) no M", 155 (13), 92 (13). 91 (l00), 86 (28), 84

(46),81 (16).79 (IS). 67 (10), 57 (67),55 (14), 47 (13). 43 (21), 41 (36). FodS" 'H

NMRS 7.60-7.21 (5H, m, aryl), 4.71 (lH, d,J= 11.1 Hz, benzyl). 4.40 (IH, d,J= 11.0

Hz. benzyl). 3.45 (IH, s, OH), 3.00 (IH, m, H4), 2.59 (IH, apparent I,J= 12.2 Hz, H3),

2.04 (IH. ddd,J~ 3.0, 6.0,13.2 Hz), \.96 (lH, ddd,J~ 3.1, 6.1,13.2 Hz), 1.72 (lH, dd,

J=9.2, 12.2 Hz, H3 syn to methyl), 1.11-1.58 (2H. m), 1.55-1.21 (4H, m), 1.24 (3H, d,J

·7.2 Hz, C4-methyl), t.OI (IH, m, H4'), 0.81 (9H, 50 t.butyl); NOEdata 3.00(2.59, 2%;

2.04-1.96, 1.6%; 1.24,6%),2.59 (3.00, 3%; 1.72,22%; 1.48·1.39,9%),2.04-1.96 (4.71,

1.2%; 3.00,1%; 4.40, 3%; 1.48·1.39, 31%), 1.72 (2.59, 9%; 1.24,2%); 13CNMRS 214.8
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(0, CI), 138.7 (0, aryl), 128.4 (2C, I), 127.5 (2C, 1),95.6 (0, C2), 76.9 (0, CI?, 64.4 (2,

beozyl), 49.0 (I, C4), 47.4 (I, C4'), 32.8 (2, C3), 32.4 (0, '-butyl), 31.2 (2), 28.3 (2),27.5

(3C, 3, '-butyl), 22.0 {2C, 2, C3', Cn 14.4 (3, C4-methyl). For ISb: 'H NMR 8 7.54

7.20 (5H, m, aryl), 4.73 (lH,d,J-II.1 Hz, beozyl), 4.42{IH,cl,J- 11.2 Hz, beozyl),

3.35 (IH", 011), 2.99 (lH, dd,J-IO.4, 17.7 Hz, H4),2.62 {IH, b,m, Hl), 2.48 (lH,dcl,

J= 6.4,17.7 Hz, H4 'YO to methyl), 2.08 (lH, ddd,J-3.2, 6.2, 13.7 Hz), 1.93 (IH, ddd,

J= 3.1,6.0,12.9 Hz), 1.64 (2H, m), 1.55-1.26 (4H, m), 1.20 (3H,cl,J-7.0 Hz, C3

methyl), 1.02 (I H, m), 0.87 (9H, s, '-butyl); NOE da.. 4.73 (2.08, 3%), 2.99 (2.62, 4oW.;

2.48,13%),2.62 {2.99, 4%; 1.49-1.36,6.5%; 1.20,4%),2.48 (2.99, 8%; 1.20, 1.6%),2.08

(4.42,3%; 1.49-1.36,13%),1.93 (1.36,16%),1.20 (2.62, 4%; 2.48, 4%); 1JC NMR&

212.2 (0, Cll, 138.8 (0, aryl), 128.4 (2C, I), 127.5 (2C, 1),95.9 (0, C2), 77.5 {O, CI?,

64.6 (2, C4), 50.1 (2, beozyl), 47.4 (I, C3), 32.4 (0, /-butyI130.8 (2), 28.3 (I, C4?, 27.8

(2),27.4 (3C, 3, I-butyl), 22.0 (2C, 2), 14.1 (3, C3-methyl). Fo"....ti"" 16 (from

mixture of 15a and 16): lH NMR &4.75 (lH, overlapped d, benzyl), 4.49 (IH, d, J- 11.3

Hz, beozyl), 2.29 (IH, dd,J-11.4, 12.9 Hz, H3), 1.84 (IH,dd,J-9.9, 12.9 Hz, H3),

1.17 (3H, d,J-6.5 Hz, C4-melhyl).

A mixture oflSa.b (105 mg,a.2St mmol) was stimdinTFA(1.0mL) at rt for 4

h. Work-up afforded 76 mg oran oily, yellow solid consisting largely oflla and lib, in

aratioofl :7.5.

Bydrogea.olysb of 15_ ud ISb. A mixture ofIS. and ISh (4.3: I; 64 mg. 0.19

mmol) in EtOH (3.5 mL) and AcOH (0.5 mL) with 10% Pd onclwcoal (IS mg) WIde, H,

(I atm) for 18 h gave 42 mg (96%) of11,,"d Ilb (5.1 : I).



Homogeneous 15b (58 mg. 0.17 mol) in EtOH (3.5 mL) and AcOH (0.5 mL) with

10% Pd on charcoal (13 mg) underH2(I attn) for 48 h gave 42 mg (100%) ofl2. and

12. (5.2, I).

General procedure for tbe reactions of 4 with ketones. BFJ ·Et20 (0.30 mL. 2.4

mmol) and 4 (0.84 g 3.2 mmol) were added in succession to a solution of the ketone (2.0

mmol) in CH2Ch (l0.0 mL). The mixture was stirred at rt for 24 h. H20 (0.30 mL) was

introduced followed 10 min later by BhEt20 (3.7 mL, 30 mmol). The n:sulting black

solution was stirred for 1·3 h. except for the reaction with 2-methyicyclohexanone, which

required 24 h. Work-up gave the crude product, consisting of cyclopentanedione{s),

furanone(s), and 1,2-dione(s). Flash chromatography (hexane with an increasing

proportion of EtOAc) could usually effectively separate the three types of product, but

cyclopentanedione diastereomers, geomelric isomers of furanones, and isomeric 1,2-

diones were generally not separable in this way. Furanones were susceptible to oxidation

in air. Yields and product ratios for the individual reactions are given in Table 2.

~ 2,2,4,4-Telramelhyl-l,3-qdopeolanedione (17). Faint yellow oil (faint

o~o yellow solid below 4 0C); IR 1763 (m). 1725 (s) em-I; IH NMR 6 2.66 (2H,

17 s. H5), 1.25 (6H, 5, C2-methyls), 1.17 (6H, 5, C4-methyls); 1JC NMR6

220.8 (0. Cll, 2\6.4 (0, C\), 5\.6 (0, C2), 50.\ (2, C5), 46.6 (0. C4), 25.5 (2C, 3, C4·

methyls), 21.4 (2C, 3, C2·methyls); MS 154 (IS, M), 70 (100),42 (31),41 (16); HRMS

calcd forC9H14'h 154.0993, found 154.0993.
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20

4,5-Dihydro-2-lsopropylidtDe-5,s.dimetbyl.3(21l)-funDoat (18).

Yellow oil; lR 1724 (s), 1644 (m) em-I; IH NMR &2.48 (2H. s. H4), 2.07

(3H, s), 1.79 (3H, s), 1.39 (6H, s,C5-methyls); "CNMR6199.7 (0, C3),

143.3 (0, C2'). 120.1 (O,C2), 77.9 (0, C5), 50.5 (2, C4), 28.1 (2C, 3, C5

methyls), 19.5 (3), 16.8 (3); MS 154 (42, MI, 139 (24),130 (14), 83 (78), 71 (24),70

(100),59 (28), 56 (30), 55 (30), 43 (38), 42 (47), 41 (38).

o 2,6-Dimethylhtpt-S-tDe-3,4-dioat (19). Yellow oil; IH NMR &6.71
o~A ,,(IH, m, H5), 3.47 (IH, septel, J = 6.9 Hz, H2), 2.26 (3H, d,J=1.2 Hz),

19 2.02 (3H, d,J= 1.2 Hz), 1.10 (6H, d,J~6.9 Hz, HI, C2-methyl); MS

(from GC-MS) 154 (5, MI, 128 (10), 83 (12), 70 (33), 59 (23), 57 (10), 56 (43), 55 (II),

44 (31),43 (100), 41 (31).

2-EthyI-2,4,4-trimelhylcydopeataDe-1,3-diODt (20). Yellow oil; IR

1764 (m), 1722 (s) em·l; IH NMR& 2.67 (IH, d,J ... 18.2 Hz., H5), 2.57

(IH, d,J= 18.2 Hz, H5), 1.67 (2H, q,J- 7.5 Hz, ethyl CH,), 1.2·5 (3H, s,

C4-methyl), 1.24 (3H, S, C4-methyl), 1.15 (3H. S, C2-methyl), 0.80 (3H, t.

J= 7.5 Hz, ethyl CH,); "c NMR6 221.2 (0, C3), 216.5 (0, CI), 56.7 (O,C2), 51.1 (2,

C5), 46.2 (0, C4), 29.0 (2, ethyl CH,), 26.5 (3, C4-methyl), 24.5 (3, C4-methyl), 20.3 (3,

C2-methyl), 9.3 (3, ethyl CH,); MS 168 (II, MI, 91 (16),90 (26), 85 (15), 84 (68), 83

(61),81 (12),73 (72), 70 (12),69 (55), 67 (13), 59 (14), 57 (26), 56 (100), 55 (85), 53

(19),43 (67), 41 (86); HRMS calcd fo, C,oHI6O, 168.1149, found 168.1158.
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(E)- ud (Z)-4,5-Dihydro--2-isobalylideDe-S.5-dimttbyl-J{1H}.

funDODt (2lath). From spectra oflhe mixture: 1R 1125, 1639 em·l; IH

21a,b
NMR' 2.58 (2H,q,J= 7.5 Hz, ethylCH,), 2.16 (2H, q,J-7.5 Hz,

ethyl CH,), 2.482 (2H, s, H4), 2.475 (2H, s, H4), 2.06 (JH, s, C2'

methyl), 1.78 (3H, 5, C2'-methyl), 1.39 (6H, 5, C5·methyls), 1.38 (6H, 5, C5-methyls),

1.02 (3H, t,J= 7.5 Hz, ethyl CH), 1.00 (3H. t,J-1.5 Hz, ethyl CH); I)C NMR 6200.5

(0, 0), 199.6(O,C3~143.3 (0, C21, 142.9(0, C2'), 126.6 (0, C2), 126.0 (0, C2), 78.1 (0,

C5), 78.0 (0, CS), 50.7 (2, C4), 50.6 (2, C4), 28.21 (3, CS-methyls), 28.16 (3, C5

methyls), 26.4(2), 23.4 (2),16.9(3),14.5 (3), 12.9(3), 11.4 (3); MS 168 (62, MJ, 153

(18), 85 (13), 84 (98), 83 (22), 69 (100), 57 (In. 56 (33), 55 (31 l, 43 (33), 41 (76).

2,6-Dimttb)'locl-2-taM,S_diODt(22). Yellow oil; IR 1710, 1671, 1618
o
o~ em·

l
; IHNMRli 6.12 (lH, m,H3),3.36(IH, q,J"'6.1 Hz, H6),2.06

r':_ . (3H, Sl, 2.02 (3H, s), 1.69 (IH, m, H7), 1.38 (IH, m, H7), 1.07 (3H, d,J
22

-7.0Hz, C6-methyl), 0.88 (3H, I,J-1.4 Hz, H8); I)CNMR 6 205.2 (0),

188.2 (0), 163.4 (0, C3), 117.5 (I, C2l, 40.0 (I, C6), 28.5 (3), 25.3 (2). 21.6 (3), 15.0 (3),

11.5 (3); MS 168 (2, Ml, 83 (100), 57 (16), 55 (32), 41 (10).

23

2,2-Diltltlb)'bpiro(4.4IDODaae-1,4-diODt (23). Pale yellow oil; IR 1161

(m), 1721 (5) em·l
; IH NMR62.62 (2H, m, H3), 1.93-1.15 (8H, m, H6·

H9l, 1.24 (6H, s, C2-methyls); "c NMR' 221.6 (0, CI), 216.4 (0, C4),

61.6 (0, C5), 50.9 (2, C3l, 46.4 (0, C2l, 36.5 (2C, 2), 27.2 (2C, 2), 25.2

(2C, 3, C2-methyls); MS 180 (26, MJ, 96 (100), 68 (25), 41 (14); HRMS caJcd for

CIIH1t;02 180.1149, found 180.1139.

"



2-CydopcntyUdelle-4,5-dillydro-S,5-dimetbyI-3(2H}-f.rnoae (24).

'H NMR(impun: sample) 6 2.78 (2H, m), 2.48 (2H, s, H4), 1.42(6H,

s, C5·meohyls); MS (from GC·MS) 180 (33, M'), 96 (100), 68 (35), 41

(32).

2,2,7-TrimetbyupiroI4.4)noa.ne-l,4--diolle (2S.,b). From speetra ofthe

mixture: lR 1760 (m), Int (s) em· l
; for major isomer: IH NMR6 2.64

(11I,d,J-17.8 Hz, Hl), 2.56(1H, d,J- 17.8 Hz, H3), 2.25 (lH, bun,

H1), 2.05-1.68 (4H, m), 1.55-1.30 (2H, m), 1.22 (6H, ~ C2-methyb), 1.04

(3H, d,J' 6.6 Hz, C7·methyl); "c NMR 6 221.5 (0, CI), 216.0 (0, C4), 61.9 (0, C5),

50.9 (2, C3), 46.2 (0, C2), 44.3 (2), 36.2 (2), 35.9 (I, C7), 35.3 (2), 25.3 (3, C2·meohyl),

25.1 (3, C2-methyl), 18.6 (3, C7-methyl); for minor isomer: IH NMR6 1.23 (6H, s., 0

me<hyls); "c NMR6 221.3 (O,CI), 216.2 (0, C4), 62.0 (0, C5), 50.7 (2, C3), 46.3 (0,

C2), 41.8 (2), 35.8 (I, C7), 35.6 (2), 35.2 (2), 25.2 (3, C2·methyl);25.0 (3, C2-meohyl),

19.5 (3, C7·methyl). MS 194(22, M'), III (14), 110 (100), 95 (26), 82 (11), 81 (12),68

(26),67 (44), 56 (II), 55 (12), 53 (10),41 (32),40 (20); HRMS caled fo, C"H"o,

194.1306, found 194.1322.

2,2-Dimetbylspiro(4.5}dKllae--l ,4--dioae (26). White solid, mp 41.5-43

ort
o

"C; IR 1760 (m), 1719 (s)cm"; 'HNMR62.61 (2H, m,H3), 1.75-1.40o (IOH, m, H6-HIO), 1.22 (6H, s, C2-methyls); "c NMR 6 220.3 (0, CI),

" 216.3 (0, C4), 54.9 (0, C5), 50.3 (2, C3), 46.2 (0, C2), 30.5 (2,C8), 25.7

(2C, 3, C2-methyls), 25.0 (2C, 2),20.6 (2C,2); MS 194 (38, M'), III (12), 110 (100), 82

(24),81 (10),67 (55), 55 (10), 54 (15), 53 (10),41 (29); IlRMS calcd focC"H"o,

194.1306. foWld 194.1320.
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28a,b

2.cyclobcxylidcae-4tS-dihyd~5,5-dimctbyl-3(2H)-fun.aoac (27).

Yellow oil; lR 1724, 1637 em-I; IH NMR 6 2.74 (2H, m), 2.48 (2H, $,

H4), 2.25 (2H, apparent triplet,)c: 5.4 Hz), 1.65-1.40 (6H, ro, H3'·

H5), 1.38 (6H, 5, C2-m.lhyl,); "c NMR S 200.8 (0, C3), 140.8 (0,

CI'), 128.7 (0, CI), 77.8 (0, C5), 50.9 (2, C4), 28.6 (2), 28.1 (2C, 3, C5-m.lhy},), 27.9

(2),27.3 (2), 26.3 (2),25.9 (2); MS 194 (38, -n, III (12), 110 (100), 82 (24), 81 (10),

67 (55), 55 (10), 54 (15), 53 (10), 41 (29).

l-Cyclohcxyl-4-mctbylpeat-4-nc-l,2-dioac (28a) aad l-cydohexyl-4-

metbylpcat.3.eae-l,2-dioDe (28b). An attempt to separate a 1.2: I

mixture by preparative TLC led predominantly to isomerization of 28. 10

l8b. For 28. (from the mixture): IH NMR 84.97 (IH, ro, H5), 4.79(IH,

fi, H5), 3.13 (lH, fi, HI'), 3.44 (2H, s, H3), 1.77 (3H, S, C4·methyl); MS

(from GC-MS) 194 (4, M), 83 (100), 55 (31). For 28b: yellow oil; IR 1710, 1678, 1613

em-I; IH NMR6 6.69 (1H, m, H3), 3.24(1H, rn, HI'), 2.26 (3H, s), 2.01 (3H, s), 1.79

(3H, m), 1.70 (tH, m), 1.30 (4H, m); "c NMRS 204.5 (0),188.3 (0), 163.3 (0, C4),

117.6 (I, C3), 43.1 (I, CI'), 28.S (3), 27.8 (2C, 2), 25.8 (2), 25.4 (2C, 2), 21.6(3); MS

([mm GC-MS) 194 (2, -n, III (39),83 (100), 55 (70).

2,2,6-Trimelhybpiro(45}dec.ae--l,4-dioae (29.,b). For 29.: IR 1759

:& (m), 1717 (,) ,m"; 'HNMRS2.69(IH,d,J= 18.3 Hz,H3),2.39(IH,d,J
o ." 0

"" 18.3 Hz, H3), 1.26 (3H, S, C2-methyl), \.20(3H, s, C2-methyl},O.74

29. (m, d,J= 6.5 Hz, C6-m.lhyl); "c NMR S 222.0 (0, CI), 216.2 (0, C4),

60.4 (0, C5), 51.9 (2, C3), 45.6 (0, C2), 35.7 (I, C6), 33.8 (2), 29.0 (2), 26.8 (3, C2-

methyl), 25.4 (2), 24.6 (3, C2-methyl), 20.4 (2), 18.7 (3, C6-mcthyl). From spectra ofthe
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onixtwe, 29b, 'H NMR62.74 (IH, d,J~ 18.6 Hz, H3), 2.46 (IH, d,J=

~
18.6 Hz, H3), 1.29 (3H, 5, C2-methyl), 1.16 (3H, 5, C2-methyl), 0.73 (m,

o .,'-';;:0

d,J= 6.2 Hz, C6-methyl); MS 208 (57, M'), 193 (38), 153 (13), 140 (34),

29b 124 (38),110 (10),109 (100), 95 (10),96 (13), 81 (27),67 (33), 56 (12),

55 (21), 53 (12),41 (29); HRMS calcd forC13H~2 208.1462. found 208.1458.

4.s-Dibydro-S,5-dimetbyl·2·(2-metbylcydohexylidcnt)-3(2Hr

(unnone (30a,b). From spectra of the mixture: UV (cyclohexane)

291 nm (£ =9,600); IR 1721, 1630cm· l
; IHNMRS4.02 (lH, rot

30a,b
H2'), 3.64 (lH, b, d,J~ 14.6 Hz, H6), 2.98 (tH, m, H2'), 2.60 (IH,

m, H6'), 2.48 (2H, 5, H4), 2.47 (2H, 5, H4), 1.94 (lH, m, H6'), 1.40 (3H, 5),1.384 (3H, 5),

1.376 (3H, s), 1.36 (3H, s), 1.11 (6H, d,Jc 7.2 Hz. CZ'·methyl); IlC NMRS 20Ll (0,

C3), 200.4 (0, C3), 140.8 (0, CI'), 140.6 (0, Cl1, 133.0 (0, C2), 132.6 (0, C2), 77.9 (0,

C5), 77.8 (0, C5), 51.0 (2, C4), 33.1 (2),32.7 (2), 29.7 (I, C2'), 26.7 (I, C2'), 28.1 (4C, 3,

C5-m«hyls), 27.5 (2), 27.1 (2),23.7 (2, C6'), 21.3 (2, C6'), 20.6 (2), 20.4 (2),19.0 (3,

C2'-methyl), 17.7 (3, C2'-methyl); MS 208 (100, M'), 193 (19), 152 (26),125 (18), 124

(73),123 (14), 113 (36), 112 (21),109 (95), 96(30), 95 (52), 84 (35), 83 (29), 81 (69), 79

(21),77 (11), 69 (17), 68 (30), 67 (74), 56 (62),55 (51), 54 (15), 53 (32), 43 (31),42 (12),

41 (77),40 (tl); HRMS caled fOrC1lH2ll02 208.1462, found 208.1470.

o (trans)- (31) IDd (cis)-4-Mdbyl-t-(2-methylcydohexyl)pent-3-eae-

o~ l,2-dione (32). From spettraofa 2.4: I mixture: IR 1706, 1676, 1614

~ em· l
; for 31: lH NMR56.74(1H,m,H3), 3.06 (IH,m, HI'), 2.26 (3H,s,

31,32 C4-methyl), 2.02 (3H, 5, C4-methyl), 0.79 (3H, d, J= 6.2 Hz, C2'-

methyl); "c NMR 5 204.9 (0), 187.9 (0), 163.5 (0), 117.1 (I, C3), 49.4 (I, Cn, 20.6 (3,



C2'-methyl). For 32, 'H NMR& 6.67 (lH, m, H3~ 3.46 (IH, m, HI?, 2.26 (3H, '), 2.02

(3H, s), 0.81 (m, d,J=6.4 Hz, CZ'-methyl); "c NMR8 204.8 (0), 188.5 (0),163.2 (0),

117.4 (I, C3), 45.7 (I, CI'), 14.9 (3, C2'-methyl); MS 208 (3, M'l, 97 (30), 83 (100), 55

(33).

cyclopeataae)-l'.]'-dioac (33a). Yellow oil; IR 1758 (m), 1717 (5)

(lRIS.2S1l.4SIR)-4' ,4'.Dimetbylspiro(bicydo(2.2.11 heptane-.2,2'.

em"; 'HNMR8 2.n (IH, d,J= 16.9 Hz, H5), 2.43 (IH, d,J= 16.9

Hz, H5), 2.49 (IH, m), 2.36(IH, m), 2.05 (IH, m), 1.69 (IH, ddd,J

." 2.9, 4.0, 12.2 Hz), 1.53 (lH, br ro), 1.43 (3H, 5, C4-methyl), 1.42

1.28 (4H, m), 1.23 (lH, m), 1.04 (m, s, C4-methyl); "c NMR8

218.5 (0, C3), 213.6 (0, CI), 64.8 (0, CZ), 51.2 (2, C5), 49.1 (I),

46.1 (0, C4), 37.4 (2), 36.7 (I), 34.5 (2), 27.7 (2), 26.5 (3, C4

methyl), 25.6 (3, C4-methyl), 24.6 (2); MS 206 (54, M'l, 177 (31),140 (76),122 (85), 94

aSa
33.

h¢f
N

H,N'2,4'ONP

'30

(13),93 (100), 83 (12),79 (20), 17 (10), 67 (19), 66 (17), 65 (17), 56 (10),55 (12), 53

(13), 41 (29); HRMS caled for CuH.10:z 206.1306. found 206.1313. For the I'-{2,4-

dinitrophenylhydrazone} derivative 33c: (purified by recrystallization): red-orange solid,

mp 199.5-201 OC; IR(Nujol) 3307,1747, 1739cm- l ; IHNMR511.2(lH, brs}. 9.15

(IH, d,J=2.6 Hz), 8.36 (lH, dd, J= 2.5, 9.6 Hz), 7.99 (IH, d,J-9.6 Hz), 2.81 (lH,d,J

• 16.6 Hz), 2.49 (IH, d,J= 16.6 Hz), 2.41 (2H, .pparenlt,J= 4.2 Hz), 2.15 (IH, m),

1.96 (IH, ddd,J- 2.7, 3.9,12.0 Hz), 1.73 (IH, dd,J=2.8, 12.1 Hz), 1.69-1.55 (2H, m),

1.49 (IH, '" m), 1.46-1.28 (2H,m); "c NMR8218.9 (0), 162.1 (0), 145.1 (O~ 138.0 (0),

130.2 (I), 129.2 (0), 123.4 (I), 116.1 (I~ 61.1 (0),48.6 (I), 45.7 (0), 39.4 (2), 37.6 (2~

=m~~~m~m=m~m~m~~m~~



(12),320 (38), 319 (II), 285 (IS), 204 (16), 189 (28),138 (28), 120(10), 105 (13), 95

(13),94 (12), 93 (34), 92 (22), 91 (46), 83 (10), 82 (19), 81 (18), 80(16), 79 (40), 78 (18),

77 (46), 75 (13), 67 (79), 66 (20), 65 (41), 63 (16), 56 (10), 55 (55), 54 (11), 53 (29), 52

(12), 51 (13),43 (26), 42 (II), 41 (100); HRMS calcd for C"HnN.O, 386.1589, found

386.1569. The structure of33c was detennined by X·ray crystallography.

(1.RI.S,2M,4SIR)-4',4'-Dimetbyispiro(bityclo(2.:1.1Ibcptane-2,2'-

cydopentanc:)-I'.;J'-diOQC (33b). One chromatographic fraction contained

".
a minor amount of the isomer 33b along with 33•. Signals for Db In the

m;x!Ure. 'HNMR 82.88 (IH, d,)· 18.1 Hz,H5}, 1.33 (JH, s, C'-methyl),

34a,b

1.13 (3H, 5, C4-methyl).

2-(2-Sicyclo[2.2.1)bcptylidcnc)-4tS-dibydro-5.5-dimclbyl-3(2H)

(unnoDe (34.,b). From spectra oClhe mixture: lR In6, 1658 em'l;

for the major isomer: IH NMR6 3.87 (IH, m), 2.47 (2H, 5,H4), 1.41

(6H, s, C5·m.thyls); "c NMR8 199.4 (0, el), 140.2 (0, CI1, 133.3

(0, e2), 78.9 (0, CS). For the minor isomer: IH NMR &3.05 (IH, m), 2.45 (2H, S, H4),

1.38 (6H, s, C5-mcthyls); "CNMR8 200.3 (0, C3), 139.5 (0, CI), 132.5 (O,C2), 79.0(0,

C5); MS 206 (80, M), 191 (IS), 178 (24), 123 (16), 122 (82), 94(23), 93 (100), 80(22},

79 (27), 77 (11), 66 (16),65 (22), 53 (13), 41 (16).

46



35

4',4'.DiDldbylspiro{bitydoI2.1.11octane--2,2'.cydopataDc)-l',3'-diODC

(35). Tan-colored solid, mp 30-32 -C; lR 1755 (m), 1714 (5) em-I; IH

NMR6 2.88 (IH,d,J;17.3 Hz, H5), 2.40(IH,d,J-17.3 Hz, H5), 1.82

(IH, m), 1.78-1.71 (3H, m), 1.71-1.63 (2H, m), 1.63-\.52 (2H, m), 1.52-

1.41 (2H, m), 1.38 (3H, S, C4-methyl), 1.37-1.29 (2H, m), 1.06(3H. s, C4-methyl); 13C

NMR6 218.4 (0, C3), 214.3 (0, CI), 6\.5 (0, C2), 49.9(2, C5l, 45.7 (0, C4), 32.4 (I),

28.1 (2),26.70, C4-m,lhyl), 25.8 (3, C4-m<lhyl), 24.4 (2), 24.0 (2), 23.1 (1),21.6 (2),

20.9 (2); MS 220 (59, MI, 141 (13), 140 (89),137 (11),136 (100), '25 (20),108 (15),

107 (27), 93 (25), 89 (14), 81(20), 80 (37),79 (70), 78 (II), 77 (28), 67 (17), 66 (16), 65

(11),56 (13), 55 (20), 53 (23), 43 (10),41 (62); HRMS "I,d fo,C"H,,<l, 220.1462,

found 220.1459.

1-8-It'rt-Butyl-2,2-dhnctbyl-r-l-spiro(4.Sldccanc-l,4-dioDt'

(36.). While solid, mp 84-86 OC; IR 1752 (m), 1713 (5) em-I;

'H NMR6 2.60 (2H, m, H3), 1.80-1.37 (8H. m, H6, H7, H9.o~o
I-Bu,..

H"N.. 2.4-DIIP

N

t-"•.,cJ=(:
H 0

36b

Hl0), 1.21 (6",s, C2-m'lhylsl, 1.00(1H, b<m, H8), 0.87 (9H,

S, I-butyl); "c NMR. 220.5 (0, CI), 216.1 (0, C4), 55.0 (0, C5l,

50.4 (2, C3~ 46.8 (I, C8), 46_3 (0, C2), 32.4 (0, I-b.tyl), 31.4

(2C, 2), 27.3 (3C, 3, I-butyl), 25.3 (2C, 3, C2-molhyls), 21.9 (2C,

2); MS 250(68, MI, 235 (20), 194 (73),193 (38),166(16),152

(10),151 (10), 140 (20),139 (19),123 (II), 110 (42),109 (42),

107 (12), 95 (19), 83 (14), 82 (12), 81 (33),79 (14), 67 (16), 57 (100), 56 (13), 55 (25),

53 (16), 43 (18),41 (55); HRMScalcd fo,C"H"o, 250.1931, found 250.1952. Fo,lh<

4-(2,4-diniU'Ophenylhydrazo~)derivative 36b (purified by recrystallization): onnge



",lid, mp 234-235 'C; lR(Nujol) 3312 (m), 1146(m11712 ($b), 1618 ('11595 ('11518

(m)cm"; 'HNMR811.12(1H, b,,), 9.13 (lH, d,J·2.5 Hz), 8.32 (IH, dd,J·2.5, 9.6

Hz), 7.93 (lH, d,J-9.6 Hz), 2.78 (2H,m11.75-1.65 (8H, m), 1.2S (6H, ,),1.17 (IH, '"

m), 0.95 (9H, ,); "CNMR8 220.8 (O~ 164.6(0), 145.0(0), 137.9 (0),130.0 (1),129.2

(0), 123.4 (I), 116.3 (I), 52.6 (0), 46.8 (I), 46.0 (0), 38.7 (2), 33.1 (2C, 3), 32.6 (0), 27.4

(lC, 3), 25.8 (2C, 3), 21.7 (2C, 2); MS 430 (64, MI, 373 (30), l20(l8~ 319(39), 318

(21),248 (19), 233 (13), 138 (12), 82 (20), 81 (18), 69(10), 67 (14), 57 (100), 55 (38), 43

(16),41 (48); HRMS calcd for CllH300sN~ 430.2214, found 430.2239. The structure of

36b was detennined by X-ray crystallography.

c-8-It',,-Butyl-2.2-dimttbyl-r-l-spiro[4.5IdeuDe-I.4-dioDf (36c). Only

unequivocal signals, from mixtW't: IH NMR6 2.59 (2H, s, H3), 1.25 (6H.

s. C2-methyls), 0.88 (9H, s. '-butyl); Uc NMR 6 220.6 (0, ell, 216.4 (0.

C4), 54.1 (0, C5), 50.1 (2, C3~ 46.8 (I, C8), 46.3 (0, C2), 32.4 (0, I-butyl),

31.3 (2C, 2), 27.4 (lC, 3, I-butyl), 25.9 (2C, 3, C2-methyl,), 21.3 (2C, 2).

37

2-(4-ttn-ButykydobuylidtDt)-4,5-dillydro-S,s..dimtlbyl

J(2HHuraDODt (37). Yellow oil; IR 1724 (s), 1640 (5) em' l
;

'H NMR8 3.82 (IH, m), 2.80(lH, m), 2.51 (IH, d,J- 17.6

Hz, H4), 2.45 (lH, d,J- 11.6 Hz, H4), 1.89 (2H, m), 1.73 (2H,

m), 1.40 (3H, s, CS-methyl), 1.38 (3H, 5, CS·methyl),1.14(IH, m, H4'), 0.83 (9H, S, ,

butyl); "c NMR 8 200.8 (0, C3), 140.5 (0, CI'), 128.4 (0, C2), 77.9 (0, C5), 50.9 (2, C4),

47.8 (I, C8), 32.5 (0, I-butyl), 28.7 (2), 28.5 (2), 28.2 (3, C5-methyl), 28.1 (3, C5

methyl), 28.0 (2), 27.5 (lC, 3,I-butyl), 25_9 (2); MS 250 (100, MI, 166 (35), 151 (14),

..



123 (19), 110 (IS), 109(22),107 (19), 95 (24), 83 (16), 82 (IS), 81 (33), 79 (10), 69 (11),

67 (13), 57 (72), 56 (11), 55 (19), 53 (14), 41 (41).

~
t·Bu

38a,bi 39a,b

(cis)-I-(4-terl-Butylcydobuyl)-4-metbylpeDt-4-cne.l,2..dionc (38a),

(cis}-1-(4-tert-butylcyc:lohuyl)-4-methylpenl-3-ene-l,2-dioDc (3ab),

(trans}-1-(4-/ert-butylcyclohuyl)-4-melhylpent-4-cne-l,1-dionc

(391), lad (Irans)-l-(4-lert_butylcyc1ohexyl)-4-melbylpent-3-ene

l,2-dlonc (39b). Initially obtained in a 7.7 : 2.5 : 1.1 : I ratio,

respectively. Preparative TLC gave only 38b and 39b in a 2.6: I ratio. From spectra of

the mixtures: IR (mixture of38b,39b) 1706. 1677, 1614cm'l; ror3Sa: IH NMR6 5.01

(IH, ro), 4,84 (1H, m), 3.44 (2H. 5, H3), 1.79 (3H, 5, C4-memyl). 0.83 (9H. s,/-butyl).

For 38b: 'H NMR I) 6.61 (1 H. m. H3), 3.44 (lH. m, HI'), 2.25 (3H, s), 2.00 (3H. s), 0.86

(9H, ',I-bulyl); "c NMR& 205_9 (0),189.4 (0),163.1 (0), 111.9 (I), 48.0(1, HI'), 39.1

(3),32.5 (O,I-bUlyl), 28.5 (2), 28.4 (2), 27.4 (3C, 3,I-butyl), 26.6 (2C, 2), 23.6 (3). FOI

39a: In NMRs 4.97 (lH, m), 4.80(lH, m), 3.04 (lH, m, HI'). For 39b: 'H NMRS 6.70

(IH,m, H3), 3.15 (IH, u,J=3.2, 11.8Hz, HI'), 2.25 (3H; s),2.00 (3H,s); IlCNMRS

204.6 (0),188.2 (0),163.3 (0), 117.6 (I), 47.4 (I), 43.3(3), 32.4 (0, I-butyl), 28.6 (2),

27.5 (2C, 2), 26.5 (2C, 2), 21.6(3); MS (mixlUle of38b.39b) 250(2, ~), 83 (100), 57

(25),55 (II).

Procedure for the reactions of4 with eDooes. BFl'Etl0 (0.74 mL. 6.0 nunol)

and 4 (1.55 g, 6.0 mmol) were added in succession to a solution of the ketone (2.0 nunol)

in CH1Cl1 (10 mL) at-78°C. The mixture was stimd at rt for 24 h before work-up.

Chromatography provided the products. Yields and product ratios for the individual

reactions are given in Table 2.

"
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2,2-D1mdbylspiro[45]dec-6-fte-.J,4-dioat (40). Oily taD solid, mp 30

32 "C; IR 1764 (m), 1722 (s), 1649 (w) cm·l; IHNMR56.16 (IH,Id,J-

3.8,9.9 Hz, H7), 5.22 (IH, Id,J-2.2, 9.9 Hz, H6),2.75 (IH,d,J- 17.7

Hz, H3), 2.63 (IH, d,J-I1.7 Hz, H3), 2.20-2.04 (2H, on, H8), 1.95-1.68

(4H, m, H9, HIO), 1.31 (3H, s, C2-memyl), 1.22 (3H, s, C2-medtyl); 13C NMR 5 218.5

(0, CI), 214.1 (0, C4), 133.3 (I, C7), 120.6 (I, C6), 58.5 (0, C5), 50.2 (2, C3), 46.9(0,

C2), 29.2 (2), 25.7 (3, C2,m,thyl), 25.1 (3, C2'm,thyl), 23.8 (2, C8), 17.2 (2); MS 192

(IS, MI, 108 (100), 80(42), 79 (33), 77 (11), 41 (13). HRMS calcd fo,C"H"O,

192.1149, found 192.1148.

~
2,2,7,9,9-Penlametbylspiro[4.5Idec-6-eae-l,4-dione(41). Yellow oil,

o 0 contaminated wilh isomeric compound(5) (approximately 15%); IR 1766

I (m), 1n4 (.), 1665 (w) em''; 'H NMRS 5.00 (lH, d,J; 1.4 Hz, H6),2.70

., (lH, d,J- 11.0 Hz, H3), 2.64 (IH, d,J- 11.0 Hz, H3), 1.77{1H,

overlapped d), 1.71 (3H, d,J= 1.2 Hz, C7-methyl), 1.65 (lH, d,J- 13.8 Hz, HIO), 1.52

(IH,d,J- 13.8 Hz, HIO), 1.22 (3H, ,),1.21 (3H, '), 1.00 (3H, '), 0.95 (3H, .); "c NMR

6218.4 (0, CI), 213.6(0, C4), 139.3 (0, C7), 113.9 (I, C6), 61.5(0, C5), 50.2 (2, C3),

47.0 (0, C2), 43.1 (2), 39.9 (2), 30.2 (3), 30.0 (0, C9), 28.2 (3), 25.5 (3), 25.3 (3),24.5 (3);

MS 34 (24, MI, ISO (100), I3S (17), 107 (77), 91 (27), 79 (16), 77 (13), 55 (12), 41 (32);

HRMS calcd forCt,HnOl 234.1619, found 234.1613.

:n=q (E)- (42a) and (Z)-3.4-Dibydro-3,J-dimetbyJ.S-(3,S,s

trimdbylcydobex-2~nylideDe)-2-furaDoDe (42b)_ From speclra
o 0

42a,b ohhe mixture: UV (cyclohexane) 267 nm (E =8,700); lR 1797 (5),

1686 (m), 1636 (m), 1086 (.) em"; fo,42a: 'HNMR6 5.74 (1H.dd,J~ 1.4, 3.0 Hz,
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H2'), 2.76 (2H,s, H4), 2.15 (2H, apparentt,J= 1.8 Hz), 1.85 (2H, brs), 1.77 (3H, brs,

C3'-methyl), 1.29 (6H, s, C3-methyls), 0.91 (6H, s, C5'-methyls); NOE data 5.74 (2.16,

7%; 1.77,4%),2.76 (5.74,13%,1.29,6%); uCNMR6 180.4 (0, C2), 145.0(0), 135.8

(0), 116.9 (I, C2'), 113.0 (0), 44.8 (2, C4), 40.0 (0, C3), 38.6 (2), 36.5 (2), 29.8 (0, C5'),

28.32 (2C, 3, C5'-methyl), 25.0 (2C, 3, C3-methyls), 24.3 (3, C3'·methyl). For 41b: IH

NMR 6 6.26 (IH, dd,J-l.4,2.8 Hz, H2'), 2.69 (2H, b", H4), l.85 (4H, b,., H4', H6'),

1.77 (3H, br s, C3'-methyl), 1.28 (6H, s, C3-methyls), 0.92 (6H, s, C5'-methyls); NOE

data 6.26 (1.77, 2%), 2.69 (1.85, 6%,1.28,8%); 13CNMR5180.3 (0, C2), 140.6 (0),

m.1 (0), 116.6 (I, C2'), 112.0 (0), 44.8 (2, C4), 39.9 (0, C3), 39.0 (2), 37.8 (2), 30.3 (0,

C5'), 28.38 (2C, 3, C5'·m.myl), 25.0 (2C, 3, C3-methyls), 24.0 (3, C3'·m.myl); MS 234

(23, M'), ISO (100), m (13),107 (63), 91 (21),79(15),77 (II), 41 (24).

2,2,8,S.Telrametb)'lspiroI4.5Idee-6-ene--l,4-dione (43). White solid, mp

41-42 °C; IR (Nujol) 1756 (m), 1723 (5) em'l; IHNMR5 5.87 (1H, d,J=

9.9 Hz, H7), 5.09 (lH, d,J= 9.8 Hz, H6), 2.74 (IH, d;J= 17.6 Hz, H3),

2.66 (IH, d, J= 17.6 Hz. H3), 1.84-1.50 (4H, m, H9, HID), 1.30 (3H, s),

1.22 (3H, s), 1.06 (3H, 5),1.04 (3H, s); 13C NMR6 218.3 (O,CI), 213.9 (0,

C4), 143.3 (I, C7), 118.3 (I,C6), 58.8 (0, C5), 50.3 (2, C3), 46.9 (0, C2), 3l.9 (2), 31.1

(44),121 (100), 93 (IS), 91 (15),77(18),41 (20). HRMScalcd forC 14Hw02220.1462,

found 220.1464.

SI



(E)- aDd (Z)-3.4-Dibydro83,3-dimctbyl-s.(4,4-dimdhylcyclobu8

2-nylidcat)-2.(araaoat (44a,b). IH NMR (selected signals from

_.b mixtuK) S 6.37 (IH. d,J# 10.0112), 5.86 (IH, d,J~9.9112),5.56

(IH, d,J- 9.9 Hz), 5.52 (IH, d.J-9.9112), 2.75 (2H, app""nt ~

J- 1.6 Hz). 2.70 (2H. brs), l.JI (6H. 5),1.02 (6H, 5).

4,S-Dibydro-2-llydroxy-2-(I-bydroxy8 18 IDtlhyltthyI)-5,5-dimttbyl-

3(1H)-(uraDOat (45). Exposure ofl8 to air left 45 as a yellow oil: lR

45

3468 (5), 1760 (5), 1660 (w) em·'; 'H NMR S 3.64 (IH, OH), 2.64 (IH. d,

J- 18.0 Hz, H4), 2.55 (IH. OH). 2.43 (IH.d,J- 18.0 Hz, H4). 1.49

(urnont (46b). Exposure of30aIb to air left a waxy yellow solid.

bydroxy-2-(I-hydroxy-2-mdbylC)'c1obtxyl)-5,s..dimtlbyl-3(2H)-

o

!l9

(3H,5). 1.46 (JH, 5), 1.27 (3H. 5), 1.26 (3H, 5); "c NMRS 213.6(0, C3). 100.2(0. C2),

78.1 (0),73.9 (0). 49.1 (2. C4). 29.7 (3), 29.4 (3), 23.9 (3). 22.9 (3); MS no M" 171 (2).

155 (4).130 (34),105 (24), 87 (19). 85 (34). 84 (25), 83(26). 69 (27). 59(87), 57 (10),

56 (100). 55 (13), 43 (61).41 (46).

(I'RIS,2&\",2'RIS)- (46a) aad (I·RIS,2&\",2'S'Il)4,s.D;)oyd.....Z-

...
Chromatography provided a colorless oil consisting of46. and"b

ina 1.5: I ratio. Crystallization occumd during refrigeration CO

provide a small, homogenous sample of46.: colorless solid; mp

46b
107.5-109.5 'C; IR 3434.1762 em·'; 'HNMRS3.69(1H.s.OH).

2.63 (IH.d.J-18.7 Hz, H4), 2.53 (IH, s. OH). 2.42(1H, d,J~ 18.7 Hz, H4). 2.08-1.84

(3H, m), 1.70-1.50 (3H. m). 1.49 (3H, 5. C5·m,thyl), 1.43 (3H. S. C5-methyl). 1.42-1.20

(3H. m). 1.00 (3H. d. J-7.3 Hz, C2'-methyl); "c NMR S 213.6 (0. C3). 100.5 (0. C2).

S2



77.7 (0), 77.2 (0), 48.3 (2, C4), 34.2 (I, Cn 30.3 (3, C5·methyl), 29.8 (3, C5·methyI),

29.4 (2), 26.5 (2), 21.0 (2),19.8 (2),16.2 (3, C2'·metnyl); MS no~, 225 (4), 223 (10),

213 (13), 211 (32), 141 (II), 139(13), 124 (10),123 (12),113 (68), lIZ (13), III (22),

95 (56), 84 (17), 83 (100), 81 (10),69 (16), 68 (IS), 67 (16), 59 (20), 57 (II), 56 (48), 55

(77),45 (16), 44 (II), 43 (54), 42 03), 41(57); HRMScalcd forC llH2lOJ eM'". OH)

225.1490, found 225.1470. The structure of46a ....as detennined by X-ray

crystallography. For 46b: IHNMR 5 3.74 (IH. s, OH), 2.58 (lH. d,J'" 18,4 Hz, H4),

2,49 (lH, d,J= 18.4 Hz, H4), 2.22 (tH. S, OH), 1.48 (3H, 5, CS-melbyl), 1.47 (3H, s, C5

methyl), LOS (3H, d.J= 7.4 Hz, C2'·methyl). 1.77 (2H, apparent triplet); IlC NMRS

214.0 (0. C3), 100.4 (0, C2). 78.6 (0), 76.8 (0), 48.5 (2, C4). 35.4 (I, Cn 30.0 (3, C5·

methyl). 29.6 (3, C5-methyl), 24.8 (2), 2Ll (2), 20.8 (2),19.7 (2),16.6 (3, e2'.methyl).

2-Hydroxy-2-{1-bydroJ:ycyc:lobtxyl>-,&,4-dimethylCYf:loburanone

(47). White solid; mp 145-148 °C; IR(Nujol) 3452, 1766cm· l
; lH

NMR5 3.38 (1H. br s. OH), 2.18 (lH. d,J= 12.8 Hz. H3), 1.91 (IH.

d. J = 12.8 Hz. H3), 1.83 (I H. m). 1.73 (lH, br m), 1.67-1.40 (6H, m).

1.36 (3H, s. C4·methyl), 1.27-1.16 (2H. m). 1.15 (3H. S, C4·methyl); BC NMR5 220.0

(0, CI), 92.6 (0. C2). 73.3 (0. CI'), 55.2 (0. C4), 38.6 (2, C3), 32.1 (2),29.6(2),25.6 (2),

24.7 (3, C4·methyl), 20.9 (3, C4-methyl), 20.8 (2), 20.7 (2); MS no M"'. 194 (10),111

(10), 110 (100). 99 (30), 82 (22), 81 (33),70 (30), 69 (14). 67 (47), 55 (19), 43 (37), 42

(1]),41 (32); HRMS calcd forCI2HIS02(M-· H20) 194.1307, found 194.1311.

Compound 47 (10.1 mg,47.S mmol) was stirred with BF3"Et20 (1.1 mL) for 2 h.

Work-up gave a yellow oil (11.8 mg), which lH NMR revealed to be a3.0: I mixture of

26 and 27. A solution of47(18.3 mg. 86.2 mmol) inCH2Cl~ (1.7 mL) and BFrEt20

S3



(0.18 mL) was stirred for 15 hat rt. Work-up gave an oily, brown solid (24.4 mg), which

contained only 26 but no trace of27.

,..,dh
~ -o-?--t"..

2-(c-4-1~"~Butyl-,-I-bydroxyc:ytlobtxyl)-2-bydroIY-4.4~

dimtlbyltyclobutaDoDt (48). White solid; mp 158-159.5 °C; IR

3495,3404,1761 cm· l
; IH NMR5 3.30(IH, brs, OH), 2.15 (lH,

dd,J-0.9, i2.9 Hz, H3), 1.9i (lH, d,J·i2.9 Hz, H3), 1.90

(IH. m), 1.72-1.40 (6H, m), 1.37 (3H, s, C4-methyl), 1.31 (lH, br m), 1.16(3H, s, C4~

methyl), 0.96 (tH, apparent n,);;; 2.9, J1.8 Hz, H4'), 0.87 (9H, S, '-butyl); Uc NMR 5

220.0 (0, Ci), 92.6 (0, C2), 72.9 (0, Ci'), 55.2 (0, C4), 47.7 (I, C4'), 38.7 (2, C3), 32.6

(2),32.4 (0, l-bUlyl), 30.2 (2), 27.5 (3C, 3, I-butyl), 24.7 (3, C4-methyl), 21.8 (2), 21.6

(2),20.9 (3, C4-methyl); MS 268 (5, ~). 250 (21), 240 (22), 235 (12), 222 (13), 207

(i8). i94 (10), i93 (i2), i67 (16), i66 (100), i65 (23), i55 (76). i5i (i8), 138 (Ii), i37

(20), i30 (12), i23 (25), \i4 (16), 113 (14), 1\0 (i7). i09 (39), 107 (12), 98 (40), 97

(20),96 (16), 95 (57), 86 (i2), 85 (25), 84 (i3), 83 (36), 82 (24), 8i (64),80 (10), 79 (i4),

71 (12). 70 (35), 69 (24). 67 (24). 57 (100). 56 (18), 55 (36), 43 (41). 42 (II). 41 (54);

HRMS caltd forCl6H2602 (M" - H20) 250.1931, found 250.1933. The struclUre of48

was determined by X-ray crystallography.

Compound 48 (60.8 mg, 0.227 mmo!) was stirred with BFj'Et20 (1.0 mL) for 20

h. Work-up gave 56.0 mg ofa mixture of36a and 37 ina 8: I ratio byGC~MS.

A solution of 48 (122 mg, 0.489 mmol) in CH2Ch (10 mL) and BFj'EtlO (0.90

mL) was stirred for 21 hat rt. Work-up gave an oily, tan solid (107 mg), consisting ofa

13 : I mixture of36a and 37 by GC-MS.

"



A solution of48 (84 mg. 0.31 mmol) in CH2Ch (1.6 mL) with BF3'Et20 (0.58

mL) and H20 (50 mL) was stirred for 23 h at rt. Work-up gave 36. as pale yellow solid

(77 mg. 98%).

51

3,3.4,4~Tetrametbyl~1,2~bis(trimethyI5i1yloxy)cydobulene (51).

Colorless liquid. bP2.~mm 83-87.8 °C; IR 1719cm"; IHNMR61.01

(12H, s, C3, C4-methyls), 0.20 (6H, s, OIMS); "c NMR 8128.2 (2C,

0, CI, C2), 43.9 (2C, 0, C3, C41, 21.8 (4C, 3, C3, C4-methyls), 0.6 (6C, 3, OIMS); MS

286 (29, Mi, 271 (10),243 (\4),18\ (\4), \47 (42), 75 (16), 73 (\00), 45 (18); HRMS

calcd for CIJH3002Si2 286.1783. found 286_1783.

o 4.5~Dibydro~1-isopropylidtnt4,4,5,5-tttramttbyl-3(2H)-rur.nont+J=< (52). Yellow oil (31% yield from ""one); UV (oydohexane) 285 nm (,

52 = 10,000); IR 1726 (s), 1605 (s)cm- l ; lH NMR6 2.08 (3H, s). 1-.79(3H,

s), 1.22 (6H, s), 1.00 (6H, s); "c NMRa 205.2 (0, C2). 141.8 (0, C2'). \21.1 (0, C3), 83.\

(0, C5), 51.0 (0, C4), 23.5 (2C, 3), \9.5 (3C, 3), \7.\ (3); MS \82(40, ~), 168 (15),168

(15), 167 (10), \53 (10), 85 (17), 84 (\00), 71 (23), 70 (56), 69 (67), 55 (\7),43 (38), 42

(21).41 (SO); HRMS calcd forC11Hl10:! 182.1306, found 182.1298.

o 2-CyclobtxylidtDt-4,5-dibydr0-4,4,5,5-ttlramttbyl-3(2H)-

:f}=o furanoo. (53). T..-<:olored oil (35% yield from oyolohex..one); 'H

53 NMR 6 2.74 (2H, m). 2.25 (2H, distorted t), 1.75-1.40 (6H, m, H3'-

H5'), 1.22 (3H, s), 1.00 (3H, s); "c NMRa 206.0 (0, C2), 139.0 (0, C2'), \29.4 (0, C3),

82.9 (0, C5), 51.2 (0, C4), 28.6(2), 28.\ (2),27.2 (2), 26.4 (2), 26.2 (2), 23.4 (3),19.6 (3).

"



2-Mdbyl-2-pbcDylcyclopCDtllD~I,3-dioDC (54). A solution of

acetophenone (241 mg, 2.01 rnmol), BFrEtJO (0.30 mL, 2.4 nunol), and

1(0.73 g, 3.2 romol) in CH2CIz (10 mL) was stirred atft for2S.S h.

Work-up gave a viscous, tan-colored oil (406 mg). Chromatography

(0.5199.5 MeOHlCH1CIU afforded 54 as a pale yellow oil (267 mg, 7Ql'1o), Speroa were

as reponed in ref. 3.

2',3'-Dibydrospiro(cyclopeDtaae-.J,I'-(lH]indcDc}-2.5-dioac (55). A

romol), and I (3.70 g, 16.1 mmol) inCHJCI2 (36 mL) was stirred at n

solution of l-indanone (1.338,10.0 mmol), BFl'Etl0 (1.85 mL, 15.1~=(J.,o
CO

55
for 24 h. Work-up gave a bro\\ll resin. Chromatography (40160

EtOAe/petroleum ether) provided a yellow solid (1.48 g, 75%). Spectra were as reponed

in ref. 6.

~=Q=o
CO..

1,',2',3',4'-T etrabydrospiro(cydopcntaDc-l,1 '-napbtbalcDc}-2,5-

dionc (56) and 3,4-dihydro-S-(1-naphlbylidcDc)-2-furanonc (57). A

solution of I-tetralone (226 mg, 1.54 nunol), BF)'Etl0 (0.30 mL, 2.4

57

mmol), and 1 (0.71 g, 3.1 mmol) in CHJCI2 (10.0 mL) was stirred aln

for 19 h. Work-up supplied a tan-colored resin (407 mg).

Chromatography (Jono EtOAclpetroleum ether) provided 56 as a white

solid (139 mg,42%) as well as recovered I-tetralone (47 mg, 21%) and

57 as a beige solid (2 mg, ~/.); IR(CCL.) 1803 (s)cm"; IHNMR6 8.04 (lH, d,J; 7.7

Hz), 7.24-7.06 (3H, m), 3.01 (2H, apparent ~J- 8.6 Hz), 2.85-2.66 (4H, m), 2.37 (2H,

apparent t. J - 6.2 Hz), 1.86 (2H, m). Spectra for 56 were as reported in ref. 6.

56
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1',2·,3',.'.Tctrabydr0-4'-oxaspiro(tydopcB"ae-l.l'••apbthaltae)

2.5-dioDC (58) and (E)- aDd (Z)-3.4-dibydr~~1-(1',2',3·,4'.

tetrahydr0-4-ounapbtbylidcDC»)-2·fut8DOaC (S9a,b). A solution of

4-chromanone (254 mg, 1.71 nunol), BFrEtzO (0.32 mL, 2.6 nunol),

and 1 (0.79 g. 3.4 mmol) in CH1CI1(10 mL) was stirred at rt for 23 h.

Work-up gave atan-colored resin (432 mg). Chromatography (O.SI99.S

MeOHlCHJCh) provided 58 (168 mg. 45%) as a pale yellow solid, mp

IIG-l11.5~ and 59••b as _gummy. yellow solid (40 mg. t 1%) (1.5:

mixture ofgeometric isomers). For 58: IR (CC~) 1721 (5),1603 (w),

1581 (w)cm"; 'HNMR 8 7.19 (IH, dt,J= 1.3, 7.7 Hz), 6.91 (lH, d,J=

7.4 Hz),6.85 (IH, ~J- 7.4 Hz), 6.58 (IH, dd,J= \.6, 7.7 Hz), 4.33

(2H, t,J- 5.2 Hz), 3.02 (4H, symm,tric m), 2.08 (2H, ',J= 5.1 Hz); "c

NMR8 213.6 (2C, 0, C2,C5), 155.2 (0),129.2 (1),128.0 (I), 120.9 (1),117.7 (1),117.6

(0),60.7 (2), 60.0 (0, C1), 35.2 (2C, 2, C3, C4), 28.9 (2); MS 216 (lOll, Mi, 160 (32),

146 (21),132 (27), III (81), 103 (II), 77 (16), 51 (19); HRMS calcd fo,C"H"O,

216.0786. found 216.0ns. For S9a,b: from spectra arthe mixture: IR (Celt) 1800 (s),

1670 (m), 1124 (s) em'l; 59.: IH NMR (disccmable signals) 6 7.19 (IH, brd,J-7.8 Hz),

2.53 (2H, brt). 59b: 'H NMR (discemable signals) 8 8.10 (lH, dd,J- 1.6,8.0 Hz), 3.25

(2H, brt). "C NMR (signa1s fo, both isom,,,) 8 174.91174.0 (0, C2), 154.61153.7 (0),

143.5/142.5 (OJ, 108.3/104.7 (0), 65.9/65.5 (2); MS 216(100, Mi, 160(34), 148 (16),

146 (22), 133 (10), 132 (27), 131 (79), 120 (23), 103 (11),92 (12), 86 (35), 84 (55), 80

(10),77 (17), 63 (111 55 (11), 51 (20),47 (13); HRMS caIodfor CllHI1O, 216.0786,

found 216.0774.



2,2·Dipha.ylcydopcataae-l,3-dioat: (60) aad 3.4-dibydro-S.

oYo0 (dipbt:Dylmdhylt:u)-2-faraDoDt: (61). A solution ofbenzopbmone

'" '"
1 A I h (277 mg, 1.52 nunol), BFrEt20 (O.30mL, 2.4 mmol), and 1 (0.70g,

60
3.0 nunol) in CH2Ch (10 mL) was stirred at It for 22 h. Work-up

afforded an oily brown solid. Chromatography (0.5/99.5

MeOHlCH2Ci}) gave a beige solid (330 mg) composed of60 and 61 in

a 6.3 : 1 ratio. Further chromatography (20180 EtOAclpetroleum

ether) provided analytical samples oft:ach component. For 60: pale

yellow solid; mp 158-I60OC; IH NMR 8 7.40-7.28 (6H, m), 7.12-7.04 (4H, m), 2.96

(4H,.,H4,H5); "CNMR6211.3(2C,O,CI,C3),136.5(2C,O), 128.9(1), 128.1 (I),

72.2 (0), 36.0 (2C, 2, C4, C5); IR(Nujol) 1721 ('I,m"; MS 250 (100, MJ, 222 (11),194

(12),167 (17),166(44),165 (53), 83 (II), 82 (12); HRMS ,""d for C"H"D, 250.0993,

found 250.1001. For61: Yellow solid, mp 103.5-106.5 °C; IR 1804 (s), 1657 (m), 1597

(w), 1495 (m), 1113 (s}cm· l
; lH NMR8 7.44-7.16(IOH, m, aryl), 2.92 (2H, m), 2.70

(2H, m); "c NMR6 174.7 (0, C2), 146.2 (01,138.7 (0),137.5 (0), 129.9 (2C, I), 129.2

(2C, I), 128.6 (2C, I), 127.9 (2C, I), 127.3 (I), 126.8 (11118.5 (0), 275 (2), 25.9(2);

MS 250(100, M'J, 222 (14),194 (121167 (18),166(40),165 (53), 83 (II), 82(11);

HRMS calcd for C17HI~O:!: 250.0993, found 250.0995.

sa
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cytiopelllhllltdiollle (62b). (a) A solution ofacetophenone (236 mg,

1.97 mmol), BF)'Et20 (0.29 mL, 2.3 mmol), and 3 (0.77 g, 3.2 Dltn()1) in

CH2Ch (10 mL) was stirred at rt for 26 h. Work·up provided a tan oil

(490 mg). Chromatography (0.5199.5 MeOW CH2CIZ) gave ayellow oil

(304 mg, n%) as a 1 ;2.6 mixnue of62, and 6lb.

(b) To' solution ofacetophenone ethylene acetal (326 mg, 1.98 nunol)

and 3 (1.46g. 6.00 mmol). After stirring atrt for 26 h, work.up gave a yellow resin (902

mg). Chromatography (0.5199.5 MeOWCHzCh) gave a yellow oil (265 mg, 63%) as a 1 :

1.2 mixture of62, and 62b. Fwther chromatography (20180 EtOAclhexanes) provided a

small sample ofeach isomer for NMR analysis. For the 62a,b mixture; IR 1765 (m), 1124

('J, 1600 (w), 1494 {m),m"; MS 202 (8, MI, 132 (45),105 (14),104 (100),103 (42), 78

(61),77 (42), 63 (15), 52 (12), 5 I (34), 50 (II), 42 (21), 41 (34); HRMS 'olcd Co,

CUHI~02 202.0993, found 202.0990. For 621: colorle» oil; 'H NMR. 6 7.39-7.25 (3H,

mJ, 7.25-7.17 (2H, m), 3.13 (IH, dd,J- 11.7,18.2 Hz, H5), 3.01 (lH, m, H4~ 2.34 (lH,

dd,J~ 8.0,18.2 Hz, H5). 1.43 (3H, s, C2-methyl), 1.28 {3H. d,J- 6.9 Hz, C4-methyl);

"c NMR5 215.0(0, C4), 212.6 (0, CIl, 137.4 {OJ, 129.3 (2C, I), 127.8 (I), 126.2 (2C,

1),62.1 (0, C2), 43.9(2, C5), 40.8 (I, C4), 20.1 (3, C2·melhyl), 14.7 (3, C4·melhyl). Fo,

62b: Pale yellow oil; 'H NMR6 7.40-7.25 (3H, ro), 7.25-7.19 (2H, m), 2.98 (lH, dd,J<!!!I.

9.6, 16.7 Hz, H5 'Yn to phenyl), 2.86 (II!. m, H4), 2.53 (IH, dd,J- 8.6, 16.7 Hz, H5~

1.43 (3H, s, C2·methyl), 1.29 (3H, d. J .. 7.1 Hz, C4-methyl); NOE data 2.53 (2.98, ~%;

2.86,4%),1.41 (1.22, 8%;2.86, 2%); "c NMR 6216.2 (0, C4), 212.7 (O,CI), 137.0(0),

"



129.0 (2C, I), 127.7 (1), 126.4 (2c, 1),61.0 (0, C2~ 43.7 (2, CS), 42.0 (I, C4), 20.8 (3,

C2·methyl), 16.90, C4-methyl).

(jf:
63.

(2R·.4R*)- (63.) lad (2R*,4S*}-1',3'·Dibydr0-4-

mdbylspiro(cycloptataae-2.1 '-(IH]ladeDe)-l,3-dioat (63b). (a) A

solution of l-indanone (259 mg. 1.96 nunol), BFl'Et~O (0.36 mL. 3.0

mmol), and 3 (1.45 g. 5.93 nunol) in CH1CI2 (IO.O mL) was stirred at r1

1.8 : 1mixture of63. and 6Jb.

(lJ99 MeOHI CH,clll gave a viscous, yellow oil (261 rng. 62%) as a

for 2S h. Work-up gave a yellow resin (853 mg). Chromatography

•3.
(b) To a solution of I-indanone ethylene acetal (338 mg, 1.92 nuncl) in CH2Ch (10 mL)

&1
~'Me

~ ..... 0

I""

81-78 °C was added BF)'Etl0 (0.35 ml, 2.8 nunol) and 3 (1.43 g. 5.85 mmol). After

stirring at n for 24 h, work-up gave ayellow resin (790 mg). Chromatography (1/99

MeOHl CH2Ch) gave a viscous, yellow oil (228 mg. 55%) as a 1 : 1.5 mixture of63. and

63b. Further chromatography (20180 EtOAclpetroleum ether) provid~ a small sample of

eaeh isomer for NMR analysis. For the 63ap mixture: IR 1765 (m), 1721 (s) em-I; MS

214 (77, M'), 145 (12),144 (100),117 (13),116 (85),115 (75), 41 (12); HRMS calaf Co<

CI~Hl~Ch 214.0993. found 214.0991. For 63a: viscous. yellow oil; IH NMR 61.30 (1H,

d,J- 8.0 Hz), 7.23 (IH, apparent 1.,Jo: 7.4 Hz), 7.15 (IH, apparent t,J sa 7.2 Hz),6_93

(IH, d,J-7.7 Hz), 3.32 (IH, m, H5), 3.29-3.09 (3H, m, H4, H3'), 2.59-2.32 (2H, m,

H2'), 2.49 (IH, m, H5), 1.37 (lH, d,J= 7.3 Hz, C4-methyl); "c NMR5 214.9 (0, C3),

212.8 (0, CI), 144.6 (0), 141.0 (0), 128.1 (I), 126.7 (I), 125.2 (I), 122.2 (I), 69.5 (0, C2),

44.1 (2, CS), 41.6 (I, C4), 32.6 (2), 31.6 (2), 15.1 (3, C4-methyl).

..



For63b: viscous, paJe yellow oil; IHNMRli 7.30 (IH,d,J" 7.5 Hz), 7.24 (lH,apparent

t,J=72 Hz), 7.16 (IH,apporentt,J= 7.4 Hz), 6.83 (IH,d,J= 7.1 Hz),3.2f>-3.09(3H,

m, H3', H5), 3.02 (IH, m, H4), 2.62 (1H, dd,J= 9.6, 18.0 Hz, H5 syn to phenyl), 2.49

2.26 (2H, m, H21, 1.41 (3H,d.J= 6.8 Hz, C4-methyl); NOEdata 6.83 (2.62, 1%), 2.62

(6.83,2%; 3.19 dd, 6%; 3.02, 2%; 1.41, IY,), 1.41 (6.83,2%; 3.02, So/.; 2.62,4%); IJC

NMR5216.3 (0, C3), 212.7 (0, CI), 145.3 (0),140.8 (0),128.1 (1), 126.8 (1), 124.9 (I),

123.2 (1),69.1 (0, C2), 44.5 (2, C5), 41.9 (I, C4), 35.6 (2), 31.5 (2), 15.1 (3, C4-methyl).

ci5
,,~HO

,"<:::",

I""...

OS
H,....

o 0

I :'~'...

(2R*,4R*)- (64a) aDd (2R*,4S*)-1' J',3',4'.Tetrabydr0-4

metbylspiro(cyclopcntaDe-2,l'-aapbtbaleDe)-1,3-dioDe (64b), (a) A

solution of l-ktra1one (288 mg, 1.97 nunol), BFJ'EtzO (0.36 mL, 2.9

mmol), and 3 (1.45 g, 5.92 nunol) in CH1C1Z (5.0 mL) was stirred at rt

for 22 h. Work-up gave a yellow resin (883 mg). Chromatography

(0.5199.5 MeOW CHzClz) gave a pale yellow oil (179 mg, 52Y,) as a 1.5

: I mixture of64a and Mb. A second fraction (64 mg) consisting of

bolh64a and 64b (1.6: I)and I·tetralone (81 % diketones, 13% 1-

tetralone by GC·MS) was also obtained.

(b) To a solution of I·tetralone ethylene acetal (356 mg, 1.87 nunol) in CH1Cb (10 mL)

at -78 °C was added BF)'EtzO (0.35 mL, 2.8 mmol) and 2 (1.38 g, 5.64 nuno1). After

stirring at rt for 26 h, work-up gave a yellow resin (879 mg). Chromatography (0.5199.5

MeOHlCHzClz) gave a yellow oil (205 mg, 48%) asa 1: 2.3 nUxtureof64a and 64b.

Further chromatography (20180 EtOAclpetroleurn ether) provided a small sample ofeach

isomer for NMR analysis. For the Ma,b mixture: IR 1163 (m), 1720 (s) em: l
; MS 228

(81,M'), 185(18), 159(12), 158(88),157(13),131 (21),130(100), 129(90),128(61),

61



127 (26), 115 (62), 102 (12~ 77 (16), 75 (10), 65 (10), 63 (10), 51 (15),42 (12), 41 (24);

HRMScalcd forC uHl6<h 228.1149, found 228.1 137. ForMa: yellow resin; IHNMR6

7.23-7.12 (2H, m), 7.08 (lH, m), 6.56 (IH, d, J- 7.6 Hz), 3.11 (IH, m, H5), 3.08-2.92

(2H, m, H4), 2.85 (2H, m, H4'), 2.69 (lH, brdd,J- 8.5,16.1 Hz, H5), 2.14-1.79 (4H, m,

H2', HJ1, 1.45 (3H, d, J= 7.1 Hz, C4-m,thyl); "c NMR 6 217.0 (0, C3), 214.8 (0, CI),

1l8.4 (0), 132.2 (0), 129.9 (I), 127.9 (I), 127.5 (I), 126.3 (I), 61.5 (0, CI), 43.7 (I, C4),

43.2 (2, C5), 31.S (2), 28.7 (2, C41, 18.0 (2), 16.5 (3, C4-m'thyl). For 64b, 'olorl,,,

resin; lHNMRli 7.22-7.12 {2H, m), 7.09 (IH, m). 6.48 (IH, d,J= 7.8 Hz), 3.32 (IH,dd,

J= 10.4, 18.3 Hz, H4), 3.20(IH,m, H4), 2.84 (2H, m, H4'), 2.48 (IH, dd,J= 8.6,18.3

Hz, HS syn to methyl), 2.11-1.81 (4H, m. H2', H3'), 1.37 (3H. d,J= 6.6 Hz, C4-methyJ);

NOEdata 2.48 (6.48.1%; 3.32, 5%; 3.20, 3%), 1.37 (6.48. 2%; 3.20, 6%; 2.48, 4%); Uc

NMR6217.2(O,C3),213.9(O,CI),138.5(0), 132.0(0),129.6(1),128.7(1),127.5(1),

126.2 (I), 63.0 (0, CI), 44.6 (2, C5), 40.0 (I, C4), 32.1 (2),28.7 (2, C4'), 18.0 (2), 15.4 (3,

C4-mcthyl).

(2R*,4R"')- (651) aad (2R·.~)-I',2',3'.4··Tetnb}"dr0-4-mtlhy1-4'.

oUJpiro(cyc:lopeutaDe--l,l'-DapblbalcDc)-l.J.dioDc (6Sb). A solution

of4<:hromanonc (214 mg, 1.44 nuno!), BF)'Et20 (0.27 mL. 2.2 nunol)

and 3 (1.06 gt 4.34 nunol) in CH2CI2 {10 ml.} was stirrtd at rt for 23 h.

Work-up gave a bright yellow resin (622 mg). Chromatography

(O.5m.5 MeOHI CH2Cb) gave a pale yellow resin (164 mg, 49%) as a

1.2: I mixture of65. and 65b. Funher chromatography (3onO

EtCAclhexane) provided samples ofeach isomer for NMR analysis. For

the6Sa,b mixture: '.R 1766 (w). 1722(5), 1606 (w), 1583 (w), 1227 (m)cm·l; MS 230

62



(42, MI, 160 (46), lJ2(33),l3l (100), 103 (IS), 78 (10), 77 (19), 51 (12); IIRMS calcd

for Cl4H I401 230.0942, found 230.0956. For 65.: white resin; IH NMR. 8 7.17 (IH, ddd,

Jc 1.5,7.2,8.4 Hz), 6.90 (IH,dd,J-0.9,8.3 Hz), 6.83 (lH,ddd,J= 1.3, 7.2, 7.8 Hz),

6.60 (tH, dd,J-1.6, 7.8 Hz), 4.43 (IH, ddd,J=4.2, 6.8, 11.3 H~ H3'), 4.32 (IH, ddd,J

= 4.0, 7.0, 11.3 H~ H3'), 3.25-3.05 (2H, m, H5, H4), 2.64 (lH, m, H5), 2.06 (2H, m,

H2'), 1.43 (3H, d,J-7.Q Hz,C4-methyl); 13CNMRS 215.6(0, C3), 213.5 (0, ell, 155.1

(0),129.2 (I), 127.6 (1),120.9(1),118.0(1),117.9 (0), 61.1 (2, C3'), 56.2 (0, C2), 43.4

(1, C4), 43.3 (2. C5), 28.9(2),16.0 (3, C4-methyl). For 65b: white resin; IHNMR8 7.19

(IH, ml, 6.90 (IH, rol, 6.85 (IH, m),6.S0 (IH, dd,J= 1.6, 7.8 Hz), 4.30 (2H, symmetric

m, H3'). 3.31 (IH, dd,J= 10.5, 18.4 Hz, H5), 3.16 (IH, m, H4), 2.09 (2H,symmetric m,

H2'), 2.56 (IH, dd,J=9.1, 18.4 Hz, H5 syn to methyl), 1041 (3H, d,J= 7.1 Hz, (4·

methyl); NOE data 2.56 (6.50.1%; 3.31, 7%. 3.16.'2%,1.41.1%),1.41 (6.50,2%; 3.16,

5%,2.56,3%); 1JC NMRS216.3 (0, C3), 212.7 (0, ell, 155.5 (0),129.3 (I), 128.6(1),

121.0 (I), 118.0 (0), 117.7 (I), 60.8 (2, cn 57.8 (0, C2), 44.7 (2, CS), 40.4 (I, C4), 29.9

(2), 15.3{3,C4-methyl).

H 4-Melbyl-2,2-dipbenylqclopenlaDt-t,J-dione (66). A solution of

o~~ benzophenone (268 mg, 1.47 mmol), BF1'EbO (0.27 mL, 2.2 mmol),

0"0 and 3 (1.08 g, 4.4 mmol) in CH2Ch (10 mL) was stirred at rt for 26 h.

66 Work-up provided a yellow resin (670 mg). Chromatography

(0.5/99.5 MeOHI CH2Ch) afforded 66 as a yellow solid (215 mg, 71%), mp 865-88.5

°C; IR(CCL.) 1121 (s), 1600 (w), 1495 (m) em'l; IHNMR 6 7.40-1.21 (6H, m), 1.20

7.12 (2H, m), 7.3Q..<i.95 (2H, m), 3.20 (IH, dd,J= 10.6, 17.9~ H5), 3.07 (tH, m, H4),

2.54(IH,dd,J= 8.7, 17.9 Hz, H5), 1.35 (3H, d,J=7.0 Hz,C4-methyl); 11CNMR6

03



213.6 (0, C3), 210.7(0, CI~ 137.3 (O~ 136.4 (0), 129.8(1~ 128.9(1), 128.5 {I~ 128.4

(1),128.0(1),117.9 (I), 127.6(1),44.3 (2, C5), 41.8 (I,C4), 15.6 (3, C4-m.thyl); MS

264 (100, M~, 111 (ll), 194 (46),167 (19),166 (90),165 (90): HRMScal'd for

C.1H1602 264.1149. found 264.1161.

o,d.: :=b::-::~Y:::,I::::::;l(: :8::::

V Me 4 (1.50g, 5.80 mmol) in CH2Ch (10 mL)was stirred atrt Car2l h.

67 Work-up gave a dark brown oil (846 mg). Chromatography (0.5199.5

MeOHl CHICl2) provided a tan-colored oil (356 mg) that was 90% 67 and 10% two

isomeric compounds by GC-MS. Preparative layer chromalography (25nS

EIOAclhexanes) afforded an analytical sample of67 as a pale yellow oil; IR 1764 (m),

1724 (5), 1600 (w), t494(m)cm'l; 'HNMR 5 7.40-7.20 {SH. m. aryl), 2.77 (IH, d,J=

17.4 Hz, H5), 2.58 (IH,d,J- 17.4 Hz, H5), 1.47 (m, s), 1.24 (3H, s), 1.23 (m, s): "c

NMR6118.3 (0, C3), 213.1 (0, CI), 137.4(0, CI'), 129.1 (lC, I), 127.7 (1),126.1 (lC.

1),60.9 (0, Cl), 50.8 (2, C5), 46.9 (0, C4), 26.2 (3), 25.8 (3),12.0 (3): MS 116 (70, M'),

133 (14),132 (100),104(70),103 (12), 78 (10); HRMS calcd (orC ...HI60 1 216.1149.

found 216.1153.

..

2',)'-Dillydr0-4,4-dilildbylspiro(cycloptntane-2,l'-(IB) iadcDc)-l).

dioDe (68). A solution of I-indanone (260 mg, 1.96 nunol), SFrEtIO

(0.36 mL, 2.9 m..-nol), and 4 (1.55 g, 6.00 mmol) in CH1Ch (10 ml)

was stitred at n for 26 b.. Work·up provided a viscous orange-brown

oil (876 mg). Chromatography (\199 MeOW CH1Ch) gave 68 as ayellow solid (311 mg,

690/.), mp 65-66.5 "C; IR 1764(m),I722 (s)c:m- I ; IHNMR6 7.28 (IH,appare:Rt t,JE
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7.0 Hz), 7.23 (tH, appuenld~J-1.2, 7.4 Hz), 7.15 (IH, appuent ~J-7.1 Hz),6.8S

(tH, d,J-7.S Hz), 3.18 (2H, m, H3), 2.87 (IH,d,J- 17.7 Hz, HS), 2.76(IH, d,J

17.6 Hz, HS), 2.50-2.30 (2H, m, H2), 1.39 (m, s, C4-m.thyl), 1.30 (3H, s, C4-methyl);

"c NMR 6 218.9 (0, C3), 213.0(0, CI), 145.3 (0), 141.2 (0), 128.2 (t), 126.9 (I), 125.1

(1),l2J.O(l), 68.4 (0, C2), 51.5 (2, C5), 46.9 (0, C4), 36.2 (2, C2'), 31.8 (2, Cn 25.8 (3,

C4-m.thyl), 24.0(3, C4-methyl); MS 228 (39, MI, '45 (tl), 144 (100),116 (53),115

(35); HRMS calcd forCuHI'O:z 228.1149, found 228.1149.

1',.2',3',4'-Tttn.ydr0-4,4-dillldhylspiro(cydopcllta.c-l.l'·

••pbtbalnt)-l~iODt(69) IDd 3.4-dlbydro-3.J-dimethyl-5-(1

(1.2.J.4-tttrabydro.apbtb)'I)idcntr2-(uranODt (70a.b). A solution

of I-tetralone (292 mg, 2.00 nunc!), BFrEt10 (0.37 mL, 3.0 nuncl), and

4 (1.55 g, 6.0 nuno!) in CH~Ch (10 roL) was stirred at n for 24 h.

Work-up gave a dark brown oil (929 mg). Chromatography (0.5199.5

MeOW CHzCh) provided 69 pale yellow solid (312 mg, 65%), mp 97-

98.5 OC and a )'cllow resin (75 mg. 15%) consisting of geometrical

7"
isomers 70at b in a 2.6: I ratio. A small amOWlt oCthe major isomer

70. as a beige solid, mp 69-71.5 ·C. was obtai~ in homogeneous

Conn by preparative laycrchromalography. For 69: IR 1764 (m), 1719

(s), 1495 (w) em-I; IH NMR6 7.24-7.04 (3H, m), 6.55 (tH, d,J; 7.8

70b
Hz), 2.98 (lH, d,J" 18.3 Hz, H5l, 2.85 (2H, apparent ~J- 6.0 Hz,

H4), 2.70 (lH, d,J" 18.3 Hz, HS), 2.10-1.88 (4H, m, H2', H3'l, 1.44 (3H, S, C4-m.thyl),

1.3' (3H, ~ C4-m.thyl); "c NMR 6 219.7 (0, C3), 214.6 (0, CI), 138.5 (01132.0 (0),

129.8 (I), 128.5 (I), 127.6 (I), 126.3 (I), 62.7 (0, C2), SO.7 (2, C5), 46.5 (0, C4), 32.7 (2),

"



28.7 (2, C4J, 26.6 (3, C4-methyl), 26.0 (3, C4-methyl~ 18.0 (2); MS 242 (46, MJ, IS9

(14), IS8 (100),130(44),129 (23),128 (IS), liS (IS); HRMS calcd ro,C,oH,,o,

242.1306, found 242.1300. For 70.: UV (cyc:lohexane) 271 nm (t -7,730); IR 1795 ($),

1667 (m), 1600 (w) em'l; 1H NMR 6 7.16 (4H, br s, aryl), 3.02 (2H, narrow m, H4), 2.74

(2H, m, H4'), 2.65 (2H, m), 1.80 (2H. apparent pentet,J" 6.4 Hz), 1.30 (6H, S, C3·

methyls); NOE data 7.16 (3.02, 9%; 2.74, 4%), 3.02 (7.16, 24%; 1.30,7%),1.30(3.02,

10"10); "c NMRO 179.8 (0, C2), 142.2 (O,Cn,l39.4 (0), IJ3.S (0), 128.S (1),126.32

(I), 126.28 (I), 12S.S (I), 114.7 (0, CS), 41.9 (2, C4), 40.1 (0, C3), 30.4 (2, C4J, 2S2 (2),

24.8 (2C, 3, C3-m,thyu), 22_7 (2); MS 242 (29, MJ, IS9 (13), IS8 (100), 130 (S8), 129

(39),128 (23),127 (10), liS (30), S7 (II), SS (14),43 (12), 41 (24); HRMS "kd ror

Cl6HlI02 242.1306, found 242.1307. For 70b (discemable signals from sptttnJm of

mixture): IH NMR 5 8.07 (IH. brd,J:= 7.5 Hz), 2.85 (2H, m, H4), 2.79(2H,I,J= 6.2

Hz), 2.36 (2H, brl.J- 6.4 Hz), 1.86 (2H, apparent penttt, J= 6.3 Hz), 1.36 (6H, S, C3·

methyls).

1',,2'.3'.4'-Tr.tnbydr04,4-dimelbyl-4-ou.spiro{c:)·clopenlaae--l.l'·

D.phtb.l~ue)-l.J-dioDe(71) aDd 3,4-dibydro-3,J-dimelbyl-5-(l.

(1 ,2,J,4-t';lrabydr0-4-0uDapblbyl)idtDe)-2.(u raDODe (72a,b). A

solution of4-chromanone (306 mg. 2.01 mmol), BFrEt20 (0.76 mL. 6.2

nunol), and 4 (1.60 g, 6.20 mmol) in CH2Ch (10 mL) was prepared at-

78 "C. The mixture was then stirred at n for 24 h. Work-up gave a black

tar (:M8 mg). Chromatography (O.SI99.5 MeOW CH2CI2) provided 71 as

a tlll.- colored resin (196 mg, 39%), 72..b (2.6 : I) as a tan resin (I16

mg, 23%), and thi".'d fraction (94 rng) consistiog of11 and 72a.b in a 4: I ratio. A small
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obtained in homogeneous fOnD by repeated chromatography (0.5/99.5

amOWl.t of the major lactone 72. as a white solid, mp 164-165 OC. was

~~rM

00
72b

MoOWCH,CI,). For 1), IR 1166 (m), 1722 (s), 1601 (m), 1583 (m),

1491 (m) om"; 'HNMR81.18 (IH, ddd,J= 1.1,1.2, 8.3 Hz), 6.90 (IH,

dd,J= 1.2,8.4 Hz), 6.84(tH, apparentdt,J= 1.3,1.5 Hz), 6.55 (tH,

dd,J= 1.6, 1.8 Hz), 4.34 (2H, m, H3'), 2.95 (IH,d,J= 18.1 Hz, H5), 2.80 (IH, d,J=

18.2 Hz, H5), 2.11 (2H, m, H2'), 1.41 (3H, S, C4-methyl), 1.38 (3H, s. C4-methyl); Be

NMR 8 220.6 (0, C3), 215.0 (0, CI), 156.1 (0, C51, 1lS.9 (0, CIO'), 129.6 (I), 128.6 (I),

121.1 (I), 111.9(1), 59.9 (2, Cn 56.2 (0, C2), 49.7 (2, C5), 45.5 (0, C4), 29.0 (2, C2'),

24.9 (3, C4-methyl), 23.9(3, C4-methyl); MS 244 (37, MI, 161 (II), 160 (100),132

(56),131 (100). 103 (14), 78 (10), 77 (19),41 (12); HRMS ealcd for C1sH l601 244.1099,

found 244.1102. For 72a: UV (cyclohexane) 302 nm (t= 8,600), 272 nm (£ E 8,100); IR

(CCl~) 179\ (s), 1682 (m), 1604 (w), 1572 (w) em"l; IHNMR B7.14 (2H, m), 6.89 (2H,

m), 4.23 (2H, {.Ie 5.7 Hz., H3'). 3.08 (2H, br s, H4). 2.80 (2H, brt.JE 5.7 Hz, H2'), 1.35

(6H. s, C3-methyls); NOE data 3.08 (7.14, 23%; 1.35, 7%), 1.35 (3.08. 10%); l3C NMR B

179.3 (0, C2), 154.6 (0), 141.1 (0), 128.19 (1),126.2 (1),120.2 (1),120.1 (0), 111.3 (I),

109.0 (0), 66.2 (2, C3'), 41.7 (2, C4), 40.0 (0, C3), 25.1 (2C, 3, C3-methyls), 24.5 (2,

C2'); MS 244 (33, MI, 161 (II), 160(93), 132(47), 131 (100), 103 (15), 83 (33), 17

(21),55 (11), 41 (13); HRMS ealcd for C1,H1603 244.1099, found 244.1112. For72b

(discemable signals from spectra of mixture): lH NMRo 8.09 (IH, dd, J = 1.6,8.1 Hz),

2.85 (2H, br s, H4), 2.52 (2H, apparent t, J c 5.6 Hz), 1.37 (6H, s, C3-methyls); BC NMR

8 153.7 (0), 140.3 (0), 129.2 (I), 128.24 (I), 120.9 (1),116.9 (I), 65.6 (2, C31, 40.3 (2,

C4), 26.2 (2, C2'), 25.2 (2C, 3, C3-methyls).
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dihydro--3~i.~tbyl-5-(dipbt.Y"dhyIeD~~2-ruraaOD~ (74). A

solution ofbenzophenone (240 mg, 1.32 mmol), BFrEbO (0.49 mL,

4.0 mmol), and 4 (I.OJ g, 4.0 mmol) in CHzCh (6.6 mL) was prepared

at -78 DC. The mixture was then stirred at rt for 23 h. Work-up

provided a brown tar (652 mg). Chromatography (15/85

I: I: EtOAclpctroleum ether, then 0.5199.5 MeOHlCH1CI1) yielded 73 as a

74 white solid (250 mg, 68%), mp 67-68 -C, and 74 as a pale yeUow solKi

(58 mg, 16%), mp 111-113 "C. For 73: IR(Nujol) 1764 (sh), In3 (s), 1597 (w), 1580

(sh), 1493 (m)cm- l
; IH NMR 6 7.40-7.23 (6H, m), 7.15-7.03 (4H,m), 2.78 (2H, s, H5),

1.39 (6H, S, C4-methyls); 13C NMR6216.4 (0, C3), 211.2 (0, CI), 137.4 (2C, 0), 128.7

(1),127.8 (I), 51.3 (2, C5), 47.3 (0, C2), 26.1 (2C, 3, C4-m,lbyls); MS 278 (41, M'), 195

(12),194 (75),167 (14),166 (100),165 (28),164 (62), 41 (14); HRMS eaJcd Co<

C19H1,O! 278.1306. found 278.1310. For 74: UV (cydohexane) 273 run (t.: -10,000); IR

(Nujol) 1803 (s), 1672 (m). 1599 (w), 1497 (w), 1076(5) em-I; IH NMR6 7.40-7.17

(lOH, m, aryl), 2.77 (2H, S, H4), 1.33 (6H, 50 C3-methyls); Uc NMR 6 179.9 (0. C2),

144.1 (O,CI'),138.8(0),137.5(0),130,O(I),129.4(I),128.5(1),128.0(11127,2(1),

126.9(1),119.3 (0), 41.6 (2, C4), 39.8 (0, C3), 24,7 (2C, 3, C3-melbyls); MS 278 (16,

M'), 194 (38),182 (27),166(44),165 (4), 140 (35),105 (100), 77 (67),57 (12), 55 (14),

51 (30),43 (to), 41 (16); HRMS cl1cd (orC19H1I0z 278.1306, found 278.1312.
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HO OH

P~>R-
76

HO OH

~~?+
77

(l 'R·,2$*)- (76) aDd (I'R·,2R·)-4,4·Dimtthyl--2-hydrosy-2-(1-

hydrosy-l-pbeoylethyl)cyclobutaooot (77). A solution of

acttophenone(0.41 g, 3.4 nunol) inCH2Ch (10 mL)was cooled to-78

°C before BF]'Et20 (0.42 mL, 3.4 nunol) and 4 (0.97 g, 3.7 nuno!) were

added. The temperature was raised to -20°C, and the mixture was

stirred for 29 h. The mixture was poured into H20, and the aqueous

layer was extracted with CH2Ch. The combined organic extracts were dried over

anhydrous Na2S04, and concentrated under vacuum to give a yellow viscous oil (0.76 g)

composed ofacetophenone, 76, 67, and 77 in a ratioofll : 5.7: 3.4: 1 by IHNMR

Flash chromatography using an increasing proportion ofEtOAc in hexanes provided 76

(167 mg, 21%) and 77 (29 mg, 4%). Major diastereomer 76: white solid, mp 79.5-80.5

'C; IR 1456 (,),1710 ('),1602 (w), 1497 (m)cm"; 'H NMR(CD,OD)6 7.45 (2H, d, J

7.1 Hz), 7.29 (2H, apparenlt,J'" 7.4 Hz), 7.21 (IH, apparentt,J= 7.0 Hz), 2.35 (IH, d,J

= 12.5 Hz, H3), 1.72 (lH, d,J= 12.5 Hz, H3), 1.64 (3H, s), 1.18 (3H, s), 0.51 (3H. s); I]C

NMR (CD,OD) 6 219.7 (O,CI), 145.8 (0. CII, 128.8 (2C, 1), 128.4 (2C, I), 128.0(1),

94.6 (0, C2), 76.1 (0, Cn 55.2 (0, C4), 40.5 (2, Cl), 25.5 (1), 25.0 (1), 20.8 (1); MS no

M', 216 (8), 1J3 (10), 112 (100),122 (16), 121 (19), 118 (10), 105 (20), 104 (45), 77

(23),70(25),43 (86),42 (11),41 (12); HRMS calcd forCl4Hl60:2 eM' -H20) 216.1149,

found 216.1155. Minor diastereomer 77: white Sf)lid, mp 150-151.5 0(;; IR (Nujol) 3392

(m), 1769 (m) cm- l
; IH NMR (COlOO) 5 7.57 (2H, d, J =7.2 Hz), 7.29 (2H, apparent t, J

= 7.4 Hz), 7.20 (lH, apparent t,Jc 7_2 Hz), 2.33 (IH,d,J'"'12.5 Hz., H3), 1.67 (3H, s),

1.47 (IH, d,J= 12.5 Hz, Hl), 1.21 (lH, ,),1.02 (JH, 'I; "c NMR(CD,OD) 6221.0 (0,

"



CI), 146.4 (0),128.6 (2C, I), 128.0 (2C, I), 127.9 (I), 94.0 (0,C2), 76.0 (0,C2'), 55.1 (0,

C4), 40.6 (2, C3), 25.4 (3), 24.5 (3), 21.2 (3); MS no M" 216 (12), 133 (10), 132 (100),

121 (31), 118(11), 105(25), 104(49),78(10),77(32),70(28),51 (11),43(98),42(12),

41 (19); HRMS calcd (orC•.JI1602~. H20) 216.1149, fOWld 216.1144. Therelative

stereochemistry of 77 was detennined by X-ray crysrallography.

General procedure for the Bellocatalyzed rtactioD of ketones aDd 4. BCI]

(3.2 roL) and then 3 (0.84 g, 3.2 mmol) were added to a solution aCthe ketone (2.0 mmol)

in CHICh (5.0 mL) at -78 OC. This was stirred at-78 "C fOT 24 to 37 h, orat-22 °C for 6

to 8 h. or wanned to n overnight. The mixture was recooled to -78 OC before a solution

of50% HF (1.6 mL) in MeOH (3.4 roL) was added, and the mixture was stirred for to

min. The mixture was wanned to rt and stirred for 1 h. The mixture was concentrated

under reduced pressure. The residue was stirred in TFA (6.0 mL) for 24 h. CHICI2 was

added, and the solution was washed \\ith H20. to which solid NaHCO) was added to give

pH 7, and then the solution was dried over anhydrous granular Na2S04. Concentration

under vacuum gave brown material to which hexanes (50 mL) were added. The resulting

solution was passed through ?Iorisil (3 cm x. 1.5 cm), flushing with additional hexanes

(100 mL). Solvent evapora:ion from the combined filtrates gave the diketone product.

Further purification, when n~essary, was accomplished by flash chromatography. See

Table 5 for specific reacllon conditions for each substrate.
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Table 5. Rcaetlon produeU alld flIl1dlticHls

Skit-
Spccifitrt1ltlloaco.dlllons(b.s~ontlle

Subs·.rale Prodllct Proellel GtnenlProcedllre)

Acetone 17 -7&"Cfor23h

Acelone 87 -7&'C for 23 h,&qlleouswork·upaftcrH'slep

2·Butanone ,.. -7&'Cfor37h

Phenylacelone .. Ua,b Reac1aflts mixed at -7& 'C, bUI the reacdon was

allowed to warm slowl)' 10 It ovemighl

Acetophenone " .. Rcactantsmixcdal-7&'C,bulthcnreac:lion

warmed to rt for 6 h. Ratio of67 to 8' 3.&: I

C)'clopcnllnone " -78'Cfor36h

3·Methylc)'clopenLinone 25a,b Reactants mixed 81-7& 'C, bUI then reaction

maintaintd-22'Cfor6h

C)'clohtll:lnone " -78'Cfor34h

2·Melhylcyclohexanone 29a,b 30a,b Reactants mixed al -78 'C, bul reaction warmed

to It and stirred overnighl. Ratio ofU.,b 10

3tta,bl:\

Bic)"Clo[2.2.I}hepllnone ". Reactants mixed 81 -7& 'C, but reaction allowed

to warm slowly to rt overnight

Bicyelo!2.2.2]octanone " go -78"C for IS min.-22 "C for 7 h. RalioorJS to

901:1

Bicyelo(2.2.2Joctanone " -78"Cfor IS min,-22"C for 7 h,butlhen

aqueouswOtk-upbtforcTFA

3-Methylcyclohexanone " -78"Cfod6h

4+Butylc)'clohexanone ". -78 "C for29h
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79

eo

12-Bon-2,2-dim.cthyl.1t.t~iou-12-(trimct"ybUyIo1}'r

dupiroI3.0-S.3]triscadccla.t-oac (79) lad !2-bon-!2-bydro1}'o

2,2-dimctbyl-lt.13-diondupiro--(3.0.S.3)trUClldcClD-l-oac (80).

Compound 3 (0.86 g, 3.3 mmol) was added ovcr 5 min to a solution

ofcyclohexanone (0.20 g, 2.1 mmol) and BC13(3.3 mL) in CH2C12

(S.O mL) at -78 -C. The resulting solution was stirred at-78 -C for

II h. Aqueous work-up, dryina ofthe solution over anhydrous

Na2S0~, and evaporation of the solvent gave a mixture of "",mte solid

(47, 127 mg) and a yellow oil (79 and 80 in a 2: 1 ratio. 459 mg). The sample consisting

of just 19 and 80 was obtained by washing the oil off the solid with bexanes. For 79: I H

NMR' 2.29 (IH, d,J= 13.2 Hz, H3), 2.07 (IH, d,J- 13.2 Hz, H3), 1.29 (3H, S, C2.

methyl), 1.16 (3H, s, C2-methyl), 0.19 (9H, s. OTMS); LIB NMR(CD~Ch): S20.3; IlC

NMR (Co,CI>l {p"'iaJ data): a 215.5 (O,CI), 99.3 (0), 88.1 (0), 82.3 (0), 39.6, 34.8,

34.5,26.0,24.1,22.6,22.3.22.1,0.97 (lC, 3); 19Si NMR(CIhCI2): 616.5. For 80: lH

NMRa 2.32 (IH,d,J= 13.5 Hz, H3), 2.12 (IH, d,J= 13.5 Hz, H3~ 1.30 (lH, S, C2·

methyl), 1.18 (3H. s, C2-methyl); liB NMR (C~Ch): 6 21.9.

The mi:rture of79 and 80 (0.584 g) was stirred in ITA (3.0 mL) at rt for 20 h.

Work-up provided a brown oil (0.408 g). IH NMR analysis showed the presence of26

and 27 (1.5: I).
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(IH, b'm, H7), 1.81 (lH, m), 1.72 (IH, m), 1.68-1.55 (2H, m),

(SR· ,75'*)-2,2,7.TrimttltylspiroI4.5ldteaae--l.4-dioae (81).

Vtr'j pale yellow crystals from EtOAe·hexane; mp 59.5-{i1 OC; IR

(Nujol) 1762 (m), 1722 (s) em"; 'H NMR 6 2.61 (2H, s, H3), 1.93

81

H'"N.-
2

,4-CNP 1.53 (1H, m), 1.48 (IH, apparent dq, J= 3.9, 12.9 Hz), 1.222 (3H,

~N~MeMet:::::::;t-( -Me s, C2·methyl), 1.215 (3H, s, C2·methyl), 1.15 (IH, d,J= 13.2 Hz),

82 0 0.92 (IH,apparentdt,J-4.8, 14.1 Hz),O.86(3H,d,J-6.9Hz,

C7·mcthyl); "c NMR 6 220.1 (0, CI), 216.3 (0, C4), 56.0 (0, CS), SO.4 (2, C3), 46.4 (0,

C2), 38.3 (2), 33.7 (2), 30.5 (2), 26.7 (I, Cn 25.5 (3, C2-mcthyl), 25.3 (3, C2-mcthyl),

22.4 (3, C7-mcthyl), 21.1 (2), MS 208 <M",64), 152 (25),140 (44), 119 (11),125 (15),

124 (100), 96 (21), 95 (16), 82 (12), 81 (76),69 (13), 68 (13), 67 (19), 56 (12), 55 (28),

54 (II), 53 (20),41 (56),40 (14); HRMS wed forCuH2002 208.1462, found 208.1454.

For the 4·(2,4-dinitrophenylhydrazone) derivative 82: orange crystals from MeCN-

CH2Clrhexane, mp 231-233 0(:; IR (Nujol) 3308 (m), 1742 em). 1711 (w), 1614 (m),

1590 (m), 1517 (m), 1500(m) cm· l ; IH NMR6 11.11 (IH, brs), 9.14 (Ill, d,J== 2.6 Hz),

8.39 (lH,dd,J= 2.5, 9.5 Hz), 7.88 (IH, d,J- 9.5 Hz), 2.77 (2H, s~ 2.18-1.88 (2H, m),

1.82 (IH, m), 1.75-1.50 (4H, m), 1.J3 (IH, appuentlriplct,Jo 12.8 Hz), 1.25 (3H, s),

1.24 (3H, s), 1.01 (IH, appalcnt dq,J-3.4, 12.9 Hz), 0.92 (3H, d,J- 6.6 Hz); "CNMR

6 220.3 (0), 164.7 (0),145.0 (0),138.0 (0),130.3 (I), 129.3 (0), 123.4 (1),116.4(1),53.8

(0),46.0 (0), 40.3 (2), 38.8 (2), 33.8 (2), 32.1 (2),26.7 (I), 25.8 (2C, 3), 22.6 (3), 21.J (2);

MS 388 <M", 15),320 (II), 319 (31), 273 (I0~ 206 (15), 167 (12), 165 (20), 164 (20),

118 (11), 122 (IO~ 107 (12),105 (Il), 95 (l9~ 94 (14), 93 (25), 83 (II), 82 (37), 81 (32),

80 (20), 79 (29), 78 (II), 77 (27), 69 (19), 68 (II), 67 (53), 66 (IO~ 65 (Il), 63 (12), 56
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(IS), SS (lOO), 54 (IS), S3 (36), S2 (11), 43 (23), 42 (lS~ 41 (96); IIRMS calc<! [0'

CI9H14N~05388.1 no, fotmd 388.1745. The structure was determined by X-ny

crystallography.

9df+-
HO OH

Me
o

83a,b

(l'R*.;3'R*)-Z-HydroX)'-4,4-dimetbyl·2-(1-hydroxy-3-

metbylq'dobtX)'l)-cyclobulanODt (8Ja,b). AI: I mixture of

epimers <at C-2) was obtained by aqueous work-up after the

HFlMeOH treatment. For this mixture:: IR (Nujol) 3471 (s), 3342 (s),

176S (,)om- I; 'H NMR &3.44 (tH, b.-~ Oll), 2.18 (lH,d,J' 12.8 Hz, KJ), 2.17 (lH, d,

J- 12.9 Hz, H3), 1.91 (2H,d,J- 12.8 Hz, H3J, 1.87-1.84{2H, m), 1.36 (6H, ~ C4-

methyl), 1.155 (3H,5. C4-melhyl), 1.153 (3H, S. C4-methyl), 0.90 (6H,d,J=6.4 Hz,

C3',methyl); "c NMRO 220.0 (0, Cl), 92.6 (0, C2), 92.S (0, C2), 74.0 (0, Ct'), SS.2 (0,

C4), 38.6 (2,C3), 38.0(2), 34.4 (2), 31.7(2), 29.2 (2), 27.3 {I, Cn 27.0 (I, Cn 20.9

(2),20.6 (2),24.7 (3, C4-methyl), 22.5 (3, C3'-methyl), 20.9 (3, C4-methyl); MS no M"",

208 (M', H,O, 8), 124 (100),113 (3S), 96 (28), 9S (SO), 82 (10), 81 (72),70(38),56

(10), S5 (IS), 43 (26). 42 (12), 41 (14); HRMS calcd rOrCl)H2G~ (M". H20) 208.1462.

found 208.1454.

metb)'lcyciohexyl)-q'dobutaaODt (84). Yellow solid; mp 113.5-116

"C; IR 3461 (5), 1773 (m) em"l; IHNMRS 3.60 (IH. brs. Om, 2.t5

(IH,dd,J- 0.6,12.8 Hz, H3), 2.00 (IH, d,J- 12.8 Hz, H3), 1.66

(I H, b, m), 1.36-1.17 (8H, m), 1.37 (lK, " C4-methyl), 1.16 (3H, ',C4-methyl), 1.00

(3H, d,J. 6.8 Hz, C2'-mcthyl); "c NMR6 218.9 (0, CI194.4 (0, C2), 74.1 (0, CI').



~- I;oJ--t-
.5

55.3 (0, C4), 39.0 (2, C3), 36.3 (I, C2'l, 34.0 (2), 30.9 (2), 25.7 (2), 24.8 (3, C4-mcthyl),

2\.5 (3, C4·methyl), 2\.0 (2), 17.5 (3, C2'-methyl); MS 226~, 0.54), 208~ • H,O,

9),198 (16), 193 (l6), 127 (l1~ 125 (IS), 124 (100),123 (17), 114 (II), 113 (74), 109

(83),96 (78), 94 (58), 85 (20), 83 (l6), 81 (50), 71 (14),70 (50), 69 (44), 68 (18~ 67 (44),

57 (32), 56 (20), 55 (41), 53 (l3), 45 (21), 43 (91), 42 (18~ 41 (67); HRMScakd for

CU H20O:z (M'"- H20) 208.1462, found 208.1440.

StirringS4 (9 rna) in TFA (1 mL) atn for 7 h provided only 2 rng ofa brown oil,

which consisted ofa I: I mixture of29. and 30.,b (I : 1).

(l'R*,1x,2'S*)-2-Hydroxy-4,4-dimctbyl·2-(1-hydroxy-2-

mdhylc)'dobexyl)-cydobutlaODt (85). \Vhite solid; mp 139-141.$

"C; 'H NMR 62.45 (lH, 5, OH), 2.44 (IH, d,J= 12.3 Hz, H3), 1.84

(lH,d,J- 12.3 Hz, H3), 1.91 (lH, twm), \.73-\.63 (2H, m), \.6}

\.47 (2H, m), \.47-1.36 (4H, m), 1.35 (3H, ~ C4-methyl), 1.20(lH, 5, C4-methyl), \.03

(3H, d,J= 7.5 H~ C2'·m.thyl); "c NMR6 218.5 (0, CI), 94.3 (0, C2), 74.7 (O,CI'),

55.4 (O,C4), 38.4 (2, C3), 34.7 (I, C2'), 29.2(2), 27.1 (2),25.1 (3, C4-m.thyl~ 21.3 (3,

C4-m.thyl), 20.9 (2), 19.6 (2), 15.8 (3, C2'·m.thyl); MS 226~, 0.2), 208 (14), 193

(31), 139 (12), 127 (IS), 12l (IS), 124 (71), 123 (38), 121 (12), 113 (55), 109 (100), 96

(49),95 (65), 85 (10), 83 (l3), 8\ (52),71 (16),70 (70), 69 (36), 68 (23), 67 (43), 57 (20),

56 (16), 55 (35), 45 (19), 43 (68), 42 (20), 41 (40); HRMS .aled fo,C"H"O, 226.1568,

found 226.1568.
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Diol85 (11 mg) was dissolved in trifluoroacetic acid-dl at rt. IH NMR after only

5 min revealed rearrangement to 19b was complete. Aqueous work-up provided 19b as a

yellow oil (to mg).

1764 (m), 1724 (0),1604 (w), 1496 (m) om"; 'H NMR &7.27-7.14 (3H,

m), 7.08--6.98 (2H, m), 2.99 (lH, d,J-12.8 Hz, benzyl), 2.92 (lH, d,J

12.8 Hz, benzyl), 2.43 (IH, d,J- 18.4 Hz, HI), \.74 (IH, d, J=I8.3 Hz,

H5), 1.27 (3H, 0),1.12 (3H, 0), 0.62 (3H, 0); "CNMR6 221.3 (0, C3), 216.9(0, C5~

136.3 (0),130.0 (2C, I), 128.4 (2C, I), 127.1 (I), 58.6 (0, el), 5\.8 (2, C5), 46.1 (0,C4),

42.5 (2, benzyl), 26.7 (3), 23.0 (3), 22.4 (3); MS 230~, 36),146 (45),145 (17),118

(70), 1\7 (25), 115 (11), 105 (21), 91 (100),83 (12), 65 (18), 56 (13), 55 (\I), 41 (39);

HRMS calcd forC.sHllOz 230.1306. found 230.1314.

2-Hydroxy·1-(1·bydroxy-l·mttbyltlbyl)-4,4-dimdbykydobulaaoac

HO
~ (87). White solid; mp 8ll-80.5 'C; lR(Nujol)3448 (0), 3417 (0),1773 (m)

.of--\- em"; 'HNMRO 3.44 (2H, brs, OH), 2.13 (lH, d,J- 12.6 Hz, H3), 2.00

" (lH, hr, OH), \.94 (IH, d,J- 12.6 Hz, H3), 1.37 (3H, o~ 1.28 (m,o), \.23

(m, 0),1.17 (3H, 0); "CNMRO 219.8 (0, CI), 92.2 (O,el), 72.4 (0, C2'), 55.4 (0, C4),

39.0 (2, C3), 25.3 (3), 24.7 (3), 22.9 (3), 20.9 (3); MS 154 no M"~- H,o, 5), 71 (10),

70 (100), 59 (26), 43 (12),42 (24); HRMS ealed fo,C,H"O, ~- H,O) 154.0993, fnund

154.0986.
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-r$=\Ph
88a,b

S.5-DilDtthyl-l-{pbtllylisopropylidtae)-3(1H)-funaoae (S8a,b).

A I : 1 (E)/{Z) mixture of3·furanones 'WaS obtained in 15% yield as a

side-product in the reaction that provided 18. UV (cyclohexanc) 290

om, (,=10,700); IR 1724 (5), 1639 (5), i602 (m), 1494 (m) em"; 'H

NMR S 7.31-7.14 (5H, m, aryl), 3.95, 3.48 (each 2H, s, benzyl), 2.56, 2.53 (each 2H, 5,

H4), 1.99, 1.70 (each 3H, s, C2'-methyl), 1.43, 1.42 (each 6H, 5, C5-methyls); 13C NMR S

200.5 (0, C2), 200.0 (0, C2), 144.0 (0, C21, 143.4 (0, e2'), 139.8 (0), 139.2 (0), 128.8 (I~

128.7 (1),128.24 (1),128.18 (I), 126.02 (1),125.91 (I), 122.6 (0, CJ~ 122.2 (0, e3~

78.5 (0, e5), 78.3 (0, e5), 50.7 (2, e4), 39.2 (2, benzyl), 35.7 (2, be...,.I), 28.30 (3, e5

methyl), 28.25 (3, C5-methyl), 17.1 (3, C2'-methyl), 14.6 (3, C2'·methyl); MS 230 <M'",

74), 174 (14), 146 (42), 145 (41), 131 (18), 119 (12), 118 (100), 117 (53), 116 (10), il5

(23), \05 (31),103 (II), 91 (51), 83 (11), 78 (16), 77 (12), 69 (10), 65 (14), 58 (10), 55

(11),511Ii),43 (il),41 (39).

o 3,J-Dimdhyl-4-oJ:o-S-pbeaylbuaaoK acid (89). White solid; mp

PhrrC~H 132-133 ·C; IR (Nujol) 3500-2400 (m), 1713 (m) em·'; IH NMR S

89 11.5 (IH. very br. OH), 7.41-7.30 (2H, m), 7.26 (IH.appareattt,J

= 1.5, 7.2 Hz, H4'), 7.22-7.15 (2H,m~ 3.70 (lH, q,J-7.0 Hz, H5), 2.n (lH,d.J- 17.9

Hz, H2), 2.58 (IH,d';- i7.9Hz, H2), 1.38 (m,d,J-7.0 Hz, e5-m.thyl), 1.17 (m,s,

e3-mOlhyl), 1.11 (m, 5, e3-m.thyl); "e NMR 6208.4 (0, e4), 182.1 (0, el), 140.3 (0,

el'), 128.9 (2e, I), 127.9 (2e, I), 127.2 (\, e4'), 53.1 (I, e5), 50.4 (2, e2), 39.8 (0, e3),

25.90, e3-m.thyl), 24.5 (3, e3-mothyl), 17.3 0, e5-m.thyl); MS no W, 217 (W-OH,

2),216 (W- H,o, 8~ 132(15), 129(16), 106(92), 105 (63~ 104 (15), 103 (II~ 101 (50),
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91 (21), 79 (12), 77 (19), S9(100), SS (10), 43 (44); HRMS caled forC,oH,,o, ~- OH)

217.1228, found 217.1226; talcd for CliliI60t~· H20)216.1149, found 216.1155.

4-{2-Bicytlo(1.2.2)octyl)-3t3-dimetbyl4-0s:obutaaoic add (90). The

General Procedure with bicyclo[2.2.2]oclanone gave a I : I mixture ofa tan·

c:olored oil (35) and a white solid (90) that isolaled by repeated washings with

hexanes 10 remove the oily fraction. followed by recrystallization from

90 hexanes-CH2CI2: mp 156.5-157 "C; lR(Nujol)3600-2200 (m), 1704 (s)

em"; 'H NMRS 2.82 (IH, d,J-17.8 Hz, H2), 2.68 (!H,d,J- 17.8 Hz, H2), 2.60 (IH,

m), 2.04 (lH, apparent d~J' 2.2, 6.4 Hz), 2.00 (IH, apparent dr,J- 2.2, 6.3 Hz), 1.90

(lH, m), 1.69-1.57 (2H, m), I.S7-I.44 (JH, m),1.42 (IH, m), 1.40-1.34 (2H, m), 1.32

(lH, m), 1.26 (3H, S, C3-melhyl), 1.24 (3H, ~ C3-m.lhyl); "C NMR 8 210.4 (0, C4),

183.6 (0, CI), SO.7 (2, C2),49.S (I), 39.9 (0, C3), 27.2 (I), 26.7 (2), 26.4 (2), 2S.6 (3, C3·

m.lhyl), 2S.3 (3, C3-m.lhyl), 2S.2 (2), 2S.0 (2), 23.8 (1),21.4 (2); MS 238~, 1),220

(28), 157 (36), 139 (27), IJ7 (IS), 136 (71), 136 (71), 133 (II), 129 (12), III (13), 110

(12),109 (100),108 (10),107 (19),101 (29),94 (10), 93 (IS), 92 (40), 91 (12),88 (46),

83 (21), 81 (18),80 (20), 79 (41), 77 (14), 67 (93), S9 (S2), SS (33), S3 (14), 43 (37), 41

(46); HRMS calcd for CI4HuO) 238.1568, found 238.1573; wed for CI4HzoOl~-

H,O) 220.1462, found 220.1464.
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Chapter 2. Model Studies Aimed Toward an Enantiosel"'tive
Synthesis of the Antitumor Antibiotic Fredericamycin A.

Introduction

The antitumor antibiotic fredericamycin A was first isolated by Pandey et 01. from

a strain of the soil bacterium Streptomyces griseus at the National Cancer Institute in

Frederick. Maryland, in 1981.11,19 Single-crystal X·ray diffraction panem20 analysis was

successful in establishing its structure after extensive spectroscopic studies failed to

resolve tautomeric forms in the ABC subunit.21 Cenlrallo its novel molecular architecture

is the carbocyclic spiro[4.4]nonane subunit previously unknown to compounds in the

antibiotic or antitumor classes.

(+)-11 : Fre<lericamycin A

Fredericamycin A exhibits potent in vitro cytotoxicity as well as efficacious

antitumor activity in a variety ohuffior models such as P388 leukemia. CD8F mammary

and 816 melanoma and fredericamycin A does not show mutagenicity in the Ames lesl.ll

The origin of the antibiotic and antitumor properties of91 appears to be through

inhibition of RNA and protein biosynthesis.22 Although studies on the single-electron

oxidation of fredericamycin A and its role in the generation ofoxygen free radicals

"



initially supported an indiscriminate mode ofaction,13 more recent investigations24 have

disputed these fmdings. It has since been determined that fredericamycin A inhibits DNA

topoisomerases I and II at biologically relevant concentrations (total inhibition at 4.4 and

7.4 IJ.m, respectively) and DNA polymerase a at higher concentrations ([C'o 93 1-U1\).24

The finding that 91 may not act directly or detectably with DNA22 suggests direct enzyme

inhibition or selective stabilization ofa tertiary complex ofDNA, topoisomerase and

91.26b The observation that an analogue of91 lacking the functionalized F ring (92) was

approximately 100 times less potent has shed further doubt on the hypothesis that the

indescriminate redox properties of91 are solely responsible for its biological activity.21l1

This promising biological profile and the unique structure of91 have made it quite

attractive as a lead compound for a new type ofchemotherapeutic drug for human

.2

The synthetically challenging spiro[4.4]nonane subunit has been the subject of

extensive synthetic efforts as evidenced by the large number of model studies aimed at its

construction.2I To date, these studies have culminated in six total synthesesllb
.c.26lkJOJI

of91 in racemic fonn and very recently an asymmetric synthesis12 offredericamycin A.

At the time when we began work in this area, an enantioselective synthesis of91 had yet
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to be reported, and the configuration of the single stereogenic center in 91 was unknown.

In the interest of resolving these issues we devised two potentially highly enantioselective

routes to 91. One relied on a novel silicon-tethered [2 + 2] photocycloaddition and the

other a regiochemically controlled Diels-Alder reaction for assembly of the AB portion of

91. Construction of the spiro[4.4]nonane system was to employ the geminal acylation

methodology developed in our laboratory.2,3.6 Before detailing the retrosynthetic analysis

that led to the formulation ofthese synthetic plans and the results ofsynthetic studies

using model systems, a review of the chemical literature dealing with the synthesis of91

is presented below.
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Literature Review - Stntegies for tbe Synthesis of Fredericamycin A

The large majority ofexploratory synthetic work on 91 has focused on the

construction of the spiro CD linkage. Numerous partial structures differing in the levels

ofoxyger,ation in the B, 0 and E rings have been prepared using a variety ofstrategies.

Several of these preliminary studies have culminated in total syntheses of fredericamycin

A.

Bis-FunciionllizlUOD ortntact DE SYPthODS. Ross Kelly was the first to

explore the popular strategy of forming the spiro CD linkage by biJ.acylation ofan

indenyl anion (Scheme 18).211 The initial anack of lithiated indene on dimethyl phthalate

proceeded smoothly to give 93. However. the anticipated Di~kmann condensation did

not occur to form the C ring. Work-up provided 94 as a mixture of tautomeric forms that

could not be cyclized directly under a variety ofacidic or basic conditions. Treatment of

94 with para-toluenesulfonic acid (p-TsOH) followed by selective hydrogenation of the

endocyclic alkene gave lactone 95. Treatment of95 \\ith diisobutylaluminum hydride

(D1BAL-H) generated a keto-enolate that underwent the desired cydization reaction to

provide 96 as a stereoisomeric mixture of ketols. Swem oxidation (oxalyl chloride,

dimethyl sulfoxide (DMSO), -7& "C, triethylamine (TEA» afforded the desired dione 97.

No yields were reponed for any of these transfonnations.
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Sctteme1.

~ rP0_.
DIBAL·H I: '" H~ I'" 0oxidation

&.. .7
Kelly successfully applied this strategy to the first total synthesis of91 (Schemes

Ib-Id) in 17 steps from dihydrocownarin and methyl tetronate in 3.3 % overall yield.2
la.19

The propensity oflithiated indene 101 to react from the undesired lenninus of the allylic

anion system necessitated modification ofms initial plan. Success was achieved by

con\'ersion of 102 to regioisomeric 103 by trapping with chlorotrimethylsilane before

repeated lithiation (108) and reaction with phthalate 107.
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Scheme 1b

1. NaH, MOMCI. THF

2.LAH. THF
3. TSSCI, imid., OMF

(96%)

6Q
99 OTBS

1. s·BuU 0 OMOM 0 OMOM

Et2NCOCI H~~ 1. TBAF, THF HN~
2. t·BuU, CH3' :::,.. 1,,& 2. 4-N~CeH.seCN ~
3 H·arpoon (EtO)2HC n-Bu3P (ElOhHC

'(EIOhCHCN 100 OTBS H20 2 101

(54%) (82%)

OMe OMOM OMe OMOM
A92C03.Mel & t-BuUTHF,-78°C {Cq
PhH. sonicate N:>'" 1 ~ Ii TM~CI TEA N:>'" I "'<l:: \l:

(83 %) (EtOhHC:::'" ,,& , (EtOhHC:::'" A

102 103 TMS

Sch.me1c

OTMS CO M OH OSn

"J, I' . qC0
2
Me K2

C0
3, BnBr *C0

2
Me

)~.P+ 11--- 1,& ~ 1,,&
MeO C~Me MeO OH C02Me MeO OSn C02Me

104 105 (56 % overall)

1~u~~~~:1 OBn OBn OSn OSn 0

NaHMOS ~C~Me 1. NaOH, H20 ~
2. K,CO,.•,., M.o~Co,Me 2. Ae,O M:C~O

a;~o~~ oan 08n (94 %) OSn OBn 0

106 107
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Scheme1dMilBnO 'I ~ OSn

BnO ~ II OBn 1 THF, -78 ee

2 MeOHqu!fIch
a 0 a -78-+40ee :>' "<::::

+ 107 3. ~o, NaQAc N I
OMe OMOM THF (EtOhHC ~ ..&

N~u
(EIO)2HC~

101 TMS

1. OIBAl·H, CHzCI2• -78-c
then K2~ M80H, rt

2.SwemOlOdation
(50 %) (EtObHC

MoO

o

1. Hz. Pd-C
EtOH, air

2. Hel, H20, THF

(64%)

1. CH3CH-CHCHPPhs

-::-'."'N''''BT;c.'~:'-':'''I",,,,,),---·(:t}-91
TsOH, MeOH, 6O-c

("")

Watanabe (Scheme 2) prepared 3-{l'.indanylidene)phlhaJide 114 using a Homer

Wadsworh-Emmons reaction between indanone 112 and phosphonate 113.11b Reduction

of 114 u:>ing DIBAL-H followed by addition ofa catalytic amount ofsodium melhoxide

invoked the intramolecular aldol spirocyc:Jization to form the C ring. Oxidation oftbe

resulting mixture ofstereoisomeric spiroketoalcobols with pyridinium dichromate (PDC)

afforded the fully oxygenated BeDE core fragment 115.
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Scheme 2

114(41%)

2. NaOMe (cal), rt

3. POC, CH2C12
(45 %)

MeO
:.~

MeOO
0Me

" 0
1&

115

Kessar formed spiro model 118 in a single operalion by using pbthalide 116

(Scheme 3).2Ic Attack of the indenyl anion onto the lactone carbonyl with concomitant

expulsion ofethoxide generated a keto-aldehyde. The lithium ethoxide liberated in the

initial process subsequently effected an intramol~ular aldol reaction to give 117.,b.

Oxidation with pyridinium chlorochromate (PCe) afforded core fragment 118 in 55 %

overall yield.

co I.SuLi, THF

o

CXo

11. OEt

Scheme 3

O~ :,~~. oN
C(toH crt°

117a,b iii
(5S%overali)
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Braun constructed the spiro CD linkage via a tandem Claisen-decarboxylation·

aldol reaction betwttn indan«arboxylic acid and 116 (Scheme 4).2101 PeC oxidation of

the resulting 9: 1 mixture ofketo-alcobol diastereomers ("a,b) gave 97 in 49% overall

yield for this short sequence.

Seherne4

CO
C~H2 n-BuLi, THF

I ~ -78'(;

'" 0

~o
1160Et

O=P ;~z~,z oN
~H (78%) ~o

961,b 87
(63%,9: 1)

Julia reported the bis-alkylation of indene with dibromide 119 under conditions of

phase-transfer catalysis (Scheme 5).lk Introduction of the required oxygen functionality

into the C ring of 120 was accomplished by benzylic bromiRation with N-bromo-

succinimide (NBS), halide displacement from the 1,3.mbromide with silver acetate and

reduction of the resulting diacetate to the diol (121) with lithium aluminum hydride

(LAH). Hydrogenation ofttle double bond followed by peC oxidation afforded dione

122 in 20 % overall yield.
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ScherM 5

1. NBS, CC4

2. AgOAc, ACOH
reftux HO

I'"
A

12'

~
oO"\

:::,... OMe

'"1 A A

".
MoO

OM<
aI: a

122 (20 % from 120)

Ayyangar demonstrated that direct biHcylation ofa metallated indene to give

118 can occur in modest yield using the more reactive phthaloyl chloride in the presence

oftetra·n-butylammoniwn bromide (TBAB) (Scheme 6).21f

Scheme'

2 NaH, TBAB

W PhH,rt
IA A ~::.::.::.--

0:'" coo
A COO

!)\I~ a
A A

111(30%)

Ayyangar also prepared 3-(1 '·indanylidene)phthalides 95al b that had previously been

shown to undergo rearrangement to 118 on treatment with DlBAL-H. He subsequently

demonstrated that it was possible to accomplish the formation of 118 from 9Sal b

photochemically (Scheme 7).2If Longer irradiation times resulted in the same

photostationary mixture (95. : 9Sb : 118, 20 %, 50 %, 20 % isolated yields).
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2 NaH, TBAB
PhH,rt

........ 7

a

a 1 '"

" A'I: A

9S.(E),15b(l)

..
~

300nm rP
~l

'" a
A' A

111(20%)

Mehta (Scheme 8) constructed BCDE subunit 97 using a novel photochemical

1,6·H abslractionf5·exo·trig radical spirocyclization strategy.lI l

SclMmtl

liHMDS
THF, -45°C

PhCHO
a

I'"
A'

12.

RuOz-NaIO. nN
"' p.-=CH"",C"'N7-.""H,::-a.-::c"'c~- etta

'7(50%)

..



Pandey (Scheme 9) later reported a more effic:ient approach employing thioacetal.

~
<1 o§lLDA,THF,.78'C H:- /,~ ~ ~

g;COCI PhH 0 ...~
I I'" ~ (60%) I'" sJ

A 5 .& .&

121 sJ 121 (78 %) 121

CAN

'7(56%)

D-ring Annel.tioD Strategies. The fail~ of Kelly's Dieckmann condensation

tactic for the direct formalion of the C ring dione from an acylaled indene was likely a

consequence of the stability of the intermediate molate coupled with the low reactivity of

the conjugated ester moiety in 130 (Scheme 10). The discovery that this reaction

proceeds readily in similar systems lacking an intact D ring has led to the development of

several 0 ring annelation strategies for final assembly of the spiro[4.4]nonane subunit.
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Seh""e10

Kende reported the synthesis ofBCDE fragment 134 employing a 5-exo-trig

phenoxy-enoxy coupling.21i C ring assembly was accomplished with a tandem Claisen-

decarboxylation-Dieckmann reaction between 132 and dimethyl phthalate. Photolysis of

the p-iodophenol generated a delocalized radical that participated in a 5-exo-trig

cyclization ortho to the phenolic oxygen onto the enol-tautomer of the I ,3.dione to

provide 134 in 59 % yield. Interestingly, oxidalive cleavage of the C-I bond with

Na2COVK3FeCN6 gave only 8 % of 134. The major product 135 (67 %) arose from the

corresponding coupling para to the phenolic oxygen in 133.

Scheme 11

OH

))JC02Me
I lei

6' ---AeOH
131 Bee

(93%)

hv.60-70OC

i-PrOH. NaOAc
(59%)

9'



Starting from Ibc known indane-l.34ione 136, available from phthalic anhydride

and 2-methoxyphmylacetic acid, Braun prepared thioacetall38 (Scheme 12).lIj 138

participated in an intramolecular Friedel-Crafts type reaction upon treaunent with either

of the indicated Lewis acids to give thioether 139. Raney nickel desulphurization

provided BCDE dione 140.

~
~ A

o 0 ~Br

OMe K2COJ, acetone

: I (78%)

".

SCIMm,12

M~O:l ,. a"Mo,S

I : 0 2. EtSH, H·

137 ~ (60%)
~

l
MoO ~a
I'" a

.& (SEth:

'31

AgCIO.or
AgBF.or
AlO,

~
(36%)

Ciufolini prepared BCDE fragment 145 using a palladium promoted

intramolecular arylation of,6-diketone 144 (Scheme 13).1Ik Addition of Iithiwn phthaJide

to aldehyde 141 provided alcohol 141. Base-induced elimination of the colttSponding

mesylate gave 3-alkylidenephthalide 143. Smooth conversion 10 ,6-diketone 144 was

effected with LiOEl in THF. Oxidative addition of the sodium enolate of 144 to Pdo

followed by heating 10 135 OC resulted in intramolecular reductive coupling with

regeneration ofPdo to give 145 in 76 % yield.



~ LOA,-5O-f-7B'"C

~O OMOM

EIZN~ICHO
)lA)

14'

\~~~C;:2 El2N

2. OBU, THF, It

143

1. NaH, OMF

2. Pd(PPh,}4. 135 '"C
(76%)

o

144 (56 %trom 141)

A similar strategy was used by Narasimhan in the synthesis oreeDE modellSJ

(Scheme 14).111 The 3·a1kylidenephthalide substrate (l48a,b) for the Dieckmann

condensation was prtpated in this case by Wittig olefmation ofaldehyde 146 with

phosphonium salt 147. Trcatmentofl49with Mn(OAcn in bot acetic ac:id induced the

intramolecular arylation reaction to give 151 via ISO.
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Scheme 14

M.O

{)JHO+
146

Mn(OAeh

OH ~~
[~]_Mo§(

150 1&1 (32 %)

Rama Rao utilized Shapiro's Dieckmann conditions)) for the synthesis of 153

from aldehyde 151 and pbthalide (Scheme 15a).1I.. Formation oCthe BCDE model 97

was achieved in 72 % yield from 153 via a usually disfavored 5-endo-trig radical

cyclization.

Scheme 15.

0 0

4lOA, THF

_O_':-OH0:;0 HMPA, ·78-<:

~
NaOMe,MeOH

cc: r ..
ethylpt'09ionate

..nux
I", A (93") " j
151 152(80'%) 153

Mn(OAch

~

""'"(72")
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RaIna Rao later achieved the total synthesis oUI (33 steps) using this strategy (Sclleme

ISb-d). The seemingly circuitous synthesis of 174 oudined in Scheme ISc: reflects the

inability of the orthoester derived from 170 to react with dimethyl acctylenedicarboxylatc

(OMAD) in a Diels·Alder addition despite the obscrvalion tha1172 reacted readily under

the same conditions.

Schtme15b

o OMe Cl OMe NIiOMe OMe OMe

HN~C02M~ N~C02M~ N~C~Me
~renUll~re"l,I11~

155 (87 %) 151 (80 %) 151

OMe 0Me hexamine OMe OMe

NBS, ecl. N~~MeAcOH, H20 N~c~Me

(99%)8r~ ----aoiC~
151 (65 %) OH 151

OMe OMe 1. NaNHz, PhCHO

MeOH, PPTS ~"'"~ C~Me HMPA, rt

renux MeO :::::.. 1.& 2. K1Co" Mel MeO
(98%) acetone

OMe 110 (82 %)

OMe OMe OMe OMe

OsO..,NaIO.. ~"'"~ C~Me MePPhtl" ~"'"COtMe
pH 7 bl,lffer M ~ I .& NIINHz M ~ I A

o -c (51 %) OMe 112 CHO ~~ ~tt;e~) 0Me 113 I
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SCheme 15b (eont'nued)

0Me 0Me ,. MeCH=C~PP~Q-

DOO ~'"1-<::: ~M. BuU,1liF,-7~5-c
~H :::... A- 2. TsOH, NaBf,I:z

(95 %) 164 I MeOH, reflux

OMe 0Me OMe OMe

~
OMe 1.DIBAl-H'CH:zC~ ••78~CHO

N'" -<::: :I N'" "<:::I 2. POC, CH:lC!::z, mol. sievu I
""<:::: ~:::... A (85%) -..::::: ""<:::: ~ A

"5(56%) I '''(56%)

Seheme15e

CHO OMe

HOyyCO:zMe HohcO:zMe ~cozMey Zn(CNlz.A1CI) Y 1. NaOH,HzOz (70~ Y
OH HCI, It OH 2. (MeO}:zSOt, Kz~ OMe

167 (65 %) 168 acetone, reflux (80 %l 1"

DMe
Et30BF.. M~, DMAD,AtOH

NaOEl, EtOH ~O 15O-C

·30 '"C MeO Etc OEt (85 %)

172

MeO OH

MeO~CO:zMe

~cozMe
Meo OEt

173

MeO DMe

1. NaSH,., MeoH Meo~
2. (MeO}:zSOz, K:zCo, WiO

acetone Mea OEt 0
174
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Seheme15d

1. NaOMe, MeOH,
ethyl propionate, reflux (58 %)

2. CuBr!, Mn(llI}acetate
AcOH, " (80 %)

OEt OMe

lOA, TliF
HMPA.·78'C

(54")

MeO f" \ OMe 1. Ph,SnH,
AIBN, PhH,

M 0Me slOlN addition

OMe

1
~{~[,~~;

CH;2C12' ·78'C
(29%)

171

{t~'1

Otber Novel Appro.cha. Terashima prepared ABeD fragment 181 using an

intramolecular dieneyne Diels--A1derstrategy (Scbeme 16).21a Aldol addition of the

lithium enolale of 177 to 178 gave enone 179. A series ofstraightforward functional

group (FG) uansfonnations provided aldehyde 180. Final assembly ofdieneyne 181 was

achieved by addition of lithiated trimethylsilylacetylene to 180 followed by oxidation of

the resulting propargylic alcohol with Mn(h. Heating 181 in a sealed tube initiated a

highly efficient [4 + 2) c:ycioaddition leading to 182 in quantitative yield.
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Seheme16

EIO'(50 M]O':I .& 1. NaBH•• CeC13·7H20
LOA, THF OM. MeOH (97 %)

177~ H 2. NaH. OMF,Mel (88%)M.O* ElO2C 3. DIBAL-H, THF (93 %)
I 0 4. S~'PY, DMSO

.& CHO TEA (96%)

OMe 179

171 OM.
OM.

o-dichlorobenzene

180 "C. sealed tube
(100%)

111

Mtl
':".& OMe

b

OHC OM•
180

M.~~'Or_~ OM.
TMS ~ Q

o OMe

182

Kita later reported that the B-ring trimethylsilyl (TMS) group of 182 could not be

converted into the required phenol under a variety ofconditions.2&o Kita's modification

(Scheme 17) overcomes this difficulty, however, the B ring of 190 is still lacking a

second oxygen found in 91. Kita applied a similar approach for the assembly of fully

functionalized DEF fragment 198 (Scheme 18).21p
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Scheme 17 OMe
MoO

oOH OMe

@ M~ HO

TMS ~COCI
184 OMe 186

185

or
o 2 lOA, HMPA

THF
o 1. (CH20Hh, TsOH

,...-"\. '- PhH, reflux (91 %)

LJKC02Et 2. LAH, El20 (98 %)

183 3. SWem oxidation
4.TMS~li

5. TsOH, acetone
(85%O'oIerall)

180

187

OMe~ro~ :~~J
188

1. MeOH, re,":e:~oO~-: :: --:;-1'-;;T;:;FA;;';;;H2;;:O;;;-;_:~oO~!I :H
2. A~O, py 2. Phl(OCOCF3b
(77 % from 187) 0 0 CH3CN, H20 0 0

(98%)

188

1. DMSO, DCC, PhH
pyridinium trifluoroacetate

(31%)
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o 0

~
191

MeI,AgaCO)

PhH, ultrasound
(83%)

Scheme 11

COaMe

1. Me02c-j 0 0 CO;:Me 0 0 CO Me

TMS == ~NI CO;:MeNaOMe, MeOH ~NI aC02Me

NaH, OMF, -55·C ~ (51 %) ~

(86%) 194TMS ¢ 195 H ¢
2. NaBr, TsOH, MeQH

renux(89%)

Me2SiCI2 0 OH COaMe 0 OH COaMe
imidazole, PhH HN~c02Me SeQ2, dioxane HN~cOaMe

180·C(82%)~ reflux(96%)OHC~
1" lW

1'~PPh3B;

n-BuLi, THF, 0 OC

2. (cat) 12, CHaC!:

(71%)

Andrew Evans assembled BCOE fragment 140 using an aldol strategy similar to

those previously discussed (Scheme 19)?1<t Union oCB and DE ring synthons 199 and

200 was accomplished using a modified Negishi palladiwn-eatalyzed cross-coupting.
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ceo) 1.n-BulI,EI20 ~
I ""<::: ° -65OC

,& Br 2. ZnCI2, -55 OC.....rt
199 3. Pd(PPh3)4 (cat)6jOCI

200

Scheme 1.

201

1. PPTS, acetone Mcfjo:. \
(99%)

-2~.~Na":o':"M~'.":M~'O"'H- I '" 0
OOC.....rt ,&

3. pce, CH2C~ 140
(92%)

Dale Boger's synthesis of model ABeD fragment 206 (Scheme 20a) employed an

intermolecular a1kyne-chromium carbene complex benzannelation {Scheme 20b).211

Final assembly of the CD spiro link was also accomplished in this instance with an

intramolecular aldol reaction. Boger's total synthesis of91 (29 steps) is outlined in

Schemes 2Oc_e.26

Scheme 20.

QCH3 OTBS OTBS

~C'(CO).·~
V 203 V

202

60 OC, heptane r

A~O(66%)

~
~LJ

OH OTBS
204

1. BnBr, K2C~
acetone (93%)

2. AcQH, H20, THF
(79%)

3.Swem
oxidation (64 %)

~
~CH~

••0

205

\01

~
~

HO OH
1. pce, CH;zC12 (90 %) ~!J

2. PeIIC, HC~N~ 0 °
(84%)

3. EtSNa, DMF (79 %)
20.



Scheme 2Gb. Akyne..chromium C8lbeneo Comp~, B.oza""~la"oo

(CO),C'~ ~I202 OCH
3

(2 ... 2] ~ CycI~bulene
TBS~T8S CycIoaddition (COICr n~== _ 14 _ OCH3 opening

203 T850 ----
TBSO

~
1 1'+2)

CO Insertion 0 =- E.lectrocyclic

)

nngdosure

\.N OCH3

TBSO _\
(CO\3Cr OTBS

Tautomerizalion

10'2



Scheme ...

1. N~OH'HCI OTHP 91liP

ElCH, CHC4) EtO:zC ..., N MeCHO, Kzco, EtO:zC-s
N

2.OHP.PPTS.~~ 1. . DMF ~
3. Ph)P, THF PPh) Br (72 %)
PhH, 80 -c 207 (91 %) 201

AcCH, H20, THF

(72%)

OH

E~'",<
209

MeSOCI.CC~

TEA. O-C
(72%)

So,Me

E~'C~

210

1. ElOzCCH=C(OEth
CHzCIz (95 "Ie)

2. 08U, THF
(91 "Ie)

OEI

~~C02Et

EtO~JlA
211

1. lOA, THF, ·78-C

2(>=0
(85%)

1. OIBAl-H, -30 'C
PhCH3 (75%)

2.0TaS
\ =: U
THF.-18"C

3. TBSCl, Imid.
OMF



OH

MeoAB'y
CHO

217

Scheme 20d

MOMC1 TBAI vOMOM
1.m-CPBA,CH1Clz 'Q'oMOM

NaH, DMF MeO ""<:::: St 2. KOH, H20. MeOH Meo I ~ Sr

(91 %) I & 3. MOMCI, TBAI h
NaH,OMF

CHO (60 %) OMOM
218 219

1. n-Buli, EtzO, ·78·C
Cr(CO)e. warm to rt

2. Me30BF•. CH2C1Z
OOC.....rt
(78%)

M~MeY Cr(CO)$

OMOM

"0

Me~~·
Y't"Jn.Cr(CO)S

MOMO 220

OTBDMS + ~
(35%,3:1)

Scheme20e

'" '"
KaCO). Ph2CHzBr. 57 %c.::~g:::: :~n

TBAF C,.R=H, R' '" Bn

l1. TFAA, DMSO, OBU
2. TFAA-DMSO, EtaN (68 %)
3. 881'3' air, TsOH, NaSr (BS %)

(:t)-91
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Derrick Clive constructed the spiro linkage present in 91 using a novel radical

spirocyclizatioD strategy (Scheme 21a).21s Nucleophilic addition ofaryl lithium 122 to

aldehyde 223 afforded alcohol 214. Conversion of224 to organoselenide 225 was

accomplished by oxidation with PeC and treatment of the resultant ketone with LOA and

phenylselenyl chloride. Treatment of215 with triphenyltin hydridel2,2'-azobisisobutyro

nitrile (AIBN) generated a highly stabilized radical that underwent a favored S-uo-dig

cyclization to afford spirocyclized product 226. Ozonolytic cleavage of the double bond

in 226 followed by demethylation with boron tribromide afforded BCDE fragment 227.

Clive's total synthesis of91 (34 steps) is illustrated in Schemes 21b-d.lo

Scheme 211

224

MeO
" 1

0Me 0,. MeaH MoOO
~ 0Me

~ '" 0(61 %) I",
116

" I
BBr3,CHzClz HOO

OH

-78~

I:
0

227

~
~epPh

I",
U

OMe EtlO

222 + (89'ij

6jHO

223

'"



SclMme21b

MoO
OMe OTES Ph 0Me 0Me Ph

# Meo~'P: I: 1. TBAF, THF, CH2~ : I :
Sr 2. NaOH, H~. CH2~ Br

OMe OMe (MeO>tS~, TBAS 0Me 0Me

~ m~~



H,O
(44%)

o
NC--...Jl-OEI

o ° piperidine.AcOH

AA

Scheme 21c

OMs OMe

1. AgN03, H20, THF XXC02Et ~C02Et0
2.NaBH.,EtOH N~ I 1.LDA, THF,·78 "C. N~ I
3. TBOPSCI, DMAP 0=

CH2C~ OTBDPS 2. 0 OTBDPS 239

238(58%) (75%)

1. NaH, THF
EtOH (cal)

2. DDQ, PhH

3. PPh3, DEAD
THF, MeOH

~~
~
OTBepS 240 (64 %)

1. Ph3P::CH2, THF OMe OMe CHO

2. BH3·Me2S ~~
3.H20 2,NaOH ~
4. Swem oxidation OTBDPS 241

(74%)
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ScMrne 21d
OM.

OTBOPS 242
u

~HO

OT80PS 241 _,:i'L;;';h::H;""iCO,~Elo::,O:..;,~~~~;'::7:-:,py-

Ph + 8O"C(80%)
~ OMeOMe

~ OM.

I""
OMeOMe

'35

1. LOA, n-BuU.THF, PhSeCI (70 %)

2. Ph3SnH, E1)B, PhH, air, It (50%)
3. OsO•• pyr (97 %)

4. Pb(OAcl., I<zC~, CHzClz (90 %oj

5. T8AF, THF (80 %0)
6. MnOz, EtzO (77 %)

- +
1. BrPh3P...........-v-:-:-==...::...----. It)-51

KHMOS, THF, .78·C (88 %)
2.TMSCI, Nal. MeCN, CHzClz (61 %)

3. B8I'3. CHzClz
4. THF, HzO, air (64 %)

Parker utilized Kuwajima's geminalacylation methodology to construct C ring

cyc:!opentane·l ,3-dione model 244 (Scheme 22a).II. Dehydrogenation of244 provided

enedione 245 that served as a Michael acceptor in a reaction with lithiated phthalide

sulfone 246. Closure of the Bring was accomplished by a concomitant intramoleaJlar

Dieckmann-type reaction of the resultant enolate onto the carbonyl of the lactoDe with

subsequent aromatization 10 form 241.



SCheme 22.

M?\OMe~~OTM~nTMS~ Ik
D CHzCIZ ' _)-J reflux 0" X. "'·0

·78OC a 244 (40 % overall)

PdC~, t-SuOH

6O·80OC
('0%)

liOt-Bu, THF, ·78 ·C

o

~O
248~h

{};
~

HO r_~ OH

o 0

247(45%)

DEF fragment 252 was assembled using a biomimetic cyclization strategy

employing polyketide 248 (Scheme 22b).2It

U 2NaH,THF,O*C

t-BuO then CcozMe

Co,Me

1. KzCO,. OMF 0 OMe a a 0Me 0 a 0Me 0

Mel (63%) HO~ Ae"O o~ NH3.H20HN~
2.TFA,CH1Clz ~(75%) I A ~~

(93 %) Hoze 250 HO I 251 (31 Vo) 252

,..



Bach (Scheme 23a) later reported the synthesis or a model compound (159)

possessing all the required oxygens in the A. B and C rings using a strategy similar to

Parker's. Assembly orthe AB portion was achieved by a Diels·Alder reaction between

enedione 156 and isobenzofuran 158.lIu

EtSH.CH2~

SoC!,. -OO'C
(51%)

~5EITMbOTM5 ~eu ....,..F::-,-::.E,=',O:=.'::C-::H,-::C,.-~~ U-J g
253 -40-<: 254

159%)

HgCI2, PhH

80'C
(91 %)

6&0
55

~I~O(68%) lX>'~

'58

P U..,lI. THF. ·78 'C

Meo~O 2. TMSCI, ·78"C

OMe eN
257

[

OM, OTMS]
'" ~
~ ""- 0 1. ·78-t25'C

Meo'¢; 2. smca g.'
OMe eN (62%)

'58

..eo



Bach and Julia independently synthesized 91 using this strategy. Bach's synthetic

route (19 steps) is illustrated in Schemes 23b-d.llc Julia's synthesis (18 steps) is illustrated

in Schemes 24a-<:. II'

$eht'm.23b

o CI

O~ OH 0

CH'CHCICOC:6~ Atel, AA
PhH, reflux I 6 ~

(95%) A (55%)
260 211

~
H 01

EtSH, Sn~ ~ SEt

CH,cI,. 0 'C I A

212

('0
1. (CH20Hlz,TsOH )OOteQO 0...

PhH,reftux Br ~ ..J
2. NBS, CH2C12, reflux I A 0

3. Mel, KH, TttF 264 (88 'II)

1.n-BuU, THF,.78'"C

2.~Me,TttF

-78-.25'"C
(94%)

('0

)OOt
0

MeO,C '" 'J
I A 0

215

1. llTMP, TttF, ·78~

2. CuCN, liCI
3.~COCI

,. NH" THF, MeOH, 70~ (80 %)

2. 1N Hel, MeCN, reflux (83 %)
3. phenyltrimeth)'lammonium

tribromlde,THF (59 %)



SCheme 23c

0Me OMe 0Me

~CQ..iH 1. SOCI:. PhH ~CONEI2 s-BuU, OMF ~CONEt2
Meo~ 2. Et1NH. PhHMeo~ lliF, ·78 "CMeoVCHO

OMe OMe OMe

2&9 270

OMe 0 OMe a
AcOH, Hel, 01 M KeN, HCl M

MeO~O ~Meo~O
OMe OH OMe eN

271 272 (42 % overall)

_:::88::;,,::.,C:::H.:o'C.:.',,-~ (i}-li
-78-+0 -C. quench

stir open 10 air
(80%)

213

OM.
NaDEl, EtOH, THF

·78-.·20·C

IM~O-a.
~o
~ "'<::: 211 lOA, THF. -7sec

PoMoOy.(
OMe CN

27Z



Schtme241

o OMe
EI02C~C02EI 1. NaQH, H20 EtO,Cti0 Et 1. LOA, THF. ·78 'C

MeOH I '::::: 2 BrCH:zCOzt-BU. -40 '"C

~ ~ 2. KzC03. Mel Q 2. t·BuOK, 0 'C
~ acetone 274(88%) (72%)

EtO,CM
)l)J-~.Bu

271

1. (i)NaH,THF.O-c x)C000Me 0
(ii) LOA, -78 -C, (C~Eth: HN I ~

2. HCOzH, '" ~ A
3. (i) NH3• EtOH, THF EtOzC

(il) HCO:zH. rt 271

~S02(P-Tol)

n-SuU, THF, HMPA
-78'C (84 Oft)

Meo MeQ A 1. LAH, EllO. 0 'C
1. AgCD), Mel, PhH (62 %1 J5)j0 _..:,.:.::M:.:sCI:::,':,:T..:EA,:-_

N' '"V HC(OMeh, PPTS ~ I A 3. liBr, THF,. (1 (14"1 ElO,C (14")
OH OH 217

MeOMeo O~
N~O

BrH2C~
'T'

III



Scheme 24b

OMe OMe OMe

~C02H 1. (COCI)z _ ~CONEt2 s.suU, DMF ~CONEI2

MeOY 2. ElzNH MeoY THF.7~-6°A MeOyCHO
OMe OMe 0Me

21' 270 (60 %)

KeN, TMSCN

18-crowMi
190%)

PoMeoVi
OMe eN

272

SCMI'M 24c

OM<

• (1~'1

OM<

NaH, NaOMa, -25 ;; 1. Bars. CHzClz

-78"C-+rt
2. CHels, air

(30%)

~M~-QO
~I

-.::::: ~ 282 LOA, THF, -78-c

p ~
MeoViO

OM.CN
272 OMe

214(60%)
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Julia also explored the possibility oHorming the C ring wing an intramolecular

Friedel-Crafts acylation (Scheme 24d).IIII Though sucec:ssful in producing 122, this

approach was not amenable to a synthesis of91.

Scheme24d

COZH 2 LOA THF

QjM~~I'"
" OM<
CHO

215

MeO

HO,

'"I"
2..

OMe 1.2 SOClz, OMF
CHzClz

OH 2. AIel" CHA
D'C

M~ .. I MeO .. 1
~ OMe OMe

0 DMSO, NaHC03• 150 'C 0

I'" CI (90%) '"
" I"

287(53%) 122

Kita accomplished the formation of the CDE portion of91 in optically active form

by BF}'EtzO catalyzed rcanangement oftrQ11S-<1.,~poxyacylate 292 (Scheme 25a).u.

Enantioselective reduction ofeRone 288 with Corey's l-proline-derived reducing reagent

(289) gave allylic alcohol 290. A heteroatom-directed epoxidation with

(-BuOOHIVO(acach followed by Mitsunobu inversion of the hydroxyl-bearing

stereocenter gave t,ans-a,~-epoxyacylate 292. Stirring 292 in dichloromethane with an

equivalent ofBF}'EtzO resulted in a stereospecific rearrangement, preswnably via 293, to

give 194 in 90 % ct. Use of(lS)-(-}-campbanic acid in the Mitsunobu procedure:

followed by recrystallization of the a$-epoxyacylate prior to rearrangement raised the

enantiomeric excess from 90 to 100 %.
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Ph3P, DEAD

PhCOOH
(89%)

Kita recently reported the first enantioselective synthesis of91 (34 steps) through

an anionic [4 + 2] cycloaddition between homophthalate ester 306. and enedione 30S

(Schemes 25 b-d).32 Both natural and tnt-91 were synthesized in separate runs using

306a and 306b (Scheme 2Se). Based on the known stereochemistry of30S (from an X-

ray structun= of302) and the predicted regiochemica1 course of the [4 + 2] cycloaddition,

the configuration of the stertQgenic center in 91 was ascenained to be Sby comparison of

the circular dichroism (CD) spectrum with that of natural frederieamycin A.
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Seheme25b

'"
2. Swemoxidation
3.H~H,~SO..29.

JCX
OMe OMeOH 0 OTBOMS 1.000

N ~ C02Me LOA N~) 2. Mel, K2~

I A 0 OTBOMS'~ 3 3.TBAF

Nl 4. SWem oxidation
295 U3 297

,..

1?xg
eo Meo HO.. I.BuOOH lJ6geoMeoHO

•• Ph3P,OEAO
VO{aea¢h __c_mp,-O_"_,P_hMe__

N~ I: ~ ~ N: I: b· O.C....rt
(81%) (59%)

(+)-300 (-)-301

<-)-302

90Cmp 1. (CH20TMSh. TMSOTf
CmpOC 0 -C....rt (93 %0)

OF, Et20 ~Meo\ 2.10% NaOH. MeOH
00-/">-/"-/~ N7 .., .., O_~,.;(,-97~"...:I,...-__

oee ~ I A 3C~=~
(94 %) (+)-303 4. PhSS~Ph, LiHMDS

THF. ·78 ee....rt (98 %)

1. TFA, H20, 50 OC (92 %),

2. moCPBA, CH2CI2
~oee ....rt (93%)
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B,OM.
137

SCheme25cl

OMe QMe Sr

~C02Me liHMOS, NBS ~C02Me
MeOyco2Me THF,·78-c MeoYCOzMe

OMe (54 %) OMe

30Sb 307

Agel'. 2.6·Midine

MeOH, CH2C~. 0 'C
(87%)

OMe OMe 1. KOH, EtOH 0Me OMe 0Me OMI

JXcO:tMe HzO.reIluX« TMS~OEt W O

I .& ~ I A COzH CHA,rt 1 A 0

MoO co,... (98 %) MoO Co,H (80 %) MoO
0Me 0Me OMeO

301 30t 310
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Scheme 2S.

]

PhS-C'OMe OMe OMe OMe

W ONaH, THF [ W'"° (83 %) MoO MoOO ~
I '" ° --.-.c- '" '" ° l" N~ I -."" °MeO ~ ~ A

O~:oO o~:10Na (+)-305

2. Mel, K2C03, DMF (85 %)
3. TMSI, CH2CI2, rt (74 %)
4. S802, 1,4-dioxane

reflux (76%)

..
1.BrPh3P~

(+)-91 ';n':'.B-'-U-,T-H-F,-.,"::.'-oc-..-rt-(4""-:-%"")--

2. BBr3' CH2CI:I, -78"C
3. THF, H20. air, rt (40 %)
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Retrosyntbetic ADalysis and Preliminary Studies

In fredericamydn A the absolute configuration of the single stereocenter,located

at the spiro ring junction between the C and 0 rings, is determined by the position of the

remote A-ring methoxy substituent. We reasoned that use of the geminal acylation

protocol for C ring diane assembly would be perfectly suited for an asymmetric synthesis

of 91 in light of the precedent set in our laboratory for the enantioselective reduction of

spiro-l ,3-cyclopentanediones by Baker's yeast. lOb

Regioc:oDtrolled PboloadditioD IDvolving a Disposable SilicoD Tether

Our retrosynthetic: disassembly of fredericamycin A is illustrated in Schemes

26a,b and c. We chose a silicon-tethered [2 + 2} photoaddition}.l between eoone 316 and

the silyl-enol ether of racemic c:yclobulanone 317 followed by oxidative scission of the

latent dial-flanked central bond of the resulting bic:yclo[2.2.0]hexane in 314 for

introduction of the AS portion of 91. Subsequent oxidation, conversion of the remote A

ring hydroxyl to a methyl ether and introduction of the F ring diene appendage would

provide one ofeither natural 91 or its enantiomer. From Kita's recently published

asymmetric synthesis of91 (Schemes 25b-25e),J2 il appears that our initial guess of the

absolute configuration of91 was comet.

Reduction ofdione 319 (Scheme 26b) with Baker's yeast is anticipated to yield the

S configuration at both the hydroxyl bearing stereocenter and the spiro center in 318. IOb

For the tethered [2 + 2] c:ydoaddition, analysis using molecular models suggested the

endo mode ofaddition would be preferred.. Inversion of the stereochemistry at the

hydroxyl-bearing stereo<:enter in 318 using Mitsonobu's conditions3S was planned prior to

120



the tethering operation since delivery ofthe silyl-enol ether to the face of the CRone anti

to the aromatic portion of314 would likely occur more readily.

SCheme 26,
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~
Meo ~ ~MeOo ~

HN 1"<::::·· .. OHqHN 1--:::" \>ti c:> HN 1-'::::::'" 0

17 .& 17 A 17 .&
311 311 311

o
CI~O 0Q6=5

323

b56
322

Rcuosynthetic disassembly ofcyclobutanone 317 is shown in Scheme 26c. Our

plan for the assembly of317 relied on the: ease with which fused bicyclic cyclobutanones

are formed from the addition ofdichlorokctenc to inuaannular 1,3-dienes.16

O
,oMe

I Q
~

327

122

CH20H

Qa:
3..



Two of the required A ring oxygens in 91 were to originate from the 1,2-diol formed by

dihydroxylation of the double bond in 325. The third oxygen was to be introduced at the

end of the synthesis by conversion of the A.ring methyl ether in 313 (Scheme 26a) to an

aldehyde, followed by a Bacyer.Villiger oxidation.J7 Enone 328, from which diene 327

was to be fashioned using a Shapiro reaction,3' should have been readily available from

m-anisic acid by Birch reduction., conversion of the carboxylic acid function to the

hydroxymethyl handle for introduction of the remaining A ring oxygen, and acidic

hydrolysis of the enol ether.19 While the addition of dichloroketene to 327 would occur

without any regiochemicai preference likely resulting in a low yield of 326, it was

anticipated thaI this material would be available in large quantities using this route.

A CDEF fragment similar to dione 319 (Scheme 26b) had previously been

assembled by geminal acylation of an indanone acetal with 1 (see 253 (Scheme 2)a) and

280 (Scheme 24a)). Ilb.!le We aimed to synthesize the C ring in a similar fashion,

however, our plan for the construction of the F ring differed from previous syntheses of

91. We envisioned that the isoquinolinone ponioD could be formed using a Beckmann

rearrangement. Thus, it should have been possible to assemble dione 319 from

symmetrical ketone 322, which might arise through a Fries rearrangment employing

acylated phenol 323. The required 7-hydroxyindanone was readily available from 4

chromanone by aluminum trichloride-catalyzed rearrangcment.40
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To begin assessment oftbe viability oftbe tethered photoaddition, we selected

model compound 335 as our initial target Compound 335 was assembled as illustrated in

Scheme27a.

S S 15o 0 0 0 H
~ NaSH4, CeCI,.7H~ , 0

PhQ. renux MeOH, 4 'C
330 (76 %) 331 (84 'I.) 332

MezSiCIZ, TEA

THF, 4 'C-+rt
(>99%)

Q
oSOSiMe,Cl --,O,;;:,-=o_0B-:'siMe,

lOA, THF
-78'C--+rt

334 335

Diketone 330, available from cyclobexanone and 1,6 was oxidized to enedione

331 with benzeneseleninic anhydride.·1 Luche reduction4l gave 332 along with a 14 %

yield ofa mixture ofcis· and trans-l.4-diols (333a,b).

1.24



Treatment of332 with a large excess ofdichlorodimethylsilane provided sUyl

ether 334 that was added to the lithiwn enolate4l ofcyclohexanone to give 335.

Irradiation ofa cyclohexane solution of the crude material from the unoptimized trapping

experiment gratifyingly produced endo-photoadduct 336 (Scheme 27b).

Seheme 27b

q~~" ....'"
- ,SiMe2~ ,SiMe2od:;;>-o cyclohexane 0 0
() 350nm

335 3H
(19% from 332)

Encouraged by this result, we next sought to determine if we could construct a

similar system from 334 and bicyclo[4.2.0]octan-2-one (337) (Scheme 28a). Compound

337 was prepared by hydrogenation of340, the dehalogenated product of the addition of

dichloroketene to cyclohexadiene (Scheme 28b).l6

Seheme2S- t?C)10 °
°BOS;Me.a 337 ~dS;Me,
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Treatment of337 with LOA at -78 "C followed by the addition of334 produced a

complex mixture of products, none ofwhich were identified as 338. An examination of

the literature on this subject revealed that the standard amide deprotonation protocol for

lhe generation ofenolates·J typically fails with cyclobutanones," Cyclobutanone eaolates

can however be fanned by a metal-halogen exchange reaction using an

a.chlorocyclobutanone,oH

Monochlorocyclobutanone 341 was prepared from 339 by monodec:hlorination

followed by catalytic hydrogenation of the double bond (Scheme 28c), Attempts to trap

the lithium enolate of337, generated by treatment of341 with M~CuLi at -78 "C in

ether, \\ith 334 failed to produce detectable amounts of338.

SctMrM2k

0+
0 0 0

In, AcOH H2• PdIC

~ Cl~O=CCI~()=(
339 CI 341 342 CI

Another commonly used method for generating silyl-enol ethers from ketones

employs sHyl triflates in the presence ofan amine base.4St,b We reasoned that it might be

possible to construct 338 by treatment of332 with the dUorodialkylsilyl enol ether of337

made in this manner (Scheme 29). The Iac.k ofa literature precedent for the preparation
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ofchlorodimethylsilyl trifluoromethanesulfonate limited our choices to the bulkier

silylating reagents chloro-di-tert-butysilyl trifluorometbanesulfonate and

chlorodiphenylsilyl trifluoromethanesulfonate. These reagents can be prepared from the

commercially available chlorosilanes by treatment with trifluoromethanesulfonic acid..t6

The reaction ofchlorodimethylsilane with trifluoromethanesulfonic acid gave

dimethylsilyl trifluoromethanesulfonate instead of the desired chlorodimethylsilyl

trifluoromethanesulfonate.

Attempts to prepare 344 (R=t·Bu, Scheme 29) using a variety ofconditions for tile

tethering step (TEA or DBU at rt or reflux, LDA at -41 GC) did not provide any evidence

supporting the fonnation of344. Faced with this disappointing result, we decided to

redesign our synthetic strategy for the introduction of the AB portion of91.

Scheme2t 0
oSOH q

rr--f0 R,S;ClOTf ("'r,(0S;R,CI '" OJ:;)-.:'siR,

~ TEA, C~C~ ~ Base ()
337 343 344
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Our second idea for an enantioselective synthesis of91 relied on a Diels-Alder

reaction for introduction of the AD naphthoquinone. The high level of regiocontrol

available in this reaction was well·suited to our strategy based on ketol31'. In contrast

to the Diels--Alder strategies used in previous syntheses of91 by Julia.ll\I Bach,llC and

Kita,ll we envisioned forming the diene component from 318 (Scheme JOb). Diels·AJder

addition ofchloronaphthoquinone 347 to 346 (Scheme JOa), excision of the extraneous

two-carbon bridge on treatment of345 with fluoride ion (Scheme JOe), introduction of

the diene by a Stille coupling using the aldehyde present in 350 and application ofClive's

demethylationloxidation protocoilO (Scheme 21d) was anticipated to give (+)-91.
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We planned to prepare chloronaphthoquinone 347 via aromatization of the

product from the Diels·Alder addition of2,5-dichloro-t,4-benzoquinone to Brassard's

cliene 35141
• (Scheme 30d). Compound 351 is available from 352, the product ofa

thennal ring opening of the cyclobutene-derived from the (2 + 2] cycloaddition of

methoxyketene to ketene dimethyl aceta1.47
..
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In the event that our synthesis of347 was unsuccessful, we could also proceed

with the crucial Dicls~Alder step using naphthoquinone 353. the aromatized product ofa

Dicls·Aldcr addition of2,6-dichloro-l,4-benzoquinone to diene 355 (Scheme 30e). We

planned to construct 354 by treatment of 356. with LOA followed by trapping oCthe

resuhant anion as a silyl ether. S,6·Dihydro-2-pyrone 356b has previously been prepared

from the dianion ofmethylaeetoacetate and acetaldehyde, as well as by TiC4-promoted

addition ofdikctene to the dimethyl acetal ofacetaidehyde.49I.b However, in the interest of

selectively introducing the remaining A ring oxygen oUI by Baeycr-Villiger type

oxidationl1 while avoiding extnt protection steps needed to pruerve the C ring ketone

functionalities, it would be sensible to explore the possibility ofpreparing 356•. Since

the stereochemistry at the asymmetric center in 91 was unknown when we started work in

this area, we aimed to devise a synthetic plan that would concurrently provide both

enantiomers of fredericamycin A. Note that access to enantiomeric 91 should be possible

by substituting 2,S-dichloro--l,4-beozoquinone for 2,6-dich1oro--1,4·benzoquinone into

either of Schemes 30ci or e.
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The symmetry of ketone 322 (Scheme 26c) made it possible to use compound 357

as the model for both the studies on formation ofthc F ring by a Beckmann

rearrangement strategy and for the construction of diene 360 (Scheme 31). Compound

357 was prepared by methylation (KICO). Mel. acetone, reflux (97 % yield» of phenol

261 from Bach's synthesis of91 11C (Scheme 23b).
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F RiDe Coutndioa: Buluaaaa Rcarnaccmeat

In a Beckmann reanangement (Scheme 32), 357 might potentially form the

desired isoquinoline 358 by migration of the alkyl group or quinoline 362 by migration of

the aryl group.so.

Scheme 32

Depending on the substrate and reaction conditions. either a trigonal (Scheme 33a)

or teuahedral (Scheme 33b) mechanism or a mixture of both processes may be in

operation,SOb The bond reorganization may also be concerted or involve discrete nittenium

and nitronium ions, respectively.SI..bA

For a Beckmann rearrangement proceeding via a concerted trigonal process, under

conditions where rearrangement is faster than oxime isomerization, migration of the bond

situated anti and coplanar to the N·O bond of the thermodynamically favored oxime

would lead to the major product. Ifoxime isomerization is faster or the process proc«ds

via a nitrenium ion, the relative migratory aptitudes oflhe two oxime substituents will

determine the product ratio. Migratory aptitudes will play the major role in determining

the course of the rearrangement in the tetrahedral mechanism, as oxime geometry is no

longer a controlling factor. Migratory aptitudes are known from the work ofBeckmann

and Schmidt to depend on a variety of faetors such as the identity and orientation of the
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leaving group, the solvent and catalyst, electronic variables, torsional strain and other

confonnational factors associated with the substtate.S2

Yields tend to be moderate under classical Beckmann conditions for

rearrangement of free indanone oximes (Scheme 32).5Oa The process can be facilitated by

conversion of the oxime OH to a mesylate or tosylate, although this requiries an

additional synthetic step.Sll Olah's procedure (hydroxylamine-O-sulfonic acid, fonnic

acid (97 %), 110 "C) accomplishes formation of the activated oxime and the Beckmann

rearrangement in a single operation.Sl When 357 was treated with hydroxylamine-D

sulfonic acid in refluxing formic acid (88 %), the desired isoquinoline 358 ....'aS produced

in quantitative yield.

It is generally accepted that Beckmann rearrangements proceed via the concerted

trigonal process, as shown in Scheme 33a.sll lfthis is lnle for lheconversion of357 to

358, the structure of the product should correlate with the geometry of the oxime from

which it originated. Upon initial examination, this seemed unlikely since the

transfonnation would have had to occur through the less stable geometrical isomer 364.

Migration of the aryl group would cause greater torsional strain than migration of the

alkyl group in the ttansition state of the Bei:kmann rearrangement of l_indanones.SOl,SIC,d

Thus, the experimental result may reflect this ifoxime isomerization was faster than

rearrangement in this instance.
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The corresponding tetrahedral process (Scheme 33b) introduces an additional

consideration that may bener explain the observed selectivity and yield. Acid-assisted

nucleophilic attack of WIter onto oxime 363 would give tetrahedral intennediate 367.

which could rearrange following protonation oClhe oxime oxygen to give 362 or 358 via

migration of bond a or b respectively.
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The developing positive charge at the ex-catbonyl carbon can be delocalized into

the aromatic ring in 370 but not in 369. Thus, migration ofbond b would be favored as a

result of stabilization of the transition state leading 10 358. Note that similar benzylic

stabilization ofthe positive charge in 366 (Scheme 33a) is precluded due to the

orthogonal relationship ofthe sp2 orbital at the ex-carbonyl carbon and the aromatic Jr.

electron cloud.



Application of this methodology in a synthesis of, 1 would necessitate: that pre-

existing functionality be present to facilitate introduction of the F-ring dieoc: appendage

near the end of the synthesis. We envisioned an allyl group serving as a suitable

surrogate for this purpose. Introduction of the F ring diene sidechain could then be

accomplished by a Stille couplingS4 following conversion orthe terminal olefin into the

requisite enol triflate. To test the effect or this added functionality on the course of the

Beckmann rearrangement, we prepared Q·allylindanone 372 by treatment ofenol silyl

ether 371 with allyl bromide in the presence ofsilver trifluoroacetate (Scheme 34)."

mMeO
0 TBSaTf mMeO

aTBS CHz"'CHCHzBr~Mea0

1'<::: ~ 1'<::: ~ AgOzCCF3 • I~ H
~ (CHzCI);z ~ CHzClz ,& ~

357 4 -t-+rt 371 -78 ee-+rt 372
193") 15' ")

When 372 \\'as subjected 10 Olah's one-pot Beckmann conditions, in an

unoptimized experiment, the desired dihydroisoquinoline 373 was produced in 67 % yield

(Scheme 35) along with recovered 372 (cQ. 10 %). With the viability of this strategy for

construction of the F ring established, we next focused on fashioning the C ring dime

crucial to our synthetic plan for Diels-Alder assembly of the naphthoquinone portion of

91.
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Scheme"

Diels·AJdu Stntegy • Efforts Dirttted I' SfDlhesis of Ihe C RinK DieDe

In order to differentiate between the two ketone funttionalities in 321 (Scheme

26b), the geminal atylation reaction to fonn the C ring onl might be carried out before

the Beckmann rearrangement. The presence ofa geminally-substituted center next to

both carbonyl functions in 320 should direct oxime formation to the less hindered

carbonyl of the remaining indanone nucleus. Likewise,lhe presence of the allyl group

should have a similar directing effect on the geminal acylation reattion.

To begin our investigations into construction of the C ring diene, we bad

originally planned to prepare 359 by direct geminal acylation on57. However, the

BF)"EtzO-catalyzed reaction of357 with I returned the staning indanooe unchanged In

contrast, the corresponding ethylene acetal 374 reacted smoothly wilh I to produce the

desired spinr1,3.diketone 359 (Scheme 36). The anticipated difficulty associated with

direct geminal acylation of the less hindered indanone In 321 would require prior

selective fonnation ofan acetal at that site, a difficult task owing to the reversibility of

this reaction and likely only a small energy difference between both possible acetals.

Thus, if conditions could not be found for direct geminal acylation of the

methoxyindanone, additional protection steps would be necessary to avoid formation of

the oxime at the less hindered site.
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Acetal 374 was prepared in 15 % yield using the conditions ofNoyori.56 The

major component of the reaction mixture was 35'. recovered in 74 % yield. Similar

experiments conducted at 41 OC with l-indanone and l·tetralone provided the

corresponding ethylene acetals in 78 % and 90 % yield.

The added synthetic operation and the need for optimization of the conditions for

fonning an ethylene acetal from 357 prompted us to assess the viability ofour Diels-

Alder plan for the construction of the ABC portion of91 starting from S5 (Scheme 37).
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Cyclopentancdione 55 was prepared from I-indanone in 75 % yield.

Monoreduction of55 with Iithiwn tri-tert·butoxyaluminohydride gave a 1.6 : 1 mixture of

diastereomeric ketols 37S8,b (Scheme 37). Analytical samples ofeach diastereomer as 2-

methoxyethoxymethyl (MEM) ethersS7 3768,b were obtained by column chromatography.

NOE measurements on 376b revealed that hydride delivery Qrtli to the aromatic portion of

S5 resulted in production of the major ketol diastereomer 3758. Treatment of the mixture

of376a,b with terr-butyldimethyl.silyl trifluoromethanesulfonate (fBSOTO in the

presence of triethylamine (TEA) resulted in smooth conversion to the corresponding sHyl-

enol ethers 3778,b.
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We planned to introduce a hydroxyl SfOuP C1 to the carbonyl functionality in

376a,b either by epoxidation or dihydroxylation oflhe mixture ofenol ethm 377a,b.

Rubottom oxidation (m-<:b1oroperoxybenzoic acid (m-CPBA), NaHCO)"a produced a

complex mixture ofproducts whereas attempted epoxidation with

methyltrioxorheniumlbydrogen peroxide" resulted only in the hydrolysis oftbe enol
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silyl ether to regenerate 37fia,b. Attempted dihydroxylation with catalytic amounts of

OsO.. using either N-methylmorpboline·N-oxide (NMO) (Upjohn conditions)5k or lert

butylhydroperoxide (Sharpless conditions)SId as the stoichiometric oxidant also failed to

produce any of the desired a.-hydroxy ketone. Attempts to dihydroxylate 377.,b using a

stoichiometric proportion of 050.. in the presence ofa catalytic amount ofpyridine in

aqueous acetone resulted only in hydrolytic regeneration of37fi',b. Interestingly. when a

stoichiometric amount ofOs04 was added in one portion to the reaction of377. under the

Upjohn conditions. 378 was produced as a single diastereomer in 56 % yield (Scheme

38.).

Seheme31a
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Addition of0.25 equivalents ofOs04 to the reaction of377a,b (1.6: I) under

Sharpless conditions was sufficient to force the reaction to completion (Scheme l8b)

producing 378 and a seconddiastereomer379 (1.6: I, mpectively) in41 % yield. The

stereochemistries of37. and 379 were both established by NOE measurements in the IH

NMR.
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Scheme31b
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(1.6: 1)

Faced with modest yields of378 and 379 and the prospect of using large amounts

of expensive and toxic osmium tetroxide, we next turned our attention to the versatile

oxidant dimethyl dioxirane. sSe Treatment of the mixture 377a,b with a freshly prepared

0.1 M solution ofdimethyl dioxirane in acetone followed by opening of the resulting

three-membered acetal with methanolic potassium fluoride resulted in clean conversion to

378 and 379 (Scheme 38c).

Scheme 3Se
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The fact that only two of the four possible diastercomers were produced in the

epoxidation and dihydroxylation reactions meant that 377. and 377b must have each

given only one product. The observed stereochemistries of378 and 379 correlated with

preferential delivery of the oxidant anti to the MEM ether substituent.
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Oxidation of the secondary alcohol in 378 with Dess-Mutin periodinane59 gave

enol 380. Treaunent of380 with diazomethane afforded methyl ether 381 in 99% overall

yield (Scheme 39). We were now in a position to evaluate our synthetic plan for the

construction of the ABCDE portion of91.

Scheme 39
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We planned to form diene 386 by deprotonation at the 'Y-position ofenone 381

followed by trapping of the resulting dienolate as a silyl ether. 60 We selected 385 as a

suitable model for chloronaphthoquinone 347. Quinone 385 was prepared according to

the method of Brassard (Scheme 40).m
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It was anticipated that the addition ofcbloronaphthoquinonc 385 to 386 could be

carried out in a highly regioselective maMer (Scheme 41) based on well-known frontier

molecular orbital (FMO) considerations in the Oiels-Alder reaction.
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Our attempts to prepare 387 by treatment of381 with LOA and

chlorotrimethylsilane at ·78 'C followed by the addition of385 produced a complex

mixture of products. A similar experiment employing N-phenylmaleimide (NPM) as the

dienophile failed to provide any afthe corresponding Diels-Alder adduct Ifdienc 386

did form, the absence of a reaction with NPM would be unusual. The broYm color that

developed following the addition of381 to LOA suggests 381 decomposed under these

conditions. Attempts to form 386 under a variety ofother conditions (Scheme 42)

returned unreacted 381.
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Scherne42
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381 386
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-LttMDS, THF, -95 "C, TBSCI
-lttMDS. THF, -78 "C, TBSOTf
-liHMDS, THF, -29 -C, T850

Examination of the crude product mixture from the reaction 0(381 with LOA

revealed that the MEM protecting group was no longer present The absence ofany

reaction with lithium bis(trimethylsilylamide) (LiHMDS) may suggest that removal of the

y-hydrogen in 381 may be suppressed by surrounding steric encumbrance. In the absence

of the desired reaction, other destructive processes possibly involving loss of the MEM

ether, may have been initiated with LOA. If this were true, use of a less labile methyl-

ether protecting group at this center seemed like a reasonable solution to the problem.

From the outset we were keenly aware of the retro aldol ruction possible with the

ll-hydroxy ketone functionality in 37Sa.b under the strongly basic conditions usually

required for methyl ether fonnation. fortunately, under conditions ofphase-transfer

catalysis (pTC), it was possible to convert 37Sa,b to the corresponding methyl ethers

388a,b in 84 % yield (Scheme 43).61 a-Hydroxylation of3S8a.b proceeded smoothly to

give only two diastereomeric hydroxyk.etones 390a,b. The diastereosc:lectivity of this

reaction paralleled that seen with 377a,b. The low yield for the oxidation and

etherification sequence leading to 3!na,b was a consequence ofpurification problems
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experienced in the oxidation step. The iodo- and iodosobenzoic adds produced from the

Dess·Martin reagent were not completely separable from the enol products 39la,b by

repeated filtration or chromatography.

Scheme 43
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Unfortunately. a change in the protecting group did not alter the reactivity of the

enone in the manner desired (Scheme 44). Attempts to fonn diene 393 using LOA

resulted in decomposition as before. Reactions employing alkali metal salts of

bis(trimethylsilylamine) at low temperatures returned unreacted 392a,b. The absence of

deuterium incorporation in a deuterium oxide quench experiment conducted at -78 OC was

indicative ofa lack of significant deprotonation at this temperarure. When the reaction

14'



was carried oul at 4 ee, the ma1erial d«omposed in the same manner as with lOA. Use

of1he trimelhylsilyl trinaleJtriethylarnine (TEA) combination also resulted in

decomposition of392..b.
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CoasidcntiollS for Future Work

In order to proceed with our plan for an enantiosclective synthesis of

fredericamycin A. the crucial Diels-Alder union of the model quinone and diene systems

must first be established. Quantitative deprotonation methods for diene preparation from

381 or 392a,b may have proved ineffective due to an instability ofthe dienolate

intennediate (if this species even formed under these reaction conditions). Use ofa 2-

metholty-I.4-dione system and employing equilibrating conditions for silyl-enol ether

fonnation60 may provide access to the desired diene since conversion of the initially

fonned ~.y-enone into a fully conjugated system should be favored energetically.

The viability ofsuch a strategy was soon established when the corresponding

diene (394) lacking the regiocontroUing oxygen was readily prepared from 55.

Compound 394 reacted instantaneously with N-phenylmaleimide providing adduct 395 in

61 % yield after recrystallization (Scheme 45). Unfortunately, no reaction was observed

with 385 returning only monosilylated enone 397 after workup.

c&o
55

TBseTf. TEA
(CHzClb. 4 'C

sc....... (0 ~TB~~ 0 .Ph
I N-Ph ~ - N

~O{) , 0

cc.>,OTBS ----r:- 1: a.:aS

3M~ 3'5(61 %)

°Ae~MC1~0Me 0Me
o ..5

147



The presence ofan additional electron donating methoxy substituent in 386 should

result in an increase in reactivity relative to 394. Whether or nor. the magnitude ohms

enhancement will be adequate to achieve a Diels·Alder addition or38S to 3S6 remains to

be seen. In the event a diene such as 386 cannot be prepared from an enone such as 381,

an alternate synthetic route has been provided for future consideration in Scheme 46.

Note that only minor revisions to our original plan would be required.

I
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Experimental Sec:tiOD

Genenl 5«60•. See Chapter I, p. 24.

333b

4-HydroIYspiro(4.51dec:-2-e:o-l-oae (331), aad (IRIS, 4S1R)- ..d

(IRIS, 4RJS)-I,4-dibydroxyspiro[4.S1dee-2-e:De (333a,b). NaBH. (l07

mg,2.82 mmol) was added in one portion to a mixture of331 (712 mg,

4.34 mmol) and CeCl)·7H20 (806 mg, 2.16 mmol) in methanol (12 mL)

cooled to 4 "C. The reaction mixture was stirred for 5 min 20 s,

quenched by the addition ofaqueous N1-4CI solution, poured into water

(60 mL) and extracted with EtOAc (3 x 50 mL). The extracts were

combined, washed with saturated NaCI aqueous solution (75 mL), dried

(MgSO",) and concentrated to give a viscous, faint yellow oil consisting

of332 and 333a,b (9 : I by GC·MS). Chromatography (SO/SO EtOAc-petroleum ether)

pro\;ded 332 as aviscous, faint yellow oil (604 mg, 84 %) and a colorless resin (64 mg)

consisting of333a,b(I.3: I). For 332: IR 3418 (m), 1697 (s), 1596 (w) em-I; IH NMRIS

7.48 (lH,dd,J·2.6, 5.8 Hz. H3), 6.15 (lH, dd,J- 1.0, 5.8 H~ H2), 4.67 (lH, ddd,J

1.0,2.6, 8.1 H~ H4), 1.81 (lH,d,J· 8.1 H~ OH), 1.91·1.24 (lOH, m, H6-HIO); "c

NMRO 212.5 (0, Cl), 160.7 (I,C3), 132.5 (I, C2), 78.6 (I, C4), 51.1 (O,C5).33.5 (2),

27.6 (2), 25.1 (2),22.9 (2), 22.3 (2); MS (GC-MS) 166 (20, MI, 148 (36),137 (20),135

(10),133 (14), 123 (29),121 (10), 120 (36),119 (17), III (38), 110 (29),109 (19),107

oo~~n~%~~~M~~~~~~~~~~~

~~~~w~~~n~n~M~~~~oom~66

(10),65 (17), 57 (14), 56 (33), 55 (100), 54 (19), 53 (36), 52 (10), 51 (18), 43 (19), 41

..,



(63). Discemable signals from spectra of the mixture of333a,b: major isomer; I H NMR

'5.92 (2H, S, H2, H3), 4.51 (2H, S, HI, H4); DC NMRO 136.3 (2C, C2, C3), 81.2 (2C,

Cl, C4), 47.0 (0, C5); minor isomer: IH NMRS 6.07 (2H, s, H2, H3), 4.10(2H, s, HI,

H4); DC NMR S 135.5 (2C, C2, C3), 81.1 (2C, CI, C4), 47.4 (0, C5). MS (GC-MS) 168

(18, M" 150 (32), 148 (II), 124 (12), 112 (19), III (20), 110 (10), 109 (21), 108 (55),

107 (16), 97 (15), 96 (15), 95 (32), 94 (21), 93 (31), 91 (16),85 (10), 84 (24), 83 (29), 82

(19),81 (100),80 (26), 79 (60), 78 (12), 71 (18), 70 (10), 69 (16), 68 (20), 67 (71), 66

(10),65 (13), 57 (27), 56 (18),55 (72), 54 (22), 53 (31), 51 (14),44 (II), 43 (42), 42 (14),

41 (67).

4-{Cblorodimf:lhyI5ilyloxy)5piro{4.SJdtc-2-en-l.ont (334). A

solution composed of332 (809 mg, 4.87 mmol) and Et)N (0.69 ml.

4.9 mmol) in dry THF (3.4 ml) was added dropwise to

dichlorodimethylsilane (3.0 ml, 25 mmol) in THF (2.0 ml) cooled to 4 0c. The mixture

was stirred at rt for 18 h, and the solvent was evaporated to give a mixture of solid and

oil. The oil portion was rinsed free from the solid with dry hexanes. The combined

washings were filtered and concentrated to provide 334 as a faint yellow oil (t.26 g,

>99 %); IH NMRS 7.43 (tH, dd,J=2.4. 5.8 Hz, H3). 6.14 (tH. d,J= 5.8 Hz, H2). 4.67

(lH, d,J= 2.4 Hz, H4), 1.80 (IH, m), 1.72-1.22 (9H, m), 0.57 (3H, S, SiCH,), 0.55 (3H,

s, SiCH,); DC NMR S 211.4 (0, CI), 159.3 (0, C3), 132.7 (0, C2), 79.3 (I, C4), 51.0(0,

C5), 33.3 (2), 27.7 (2), 25.\ (2), 22.7 (2), 22.0 (2), 3.1 (3, SiCH,), 2.2 (3, SiCH,).

IS.



335

4-«I-Cytiobuenyloxy)dlmetbybilyloxy)spiroI4.5Idec-2-eD-I-olie

(.ll5). A solutionofcyclohexanone (148 mg, 1.50 mmol) in THF

(0.92 ml) was added dropwise to freshly prepared LOA (1.5 mmol)

in hexanes (0.60 ml) and THF (2.0 mL) cooled to -78 °C. The

resulting mixture was stirred at -78 "C for 30 min prior 10 the

reactor for 20 h. Evaporation of the solvent and chromatography

drop\vise introductionof334 (395 mg, 1.53 mmol) in THF (0.75 mL) with wanning 10 rt

over 3.5 h. The mixture was concentrated, the residue treated with dry hexanes, and

filtered. Evaporation of the solvent from the filtrate yielded crude 335 as a yellow oil

(392 mg). This material was used in the next step without additional purification. IR

1713 (5),1671 (m) cm'l; IH NMRo 7.43 (tH, dd,J=2.4, 5.7 Hz, H3), 6.10 (lH, dd,J=

0.8.5.7 Hz, H2), 4.94 OH. m, H2'),4.76 (lH, dd,J=0.8, 2.4 Hz. H4). 2.08-1.94 (4H, m).

1.75-1.22 (I4H, m), 0.28 (3H, 5, SieHl). 0.25 (3H, S, SiCHl).

(IRIS, SSfll, 10R.l.S, l1S1R, 14R1S)-3,J-Oimelbyl-2,4-dion-3-

~
.. ....Q. silaspiro(cytiohuane-l',13-tetrac:ydo(9.2.1.0S.100Wjtetra-

o dSiMe2 deune)-12-one (336). A solution of335 (392 mg) in cyclohexane

(5.0 ml) was irradiated at 350 nm in a Rayonet photochemical

'"
(5/95 EtOAe-pelroleum ether) oflhe residue provided 336 as a white solid (73 mg, 19 %

from 334); mp 80-81 "C; (R(CC!..) 1731 em'l; IH NMR 0 4.52 (IH, d,J=6.2 Hz, HI),

2.78 (IH, overlapped m, HIO), 2.71 (lH, t,J= 6.7 Hz, H14), 2.47 (lH, t,J= 7.3 Hz,

HII), 2.00(lH, m), L88-I.13 (17H, m), 0.20 (3H, s, SiCHl), 0.17 (3H, 5, SiCH3); NOE

data 4.52 (2.78,1.6 %; 2,71, 6 %), 2.71 (4.52,6%; 2,47, 4 %), 2.47 (2.78, 2 %; 2.11, 2

%j; IlC NMRo 221.5 (0, C12), 72.6(1, Cl), 70.5 (0, C5), 59.2 (0. CI3), 48.4 (1),46.2

lSi



(1),40.4 (I, CII), 38.9 (2), 30.7 (2), 25.6 (2), 25.5 (2), 24.2 (2), 22.1 (2),21.9 (2), 21.0

(2),20.3 (2), 0.3 (3, SiCH,), -1.7 (3, SieH,); MS 320 (38, MI, 224(13), 222 (12), 210

(12),209 (87),195 (16), 194 (20),181 (18), 171 (33), 169 (17),168 (62),156 (17), ISS

(100); HRMS calcd for C1IH2103Si 320.1806, found 320.1786.

MeG 0 7-Methoxy-S-melbyl-t-indanone (357). 7-Hydroxy-S-methyl-l-m indanon, (2.73 8, 16.8 mrnnl), K,CO, (2.87 g, 20.8 mrnnl) and

357 iodomethane (2.0 mL, 32 mmol) were stirred together in refluxing acetone

(40 mL) for 18 h. After cooling tort, the mixture was filtered and the solvent was

evaporated leaving a solid residue that \...1\5 dissolved in CH1Ch (50 roL) and washed with

H~O (60 roll. The aqueous layer was adjusted to pH 7 with 6 MHel, extracted with

CH1Cb (3 x 50 roll, the organic layers were combined, dried (Na2S0~) and concentrated

to give 2 as a yellow solid (2.92 g, 98 %). Mp 127-129 °C; IR 1698cm-1
; IHNMRS 6.82

(IH, s) 6.58 (IH. 5) 3.93 (3H, S, OCH3) 3.02 (2H. rn) 2.65 (2H, m), 2.42 (3H, s, C7·

methyl); I'e NMRS 204.3 (0. el), 158.2 (0).157.8(0),147.9 (0),123.0 (0),119.0 (I),

109.8 (I), 55.6 (3. C7.methoxy), 36.9 (2). 25.4 (2). 22.3 (3, CS·methyl); MS 177 (12),

176 (M-. 100). 175 (27), 161 (14), 148 (12), 147 (99), 133 (14), 129 (12), 119 (16), 118

(14), 117 (30), 115 (25), lOS (18), 103 (IS), 91 (17),90 (13), 77 (2), 63 (11),62 (14), 51

(16),45 (27): HRMS calcd for ClI HI20 2, 176.0837, found 176.0852.

DOMe 3,4-Dibydr0-8-mttboxy-6-methyI-{2H)isoquinolinone (358). A"m mixture nf 357 (362 mg, 2.05 mmol), hydroxylamino-O-,ulfnnic acid

358 (353 mg, 3.12 mmol) and 88 % formic acid (5.0 mL) was heated to

refilLX for 14 n, cooled in ice, adjusted to pH 8-9 with 6M NaOH, diluted with an equal

volume of water and extracted with chloroform (4 x 50 mL). The extracts were

15'



combined, dried (MgS041, and the solvent was evaporated to give 358 as a tan solid (395

mg, >99 Oft). Recrystallization ora portion from benzene afforded an analytical sample as

a beige solid; mp 219 "C (decomposition); IR (Nujol) 3209 (5), 1121 (w), 1660 (m), 1567

(m) em-I; IH NMRS 10.07 (IH, br s, NH), 6.73 (IH, s),6.56 (lH, s), 3.92 (3H, 5, C8

methoxy), 2.99 (4H, 5, H3, H4), 2.37 (3H, 5, C6-methyl); IlC NMR I) 162.2 (0, Cl), 156.1

(0),150.7 (0), 14\.7 (0), 12\.7 (0),1\8.2 (1),109.6 (I), 55.2 (3, C8-melhoxy), 28.5 (2),

26.0(2),22.0(3, C6-melhyl); MS 191 (27, M), 175 (13),174 (100),145 (12),144 (251

III (10), 117(16), 116(10),115(16),105(10),91 (12),78(12),77(12),51 (IO);IIRMS

calcd forC 12HuNOz 191.0946, found 191.0946.

MeO OTBS 1-{tert-Butyldimtthybilyloxy)-7-metboxy-5-mechyl-{3H)iadeaem (371). ""-B",yldimelhylsilyl trifl,oromelhanesulfonate (0.60 mL,

371 2.6 mmol) was added dropwise 10 a stirred solution of357 (451 mg,

2.56 mmo!) and EtlN (0.39 mL, 2.8 nuno!) in dry 1,2-dichloroethane (4.0 mL) cooled to 4

dc. The mixture was held at 4 °C for 10 min, then at rt ror 1h. The mixture was

concentraled under vacuum and extracted with dry pentane (5 x.s mL). 'The extracts were

combined and the solvent was evaporaled leaving 371 as a yellow oil (692 mg,93 %); IR

1609 em"; 'HNMR6 6.82(1H, s), 6.59 (IH, s), 5.24 (IH, ~J-2.4Hz, Hl), 3.82 (lH,s,

C7-methoxy), 3.18 (2H, d,J- 2.4 Hz, H3), 2.37 (lH, s, C5·methyl), \.01 (9H, s, '·butyl),

0.20 (6H, s, SiCH,); "C NMRSI5J.8 (0),153.4 (0),145.8 (0), 1l6.3 (0), 126.6 (0),

1\7.8 (1), 1\0.1 (I), 104.9 (I, C2), 55.2 (3, C7·m.lhoxy), 33.6 (2, C3), 25.7 (3C, 3,"

butyl), 2\.7 (3, Cl-methyI), 18.2 (0, '·butyI1-4.9 (2C, 3, SiCH,); MS 290 (8, M), 234

(11),233 (43), 220 (14), 219 (62), 218 (100), 217 (131203 (37), 165 (121159 (121147

1>3



(22), 135 (37), 115 (12), 89 (18), 77 (13), 75 (30), 73 (59), 59 (20), 57 (13), 45 (10), 41

(15).

2·AlIyI~7-metboxy-5-methyliad.nonc (372). A solution

composed of371 (686 mg, 2.36 mmol), allyl bromide (0.24 mL,

2.8 romol) and CHICh (1.8 roL) was added dropwise to a stirred

slurr)' of silver trifluoroacetate (577 mg, 2.61 nuno!) in CH2Ch (2.4 roL) at ·78 OCt The

resulting mixture was stirred at ·78 "C for 45 min, warmed to rt over 30 min, filtered

(eelilc) and concentrated. Chromatography (40/60 EtOAc-petroleum ether) provided 371

as a yellow oil (260 mg, SI %); IR 1704 (5),1640 (m), 1609 (s)cm'l; IH NMR Ii 6.80

(IH, 5), 6.59 (IH, s). 5.80 (IH. symmetric rot H2'), 5.14-5.00 (2H, rot H3'), 3.93 (3H. s,

C7·methoxy). 3.15 (IH, dd,J'" 8.4,18.0 Hz, H3). 2.79-2.62 (3H. m, H2, H3. HI'), 2.41

(3H, s. C5-methyl), 2.20(IH, ro, H)'); 13C NMRS 205.0 (0. el), 157.7 (0), \565 (0),

147.9 (0), 1355 (I, C2'), 122.3 (0), 118.8 (2, C3'), 116.5 (I), 109.7 (I), 55.4 (3, C7,

methoxy), 46.6 (I. e2), 35.8 (2. CI'), 31.4 (2. C3). 22.2 (). CS-methyl); MS 216 (42, M1,

176 (27). 175 (100). 174 (18), 162 (10), 129 (II), II; (19), 91 (16),77 (10); HRMS ,at,d

for CI~H1602 216.1 149. found 216.1160.

MeO 0 J-Allyl-3,4-dihydro-7-metboxy-S-melbyl-(2H)isoquiDolinoneftL (373), A mixture of372 (241 mg, 1.12 mmol), hyd,oxylam;n,·

313 ~ O-sulfonic acid (195 mg. 1.72 mmol) and 88 % formic acid (3.0

roL) was heated to reflu.x for I h, cooled in ice, adjusted to pH 7-8 ~ith 6M NaOH,

diluted with an equal volume of water and extracted with chloroform. (3 x 30 mL). The

extracts were combined, dried (MgS04) and concentrated. Chromatography (28n2

acetone-petroleum ether) gave a yellow resin (199 mg) that solidified on trituration with

1>4



hexanes. Retrystallization from hexanes afforded an analytical sample of373 as a faint-

yellow solid (148 mg). Evaporation of the mother liquor left a viscous, yellow oil (47

mg) consistingofa I : 1mixtureof371 and 373 (total 67 %). For 373: mp 132-133.5 °C;

IR (Nujol) 3247 (s), 1636 (w), 1606 (m), 1591 (m) cm· l
; IHNMR B10.03 (lH, br s, NH),

6.72 (IH, s), 6.58 (lH, s), 5.84 (IH, m, H2'), 5.15-4.97 (2H, m, Hn 3,92 (lH, 5, C7-

methoxy), 3.60 (lH, m, H3), 3.09 (IH,dd, J= 8.2,17.0 Hz, H4), 2.91 (lH, m, H2'), 2.75

(IH, dd, J= 1.6, 17.0 Hz, H4), 2.37 (3H, s, C5-methyl), 2.23 (lH, m, H3'); 11C NMR /)

163.5 (0, CI), 156.0 (0),149,2 (0),141.8 (0),136.5 (I, Cn 121.J (0), 118.3 (1),116.3

(2, C3'), 109.6(1),55.1 (3, C7-methoxy), 38.6 (I, C3), 36.0 (2, CI'), 34.4 (2, C4), 22.0 (3,

C5-methyl); MS 231 (3, MO), 215 (42), 214 (50), 210 (11), 200 (21),198(11),182 (ll),

175 (15), 174 (100), 17l (14), 172 (11), 159 (12), 144 (12). 131 (15), 110 (161. 115 (17),

105 (14), 91 (11), 77 (17), 51 (12),43 (16), 41 (22); HRMS calcd for Cl~HI1N~

231.1258, found 231.1266.

MeO er-r 2' .J'-Dibydro.7'.mecbo:ly.5'.mechyl-l.J-diouspiro(c:ydopentane-me 2,1'-(IH)indene) (374), Trimethylsilyl trifluoromethanesulfonale (50

374 ~L, 280 lJ.fTlol) was added to a dichloromethane (4.2 mL) solution of357

and 1,2-bis(trimethylsilyloxy)ethane (1.02 g, 4.94 nunol) cooled to -29 0(, The mixture

was stirred at lhis temperature for 48 h. quenched by the addition of dry pyridine (0.12

ml). poured into a saturaled NaHCO] aqueous solution (IS ml) and extracted with elher

(3 x 15 mL). The combined eJrtracts were dried over a 1 : I mixture ofNalSO~ and

NalC01. Evaporation of the solvenl gave an oily, beige solid (862 mg) that consisled ofa

4.8: 1mixture of357 and 374. Chromatography (40/60 EIOAc-hexanes) gave recovered

ketone 357 asa faint yellow solid (490 rog) and 374 asayellowoil(127 mg; 15 %); IR

,ss



1600, 1459cm"; 'HNMR~6.63(IH, '), 6.53 (IH,')' 4.274.16 (2H, m), 4.07-3.96 (2H,

m),3.83 (lH, " OCH,), 2.84 (2H, appa=1 ~ J - 6.9 Hz), 2.32 (lH, " C5'-melhyl), 2.28

(2H, app=ntt,J~ 6.9 Hz); "c NMR~ 155.7 (0, C7~, 146.3 (0),141.2 (O), 130.4 (0),

117.9 (1),117.8 (0, C2), 109.8 (I), 65.7 (2C, 2, C4, C5), 55.1 (3, OCH,), 38.4 (2), 28.0

(2),21.7 (3, C5'-melhyl); MS 220(61, MI, 190(22), 189(16), 177 (26), 176 (28),175

(45),162 (16),161 (100), 160 (13),149(20),147 (33),145 (21), 131 (14), 129 (IO),117

(19),115 (30), 105 (II), 103 (Il), 91 (24),78 (12), 77 (23), 65 (12), 63 (12), 51 (16),43

(12).

meoo

I" a
A

35.

2',J'-Dibydro-7··mdbolY-S·-m~.bybpiro(cydope:ataDe-2,1'-

(lH)iadeae)-.l,3-dioDe (359). BF3'Et20 (0.14 mL, 1,1 nunol) and 1

(259 mg, 1.1 mmol) as a solution in CH,C1, (0.84 mL) were added in

succession to a -78 OC solution of374 (123 mg. 557 J.1mol) in CH1CIl (2.2 mL). The

mixture was stirred at -78 OC for 5 min then at rt for 2h, poured into H20 (30 mL) and

extracted with CH,Cll (2 x 30 mL). The combined extraclS were dried (Na,SO..) and

concentrated. Chromatography (0.5199.5 MeOHlCHICI,) afforded 359 as a white solid

(76 m8, 56 \'0); mp 110-112.5 'C; IR(CCt.) 1722 (.),1592 (m}cm"; 'HNMRH.70

(IH, '), 6.43 (IH, '), 3.69 (3H", OCH,), 3.11 (2H, ~J~ 7.4),3.07-2.72 (4H, .ymmetric

m, H3, H4), 2.32 (2H, overlapped I), 2.30 (3H", C5'-melhyl); "c NMR ~ 215.9 (2C, 0,

C2, C5), 153.7 (0, cn. 147.4 (0),1405 (0),127.4(0),118.1 (I), 109.3 (I), 65.6 (0, CI),

55.1 (3, OCH,), 36.3 (2C, 2, C3, C4), 35.4 (2),32.2 (2), 21.7 (3, C5'-melhyl); MS 245

(15),244 (39, MI, 188 (67), 174 (201160 (IO), 159 (29), 145 (44), III (24), 130 (13),

'56



129 (23),128 (22), 111 (17),116 (12),115 (46), 91 (16), 55 (12); HRMS ,at,d fo,

ClsH160) 244.1098, found 244.1086.

c&0m

'<:::.... a
1.&

37501

~-<lGO'b
375b

(2R1S,3R1S)- (315a) and (2R1S,JSIll)-2',3'-Dihyd,..3-hydroxy-

spiro(cyclopentane-2,l'-{1H)indene)-1-one (375b). A solution of 55

(1.98 g. 9.89 mmol) in anhydrous ether (95 roL) was cooled to 4 °C and

treated with a 1.0 M solution ofLiAIH(Or-Bu)} in THF (10.2 mL). The

resulting slurry was stirred at 4 °C for to min, then at It for 30 min,

poured into water (l00 mL). acidified to pH -2-3 with 6 MHel and

extracted with ethyl acetate (4 x 60 mL). The extracts were combined, washed with a

saturated NaHCO} aqueous solution (150 mL), dried (MgS04) and concentrated to give a

mixture of37Sa,b(1.7: 1) asa tan-eoloredoil (1.99 gt 99 %). Compounds 375a and

37Sb could not be separated by flash chromatography. From spectra of the mixture: for

together in dry CH2Ch (16 mL) for 60 h. poured into water (50 mL)

375a,b (1.93 g, 9.54 nuno!), diisopropylethylamine (3.4 roL, 19 nunol)

etboxy)metboxy)spiro(cyclopcntane-2,l'-(1H)indcnc)-I-onc (376b).

and 2-metholCyethoxymethyl chloride (2.2 mL. 20 nunol) were stirred

ME~O'"~ .•" 0
1.&

376a

MQSO
37ib

315. IHNMRS 1.10 (lH, m), 4.23 (IH, b", H3), 1.62 (b", OH); "CNMRS 220.4(0,

CI), 145.5 (0),140.5 (0), 121.1 (I), 126.2 (1),125.8 (I), 124.2 (I), 15.4 (I, C3), 61.8 (0,

C2), 34.9 (2), 34.4 (2), 30.1 (2), 21.8 (2); fo,315b: IH NMR S 6.98 (IH, m), 4.43 (IH,

appar,nll,J= 6.4 Hz, H3); "c NMRS 218.5 (0, CIl, 145.4 (0),142.1 (0), 121.3 (I),

126.2 (1),124.4 (1),122.1 (I), 16.3 (I, C3), 61.3 (0, C2), 35.1 (2), 28.7 (2).

(2R1S,3R1S)- (316a) aod (2RIS,JSIll)-l',3'-Dihydro-3-«methoxy-

IS7



and extracted with CHICh (2 x 40 mL). The combined extraetJ were dried (NaIS0.) and

concentrated. Chromatography (60140 EtOAc-hexanes) gave a tan-colored oil (2.23 g, 80

%) consisting ofa mixture of376a,b. Additional chromatography afforded samples of

each diastereomer, however complete separation was not achieved. For 376a: yellow oil;

IR 1740 em"; IH NMR~ 7.23·7.13 (4H, OJ, H4'·HT), 4.65 (lH, d,J-7.2 Hz, Hli, 4.37

(IH, d,J' 7.2 Hz, HI"), 4.27(1H, appm.' ~J=3.4Hz, H3), 3.46 (IH, ddd,J- 3.2,

6.3,10.4 Hz), 3.31 (3H, 5, OCH,), 3.37·3.28 (2H, overlapped m), 3.17 (IH, ddd,J= 3,1,

5.6,10.5 Hz), 3.05·2.96 (2H, m, H31, 2.62 (IH, m), 2.45 (IH, m), 2.31·2.02 (4H, m); "C

NMR ~ 219.4 (0, CI), 145.0 (0),141.0(0),127.4 (1),126.7 (1),125.9(1),123.8 (I), 93.6

(2, CI"), 80.1 (I, C3), 71.3 (2), 66.7 (2),66.4 (0, C2), 58.6 (3, OCH,), 35.4 (2), 34.4 (2),

30.7 (2, C3'), 26.0 (2). For 376b: yellow oil; lR 1742 em· l
; IHNMR6 7.26-7.13 (3H, m,

H4'·H61, 7.01 (lH, m, HT), 4.74 (lH, d,J-6.9 Hz, Hli, 4.57 (IH,J- 6.9 Hz, Hli,

4.43 (IH, dd, J= 5.4, 7.8 Hz, H3), 3.57 (lH, m), 3.43·3.35 (3H, m), 3.34 (3H, ~ OCH,),

3.09·2.92 (2H, m, H31, 2.68-2.31 (4H, m, H2', H4, H5), 2.14-1.95 (2H, m, H2', H4);

NOE data 7.01 (4.43,2.2 YD), 4.43 (7.01, 3.6 %; 3.57, I.S %), 3.57 (4.43.1.4 %); llC

NMR 6 217.4 (0, CI), 145.3 (0),143.0(0),127.5 (1),126.4 (I), 124.5 (1),122.8 (I, cn
93.8 (2, C\"), 80.8 (I, C3), 71.3 (2), 66.6 (2), 66.3 (0, C2), 58.7 (3, OCH,), 35.4 (2, C3),

30.9 (2, C3'), 29.4 (2, C4), 25.9 (2, C21; MS 290 (3, M'), 129 (13), 89 (54),59 (100);

HRMS calcd forC 17H120 4 290.1517, found290.1535.

,,,



ME';',?"OOJ 'OTBS

m.

MEoJl-.-::.... oms
I",

377b

(4R1S.5R1S)- (3771) I.d (4R1S,ssal)-1-(ten-Sutyldimttbyl-

silyloxy}-2',3'.dibydro-4-«mtlboxyttboxy)mdboxy)-

spiro(q"dopt.I••e-S,l'-(lH)iadmt)-l~.t(377b). tert-

Butyldimethylsilyl trifluoromethancsulfonate (1.40 mL, 6.1 mmol)

was added dropwise to a stirm:l solution of376a,b (1.68 g, 5.79

mmol) and Et3N (0.90 mL, 6.5 mmol) in dry 1,2-dichloroethane

(9.0 mL) cooled to 4 "C. The mixture was held at 4 "C for 10 min, then at rt for 2 h,

concentrated under vacuwn and extracted with dry pentane (5 x 5 mL). The extracts were

combined and the solvent was evaporated to give a mixture of 3771,b as a yellow oil

(2.26g, 96 %). Chromalography provided homogenous samples ofeach diastereomer.

For 377a: colorless oil; lR 1642 em· l ; IH NMR 6 7.20-7.06 (4H, m, H4'·H7'), 4.58 (tH, I,

J. 2.3 Hz, H2), 4.54 (lH, d,J=7.0 Hz, HI"), 4.41 (lH,d,J- 7.0 Hz, HI"), 4.27 (IH,

dd,J- 5.6, 7.2 Hz, H4), 3.46 (IH, m), 3.39 (2H, 'I'P"'nl~J- 4.8 Hz), 3.34 (m",

OCH,), 3.24 (lH, m), 2.93 (2H, ~J' 7.4 Hz, H3'), 2.66 (IH, ddd,J= 2.7, 7.2,14.9 Hz},

2.46·2.31 (2H, m, H3, Hl). 2.02 (IH, m), 0.72 (9H", ,·butyl), 0.10 (3H", SiCH,), -0.08

(m,', SiCH,); "CNMR6 157.4 (0, CI), 144.7 (O), 143.2 (O), 126.7 (1),125.8 (1),125.5

(1),124.0 (I), 96.8 (I, C2), 94.5 (2, CI"), 82.6 (I, C4), 7\.6 (2), 66.6 (2), 63.5 (0, C5),

58.9 (3, OCH,), 34.6(2), 34.t (2), 31.1 (2, cn 25.4 (3C, 3,t-butyl), 17.8 (0, ,-bulyl),

4.8 (3, SiCH,), -5.4 (3, SiCH,); MS 405 (2, M'J, 315 (11),299(13),298 (28), 287 (12),

ISS (14), 133 (13), 89 (24), 75 (26), 73 (100), 59 (64), 45 (II). Fot377b: colod..., oil;

IR 1640cm"; 'HNMR6 7.18-7.03 (4H, m, H4'-H7'), 4.67 (IH, d,J·6.8 Hz, HI"), 4.53

(IH, ~J=2.3Hz, H2),4.50 (IH,d,J-6.8 Hz, HI"), 4.32 (IH, V= 6.6 Hz, H4), 3.54

(tH, m), 3.41-3.24 (lH, m), 3.30 (3H, .. OCH,), 2.92 (2H, ~ J- 7.4 Hz, H31, 2.63 (IH,

'"



overlapped ddd,J-2.7, 7.2,14.5 Hz), 256 (lH. overlapped m), 2.03 (IH, td,J"" 8.1,

Il.2 Hz), 0.67 {9H, 5, t-butyl}, 0.11 {3H, 5, SiCH,~ -0.02 (lH, ~ SiCH,); BC NMR 6

157.1 (0, CI), 146.l (0),144.9 (0),126.7 (I), 126.0{l),124.0{1), 1232 (I), 96.5 (I, C2),

94.2 (2, Cli, 82.9 (I, C4), 71.5 (2), 66.5 (2), 63.0(0, C5), 58.8 (3, OCH,), 33.3 (2), l1.3

(2, C3'), 28.8 (2), 25.2 (lC, l,t-bulyl), 17.7 (O,t-butyl), -4.8 (l, SiCH,), -5.4 (l, SiCH,).

MEOSt.0 '" OH
~ .." a

I",
378

W
"OH

MEM
I ".... 0

'"no

(2RI3',4R1S.5R1.S)- (378) Ind (2R1S,4S'R,~2',3'.Dibydro-2-

bydroxy4-«mdboxyclboxy)mdboXY)5piro(cydopeDt'De--S,l'~

(lH)indene)-l·one (379). A solution of377a,b (1.66 g, 4.12 mmol)

in acetone (6.0 roL) was treated with freshly prepared

dimethyldioxirane (63 mL, -0.1 Min acetone) at -IS °C. The

mixture ....'8$ warmed to n, concentrated under reduced pressure and

the residue treated with saturated KF in methanol (75 mL) with stirring for 25 min. The

mixture was concentrated to -30 mL volume, poured into water (75 mL) and extracted

with ethyl acetate (4 x 60 mL). The combined extracts were washed with a saturated

NaCi aqueous solution (60 roll, dried (MgSO'>. and the solvent was evaporated to give a

viscous, orange oil (1.22 g). Chromatography (Jono EtOAc-petroleum ether) provided

378 (489 mg) and 379 (285 mg) as viscous, faint yellow oils; a mixed fraction (44 mg)

was also isolated (total: 6S %of theoretical). nc analysis revealed that significant

deterioration of the sample had occurred during the second (heated) evaporation. In a

separate experiment, wing 230 .,unol ofa 2.2 : 1 mixture of3778,b and conditions

described below for 3SS8,b, no such deterioration was sccn. IH NMR analysis of the

isolated yellow oil (n mg) indicated this material consisted of37S, 379 and Room-Itr,-

butyldimethy1>ilane (22, I 'I). Fot378, lR3427, 1744 em"; 'HNMR6 726-7.19(2H,
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m), 7.19-7.10 (IH, m), 7.05 (IH, d,J;7.7 Hz, HT),4.62 (IH, symmetric m, H2), 4.53

(IH, d,J~ 7.2 Hz, Hli, 4.27 (IH,d,J=4.0 Hz, H4),4.16 (lH, d,J-7.2 Hz, Hli, 3.43

(IH, m), 3.38-3.25 (2H, ove<lapped m), 3.31 (lH, ~ OCH,), 3.11-3.00 (3H, m), 2.82 (IH,

d,J-2.1 Hz, OHj, 2.71 (IH, dd,J= 8.3, 13.5 Hz, H3 'Y" H2), 2.31 (lH, td,J-9.1, 12.3

Hz, H2'), 2.08-\.95 (2H, m, H2', H3 'Y" H4); NOE data 4.62 (7.05, \.6 %; 2.71, 4 %),

4.27 (4.53,1.6 %; 2.08·1.95, 8 %), 2.71 (4.62, 13 %;4.53,2 %; 4.27,1.1 %; 2.08.1.95,

14 %); "c NMR 8 220.3 (0, CI), 144.7 (0), 14\.4 (0),127.7 (1),126.6 (1),126.2 (I, CT),

124.0 (1), 94.0 (2, CI'), 75.8 (I, C4), 73.7 (I, C2), 7\.4 (2), 66.5 (2), 64.8 (0, C5), 58.9

(3, OCH,), 37.3 (2, C2), 35.0 (2, C3), 30.8 (2, Cn MS 306 (0.7, M'), 129(14), 117

(11),89 (44), 59 (100), 45 (IS); HRMS calcd forC17HnO, 306.1466. found 306.1468.

For 379: IR 3427,1747 em"l; IH NMR61.28-7.ll (3H, m, H4'·H6'), 7.00(1H, d,J"" 7.1

Hz, H7), 4.81 (lH, d,J-7.1 Hz, Hli, 4.65 (IH, d,J-7.1 Hz, HI"), 4.50 (IH, ~J- 8.8

Hz, H2), 4.36 (IH, v- 4.6 Hz, H4), 3.67 (IH, m), 3.56 (IH, m), 3.49-3.43 (2H, m),

3.34 (lH, S, OCH,), 3.06-2.91 (m, m, HJ1, 2.70 (IH, b' s, OH), 2.68-2.48 (2H, m, H2',

H3 $)11 H2), 2.34-2.12 (2H, m, H2', H3 syn H4); NOEdala '.00 {4.J6, 1.6%; 2.34-2.12,

2 %), 4.50 (OH, 6 %; 2.68-2.48, 5 %),4.36(7.00, 3 %;4.81,1.1 %; 4.65, \.60/,2.32

2.12,3 %); "CNMR6 218.5 (O,CI), 144.4(0), 143.8 (0), 127.3 (I), 126.4 (1),124.3 (I),

123.2 (I, C7'), 93.9 (2, CI"), 77.9 (1, C4), 72.1 (I, C2), 7\.2 (2), 66.7 (2), 64.9 (0, C5),

58.5 (3, OCH,), 34.5 (2, C3), 30.8 (2, C3'), 30.7 (2, C2); MS 306(0.4, M'), 141 (II), 129

(15),128 (11),117 (11),115 (19), 89 (48), 59 (100),45 (21); HRMS ca1ed fo,C"H"O,

306.1466, found 306.1454.
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(4R1.l',5/l1S}-1',J'-Dihydn>-1-bydroxy-4-«metboxyetboXYr

mdboxy)spiro(cydopeDt.Dt'-5.1'-(lH)indta~)-2-m-l~De(380).

A solutionof378 (462 mg, 1.51 nunol) in CH2Ch (20 mL) was

treated with Dess-Martin periodinane (760 mg, 1.80 nuno!) with

stirring at rt for 30 min. The solvent was evaporated and the residue was treated with

ether and filtered (etHIc). Solvent removal from the filtrate gave a yellow-orange resin

(464 mg) that was used without further purification in the neXI step. Chromatography

(38/62 acetone·petroleum ether) ora portion (116 mg) from anotherexpe:riment using the

same conditions afforded 380 as a yellow resin (9\ mg. 86 %); IR 3600-2400 (m), 171 S

(S), 166\ (m), 1635 (m) ,m"; 'H NMR6 7.23 (IH, d,J- 7.4 Hz), 7.18 (IH, d~J' 1.2,

7.4 Hz), 7.10 (IH, ~J-7.4Hz), 7.00 (lH, d,J- 7.4 Hz), 6.57 (IH, d,J- 3.0 Hz, H3),

4.67 (IH, d,J= 3.0 Hz, H4), 4.46 (lH,d,J- 7.1 Hz, HI"),4.JJ (IH, d,J-7.1 Hz, HI"),

3.50 (IH, m), 3.39 (2H, ~J- 4.4 Hz), 3.34 (3H, S, OCH,), 3.22-2.96 (JH, m), 2.47 (IH,

ddd,J= 7.0, 8.8, 13.0 Hz, H21, 2.15 (IH, m, H21; "CNMR6 203.5 (0, CI), 154.5 (0,

C2), 144.9 (0), 14\.0 (0),127.6(1),127.3 (I, C3), 125.9 (1),125.7 (1),124.4 (I), 95.0(2,

CI"), 79.6 (I, C4), 7\.4 (2), 66.9 (2), 63.7 (0, C5), 58.8 (3, OCH,), 35.7 (2, C21, 3 \.2 (2,

C3'); MS 304 (0.4, MJ, 170(17), 142 (11),141 (24), 115 (24), 89(53), 59 (100), 45 (35);

HRMS calcd forC 17H200, 304.1310, found 304.1298.

Mc8'~H' ::::::::~:'::~:~:::::~:::::::~:1).
381 A solution of380 (459 mg. 1.51 mmol) in ether (5.0 mL) was

treated with diazomethane (3.3 mL, -0.18 M in ether) at 4 'C. The mixture was warmed

to rt with occasional swirling over 45 min. Nitrogen was bubbled through the solution

162



until the yellow color ofdiazomethane bad dissipated. Solvent evaporation yielded 381

as a viscous, yellow oil (477 mg, 99 % over two steps); 1R 1722.1632 em-I; IH NMR5

7.23 (IH, d,J-7.4 Hz), 7.18 (lH,d~J~ 1.4, 7.4 Hz), 7.12 (lH, ~J= 7.4 Hz), 7.03 (IH,

d,J- 7.4 Hz), 6.47 (tH, d,J- 3.0 Hz, ill), 4.69 (IH,d,J- 3.0 Hz, H4), 4.47 (IH,d,J

7.2 Hz, Hlj, 4.35 (IH, d,J- 7.2 Hz, Hlj, 3.56 (IH, m), 3.41 (2H, ~J- 4.4 Hz), 3.36

(m, S, OCH,), 3.22-2.97 (3H, m), 2.53 (IH, ddd,J= 7.3, 8.9, 13 Hz, H2'), 2.18 (lH, ddd,

J~4.7, 8.3,13 Hz, ill); "c NMR6 201.5 (0, CI), 158.1 (0, C2), 145.0 (0),141.1 (0),

127.5 (1),125.9 (1),125.8 (I), 124.4 (1),124.2 (I, C3), 95.1 (2, CI'), 79.4 (I, C4), 71.5

(2),67.0 (2), 64.4 (0, C5), 58.9(3, OCH,), 57.2 (3, C2 mcthoxy), 36.0(2, C2), 31.2 (2,

C3'); MS 318 (4, MI, 213 (14), 141 (10),89 (44), 59 (100),45 (16); HRMS calcd for

C1IHuO$ 318.1466, found 318.14S2.

~
o...
,<::::"" 0

I A
388a

M~-:<lo(;0"
388b

(2R1.S',JRI.S)- (388a) aDd ~.JSIR)-2t,3t.Dibyd~3-mttboxy.

spiro(cyclo~DtaDe-2.1t-<1H)i.DdtDt)-l-oDe (388b). Dimethyl sulfate

(4.S mL,48 mmol), 37S••b(1.52 g,1.52 mmol), CH2Ch (20 mL), tetra·

n-butylammonium iodide (110 ms, 300 ~ol) and 50 % NaOH solution

(3 mL H20, 3 g NaOH) were rapidly stirttd together at rt for 21 h. The

reaction vessel contents were poured into water and extracted with

CH2Ch (4 x 40 mL). The combined extracts were dried (MgSOd and concentrated.

Chromatography (2SnS acetone-hexanes) afforded an orange oil (1.36 8, 84 %)

consisting ofa mixture of388a.b. Discernable signals from a IH NMR spectrum of the

mixture, 388., 6 3.82 (lH, ~ J- 3.4 Hz), 3.20 (3H, S, C3-mcthoxy); 388b, 64.02 (lH, dd,

J- 4.6, 7.8 Hz, H3), 3.24 (m, $, C3-mcthoxy).
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(4R1S,5R1S)- (3891) IDd (4R1S,5SIR)-1-(1"'-Butyldim"bylslly~

oxy)-2',3'-dibydro-4-m ethoxyspiro(cydopcntane-S,l'-(IH}-indent)-

I-tnt (389b). tert-Butyldimelhylsilyl trifluoromethane·sulfonate (1.7

roL, 7.6 mmol) was added dropwise to a stilTed solution of388a,b

(\.54 g, 7.10 mmol) and Et,N (\.2 mL, 9.4 mmol) in dry 1,2-

dichloroethane (11 roL) cooled to 4 "C. The mixture was held at 4 "C

for 15 min, then at rt for 3 h before it was concentrated under vacuum and cltlracted with

dry pentane (5 x 5 mL). The extracts were combined and the solvent was evaporated to

give a yellow oil (2.32 g, 99 %), a mixture of 389a,b. Discemable signals from a IH

NMR spectrum of the mixture: 389a: 5 4.55 (lH, ttJ= 2.4 Hz, H2), 3.92 (IH, ddtJ"" 6.6,

7.4 Hz, H4), 3.11 (1H,s. C4-methoxy), 0.71 (9H, 5, (-butyl). 0.09 (3H. 5, SieHl), -0.14

(3H, s, SieH,); 389b: 84.50(1H, t,J- 2.4 Hz, H2), 3.95 (IH,dd,J- 6.2, 7.0 Hz, H4),

3.18 (3H, $, C4-methoxy), 0.65 (9H, s, I-butyl), 0.10 (3H, S, SieHl), -0.05 (3H, S, SieHl).

M~'O00 'OTBS

389a

oJ0 I
~ .j" OTBS

I A

389b

(2R1S,4R1S,5R1S)- (390a) aDd (2R1S,4SiR,5R1S)·2',J'-Dibyd",-2-

hydroxy--4-methoxyspiro(qclopentanc-S,l'·(lH)indene)-I-onc

(390b). A solulion of389a,b (2.30 g, 6.97 mmoJ) in acetone (10

mL) was treated with freshly prepared dimethyldioxirane (lIS ml,

-0.1 M in acetone) at ·20 DC. The mixture was warmed to rt over 30

min with occasional swirling, stirred with saturated KF in methanol

(75 mL) for 25 min, dried (MgSOd, concentrated, diluted with dichJoromelhane and

dried (MgS04) again. Evaporation of the solvent gave a viscous, yellow oil (1.74 g)

consisting of390a,b and fluoro-tert-butyldimethylsilane (1.9 : 1 : 1). Chromatography

(30nO EtOAc-petroleum ether) ofa portion (180 mg) provided 390. (66 mg) and 39Gb
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(33 rng) as colorless resins (total: S9 % oftheoretical). For 390.: IR 3436, 1744 cm: l ; IH

NMR6 7.27-7JYJ (4H, m, H4'-H7'),4.5S (IH, dd,J' 8.6, II.S Hz, H2), 3.77 (IH, d,J'

4.1 Hz, H4), 3.30 (lH, br., OH), 3.04 (JH, S, C4-methoxy), 3.02 (2H, o",lapped ddd, J

• 1.3,8.6,13.4 Hz, H3'), 2.74 (lH, ddd,J· 1.3, 8.6, 13.4 Hz, H3 synto H2), 2.29 (lH,

dt, J= 8.6, 12.S Hz, H2'), 2.00(lH, m, H2'), 1.92 (IH, m, H3 syn to H4); NOE data 4.5S

(7.1S, 1.3 %; 2.74, 2 %),3.77 (3.04, 4 %; 2.00, 3 %; 1.92.3%); 1JC NMR6 220.0(0,

CI), 144.9 (0), 141.4 (0), 127.7 (I), 126.7 (I), 126.3 (I), 124.0 (I), 81.6 (I, C4), 73.3 (I,

C2), 6S.0 (0, C5), 57.6 (3, C4·methoxy), 37.2 (2, Cn 33.8 (2, C3), 30.4 (2, CJ1: MS 232

(5, Mi, 200 (14),18\ (13), 170(19), 16Q(23), 146 (13), 143 (12), 142 (13),141 (29),

129 (11),117 (24),116 (IS), \lS (4S), 91 (11),86 (62), 84 (100), 63 (II), 49 (IS), 47

(24); HRMS ealcd for CI4HI60J 232.1098, found 232.1096. For 390b: IR 3426, 1746 em"

'; 'H NMR 6 7.26 (lH, d,J- 7.4 Hz), 7.21 (IH, dt,J' 1.4,7.4 Hz), 7.14 (IH, t,J' 7.4

Hz), 7.00 (IH, d,J' 7.4 Hz, H7'),4.46(1H, ~J- 8.6 Hz, H2), 3.92 (IH, I,J-4.4 Hz,

H4), 3.32 (3H, " C4·methoxy), 3.08·2.92 (2H, m, H31, 2.87 (IH, br., OH), 2.66-2.50

(2H, m, H2', H3 syn 10 H2), 2.27·2.07 (2H, m, H2', H3 syn 10 H4); NOE data 7.00 (3.92,

1%; 2.27·2.07, 2 %), 4.46 (2.66-2.S0, 2 %), 3.92 (7.00,1.4 %; 3.32, 3 %; 2.27·2.07, 2

%); "c NMR6 218.9(0, CI), 144.8 (0),144.4 (0),127.8 (1),126.7 (1),124.8 (I), 123.3

(1),82.3 (I, C4), 72.6(1, C2), 6S.3 (0, C5), 57.S (3, C4-methoxy), 33.4 (2, C3), 31.2 (2,

C3'), 30.6 (2, Cn MS 232 (20, Mi, 214 (17), 200(13),186 (20),183 (ll), 181 (12),

174 (14),161 (10), 16Q(88), 156 (II), ISS (17), IS4 (14), 153 (10), 146(38), 145 (20),

143 (23), 141 (16),130 (14), 129 (25), 128 (43), 127 (14), 117 (100), 116 (48), \IS (92),

97 (27), 89 (II), 65 (II), 63 (16), SI (13), 45 (13), 43 (IS); HRMS ealed for C"H16O,

232.1098, fouod 232.1097.
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(4U,5RI.S)- (392a) aDd (4U,5Sfll)-2',3'-Dihydn>-2,ol-

dimdboxyspiro(cycloptDtane-5,l'-(1H)ind~De)-2-tD-l-oae(392b).

A solution of390a,b (1.43 gt 6.16 nuno!) inCHzCh (90 mL)was

treated with Dess-Martin periodinane (3.S0 g. 8.25 mmol) while

stirring at rt for 45 min. Solvent removal from the filtrate gave an

orange resin containing 39.a,b and a mil(ture ofiodo- and

iodosobenzoic acids. Anempts to isolate 391a,b from this mixture by chromatognphy

were unsuccessful. A solution ofthis crude material in ether (15 mL) was treated with

diazomethane (SO mL, -0.26 M in ether) at 4 0<:. The mixture was warmed to rt with

occasional swirling over 4S min. Solvent evaporation yielded a viscous. brown oil

(1.53 g). Chromatography (30170 acetone-hexanes) gave a viscous, brown oil (608 mg)

that was chromatographcd further (SO/50 EtOAc-hexanes) 10 yield 392. (133 mi),392b

(54 mg) and a mixed fraction 39Za,b (228 mg) as yellow rcsins(total415 mg. 27 % over

two steps). For 392a: IR 1721 (5), 1632 (m), 1607 (m) em-I; IHNMR5 7.26-7.17 (2H,

m), 7.13 (IH, I,J-7.2 Hz), 1.05 (tH, d,J~ 1.2 Hz), 6.42 (IH, d,J=2.9 Hz, H3),4.21

(IH, d,J~2.9Hz, H4), 3.81 (3H, s, C2-methoxY),3.25-2.99(2H, m, H31, 2.94 (3H, S,

C4-methoxy), 2.56(1H, ddd,J-1.3, 9.1,13.0 Hz, H21, 2.13 (lH,ddd,J~ 4.1, 804,13.0

Hz, H2'); BC NMU 201.6 (0, CI), 158.2 (0, C2), 144.9 (0),140.6(0),121.6 (1),126.0

(1),125.5 (1),124.3 (I), 123.6 (I, C3), 83.6 (I, C4), 64.3 (0, C5), 51.6 (3, C4-me!hoxy),

57.2 (3, C2-methoxy), 36.0(2, cn 31.2 (2, C31; MS 244 (50, MJ, 214(15), 213 (100),

153 (10), 141 (26), 111 (10), 116 (15), 115 (53), 104 (10), 85 (77), 63 (12); HRMS wed
fOrCISH16OJ 244.1098, found 244.1 100. For 39:2b: IR 1721. 1631 em>l; 'HNMR& 7.27

(IH, d,J= 7.4 Hz), 7.21 (lH.dI,J= 1.3, H Hz), 7.14 (1H.I,J- H Hz), 6.91 (IH,d,J
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trifluoromethanesulfonate (0.23 mL, 1.0 mmot) was added

8,I'·(IH)indtDt)-1,3(2H)dioDc (395). uTI·Butyldimethylsilyl

3,,4,7,'a-tttrabydro-2-phtny.....7-metbaaospiro(isoiadole-

o

39.

dropwise to a stirred solution of SO (100 mg, 500 p.mol) and EtlN (0.14 mt. 1.0 mmoJ) in

-7.4 Hz), 6.49 (IH, d,J- 2.8 Hz, H3),4.35 (IH,d,J- 2.8 Hz, H4), 3.83 (3H, s, C2

m,thoxy), 3.36 (m, s, C4-methoxy), 3.18 (IH, m, HJ1, 3.03 (IH, m. H31, 2.51 (IH, ddd,

J: 6.1, 8.6,13.4 Hz, H21. 2.26 (lH, ddd,J:6.0, 8.8,13.4 Hz, H21; "CNMU 201.7

(0, C1), 158.0(0, C2), 144.8 (0),144.3 (0), 127.7 (1),126.6 (1),124.9(1),123.0(1, C3),

122.2 (I), 83.6(1, C4), 63.6 (0, C5), 57.8 (3, C4-m,lhoxy), 57.2 (3, C2-mothoxy), 31.4

(2, C31, 30.8 (2, C21; MS 244 (38, M'l, 214 (16), 213 (100),181 (10),153 (16),141

(25),128 (10),117 (14),116 (14),115 (51), 85 (82), 63 (II); HRMS caled for C"H 160,

244.1098, found 244.1090.

(3.a,4~,7j3.7.a,8,)-4.7-Bis(ttrt·butyldimelby1silyloxy)-

dry I,2.-dichloroethane (2.2 roL) cooled to 4 "C. The mixture was held at 4 "C for Smin

and then wanned to rt for 2h before N-phenylmaleimide (81 mg, 470 lJl1lol) was

introduced. The mixture was stirred for 30 min, poured inlo water{60 mL) and exlraCted

with CH2Ch (2 x 30 mL). The extracts were dried (MgS04) and the solvent was

evaporated to give abeige solid (302 mg). Rl:Crystallization from beunes yielded 395 as

colorless, rectangular prisms (170 mg, 61 %); mp 184-185 DC; IR(Nujol) 1778 (w), 1717

(s), 1599 (w), 1500 (m) em"; 'H NMU 7.53-7.32 (4H, m), 7.22-7.11 (4H, m), 7.00 (IH,

m), 6.38 (2H, s, H5,H6), 3.45 (2H, 5, H3a, H7.), 2.93 (2H, "J-7.4 Hz, H31, 2.19 (2H,

t,J' 7.4 Hz, H21, 0.72 (9H, 5, '-butyl), 0.11 (m, ~ SiCH,), -0.32 (m, s, SiCH»; NOE

d.<a6.38 (7.53-7.32, 7 %; 7.22-7.11, 4%, 0.11, 4 %; -0.32, 3 %), 3.45 (2.19,21 %),2.93
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(7.22-7.11,8 %; 2.19, 5 %), 2.19 (3.45, 29%; 2.93, 7%); "CNMR8 174.9 (2C, CI, C3~

147.2 (0), 139.9 (0), 134.4 (2C, I, C5, C6l, 13 \.9 (0), 129.1 (2C, I), 128.5 (I), 128.2 (I),

127.8 (1),126.6 (2C, 1), 124.9 (1),124.7 (I), 89.4 (2C, 0, C4, C7), 86.1 (0, C8), 53.0 (2C,

I, C3a, C7a), 30.3 (2, CJ1, 28.0 (2, Cn 35.4 (6C, 3, I·butyl), 18.0 (2C, 0, '·butyl), -3.0

(2C, 3, SiCH,), -3.5 (2C, 3, SiCH,); MS no M',430 (20),429 (25),173 (17), 75 (10), 73

(100),45 (17).

~=()lX.> OTBS

397

4·(/ertoButyldimclbylsilyloxy)-1',J'·dibydrospiro(qclopcnl.Dt-

5,1·~(1H)indeDe)-3-en·l-one (397). Itrt-Butyldimethylsilyl

trifluoromethanesulfonatc (0.48 roL, 2.1 nunol) was added dropwise

10 astirred solution of SO (210 mg, 1.05 romel) and Et}N (0.30 mL, 2.2 nunol) in dry 1,2-

dichloroethane (1.5 mL) cooled to 4 DC. The mixnuc was stirred at rt for 3 h before the

introductionof385 (188 mg, 789 ~ol) as a solution in benzene(l.8 mL) and 1,2·

dichloroetbane (2.S mL). The mixture was stirred at rt for th, heated to reflux for 3.5 h,

cooled to It, poured into water (75 mL) and extracted with CH2CI2 (2 x SO mL). The

combined extracts were dried (MgSO~) and concentrated to give a black tar (611 mg).

Chromatography (10190 EtOAc·hexanes) provided 397 as a tan-colorcd oil (163 rna); IR

1752,1637 em"; 'H NMR8 7.24 (IH, d,J- 7.2 Hz), 7.18 (lH, dV-I.5, 7.2 Hz), 7.12

(IH,t,J= 7.2 Hz), 6.92 (lH,d,J-7.2 Hz), 5.00 (IH, t,J- 2.2 Hz, H3), 3.14 (IH,

overlapped dd, J .. 2.2, 22.2 Hz, H2), 2.96 (1 H. overlapped dd, J = 2.2, 22.2 Hz, H2),

3.24-2.97 (2H, ovedapped m), 2.34-2.26 (2H, m), 0.74 (9H, s,l-butyl), 0.18 (m, s,

SiCH,), -0.D1 (3H, s, SiCH,); "c NMR8 216.0 (0, CI), 156.5 (0, C4), 145.0(0), 142.5

(0), 127.6 (I), 126.3 (I), 124.7 (1).122.8 (I), 96.7 (I, C3), 66.1 (0, CSl, 40.7 (2. C2), 32.3

(2),31.6 (2), 25.2 (3C, 3, I-butyl), 17.8 (O,I-butyl), -4.6 (3, SiCH,). -5.3 (3, SiCH,); MS
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314 (2, MJ, 286 (35), 258 (16), 257 (75), 230 (10), 229 (44), 210 (II), 155 (15), 115

(12),75 (100), 73 (53), 59 (18), 55 (14), 45 (22).
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Appendix I

IH and I3C NMR Spectra and X-ray Structures for Chapter 1

IH and IlC NMRs~tra for compounds 3, 4, 6, 7, l1c, 12a, 12b eHonly) 15.,

ISb. 17, 18, 20, 23, 26, 27, 28b, 29., 33a, 33c, 35, 368, 36b. 37, 40, 43, 45, 46_, 47, 48,

51, 52. 53, 57 (lH only) 58, 60, 61, 62•• 62b, 63&, 63b, 64a, 64b. 6Sa, 6Sb, 66, 67, 68,

69, 70a, 71, 72a, 73, 74, 76, 77, 79, 81, 82, 84, 85, 86, 87, 89 and 90. Spectra obtained

for chromatographically inseparable mixtures ofdiastereomers have not been included.

X-ray structures for compounds Uc, 33c, 36b. 46&, 48 and 77.
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Appendix II

IH and Uc NMR Spectra for Chapter 2

lH and l3C NMR spectra for compounds 332, 334, 336, 357. 358. 371. 372, 373,

374,359,3760, 376b, 377o, 377b, 378, 379, 380, 381, 390o, 390b, 39lo, 39lb, 395 and

397.
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