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Abstract: The BFyEt;0-catalyzed geminal acylation of ketones and acetals with

3-methyl-1,2-bis(tri i (3) provided y

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

cyclohexanones. With acetals, hemical in the initial i lik

aldol step giving into the

y of the ultimate

cyclopentanedione products. With ketones, equilibration of the initial cyclobutanone

resulted in ione products with a different stereochemical

The dimethyl reagent 4 reacted with ketones to give gem-
dimethylcyclopentanediones in modest yield. The process was much more
stereochemically efficient than the reaction with 3. Rearrangement from the initial
cyclobutanone compound was partially diverted towards air-sensitive 3-furanone

compounds and ring-opened 1,2-diones. Use of BCl; as the Lewis acid in reactions of

ketones with 4 inhibited ilibration by ion of fi bered

b ini C: ion to the ai~e diol with
hydrofluoric acid and thence to dij 1 di with tri ic acid
provided di yleyel di in syntheti ptable yields.

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

methylated analogues 3 and 4 in the presence of BF3'Et,O smoothly led to products of

gemina! acylation. i.e., 2,2-di: i 1.3 i ivatives. 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 common cyclobutanone

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 total syntheses of 91 in racemic form have been

reported. An ic synthesis of i in A was i only very

recently. We have devised a p i i ive route to i in A

relying on precedents set in our laboratory for the construction of spiro-1,3-

and their inan i ive manner by Baker’s yeast.

The naphthoquinone portion of 91 was to be constructed by a silicon-tethered

hemical [2+2] cycloaddition or alternatively an i lecular Diels-Alder
reaction. The isoquinoline fragment was to be introduced using a Beckmann
rearrangement strategy. A review of the literature dealing with 91 and the results of our
own preliminary studies directed toward an enantioselective synthesis of this interesting

molecule are presented.
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Chapter 1. Geminal Acylation of Ketones and Acetals with
Methyl-Substituted Analogues of 1,2-
Bis(trimethylsilyloxy)cyclobutene.

Introduction
Geminal acylation of an acetal with 1,2-bis(trimethylsilyloxy)cyclobutene (1) is a
powerful method for the construction of a variety of 1,3-cyclopentanediones (Scheme 1

with Ry and R; = various alkyl substi This methodology, first i d by

Kuwajima and co-workers,' is comprised of a two-step process. The first event is a
Lewis acid-catalyzed Mukaiyama-like aldol reaction yielding an isolable a-
(trimethylsilyloxy)cyclobutanone. Treatment of this cyclobutanone with trifluoroacetic
acid induces a 1,2-migration of the acyl function. This bond reorganization results in a
1.3-cyclopentanedione. The reaction sequence was named geminal acylation to reflect

the net displacement of a C=0 double bond by two acyl groups.

Scheme 1
RO ,OR' TMSO, 0 o]

-

Y ™S gr, 1,0 OTMS CF,COH &

KR, © i CHLCp . Rig, reflax O a
d

Ry R;
R=Me,EtorBn ik e

‘Wu and Burnell later observed that conversion of acetals to 1,3-
cyclopentanediones could be effected in a single operation.>* Treatment of the more

hetically useful 1,3-dioxol with several

qui of 1 and a large excess of

BF;'EtO at low gavea i iate that was not isolated. In

the presence of this large excess of Lewis acid, the 1,2-acyl migration occurred in situ

(Scheme 2). Yields of cycl dione were signi i using this

i



modification. It was also shown that 1,3-cyclohexanediones could be formed in high

yield by substituting 1,2-bis(trimethylsilyl (2) for 1 (n=2, Scheme 2).*

b ™ o ;
X BF: ELO oms XSBFy Eu,o
R\ R, i CHLC, — Rifl T8°Cont °
1 n= 78°C R‘ L
2 n=2

Ketones do not undergo Mukaiyama-aldol reactions with enol-silyl ethers at the
lower temperatures employed for the more reactive aldehydes and acetals. However,
Mukaiyama noted that the desired reaction does occur at room temperature (rl).’
Kuwajima stated 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 with ketones does occur if the reaction is conducted at rt.

Cyclobutanone intermediates were isolated as bis-silyl ethers or as the corresponding

diols depending on the reaction conditions. Optimal conditions for the initial
like step typically employed 1.5 equi of 1 and an equivalent of
BF;EL0. of the i i lob in the same vessel required

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

BFyEt0. The reaction of 4 with 1 produced the bis-silylated

lob iginating from ial delivery of 1 onto the carbonyl (Scheme 3).

Kuwajima made a similar observation with the corresponding dimethyl acetal."



Scheme 3
0 TMSO, (o)
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The yields of 1,3-cycl i from ketone rivaled or exceeded those

obtained from the corresponding acetals. Thus, the formation of an acetal is no longer a
prerequisite for geminal acylation onto a ketone center. The clear advantage of this
method in synthesis is a reduction in the number of steps.

The synthetic utility of the geminal acylation reaction is further illustrated when
one considers that a quarternary center is formed in concert with a cyclopentane ring.

The geminal acylation reaction also a powerful spi 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. It therefore is not surprising that synthetic approaches to a diverse array of

natural products (Fig. 1) such as tri 7 B ! estrone,” i i 2

pentalenene,'” and fredericamycin A,'" have relied on geminal acylation as a key

transformation.'?



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

with methyl or gem-dimethyl substi Some rep i les are i
below in Figure 2.
Fig. 2. Natural Products that could polznhly be synmemd usmg the geminal
acylation reaction 1asakeystep.
Qu
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thetic routes to these molecul ing the geminal acylation methodology

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

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

condensation (Scheme 4).'*'* Key questions regarding the reactivity of 3 and 4 in the
initial aldol-type reaction and the course of rearrangement of the cyclobutanone, as well

as issues of regio- and hemistry, must first be add d before such future

synthetic journeys can commence.

Scheme 4
COZEt CHy)sSICI oTMS
R—£ G ‘(Phckh R—}j[
s
R, COzEt 100 ‘Rz oTMS



Results and Discussion

Reactions of Ketones and Acetals with Methylcyclobutene 3. A variety of
ketones and their corresponding acetals, derived from 1,2-ethanediol, were treated with 3
and BF5-Et;0 following the procedure developed for the reaction of 1 with ketones.® In
this procedure, the initial aldol reaction was mediated by BF;Et;0 in dichloromethane
under anhydrous conditions, and then the second, rearrangement step was initiated by
addition of water and a large excess of BF3Et;0. As can be seen in Table 1, 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.>* The ketones gave
similar, or better, yields than did the acetals. Unencumbered cyclohexanones and their
acetals gave the best yields (entries 3, 6, 7). Cyclopentanone and its acetal (entry 2) gave

more modest yields of the spiro-dik: 6. itution had a ious effect on the

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

with 3 i a hemical ity that had not been

present in reactions with 1. The reaction with butancne and its acetal (entry 1) provided
5a and 5b with no diastereoselectivity whatsoever. However, with 4-tert-
butylcyclohexanone and its acetal (entry 7) some modest selectivity was apparent. An X-
ray crystal structure of a 2,4-dinitrophenylhydrazone derivative 11¢ revealed that the
major isomer obtained from the ketone was 11a. Selectivity was also evident in reactions
between 3 and other substituted cyclohexanones and their acetals (entries 4-6). (Although

it was not feasible to d ine ri the istry of each in

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



Table 1. Reactions of 3 with Ketones and Their Corresponding Acetals Derived from 1,2-Ethanediol

entry substrate product(s) from ketone from acetal
yield (%) diastereomeric yield (%) diastereomeric
ratio (%) ratio

b ab
1 82 kil n 11
2 49 - 40 -
3 o3 - 81 -
4 7% 57
b
5 87 % 7f78151
6 é\ 91 Ll
10a,b 10c,d
No 0
ab
7 é 92 % uir
17
tBu ik ¢
1a 11b



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

even complementary, with ketones and their corresponding acetals.

H. N 24-DNP

h‘l H
Me
t-Bu -NQH ;0
11c
In an effort to illuminate the reason for the stereochemical difference between the

ketone and the acetal versions of the geminal acylation, the products were isolated after
only the first step in the reactions of 4-ert-butylcyclohexanone and its acetal with 3. The
ketone provided two cyclobutanone compounds 12a and 12b ina 3.3 : 1 ratio, which was
very similar to the 3.1 : 1 ratio for the cyclopentanedione products in entry 7. (Minor
amounts of 11a and 11b, ina 2.6 : 1 ratio, were also detected in the crude product even
when no water or extra BF3'Et,0 were added.) Comparison of the C NMR chemical
shifts of signals arising from the cyclohexyl moiety with those of the known, equatorial
product with 1° indicated that both of the cyclobutanone compounds had arisen by
equatorial attack on the ketone.* Considerable similarities between the NMR spectra of
12a and 12b (p. 187-189) and the spectra of 15a and 15b (p. 190-193) allowed

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

* With the norbornyl system, exo addition of 3 was very likely favored with both the ketone and its acetal,
but, as can be seen in entry S, this system showed the largest, yet obviously different, stereoselectivities
with ketone and acetal.



was carried out in conjunction with an ion of the ivity of the geminal

acylation with different acetals.

oy Xy BnQ on
c-aumﬁk I-EUW I-Bu.‘wﬁ]
Ho R H o
12 X=H Y 16
130 X=Me Y
14D X=Bn v
i5b X=Bn ¥

Reaction of the acetal derived from 2,2-dimethyl-1,3-propanediol gave
cyclopentanediones 11a and 11bin a 1 : 2.4 ratio, which was not significantly different
from the 1 : 2.2 ratio for the acetal derived from 1,2-ethanediol. Cyclobutanone
derivatives from the dimethyl and dibenzyl acetals were obtained by following
Kuwajima's procedure.' The dimethyl acetal provided cyclobutanone compounds 13a and
13binal:4.1 ratio. When this mixture was stirred in trifluoroacetic acid (TFA), 11a
and 11b were produced in a ratio of 1 : 3.6. The use of a dibenzyl acetal further improved
selectivity. Cyclobutanones 14a and 14b were obtained in 1 : 7.4 ratio. In TFA, this

mixture rearranged to 11aand 11bin a 1 : 7.5 ratio. Cyclobutanones 14a and 14b were

desilylated with ium fluoride (TBAF) to keto-alcohols 15a and 15b, and

these proved to be ble by ch hy. During hy, a fraction of

15a also showed a set of 'H NMR signals attributed tentatively to a very small amount of

16. Nuclear Overh h: (NOE) with both 15a and 15b
established that the hydrogen of the methine of the cyclobutanone moiety was syn to the
cyclohexane ring (Fig. 3). Hydrogenolysis of the benzyl groups of either 15a or 15b over

Pd on charcoal in ethanol/acetic acid provided a mixture of 12a and 12bina 5.2 : 1 ratio,



which provided evidence of acid-mediated equilibration between 12a and 12b. This was
exactly the ratio predicted by the Austin Model 1 (AM1)" calculated relative energies of

12a and 12b.

Fig. 3. Nuclear O (NOE) used
of the relative stereochemistry of cyclobutanones m and 15b.

These results lead to the following generalizations regarding reactions with 3.
The cyclobutanones obtained from acetals undergo to

by inversion at the cyclohexyl C-1, with little ical bling. This was also

true for the processes with 1 for both acetals'® and ketones.® Thus, the stereochemistry of
the cyclopentanediones derived from acetals was largely determined by stereochemical

preferences in the first, aldol reaction. The -hemistry of the cy di

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

equilibration to the th d: i p d (Scheme 5).
Scheme §
on ot
Me
”“Nﬁ — By (4
fegd M Hoedd
OBF, OBF;



Reactions of Ketones with gem-Dimethyl Cyclobutene 4. The results of
reactions of 4 with several ketones are presented in Table 2. Cyclobutene 3 had shown 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 of the
cyclopentanediones were modest, and a very significant proportion of intractable material

was generally obtained. Addition of water and extra BF3-Et;0 was not necessary to effect

to

from any of the enone substrates. The reaction with
2-cyclohexen-1-one (entry 10) only gave a 32% yield of 40, but this was still

considerably better than had been seen in the reaction of cyclohexenone with 1.5 Both

and 4,4-di 2-en-1 (entries 11 and 12) gave good yields of
cyclopentanediones, although with the former there was some isomerization (ca. 15 %) of

the double bond during reaction. A comparison of the '>C NMR spectrum of the

product from isopht with the spectra of products

from 14 led to the assignment of structure 41.



Table 2. Reactions of 4 with Ketones

entry substrate products and yields (%)

1,2-dione

i%;@(
#«5&;5—(

: ngx w
5

"?

(zn)
o Q%
S Bre B0
40 16
26 27
o
ey e Jriys
29ab 30a,b
(8:1) (1.4:1)
o
7 @ S° @ 7&-@ 3
33ab 34ab
(>100:1) (1.5:1)

* Chromatographic separation of 33a and 34a,b was incomplete.

<2

16
28,6
(121)

16
31,32
(2.4:1)




Table 2. Reactions of 4 with Ketones (continued)

entry substrate products and yields (%)
lopentanedione furanone 1,2-dione
35
o
] o "y
¢ 7C§=C>—Mama 7
+Bu lBu i
37 38a,b; 39a,b
(1.2:1)
o

0
10 d 32

40
o
o 0
1 7@\ 56 24
o
a“

42a,b
(EZ1.9:1)
o
0
il 12
43 44a,b
(EZ1:1)
©Reaction of the 1, ived from 4. , under the one-pot

condtions developed for acetals with 1,% gave a 1.2:1 mixture of 36a and its epimer 36¢ in a total
yield of 36%. As this process showed essentially no stereoselectivity, reactions of acetals with 4
were not pursued further.



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

di of the cycl dione was produced i and the of
their 2,4-dinitropheny!l ivatives (33c and 36b) were determined by X-ray
crystallography.
o
Hw'IrZA-DNP
A X N.
Me
Me
x r-au~ﬁ\:\§<
”~2,4-DNP H
33 36b
The yields with 4 suffered from syntheticall; yet isticall
id ions that produced i 1,2-diones, and

lactones. The proportion of furanone in the product mixtures did not seem to correlate in
a straightforward way with the structure of the ketone substrate. A comparison of entries
7 and 8 illustrates this. Furanones were formed with little to no geometrical preference
(entries 2, 6, and 7), and they oxidized readily in air to dihydroxy compounds.
Characterization of oxidation products 45 and 46a/b, derived from 18 and 30a/b, was

helpful in establishing the general structure of the furanones.

o o o
OH OH OH
O oH OHO » OHO

45 46a 46b



1,2-Diones were isolated in lesser amounts. Careful analysis by 'H NMR of the

reactions with cycloh (entry 5), and 4-tert- (entry 9) showed
that the B,y-unsaturated compounds (28a, 38a, and 39a) were initially formed, and these
rapidly isomerized in the reaction medium to o,B-unsaturated diones (28b, 38b, and 39b).
A secondary rearrangement process led to minor amounts of lactones 42a,b and 44a,b
from enone substrates (entries 11 and 12).

The dimethylcyclobutanone compounds 47 and 48 were prepared from the
corresponding ketones by working up the reaction mixture without addition of extra

BF3Et;O and water. The structure of 48 was determined unequivocally by X-ray

crystallography. This showed the reaction had resulted from equatorial addition with
respect to the cyclohexanone ring, and that the new C—C bond was to C-1 of cyclobutene
4. Prolonged treatment of cyclopentanediones with BF3*Et;0 did not provide any
furanone, but when 47 was added to neat BF5‘Et,0 the result was a 3 : | mixture of 26
and 27. On the other hand, treatment of 47 with dilute BF3-Et;0 in dichloromethane

provided only dione 26. Similarly, 48 in neat BFy-Et,0

provided 36a and 37 in an 8 : 1 ratio. With dilute BFy-Et;0 in dichloromethane the ratio

improved to 13 : 1, and BF3-Et,0 in dichloromethane in the presence of a small amount of



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

rationalized as illustrated (Scheme 6) with the reaction of 4-fert-butylcyclohexanone.

Scheme 6

H F. %H
Mg OH
t-Bu- ~= tBu —
H @ H

d
OFF, @
)
. a
HO aw
b
t-Bu: Qo b
H 2O = 3828392 < 38b&3%H
50

The equilibrium between 12a and 12b suggests that 48 might equilibrate with
cyclobutanone 49. We were unable to observe 49, but an AM1 calculation'® indicated
that 49 should be 6.1 kcal/mol higher in energy than 48. Whereas both 12a and 12b
rearranged to 1,3-diketones, an alternate pathway to the tertiary carbocation 50 presents
itself with 49. (Furanones were never observed in reactions with 1 or 3, so the

ofa ionic i iate was suspected.) Cyclization of 50 gives the

furanone 37, or deprotonation of 50 with the internal assistance of an oxygen would give
the terminal double bond in 38a and 39a. Evidence for the latter stage of this hypothesis
is that treatment of a solution of the mixture of 31 and 32 in CDCI; with BF3Et;O

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

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



series of events came from the reactions of two ketones with the tetramethylcyclobutene
51."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 53 (35 % yield) was the only isolated product from cyclohexanone.

TMSQ OTMS o

Es o Qs

51 52 53

Reaction of 1, 3 and 4 with Aromatic Ketones and Acetals. Unlike the
reactions of their saturated counterparts, o,B-unsaturated ketones provided
cyclopentanediones directly, without the addition of water and excess BFy-Et;0. This
might be attributed to allylic stabilization of a 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 with 1 and an opportunity to carry out geminal acylation of aromatic
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 BFyEt;0 were dissolved in dry
CH,Cly, and 2-3

qui of the bis(tri i were added while
maintaining anhydrous conditions. For 4, the only difference was that up to 3 equivalents

of BF3Et;0 were employed. The reaction mixture was stirred at room temperature for



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

h hy provided the gemi: acylated product, a 1,3-diketone. The results are
summarized in Table 3.
Table 3. ions of five i with 1,3,and4.
substrate 1,3-diketone product _with 1 with 3 with 4

S_w
0

54 X=Y=H,70% ub x-n,v-n. 67 X=Y=Me, 76%"
L O alb 126, 7%

(hom scmat 4 112, 63%)

63a X=Me, Y=
85 X=Y=H75%  63b X=H, v-m 68 X=Y=Me, 69%

62%
(from acetal: am 1:1.5, 55%)

643 X=Me,Y=H
56 X=Y=H 42%  64b X=H,Y=Me 69 X=Y=
(+57.2%) (+70a,700

1, 52%
(from acetal: a/d 1:2.3, 48%)
- 68 X=Y=H, 45% 65a X=Me Y=H 71 X=Y =Me, 54%
Q (898151 TIN) SBXHYIMe (o7 7261, 2P

0’

¥
]
60 X=Y=H.75% 66 X=Me.Y=H 71% 73 X=Y=Me, 68%
(+61, 12%)° (+7416%)

*an i a9:1 md
® Sum of i i a mixture of 71 and 72a..
‘Mlmnnd-n:!mnndwmn

The yields of 54, 55, 56, and 58 (from 1 with acetophenone, 1-indanone, 1-
tetralone, and 4-chromanone) were similar to the yields by the earlier procedure that
involved adding H;O to the reaction mixture, which in turn were generally better than

the reactions with acetals derived from aromatic ketones.'?* The acetal of benzophenone



was reported by Ayyangar"‘ to react with 1 to give only a trace of 60, whereas the
conversion of benzophenone to 60 was 75% under these anhydrous conditions. The
reactions with 1-tetralone, 4-chromanone, and benzophenone also gave minor amounts of

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

% b & o

Similar lactones had been observed in the reactions of enones with 4, and Pandey
reported the photochemical conversion of 55 and 56 to the corresponding lactones.'® In
our case, we postulate the formation of these lactones by the process shown in Scheme 7.
Acid-promoted elimination of the benzylic oxygen function could lead not only to 1,2-
acyl shift (and thence to the 1,3-cyclopentanedione) but also to rupture of the four-
membered ring to produce the acylium ion in 75. Attack of the conjugated enol moiety

onto the acylium ion would give the lactone.

Scheme 6
(S] BFs
;X ox XO O >_<°;/r
75



Yields in the reactions of (racemic) 3 with the five substrates mirrored those with
1: 1-tetralone and 4-chromanone gave lower yields, near 50%. Unlike the products
derived from 1 and 4, those from 3 were complicated by diastereoisomerism, except in

the case of 66. Very modest i f were noted, with h

showing the largest stereoselectivity, albeit only 2.6 : 1. When acetals were prepared

from 1-ind; and 1-tetraly 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 abundant from the
ketone reactions was reduced in the reactions with acetals. In the cases of 1-indanone and
1-tetralone, the diastereoselectivities were opposite to the reactions of their corresponding

acetals. AMI calculations'® gave no difference in the energies of 62a and 62b, so any

stereoselectivity was likely to be the of a kineti lled 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 would 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 of carbonyl-containing secondary
products were detected by IR and NMR spectroscopy.

Geminal acylation using 4 with the five gave 1,3-dil in modk

yield. With h 67 was the i of the product, which also

contained small amounts of isomeric compounds that were inseparable by flash
chromatography. The reactions of 4 with 1-tetralone and 4-chromanone provided minor,

but significant, amounts of the lactone pairs 70a,b and 72a,b (2.6 : 1 ratio in each case),
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and NOE measurements indicated that the E-isomer was the more abundant isomer.” A

lactone 74 was also a by-product of the reaction with benzophenone.

Me 0 o Me Q  Me
Me Me Me
(o} O, o
|
Y OO
70a X 70b X=CH, 7
72a i s

Solutions of diketone 71 in CH,Cl, were stirred for 24 hours at room temperature

with 4 equivalents of BF3-Et,0 under itions, and with 15 equi of
BF3Et;0 and 6 equivalents of water. In neither case were lactones 72a,b observed.

Furthermore, when the reaction of 4 with acetophenone was conducted at-20 °C it was

possible to intercept two di; i lob i iates 76 and 77,ina 5.7 :

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

er .) Thus, the regioselectivity of the initial aldol step was very high, and

facial ivity was ible for the production of 76 over 77. The process shown in
Scheme 7 would also account for the formation 70a,b, 72a,b, and 74.

HO OH HO OH

vh WA

*The 'H NMR spectra of the (minor) Z-lactones 70b and 72b showed one aromatic resonance just
dqwnfeld ©of 8 8. This feature was used to assign the Z-lactone structures to 57 and 59b.
© Similar attempts to obtain from I-indanone and I-tetralone at 20 °C gave

only the 1,3-diketone and lactone products.
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Geminal Acylation of Ketones iated by Boron Tri ide. 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 of 4 with BCl,
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 ion of i b
Scheme 8
Cl OR
I /
B 8
o o
) +MesSICl .0
BCly
o o
78 79 R = SiMe:
HF 7eaf BOR=H &
MeOl a
TFA " OH 9
% + (]
o <]
47 26 27

Addition of cyclohexanone to a solution of BCl, ("'BNMR §46.3) in CDCl,
resulted in a signal for the complexed BCI; at § 8.3 in the V"B NMR spectrum.'™
Introduction of 4 (**Si NMR'™ & 18.4 and 18.0) initiated the disappearance, over several
hours, of the BCl;-cyclohexanone complex and the emergence of a ''B NMR signal at &
27.6, which was ascribed to a very labile compound 78, and a ’Si NMR signal at § 29.9,

which was identified as Me;SiCl by admixture with genuine Me;SiCl (in a separate



experiment). Addition of water to the reaction medium caused the immediate
disappearance of the ''B NMR signal at § 27.6 and the emergence of a signal at § 20.3.
At the same time, the Me;SiCl signal was replaced by a ’Si NMR signal at 5 16.5.
Aqueous work-up gave a mixture of 79, the hydrolyzed product 80, and the diol-
cyclobutanone 47 (2.4 : 1.2 : 1, respectively). (Introduction of a large amount of Me;SiCl
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 spectrum (IR) at 1785 (C=0) and 1456 (B—
O)cm',a 9-proton singlet at 5 0.19 in its 'H NMR spectrum, BCNMR signals at § 215.5
(C=0),99.3 and 88.1 (quaternary C-O's), and 0.97 (SiMe;), and the ''B and *Si NMR
signals noted above. The ''B NMR signal for 80 was at 5 21.9, and the IR spectrum
included an absorption at 3214 cm™ (BO-H). Thus, the labile nature of the B-Cl bond,
relative to the B-F bonds of BF;, allowed the initial aldol to take place by an association
of 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 : 1 mixture of the borates 79 and 80 in TFA

at rt overnight gave both 26 and 3-fu 27(1.2:1). HF in methanol

smoothly converted 79 and 80 to a mixture of 47 and 26 (7.4 : 1), and the rearrangement
to 26 was completed in 87% yield from cyclohexanone by the addition of TFA without
the production of any 3-furanone 27.

A one-pot procedure was developed based on the above findings. Geminal

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

4.



Table 4. BCl3 Mediated Reactions of 4 with Various Ketones.

substrate product yield substrate product yield
(%) (%)

82

A

O,
P

o
<D=°

17 R=CHy 83 6
# iy B
67 R=CeHs® ° 47
o
Q i
81

.551
¢

98
29
t-Bu
29a,b (1:2) 6a

There was a great improvement in the overall yields of the diketones over the
previous procedure with BF;-Et;0. The relative stereochemistry of diketones 36a and
33a was the same as from the BF;-Et;O procedure, and the stereoselectivity in their

production was at least as good as with BF3-Et;0. The relative stereochemistry of 81, the



only product from 3 was

by an X-ray structure of the

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

two cyel diol ds 83a,b. C ison of their '°C NMR shifts with
those of 48 and other similar compounds indicated that they differed only in the face of 4

that had been attacked. However, 2: was an

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
aratioof84:1.9:1.9:1.1:1:1. Two of these, the major diol 84 and one of the minor

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

NMR data, although the relative ions at C-2 of the cy moiety could

not be determined.

oM on HO o
X
Me’
o Yo
84 X=H,Y=Me
83, 85 X=Me, Y=H

Whereas 85 rearranged cleanly to 29b in TFA, the major diol 84 gave only small
amounts of diketone 29a and 3-furanones 30a,b along with intractable material. Except

with acetophenone, starting materials were largely returned when conjugated ketones

(i 1-ind: and were subjs to the one-pot with 3
and BCl;. Acetophenone gave dione 67 in 52 % yield.
In summary, the mechanism of action of BCl; differs in an important way from

that of BF3-Et,0 because BCl; not only induces the initial aldol reaction, it is incorporated



into a cyclic borate that inhibits subsequent equilibration of the aldol product. The use of
BCl; now makes the formation of 4,4-dimethyl-1,3-cyclopentanediones by geminal

acylation a very attractive synthetic methodology.
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Experimental Section

General Section. Compounds 3, 4, and 51 were obtained using the method for
the preparation of 1 of Bloomfield and Nelke."” The CH;Cl; used in the geminal acylation
reactions was distilled from CaH,. All reactions were performed under N,. "Work-up"
usually consisted of addition of the reaction mixture to H;0, extraction of the aqueous
layer with CH,Cl,, washing with brine, drying of the combined organic solutions over
anhydrous MgSO; or Na;SOy, and evaporation of the solvent under vacuum. Flash
chromatography ("chromatography") used 230-400 mesh silica gel. IR spectra were
recorded on 2 Mattson 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). '"HNMR spectra were obtained on a General Electric GE-300

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

The following iations are used in iptions of 'H 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 reported.
Most product ratios were determined by integration of 'H NMR spectra. NOE
measurements were made from difference spectra and are reported as: saturated signal
(observed signal, enhancement). BCNMR spectra were recorded at 75 MHz; chemical
shifts are relative to solvent; the number of attached protons as determined by APT and
heteronuclear correlation spectra follows each chemical shift in parentheses. Overlap
may have prevented the reporting of all resonances when the spectral data of minor

components were obtained from spectra of mixtures. ''B NMR spectra were recorded at
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96.3 MHz; chemical shifts relative to an external BFyEt20 standard. *’Si NMR spectra
were recorded at 59.6 MHz; shifts were relative to an external chlorotrimethylsilane
reference. NMR FID data were processed using WinNuts (Acom 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 ion and structure inations were

performed by Dr. John Bridson and Mr. David Miller. Ultraviolet (UV) spectra were
recorded on a Varian Cary SE instrument. GC-MS spectra were recorded using a Hewlett
Packard model 5890 gas chromatograph coupled to a model 5970 mass selective detector.
A 12.5 m fused silica capillary column with cross linked dimethylsilicone as the liquid
phase was used for the GC-MS analyses.

omms  3-Methyl-1,2-bis(trimethylsilyloxy)cyclobutene (3). Colorless liquid,
::c OTMS  bPsmm 6972 °C; IR 1720 cm™; 'H NMR § 2.45 (1H, m, H3), 2.36 (1H,

3 dd, J=4.3, 10.0 Hz, H4), 1.65 (1H, dd, /= 1.2, 10.0 Hz, H4), 1.10 (3H,
d,J= 6.6 Hz, C3-methyl), 0.21 (9H, ), 0.20 (9H, s); "*C NMR & 125.4 (0, C2), 119.6 (0,
Cl),349 (2, C4), 33.3 (1, C3), 17.8 (3, C3-methyl), 0.35 (6C, 3); MS 244 (34, M"), 229
(19), 148 (12), 147 (83), 75 (12), 73 (100), 45 (20).

3.Di 1.2.

oms 33 ,2-bis(trii ily (@). Colorless

H=Cﬂm liquid, bp,, 60-61 °C; IR 1727 cm™; 'HNMR 5 197 (2H, 5, H4), 112
HC

4 (6H, 5, C3-methyl), 0.21 (9H, s), 0.18 (9H, s); *C NMR 5 128.6 (0,

C2), 118.3(0, C1), 42.7 (2, C4), 38.6 (0, C3), 24.2 (2C, 3, C3-methyls), 0.35 (6C, 3); MS
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258 (33, M), 242 (24), 152 (13), 148 (11), 147 (67), 75 (32), 74 (10), 73 (100), 69 (10),
60 (12), 58 (18), 57 (18), 56 (14), 55 (22); HRMS calcd for C12H,40;Si, 258.1470, found
258.1472.

General procedure for the reactions of 3 with ketones or acetals. Based on the
procedure of Jenkins and Bumell,s to a solution of ketone or acetal (2.0 mmol) in CH,Cl,
(10.0 mL) were successively added BF3-Et;0 (0.30 mL, 2.4 mmol) and 3 (0.73 g, 3.0
mmol). The mixture was stirred at rt for 24 h before H,O (0.30 mL) was introduced,
followed 10 minutes (min) later by BF5-Et,0 (3.7 mL, 30 mmol). The resulting black
solution was stirred for 24 h. Work-up and decolorization of a CH,Cl; solution by
activated charcoal and filtration through Florisil, gave the cyclopentanedione product(s).
For yields and product ratios see Table 1.

2-Ethyl-2,4-dimethylcyclopentane-1,3-dione (5a,b). From spectra of the
% mixture: IR 1765 (m), 1723 (s) cm™; 'H NMR & 3.10-2.96 (1H from each,
o two overlapping dd, H5), 2.96-2.77 (1H from each, m, H4), 2.37 (1H, dd, J
b _§7,18.3 Hz, HS),2.29 (IH, dd, J = 9.3, 18.0 Hz, HS), 1.80-1.55 (2H
from each, m, ethyl CHy), 1.29 (3H from each, d, J= 6.9 Hz, C4-methyl), 1.12 (3H, s,
C2-methyl), 1.09 (3H, s, C2-methyl), 0.81 (3H, t, J=7.5 Hz, ethyl CH3), 0.76 3H, 1,/ =
7.5 Hz, ethyl CH;); ’C NMR § 219.0218.6 (0, C3), 216.3/216.1 (0, C1), 57.2/57.0 (0,
C2),44.5/43.7 (2, C5), 41.7/40.9 (1, C4), 29.4/28.2 (2, ethyl CH), 20.2 (3), 17.9 (3), 15.7
(3), 15.1 (3), 9.4/8.9 (3, ethyl CHs); MS 154 (48, M), 139 (41), 84 (37), 69 (100), 55
(11),42(19), 41 (37); HRMS calcd for CoH}40, 154.0993, found 154.0985.



2 iro[4.4] 1,4-dione (6). Tan-colored oil; IR 1761 (m),
o 1719 (s) cm™; "HNMR §3.02 (1H, dd, J= 103, 17.7 Hz, H3), 2.88 (1H,
m, H2),2.35 (1H, dd, J=8.2, 17.7 Hz, H3), 1.90-1.70 (8H, m, H6-H9),
s 1.29 (3H, d, J = 7.0 Hz, C2-methyl); "’C NMR 5 2204 (0, C1), 217.6 (0,
C4),61.9 (0, C5), 42.3 (2, C3), 39.7 (1, C2), 35.4 (2), 324 (2), 25.1 (2), 253 (2), 13.7 3,
C2-methyl); MS 166 (98, M"), 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 caled for
C1oH 1402 166.0993, found 166.0995.
2-Methylspiro[4.5]decane-1,d-dione (7). Yellow oil; IR 1760 (m), 1718
o o (9 em™; 'HNMR §3.00 (1H, dd, J = 10.4, 17.6 Hz, H3), 2.90 (1H, m, H2),
234 (1H, dd, J=8.2, 17.6 Hz, H3), 1.90-1.42 (10H, m, H6-H10), 1.27
7 (3H,d,J= 6.9 Hz, C2-methyl); "’C NMR 5 218.0 (0, C1), 215.3 (0, C4),
55.5 (0, CS), 43.1 (2, C3),40.3 (1, C2), 30.5 (2), 28.6 (2), 24.9 (2), 20.5 (2), 203 (2), 15.6
(3, C2-methyl); MS 180 (100, M"), 151 (12), 138 (14), 126 (38), 125 (25), 113 (1), 111
(32), 110 (42), 109 (17), 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 caled for Cy1H;02
180.1149, found 180.1168.

2,6-Dimethylspiro[4.5]d 1,4-dione (8a-d). Spectra of the mixture:

° IR 1758 (m), 1716 (s) cm™; MS 194 (97, M"), 180 (11), 179 (89), 152 (13),

140 (20), 139 (34), 138 (12), 126 (93), 125 (26), 124 (13), 123 (15), 111

8ab (10), 110 (10), 109 (100), 96 (12), 95 (22), 81 (59), 79 (16), 77 (11), 69
(18), 68 (17), 67 (57), 55 (35), 54 (13), 53 (29), 43 (18), 42 (52), 41 (78), 40 (14); HRMS

caled for C12H30; 194.1306, found 194.1285. For 8a from the mixture: 'H NMR 5 3.03



(1H, dd, J=10.6, 18.2 Hz, H3), 2.12 (1H, dd, /= 9.0, 182 Hz, H3), 1.25

b (3H, d, J = 6.9 Hz, C2-methyl), 0.705 (3H, d, J = 6.6 Hz, C6-methyl); °C

NMR 5 219.6 (0, C1), 215.6 (0, C4), 60.4 (0, C5), 45.1 (2, C3), 40.0 (1,

8cd C2),34.9 (1, C6), 32.8 (2), 28.9 (2), 25.3 (2), 20.1 (2), 18.5 (3, C6-methyl),
14.8 (3, C2-methyl). For 8b from the mixture: 'H NMR 5 2.70 (1H, overlapped dd, H3),
2.41 (1H, overlapped dd, H3), 1.31 (3H, d, J = 7.0 Hz, C2-methyl), 0.74 (3H, d, J= 6.9
Hz, C6-methyl); "°C NMR 5 219.8 (0, C1), 217.2 (0, C4), 60.0 (0, C5), 4.1 (2, C3), 43.1
(1,C2),36.3 (1,C6), 322 (2), 29.1 (2), 25.3 (2), 20.2 (2), 18.1 (3, C6-methyl), 16.5 (3,
C2-methyl). For 8¢ from the mixture: '"H NMR & 3.08 (1H, dd, /= 10.5, 18.8 Hz, H3),
2.18 (1H, dd, J = 6.9 Hz, H3), 0.715 (3H, d, J = 6.4 Hz, C6-methyl); ’C NMR 5 218.3 (0,
C1),216.5 (0, C4), 60.7 (0, C5), 44.6 (2, C3), 39.9 (1, C2), 35.2 (1, C6), 32.9 (2), 28.9
(2),25.4(2),20.2(2), 18.3 (3, C6-methyl), 14.8 (3, C2-methyl). For 8d from the
mixture: 'H NMR 5 2.42 (1H, overlapped dd, H3), 1.32 (3H, d,J = 7.0 Hz, H3), 0.75 3H,
d,J=6.3 Hz, C6-methyl); °C NMR 5 218.6 (0, C1), 216.2 (0, C4), 59.6 (0, C5), 43.6 (2,
€3),35.7(1,C6), 32.0 (2), 199 (2, 16.3 (3, C2-methyl).

4 ylspiro(bicyclo[2.2.1]h 2,2'-cy 1',3'-dione

0 Ao (93-d). Spectra of the mixture: IR 1758 (m), 1716 (5) em™; MS 192 (39,
M"), 163 (56), 127 (12), 126 (100), 122 (14), 94 (11), 93 (55), 79 (21), 77
9ab (1), 67 (18), 66 (18), 65 (20), 53 (15), 42 (11), 41 (30); HRMS caled for
C12H150; 192.1149, found 192.1147. For 9a from the mixture: 'H NMR &
1.20 (3H, d,J = 6.9 Hz, C4-methyl); "°C NMR 5 215.5 (0, C3, 213.1 (0,
o C17.664(0,C2),492 (1), 440 (2),395(1), 373 2),369(1), 330 2),

28.0 (2), 24.1 (2), 15.4 (3, C4'-methyl); For 9b from the mixture: 'H NMR 5 2.82 (1H, dd,



J=9.0, 16.5 Hz, H5), 2.55 (1H, br m), 2.46 (1H, dd,J= 9.8, 16.5 Hz), 2.46 (1H, m), 2.36
(1H, m), 1.44 (3H, d, J= 7.2 Hz); "C NMR 5 216.1 (0, C3),213.2 (0, CI"), 65.4 (0, C2),
48.6 (1), 43.9 (2), 42.1 (1), 37.1 (2), 36.7 (1), 33.9(2), 27.7 (2), 24.5 (2), 17.6 (3, C4*-
methyl). For 9¢ from the mixture: '"H NMR & 3.23 (1H, dd, /= 11.4, 19.0 Hz, H5), 2.94
(1H, br m), 2.48 (1H, m), 2.36 (1H, m), 2.15 (1H, dd, J=8.7, 19.0 Hz, H5), 1.22 (3H, d,
J=6.9 Hz, C4-methyl); °C NMR 5 215.2 (0, C3'), 212.4 (0, C1'), 66.5 (0, C2), 49.1 (1),
43.2(2),40.5 (1), 37.0(2), 36.8 (1), 32.8 (2), 27.8 (2), 24.5 (2), 14.3 (3, C4'-methyl). For
9d from the mixture: °C NMR 5 216.5 (0, C3'), 213.4 (0, C1), 42.8 (2), 41.8 (1), 37.6
(2),34.1(2),27.7 (2), 17.6 (3, C4"-methyl).
2,7-Dimethylspiro[4.5]decane-1,4-dione (10a-d). Spectra of the mixture:
IR 1761 (m), 1718 (s) cm™'; 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
10a,b (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
0730 caled for Cy2His0: 194.1306, found 194.1306. 'H NMR for each isomer
contains & 3.03 (1H, m, H3), 2.88 (1H, m, H2), 2.33 (1H, m, H3), 2.00
thed (1H, m, H7), 1.27 (3H, d, J = 6.9 Hz, C2-methyl), (0.857 (3H,d, /=63
Hz) 0.86 (3H, d, J = 6.6 Hz), 0.85 (3H, d, J = 6.6 Hz), C7-methyl). For 10a/b: "C NMR
§217.9/217.9 (0, C1), 215.64/215.59 (0, C4), 56.5 (0, C5), 43.3 (2, C3), 40.9 (1, C2),
38.1/36.8 (2), 33.76 (2), 33.4 (2), 28.9 (2), 26.53/26.46 (1, C7), 22.5/22.4 (3, CT-methyl),
20.96/20.90 (2), 15.9 (3, C2-methyl). For 10¢/d: *C NMR 5 218.2/218.1 (0, C1), 215.0

(0, C4), 56.6/56.5 (0, C5), 43.4/43.3 (2, C3), 40.3/40.2 (1, C2), 38.6/36.5 (2), 33.80 (2),
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30.9(2), 28.5 (2), 26.7/26.3 (1, C7), 22.6/22.3 (3, C7-methyl), 21.02/20.8 (2), 15.7/15.6

(3, C2-methyl).

+Bu
1a

1-8-tert-Butyl-2-methyl-r-1-spiro[4.5]decane-1,4-dione (11a)

and c-8-tert-butyl-2 hyl-r-1-spiro[4.5]d 1,4-dione

(11b). Spectra of the mixture: IR 1756 (m), 1713 (s) cm’; MS
236 (44, M"), 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
caled for CysH,40; 236.1775, found 236.1773. For 11a from the
mixture: '"H NMR 62.96 (1H, dd, J= 104, 17.4 Hz, H3),2.33
(1H,dd,J=17.7, 17.4 Hz, H3), 1.26 (3H, d, /= 7.0 Hz, C2-
methyl); *C NMR 5 218.2 (0, C1), 215.4 (0, C4), 55.3 (0, C5),
46.8 (1,C8), 43.2 (2, C3), 40.8 (1, C2), 32.3 (0, +-butyl), 31.2

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

methyl). For 11b from the mixture: 'H NMR 8 3.02 (1H, dd J = 10.4, 18.0 Hz, H3). 2.33

(1H, dd, /= 8.9, 18.0 Hz, H3), 1.27 (3H, d, J = 6.9 Hz, C2-methyl); '*C NMR 5 218.1 (0,

C1).215.3 (0, C4), 55.4 (0, C5), 46.8 (1, C8), 43.3 (2, C3), 40.1 (1, C2), 32.3 (0, r-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) derivative 11¢ (derived from 11a, purified by

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

1589 em™; '"HNMR 8 11.11 (1H, brs), 9.12 (1H, d, /= 2.6 Hz), 831 (1H, dd, /=2.5,9.6

Hz), 792 (1H, d, J= 9.6 Hz), 3.27 (1H, dd, J = 104, 17.6 Hz), 2.83 (1H, br m), 2.43 (1H,

dd,/=8.7, 17.6 Hz), 1.85-1.60 (8H, m), 1.31 (3H, d, /=29 Hz), 1.14 (1H, br m), 0.95



(9H, 5); "CNMR 5 218.3 (0), 164.5 (0), 145.0 (0), 138.0 (0), 130.0 (1), 1293 (0), 123.4
(1), 1163 (1), 52.7 (0), 46.9 (1), 40.4 (1), 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 calcd for Cz,HsOsNs 416.2058,

found 416.2047. The structure of 11¢c was ined by X-ray cr
OH (2R/5 AR/S)-2-(c-4-tert-Butyl-r-1-hydroxyey 2
mum hydroxy-4-methylcyclobutanone 12a and (2R/S,35/R)-2-(c-4-
H
11!0 tert-bt -;I 1 y y ‘IL,A ;, 'I‘;I
OH o, cyclobutanone 12b. Compound 3 (0.34 g, 1.4 mmol) was added
L 5 b to a solution of 4-fert-butylcyclohexanone (219 mg, 1.42 mmol)
o)
12b and BF3-Et;0 (0.17 mL) in CH,Cl; (7.0 mL). The mixture was

stirred at rt for 4.5 h. Work-up gave an oily, tan solid (304 mg). 'H NMR analysis
revealed this to be a mixture of 12aand 12bina3.3 : | ratio,and 11aand 11bina26: 1

ratio, with the ratio of cycls to di being 6: 1.

Cyclobutanones 12a and 12b could not be separated by flash chromatography. Spectra of
the mixture: IR 3453, 3357, 1767 cm™'; MS no M", 236 (2), 166 (18), 155 (23), 137 (11),
123 (11), 109 (13), 98 (21), 95 (20), 83 (11), 82 (10), 81 (28), 71 (10), 69 (14), 67 (15),
57 (100), 55 (22), 53 (10), 43 (26), 42 (11), 41 (49); HRMS calcd for CysH240; (M" -
H;0) 236.1775, found 236.1775. For 12a from the mixture: 'H NMR & 3.30 (1H, br s,
OH), 3.05 (1H, br m, H4), 2.58 (1H, apparent t, /= 11.8 Hz, H3), 1.86 (1H, m), 1.81-
1.45 (4H, m), 1.45-1.27 (3H, m). 1.24 (3H, d, J = 7.3 Hz, C4-methyl), 0.96 (1H, m, H4"),
0.87 (9H, s, r-butyl); "°C NMR 5 215.7 (0, C1), 94.5 (0. C2), 72.7 (0, C1'), 49.6 (1, C4),

47.7(1,C4), 32,6 (2, C2), 32.4 (0, r-butyl), 32.3 (2), 30.9 (2), 27.5 (3C, 3, r-butyl), 21.9



(2),21.8 (), 14.4 (3, Cd-methyl). For 12b from the mixture: 'H NMR 5 2.48 (1H, dd, J
=6.0, 17.8 Hz, H4), 1.18 (3H, d, J = 6.9 Hz, C3-methyl); °C NMR 5 213.6 (0, C1), 95.2
(0,C2),73.3 (0, C1'), 50.6 (1, C4), 47.6 (1, C4'), 32.5 (0, t-butyl), 32.4 (2), 32.1 (2), 30.6
(2),27.5 (3C, 3, -butyl), 21.8 (2), 21.7 (2), 14.4 (3, C3-methyl).

MeO oy CROARS)-2-(c-4-tert-Butyhr-L i
t-Bu; thyl-2-(tri i y 13a and
"o d
13a (2R/S,35/R)-2-(c-4-tert-butyl-r-1-methoxycy 3
o TS .
e0 4 thyl-2-(¢ y 13b. Based on the
By A o procedure of Kuwajima,' compound 3 (0.53 g, 2.1 mmol) was

13b added dropwise over 2-3 min to a solution at —78 °C of 4-tert-

butylcyclohexanone dimethy! acetal (0.39 g, 2.0 mmol) and BF3-Et;0 (0.24 mL) in
CHaCla (3.0 mL). After stirring at this temperature for 6 h, the reaction mixture was
poured into aqueous NaHCO; solution (10 mL) and extracted with Et;0 (2 x 40 mL).

The combined organic layers were washed with H>O (40 mL) and brine (40 mL) and
dried over anhydrous MgSO;. Evaporation of the solvent under vacuum left a viscous.
colorless oil (0.66 g, 99%) as a | : 4.1 mixture of 13a and 13b. Spectra of the mixture: [R
1775 (s) cm™; MS 340 (2, M), 170 (12), 169 (100), 81 (23), 75 (13), 73 (64), 67 (11), 59
(14), 57 (43). 41 (18); HRMS calcd for C oH360:Si 340.2432, found 340.2413. For 13a
from the mixture: 'H NMR 5 3.29 (3H, s, OCH3), 0.14 (9H, s, OTMS); BCNMR 5214.2
(0, C1),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: 'H NMR & 3.28 (3H, 5, OCH3), 2.94 (dd, /= 10.7, 18.0 Hz, H4), 2.83~
2.68 (m, H3), 2.33 (dd, J= 6.3, 18.0 Hz, H4), 2.19-2.05 (2H, m), 1.84-1.70 (1H, m),

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
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(1H, m, H4'), 0.84 (9H, s, t-butyl), 0.16 (9H, s, OTMS); *C NMR §212.2 (0, C1), 9.3
(0,C2),75.9(0, C1'), 51.7 (3, OCH3), 50.1 (2, C4), 47.3 (1, C4'), 32.2 (2),27.5 (3C, 3, 1-
butyl and 1C, 2), 27.1 (1, C3), 22.2 (2), 22.1 (2), 15.2 (3, C3-methyl), 1.8 (3C, 3, OTMS).

This mixture of 13a and 13b (114 mg, 0.335 mmol) was stirred in TFA (1.0 mL)
at rt for 20 h. Work-up afforded 82.6 mg of a pale brown oil consisting largely of 11a

and 11binal : 3.6 ratio.

(, DR'A R/S)-2. { 1 4 'y 4.
BnO OTMS
I»Bu\mﬁ thyl-2-(tri i ) 14a and
H g
- QR/S3ISR)2-r-1 4t 3
810 IS methyl-2-trimethylsityloxy 14b. Based on the
tBu procedure of Kuwajima,' compound 3 (0.54 g, 2.2 mmol) was
Ho
14b added over 2-3 min to a CH,Cl, (3.0 mL) solution of 4-ter-

butylcyclohexanone dibenzyl acetal (0.70 g, 2.0 mmol) and BF3:Et;0 (0.25 mL) at -78
°C. Stirring at this temperature for 9.5 h. followed by work-up and chromatography gave
0.79 g (96%) of a white solid. consisting of a | : 7.4 mixture of 14a and 14b. Spectra of
the mixture: IR 1775 em™'; MS 416 (0.3, M"), 245 (12), 143 (13), 92 (14), 91(100), 75
(13), 73 (46), 57 (19). For 14a from the mixture: '"HNMR 5 4.68 (1H, d, /= 10.0 Hz,
benzyl), 4.61 (1H. d,J = 10.0 Hz, benzyl), 0.16 (9H, s, OTMS); *C NMR 5 213.8 (0,
C1),97.5(0, C2), 75.9 (0, CI'), 65.3 (2, benzyl), 48.4 (1, 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: 'H NMR & 7.50-7.18
(5H, m, aryl), 4.58 (1H, d, /= 11.7 Hz, benzyl), 4.49 (1H, d, /= 11.7 Hz, benzyl), 2.92
(1H, m, H4), 2.86 (1H, br m, H3), 2.40-2.26 (2H, overlapping m), 1.89 (1H, m, H4),

1.68-1.50 (2H, m), 1.42 (1H, m), 1.33-1.24 (2H, m), 1.20 (1H, apparent dd, J=4.7, 12.2



Hz), 1.13 (3H, d, J= 7.0 Hz, C3-methyl), 0.98 (1H, br m, H4)), 0.85 (9H, s, t-butyl), 0.19

(9H, s, OTMS); *C NMR 5 212.0 (0, C1), 140.0 (0), 128.2 (1), 127.1 (1), 127.0 (1), 99.5

(0, C2), 76.1 (0, C1'), 65.4 (2, benzyl), 50.2 (2, C4), 47.1 (1, C4), 33.0 (2), 32.4 (0, -

butyl), 27.8 (2), 27.5 (3C, 3, t-butyl), 27.1 (1, C3), 22.2 (2), 22.1 (2), 15.3 (3, C3-methyl),

1.8(3C, 3, OTMS).

H o

(2R/S,4R/S)-2-(r-1 4 i 2
)-2-( yley )

hydroxy-4-methylcyclobutanone 15a and (2R/S,3S/R)-2-(r-1-

4 2-hyd: 3.
yloxy Y yl)-2-hy Y

methylcyclobutanone 15b. Treatment of the above mixture of

14a,b (0.20 g, 0.48 mmol) with TBAF (0.60 mL, 1.0 M in THF)
in Et;0 (4.0 mL), followed by chromatography afforded 15a and
15b (total 0.142 g, 84%). '"HNMR signals for a very minor third
isomer, tentatively ascribed structure 16, were noted in some

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

1607 (w), 1497 (m) cm™. MS (mixture) no M”, 155 (13), 92 (13). 91 (100), 86 (28), 84

(46), 81 (16), 79 (15). 67 (10), 57 (67), 55 (14), 47 (13). 43 (21), 41 (36). For 15a: 'H

NMR 8 7.60-7.21 (5H, m, aryl), 4.71 (1H, d, /= 11.1 Hz, benzyl), 440 (1H,d,/J=11.0

Hz, benzyl), 3.45 (1H, s, OH), 3.00 (1H, m, H4), 2.59 (1H, apparent t, J = 12.2 Hz, H3),

2.04 (1H. ddd, /= 3.0, 6.0, 13.2 Hz), 1.96 (1H, ddd, /= 3.1,6.1, 13.2 Hz), 1.72 (1H, dd,

J=9.2,12.2 Hz, H3 syn to methyl), 1.71-1.58 (2H, m), 1.55-1.27 (4H, m), 1.24 (3H,d,J

= 7.2 Hz, C4-methyl), 1.01 (1H, m, H4’), 0.87 (9H, s, -butyl); NOE data 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%); *C NMR 5 214.8



(0, C1), 138.7 (0, aryl), 128.4 (2C, 1), 127.5 (2C, 1), 95.6 (0, C2), 76.9 (0, C1"), 64.4 (2,
benzyl), 49.0 (1, C4), 47.4 (1, C4'), 32.8 (2, C3), 32.4 (0, t-butyl), 31.2 (2), 28.3 (2), 27.5
(3C, 3, -butyl), 22.0 (2C, 2, C3', CS"), 14.4 (3, C4-methyl). For 15b: 'H NMR & 7.54—
7.20 (SH, m, aryl), 4.73 (1H, d, J= 11.2 Hz, benzyl), 4.42 (1H, d,J = 11.2 Hz, benzyl),
3.35(1H, s, OH), 2.99 (1H, dd, J=10.4, 17.7 Hz, H4), 2.62 (1H, br m, H3), 2.48 (1H, dd,
J=6.4,17.7 Hz, H4 syn to methyl), 2.08 (1H, ddd, J= 3.2, 6.2, 13.7 Hz), 1.93 (1H, ddd,
J=3.1,6.0, 129 Hz), 1.64 (2H, m), 1.55-1.26 (4H, m), 1.20 (3H, d, J=7.0 Hz, C3-
methyl), 1.02 (1H, m), 0.87 (9H, s, t-butyl); NOE data 4.73 (2.08, 3%), 2.99 (2.62, 4.5%;
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%); "C NMR &
212.2(0,C1), 138.8 (0, aryl), 128.4 (2C, 1), 127.5 (2C, 1), 95.9 (0, C2), 77.5 (0, C1"),
64.6 (2, C4), 50.1 (2, benzyl), 47.4 (1, C3), 32.4 (0, +-butyl), 30.8 (2), 28.3 (1, C4), 27.8
(2),27.4 (3C, 3, t-butyl), 22.0 (2C, 2), 14.1 (3, C3-methyl). For tentative 16 (from
mixture of 15a and 16): "H NMR 5 4.75 (1H, overlapped d, benzyl), 4.49 (1H,d, /=113
Hz, benzyl), 2.29 (1H, dd, J = 11.4, 12.9 Hz, H3), 1.84 (1H, dd, /= 9.9, 12.9 Hz, H3),
1.17 (3H, d, J = 6.5 Hz, C4-methyl).

A mixture of 15a,b (105 mg, 0.251 mmol) was stirred in TFA (1.0 mL) at rt for 4
h. Work-up afforded 76 mg of an oily, yellow solid consisting largely of 11a and 11b, in
aratioof 1:7.5.

Hydrogenolysis of 152 and 15b. A mixture of 15a and 15b (4.3 : 1; 64 mg, 0.19
mmol) in EtOH (3.5 mL) and AcOH (0.5 mL) with 10% Pd on charcoal (15 mg) under H,

(1 atm) for 18 h gave 42 mg (96%) of 12a and 12b (5.1 : 1).



Homogeneous 15b (58 mg, 0.17 mol) in EtOH (3.5 mL) and AcOH (0.5 mL) with
10% Pd on charcoal (13 mg) under H, (1 atm) for 48 h gave 42 mg (100%) of 12a and
12b(52:1).

General procedure for the reactions of 4 with ketones. BF;-Et;0 (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 CH,Cl; (10.0 mL). The mixture was stirred at rt for 24 h. H,0 (0.30 mL) was
introduced followed 10 min later by BF3-Et;0 (3.7 mL, 30 mmol). The resulting black
solution was stirred for 1-3 h, except for the reaction with 2-methylcyclohexanone, which

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

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

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

ic isomers of 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-Tetramethyl-1,3-cyclopentanedione (17). Faint yellow oil (faint
0§0 yellow solid below 4 °C); IR 1763 (m), 1725 (s) cm™; 'H NMR & 2.66 (2H,
17 s, H5), 1.25 (6H, s, C2-methyls), 1.17 (6H, s, C4-methyls); *C NMR &
220.8 (0. C3),216.4 (0, C1), 51.6 (0, C2), 50.1 (2, C5), 46.6 (0. C4), 25.5 (2C, 3, C4-
methyls), 21.4 (2C, 3, C2-methyls); MS 154 (15, M"), 70 (100), 42 (31), 41 (16); HRMS

caled for CoH140, 154.0993, found 154.0993.
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4,5-Dibydro-2 - 5,5-dimethyl-32H) a8).

3 Yellow oil; IR 1724 (s), 1644 (m) cm™'; 'H NMR § 2.48 (2H, s, H4), 2.07
7E10$=< (3H, 5), 1.79 (3H, 5), 1.39 (6H, s, C5-methyls); 3C NMR 5 199.7 (0, C3),
8 1433(0,C2),120.1 (0, C2), 77.9 (0, C5), 50.5 (2, C4), 28.1 (2C, 3, C5-
methyls), 19.5 (3), 16.8 (3); MS 154 (42, M"), 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-Dimethylhept-5-ene-3,d-dione (19). Yellow oil; '"HNMR 5 6.71
(1H, m, H5), 3.47 (1H, septet, J = 6.9 Hz, H2), 2.26 (3H,d, /= 1.2 Hz),
19 2.02 (3H,d,J=1.2 Hz), 1.10 (6H, d, J = 6.9 Hz, H1, C2-methyl); MS
(from GC-MS) 154 (5, M"), 128 (10), 83 (12), 70 (33), 59 (23), 57 (10), 56 (43), 55 (11),
44 (31),43 (100), 41 (31).
2-Ethyl-2,4,4-trimethylcyclopentane-1,3-dione (20). Yellow oil; IR
1764 (m), 1722 (s) cm™; 'H NMR 5 2.67 (1H, d, J = 18.2 Hz, H5), 2.57
(1H,d, J=18.2 Hz, H5), 1.67 (2H, q, J = 7.5 Hz, ethyl CHy), 1.25 (3H, 5,
C4-methyl), 1.24 (3H, s, C4-methyl), 1.15 (3H, s, C2-methyl), 0.80 (3H, t,
J=1.5Hz, ethyl CH;); '*C NMR § 221.2 (0, C3), 216.5 (0, C1), 56.7 (0, 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 (11, M"), 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 for CyoHy60; 168.1149, found 168.1158.



(E)- and (2)4,5-Dibydro-2 idene-5,5-dimethyl-3(2H)-
furanone (21a,b). From spectra of the mixture: IR 1725, 1639 cm™; 'H
Gl NMR §2.58 (2H, q,J = 7.5 Hz, ethyl CHy), 2.16 (2H, q, J="7.5 Hz,
He ethyl CH;), 2.482 (2H, s, H4), 2.475 (2H, s, H4), 2.06 (3H, 5, C2*-
methyl), 1.78 (3H, s, C2-methyl), 1.39 (6H, s, C5-methyls), 1.38 (6H, s, C5-methyls),
1.02 (3H, 1, J=7.5 Hz, ethyl CH;), 1.00 (3H, 1, /= 7.5 Hz, ethyl CH;); "°C NMR §200.5
(0,C3),199.6 (0, C3), 143.3 (0, C2), 142.9 (0, C2'), 126.6 (0, C2), 126.0 (0, C2), 78.1 (0,
C5), 78.0 (0, C5), 50.7 (2, C4), 50.6 (2, C4), 28.21 (3, CS-methyls), 28.16 (3, C5-
methyls), 26.4 (2), 23.4 (2), 169 (3), 14.5 (3), 12.9 (3), 11.4 (3); MS 168 (62, M"), 153
(18), 85 (13), 84 (98), 83 (22), 69 (100), 57 (17), 56 (33), 55 (31), 43 (33), 41 (76).
2,6-Dimethyloct-2-ene-4,5-dione (22). Yellow oil; IR 1710, 1677, 1618
i = com’;'"HNMR 86.72 (1H, m, H3), 3.36 (1H, q,/ = 6.7 Hz, H6), 2.06
(3H,5),2.02 (3H, 5), 1.69 (1H, m, H7), 1.38 (1H, m, H7), 1.07 3H, d,J
2 =7.0 Hz, C6-methyl), 0.8 (3H, t, /= 7.4 Hz, H8); *C NMR 5205.2 (0),
188.2(0), 163.4 (0, C3), 117.5 (1, C2),40.0 (1, C6), 28.5 (3), 25.3 (2). 21.6 (3), 15.0 (3),
11.5 (3); MS 168 (2, M"), 83 (100), 57 (16), 55 (32), 41 (10).

2,2-Dii

pirol: 1,4-dione (23). Pale yellow oil; IR 1761
5 (m), 1721 (s) em™; 'H NMR 5 2.62 (2H, m, H3), 1.93-1.75 (8H, m, H6-
H9), 1.24 (6H, s, C2-methyls); "°C NMR 5 221.6 (0, C1), 216.4 (0, C4),
< 61.6 (0, C5), 50.9 (2, C3), 46.4 (0, C2), 36.5 (2C, 2), 27.2(2C, 2), 25.2
(2C, 3, C2-methyls); MS 180 (26, M"), 96 (100), 68 (25), 41 (14); HRMS calcd for

C11Hi60; 180.1149, found 180.1139.
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° 2-Cyclopentylidene-4,5-dihydro-5,5-dimethyl-3(2H)-furanone (24).

7(%=O 'H NMR (impure sample)  2.78 (2H, m), 2.48 (2H, s, H4), 1.42 (6H,
o

2 s, C5-methyls); MS (from GC-MS) 180 (33, M"), 96 (100), 68 (35), 41
(32).
2,2,7-Trimethylspiro[4.4) 1,4-dione (25a,b). From spectra of the
o & mixture: IR 1760 (m), 1721 (s) cm™; for major isomer: 'HNMR 5 2.64

(1H,d,J=17.8 Hz, H3), 2.56 (1H, d, /= 17.8 Hz, H3), 225 (1H, br m,

26ab  H7),2.05-1.68 (4H, m), 1.55-1.30 (2H, m), 1.22 (6H, 5, C2-methyls), 1.04
(3H, d, J = 6.6 Hz, C7-methyl); °C NMR 5 221.5 (0, C1), 216.0 (0, C4), 61.9 (0, C5),
509 (2, C3), 462 (0, C2), 44.3 (2), 362 (2), 35.9 (1, C7), 35.3 (2), 25.3 (3, C2-methyl),
25.1 (3, C2-methyl), 18.6 (3, C7-methyl); for minor isomer: '"HNMR 5 1.23 (6H, 5, C2-
methyls); °C NMR & 221.3 (0, C1), 216.2 (0, C4), 62.0 (0, C5), 50.7 (2, C3), 46.3 (0,
C2),43.8 (2), 35.8 (1, C7), 35.6 (2), 35.2 (2), 25.2 (3, C2-methyl), 25.0 (3, C2-methyl),
19.5 (3, C7-methyl). MS 194 (22, M"), 111 (14), 110 (100), 95 (26), 82 (11), 81 (12), 68
(26), 67 (44), 56 (1), 55 (12), 53 (10), 41 (32), 40 (20); HRMS calcd for C12Hi502
194.1306, found 194.1322.

22-D piro[4.5]d 1,4-dione (26). White solid, mp 41.5-43
o “CiIR1760(m), 1719(5) em™; '"HNMR 5 2.61 (2H, m, H3), 1.75-1.40
(10H, m, H6-H10), 1.22 (6H, 5, C2-methyls); *C NMR 8 220.3 (0, C1),
2 2163 (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"), 111 (12), 110 (100), 82
(24), 81 (10), 67 (55), 55 (10), 54 (15), 53 (10), 41 (29); HRMS caled for CioHis0;
194.1306, found 194.1320.
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2-Cyclohexylidene-4,5-dihydro-5,5-dimethyl-3(2H)-furanone (27).

o
7[S=<:> Yellow oil; IR 1724, 1637 cm™"; '"H NMR § 2.74 (2H, m), 2.48 (2H, 5,
o H4),2.25 (2H, apparent triplet, J = 5.4 Hz), 1.65-1.40 (6H, m, H3'-
27

HS"), 1.38 (6H, 5, C2-methyls); "*C NMR 5 200.8 (0, C3), 140.8 (0,
C1%), 128.7 (0, C1), 77.8 (0, C5), 50.9 (2, C4), 28.6 (2), 28.1 (2C, 3, C5-methyls), 27.9
(2),27.3 (2),26.3 (2),25.9 (2); MS 194 (38, M"), 111 (12), 110 (100), 82 (24), 81 (10),
67 (55), 55 (10), 54 (15), 53 (10), 41 (29).
1-Cyclohexyl-4-methylpent-4-ene-1,2-dione (28a) and 1-cyclohexyl-4-
methylpent-3-ene-1,2-dione (28b). An attempt to separatea 1.2: 1

mixture by ive TLC led i to ization of 28a to

28b. For 28a (from the mixture): 'H NMR 5 4.97 (1H, m, H5), 4.79 (1H,

28ab

m, H5), 3.13 (1H, m, H1"), 3.44 (2H, 5, H3), 1.77 (3H, 5, C4-methyl); MS
(from GC-MS) 194 (4, M"), 83 (100), 55 (31). For 28b: yellow oil; IR 1710, 1678, 1613
cm™; 'H NMR 5 6.69 (1H, m, H3), 3.24 (1H, m, H1'), 2.26 (3H, 5), 2.01 (3H, 5), 1.79
(3H, m), 1.70 (1H, m), 1.30 (4H, m); "*C NMR 5 204.5 (0), 188.3 (0), 163.3 (0, C4),
117.6 (1, C3),43.1 (1,C1"), 28.5 (3), 27.8 (2C, 2), 25.8 (2), 25.4 (2C, 2), 21.6 (3); MS
(from GC-MS) 194 (2, M"), 111 (39), 83 (100), 55 (70).
2,2,6-Trimethylspiro[4.5]decane-1,4-dione (29a,b). For 29a: IR 1759
(m), 1717 (s) cm'; 'H NMR 6 2.69 (1H, d, /= 18.3 Hz, H3), 2.39 (1H, d,J
=18.3 Hz, H3), 1.26 (3H, 5, C2-methyl), 1.20 (3H, s, C2-methyl), 0.74

(3H, d,J= 6.5 Hz, C6-methyl); *C NMR 5 222.0 (0, C1), 216.2 (0, C4),
60.4 (0, C5), 51.9 (2, C3), 45.6 (0, C2), 35.7 (1, 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-methyl). From spectra of the
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mixture: 29b: 'H NMR 5 2.74 (1H, d, /= 18.6 Hz, H3), 2.46 (1H, d,J=
Ao 18.6 Hz, H3), 1.29 (3H, s, C2-methyl), 1.16 (3H, 5, C2-methyl), 0.73 GH,
d,J= 6.2 Hz, C6-methyl); MS 208 (57, M"), 193 (38), 153 (13), 140 (34),
200 124 (38), 110 (10), 109 (100), 95 (10), 96 (13), 81 (27), 67 (33), 56 (12),
55 (21), 53 (12), 41 (29); HRMS caled for C3Hx00; 208.1462, found 208.1458.
4,5-Dihydro-5,5-dimethyl-2-(2-methylcyclohexylidene)-3(2H)-
7'\)§=b furanone (30a,b). From spectra of the mixture: UV (cyclohexane)
291 nm (¢ = 9,600); IR 1721, 1630 cm™; "H NMR § 4.02 (1H, m,
e H2'), 3.64 (1H, br d, J = 14.6 Hz, H6'), 2.98 (1H, m, H2)), 2.60 (1H,
m, H6'), 2.48 (2H, 5, H4), 2.47 (2H, 5, H4), 1.94 (1H, m, H6'), 1.40 (3H, 5), 1.384 (3H, ),
1.376 (3H, s), 1.36 (3H, 5), 1.11 (6H, d, J = 7.2 Hz, C2"-methyl); *C NMR 6201.1 (0,
C3),200.4 (0, C3), 140.8 (0, C1), 140:6 (0, C1"), 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 (1, C2), 26.7 (1, C2), 28.1 (4C, 3,
C5-methyls), 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 (11); HRMS calcd for Cj3Hz002 208.1462, found 208.1470.

° (trans)- (31) and (cis)-4-Methyl-1-(2-methylcyclohexyl)pent-3-ene-
1,2-dione (32). From spectraofa 2.4 : 1 mixture: IR 1706, 1676, 1614
cm™; for 31: 'H NMR § 6.74 (1H, m, H3), 3.06 (1H, m, H1'), 2.26 (3H, 5,
3,32 Ca-methyl), 2.02 (3H, s, C4-methyl), 0.79 (3H, d, J = 6.2 Hz, C2"-

methyl); C NMR 5204.9 (0), 187.9 (0), 163.5 (0), 117.1 (1, C3), 49.4 (1, C1),20.6 (3,



C2"methyl). For 32: "H NMR 5 6.67 (1H, m, H3), 3.46 (1H, m, H1Y), 2.26 (3H, 5), 2.02
(3H, 5), 0.81 (3H, d, J = 6.4 Hz, C2'-methyl); *C NMR 5 204.8 (0), 188.5 (0), 163.2 (0),
117.4 (1, C3), 45.7 (1, C1"), 14.9 (3, C2'-methyl); MS 208 (3, M"), 97 (30), 83 (100), 55
(33).
(LR/S,2S/R,AS/R)-4' 4'-Dimethylspiro(bicyclo[2.2.1]heptane-2,2'-
5 o cyclopentane)-1',3"-dione (33a). Yellow oil; IR 1758 (m), 1717 (s)
em'; '"HNMR 5 2.72 (1H, d, J= 169 Hz, H5), 243 (1H, d, /= 169
;31 Hz, HS), 2.49 (1H, m), 2.36 (1H, m), 2.05 (1H, m), 1.69 (1H, ddd, J
=29,4.0, 122 Hz), 1.53 (1, brm), 1.43 (3H, 5, C4-methyl), 1.42-
W 1.28 (4H, m), 1.23 (1H, m), 1.04 (3H, 5, C4-methyl); *C NMR 5
H"I“unm 218.5 (0, C3),213.6 (0, C1), 64.8 (0, C2), 51.2 (2, C5), 49.1 (1),

B 46.1 (0, C4), 37.4 (2), 36.7 (1), 34.5 (2), 27.7 (2), 26.5 (3, C4-
methyl), 25.6 (3, C4-methyl), 24.6 (2); MS 206 (54, M"), 177 (31), 140 (76), 122 (85), 94
(13), 93 (100), 83 (12), 79 (20), 77 (10), 67 (19), 66 (17), 65 (17), 56 (10), 55 (12), 53
(13), 41 (29); HRMS calcd for Cy3H;502 206.1306, found 206.1313. For the 1'4(2,4-
dinitrophenylhydrazone) derivative 33¢ (purified by recrystallization): red-orange solid,
mp 199.5-201 °C; IR (Nujol) 3307, 1747, 1739 em™; "HNMR & 11.2 (1H, br s), 9.15
(1H, d,J=2.6 Hz), 8.36 (1H, dd, J=2.5, 9.6 Hz), 7.99 (1H, d, J= 9.6 Hz), 2.81 (1H, d,J
=16.6 Hz), 2.49 (1H, d, J = 16.6 Hz), 2.41 (2H, apparent t, J = 4.2 Hz), 2.15 (1H, m),
1.96 (1H, ddd, J=2.7,3.9, 12.0 Hz), 1.73 (1H, dd, /= 2.8, 12.1 Hz), 1.69-1.55 (2H, m),
1.49 (1H, br m), 1.40-1.28 (2H, m); °C NMR 5 218.9 (0), 162.1 (0), 145.1 (0), 138.0 (0),
1302 (1), 129.2(0), 123.4 (1), 116.1 (1), 61.1 (0), 48.6 (1), 45.7 (0), 394 (2), 37.6 (2),
37.3(2),36.8 (1), 28.1 (2), 26.6 (3), 26.2 (3), 24.4 (2); MS 386 (43, M), 351 (20), 340



(12), 320 (38), 319 (11), 285 (15), 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 (11), 41 (100); HRMS calcd for CygH22N4Os 386.1589, found

386.1569. The structure of 33¢ was ined by X-ray cr b
(R/S2R/S AS/R)-4'4"-Dimethylspiro(bicyclo[2.2.1]heptane-2,2'-
02\ S0 cyclopentane)-1',3'-dione (33b). One chromatographic fraction contained

a minor amount of the isomer 33b along with 33a. Signals for 33b in the
30 mixture: 'HNMR 52.88 (1H, d, J = 18.1 Hz, H5), 1.33 (3H, s, Cé-methyl),
1.13 (3H, s, C4-methyl).
2-(2-Bicyclo[2.2.1]heptylidene)-4,5-dihydro-5,5-dimethyl-3(2H)-

m furanone (34a,b). From spectra of the mixture: IR 1726, 1658 cm™;

2 for the major isomer: 'H NMR 5 3.87 (1H, m), 2.47 (2H, 5, H4), 1.41

e (6H, s, C5-methyls); *C NMR 5 199.4 (0, C3), 140.2 (0, C1"), 133.3
(0, C2), 78.9 (0, C5). For the minor isomer: 'HNMR 8 3.05 (1H, m), 2.45 (2H, s, H4),
1.38 (6H, s, CS-methyls); *C NMR 5 200.3 (0, C3), 139.5 (0, C1), 132.5 (0, C2), 79.0 (0,
C5); MS 206 (80, M"), 191 (15), 178 (24), 123 (16), 122 (82), 94 (23), 93 (100), 80 (22),
79 (27), 77 (11), 66 (16), 65 (22), 53 (13), 41 (16).



4.4

12.2.2]octane-2.2" 1',3'"-dione

(35). Tan-colored solid, mp 30-32 °C; IR 1755 (m), 1714 (s) em™; 'H
0

NMR 62,88 (1H, d, J = 17.3 Hz, H5), 240 (1H, d, /= 17.3 Hz, H5), 1.82

35 (1H, m), 1.78-1.71 (3H, m), 1.71-1.63 (2H, m), 1.63-1.52 (2H, m), 1.52-

1.41 (2H, m), 1.38 (3H, 5, C4-methyl), 1.37-1.29 (2H, m), 1.06 (3H, s, C4-methyl); "*C

NMR 5 218.4 (0, C3),214.3 (0, C1), 61.5 (0, C2), 49.9 (2, C5), 45.7 (0, C4), 32.4 (1),

28.1(2), 26.7 (3, C4-methyl), 25.8 (3, C4-methyl), 24.4 (2), 24.0 (2),23.1 (1), 21.6 (2),

20.9 (2); MS 220 (59, M), 141 (13), 140 (89), 137 (11), 136 (100), 125 (20), 108 (15),

107 (27), 93 (25), 89 (14), 81(20), 80 (37), 79 (70), 78 (11), 77 (28), 67 (17), 66 (16), 65

(11), 56 (13), 55 (20), 53 (23), 43 (10), 41 (62); HRMS caled for C,sH00; 220.1462,

found 220.1459.

£-8-tert-Butyl-2,2-dimethyl-r-1-spiro[4.5]d¢ 1,4-dione
(36a). White solid, mp 84-86 °C; IR 1752 (m), 1713 (s) cm’;
'HNMR 5 2.60 (2H, m, H3), 1.80-1.37 (8H, m, H6, H7, H9,
H10), 1.21 (6H, 5, C2-methyls), 1.06 (1H, br m, H8), 0.87 (9H,
s, t-butyl); ®C NMR 5 220.5 (0, C1), 216.1 (0, C4), 5.0 (0, C5),
50.4 (2, C3), 46.8 (1, C8), 46.3 (0, C2), 32.4 (0, r-butyl), 31.4
(2C, 2),27.3 (3C, 3, t-butyl), 25.3 (2C, 3, C2-methyls), 21.9 (2C,
2); MS 250 (68, M"), 235 (20), 194 (73), 193 (38), 166 (16), 152

(10), 151 (10), 140 (20), 139 (19), 123 (11), 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); HRMS caled for CygHz60; 250.1931, found 250.1952. For the

42,4-ini "

36b (purified by recrystallization): orange
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solid, mp 234-235 °C; IR (Nujol) 3312 (m), 1746 (m), 1712 (sh), 1618 (s), 1595 (s), 1518
(m) cm™; "HNMR 5 11.12 (1H, brs), 9.13 (1H, d, J= 2.5 H2), 8.32 (1H, dd, J=2.5,9.6
Hz), 7.93 (1H, d,J = 9.6 Hz), 2.78 (2H, m), 1.75-1.65 (8H, m), 1.25 (6H, 5), 1.17 (1H, br
m), 0.95 (9H, 5); °C NMR 5 220.8 (0), 164.6 (0), 145.0 (0), 137.9 (0), 130.0 (1), 129.2
(0), 123.4 (1), 116.3 (1), 52.6 (0), 46.8 (1), 46.0 (0), 38.7 (2), 33.1 (2C, 3), 326 (0), 27.4
(3C, 3),25.8 (2C, 3), 21.7 (2C, 2); MS 430 (64, M"), 373 (30), 320 (18), 319 (39), 318
(21),248 (19), 233 (13), 138 (12), 82 (20), 81 (18), 69 (10), 67 (14), 57 (100), 55 (36), 43
(16), 41 (48); HRMS calcd for CoyH300sNy 430.2214, found 430.2239. The structure of

36b was ined by X-ray crystall h;

c-8-tert-Butyl-2,2-dimethyl-r-1-spiro[4.5]decane-1,4-dione (36¢). Only
unequivocal signals, from mixture: 'HNMR 6 2.59 (2H, s, H3), 1.25 (6H,
s, C2-methyls), 0.88 (9H, s, r-butyl); *C NMR 5 220.6 (0, C1), 216.4 (0,
tBu  C4),54.1(0,C5),50.1 (2, C3),46.8 (1, C8),46.3 (0, C2), 32.4 (0, r-butyl),
31.3(2C, 2),27.4 (3C, 3, t-butyl), 25.9 (2C, 3, C2-methyls), 21.3 (2C, 2).
2-(4-tert-Butylcyclohexylidene)-4,5-dihydro-5,5-dimethyl-
3(2H)-furanone (37). Yellow oil; IR 1724 (s), 1640 (s) em™;
7E‘os=<:>ﬂ's“ 'HNMR 5 3.82 (1H, m), 2.80 (1H, m), 2.51 (1H, d, /= 17.6
L Hz, H4), 2.45 (1H, d, J = 17.6 Hz, H4), 1.89 (2H, m), 1.73 (2H,
m), 1.40 (3H, s, C5-methyl), 1.38 (3H, s, C5-methyl), 1.14 (1H, m, H4"), 0.83 (9H, s, t-
butyl); *C NMR §200.8 (0, C3), 140.5 (0, C1"), 128.4 (0, C2), 77.9 (0, C5), 50.9 (2, C4),
47.8(1,C8), 32.5 (0, t-butyl), 28.7 (2), 28.5 (2), 28.2 (3, CS-methyl), 28.1 (3, C5-

methyl), 28.0 (2), 27.5 (3C, 3, t-butyl), 25.9 (2); MS 250 (100, M"), 166 (35), 151 (14),



123 (19), 110 (15), 109 (22), 107 (19), 95 (24), 83 (16), 82 (15), 81 (33), 79 (10), 69 (11),
67 (13), 57 (72), 56 (11), 55 (19), 53 (14), 41 (41).

(cis)-1-(d-tert-Buty hexyl)-4-methyl| 4 1,2-dione (38a),
(cis)-1-(4-tert- y 1)-4 pent-3 1,2-dione (38b),
(trans)-1-(4-t yley )4 4 1,2-dione

tBu (392), and (trans)-1-(4-tert-butylcyclohexyl)-4 Ipeat:3

38abi 3% 1 3 dione (39b). Initially obtainedina?.7:2.5: 1.1 : 1 ratio,

respectively. Preparative TLC gave only 38b and 39b in a 2.6 : 1 ratio. From spectra of
the mixtures: IR (mixture of 38b, 39b) 1706, 1677, 1614 cm™; for 38a: 'H NMR 5 5.01
(1H, m), 4.84 (1H, m), 3.44 (2H, s, H3), 1.79 (3H, 5, C4-methyl), 0.83 (SH, s, +-butyl).
For 38b: "H NMR 5 6.61 (1H, m, H3), 3.44 (1H, m, H1'), 2.25 (3H, 5), 2.00 (3H, 5), 0.86
(9H, 5, t-butyl); *C NMR 5 205.9 (0), 189.4 (0), 163:1 (0), 117.9 (1), 48.0 (1, H'), 39.1
(3),32.5 (0, r-butyl), 28.5 (2), 28.4 (2), 27.4 (3C, 3, t-butyl), 26.6 (2C, 2), 23.6 (3). For
39a: 'H NMR § 4.97 (1H, m), 4.80 (1H, m), 3.04 (1H, m, H1'). For 39b: 'H NMR 8 6.70
(1H, m, H3), 3.15 (1H, t,/=3.2, 11.8 Hz, H1'), 2.25 (3H; 5), 2.00 (3H, 5); CNMR 8
204.6 (0), 188.2 (0), 163.3 (0), 117.6 (1), 47.4 (1), 43.3-(3), 32.4 (0, r-butyl), 28.6 (2),
27.5(2C, 2),26.5 (2C, 2), 21.6 (3); MS (mixture of 38b, 39b) 250 (2, M), 83 (100), 57
(25),55 (11).

Procedure for the reactions of 4 with enones. BF3-Et;0 (0.74 mL, 6.0 mmol)
and 4 (1.55 g, 6.0 mmol) were added in succession to a solution of the ketone (2.0 mmol)
in CHyCl> (10 mL) at 78 °C. The mixture was stirred 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.



2,2-Dimethylspiro[4.5]dec-6-ene-1,4-dione (40). Oily tan solid, mp 30—
32°C; IR 1764 (m), 1722 (s), 1649 (w) cm™; '"HNMR 5 6.16 (1H, td, J =
¢ 3.8,9.9 Hz, H7),5.22 (1H, 1d,J=2.2, 9.9 Hz, H6), 2.75 (1H, d, /= 17.7

40 Hz, H3), 2.63 (1H, d,J= 17.7 Hz, H3), 2.20-2.04 (2H, m, H8), 1.95-1.68
(4H, m, H9, H10), 1.31 (3H, 5, C2-methyl), 1.22 (3H, 5, C2-methyl); >C NMR 5 218.5
(0, C1),214.1 (0, C4), 1333 (1, C7), 120.6 (1, C6), 58.5 (0, C5), 50.2 (2, C3), 46.9 (0,
€2),29.2(2), 25.7 (3, C2-methyl), 25.1 (3, C2-methyl), 23.8 (2, C8), 17.2 (2); MS 192
(15, M), 108 (100), 80 (42), 79 (33), 77 (11), 41 (13). HRMS caled for C12H40,
192.1149, found 192.1148.

2,2,7,9,9-P piro[4.5]dec-6-ene-1,4-dione (41). Yellow oil,

contaminated with isomeric compound(s) (approximately 15%); IR 1766
(m), 1724 (s), 1665 (w) cm™; 'H NMR 6 5.00 (1H, d, J = 1.4 Hz, H6), 2.70

& (1H, d,J=17.0 Hz, H3), 2.64 (1H, d,J = 17.0 Hz, H3), .77 (IH,
overlapped d), 1.71 (3H, d, /= 1.2 Hz, C7-methyl), 1.65 (1H, d,J=13.8 Hz, H10), 1.52
(1H,d,J=13.8 Hz, H10), 1.22 (3H, 5), 1.21 (3H, 5), 1.00 (3H, 5), 0.95 (3H, 5); "C NMR
5218.4(0,C1),213.6 (0, C4), 139.3 (0, C7), 113.9 (1, 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), 253 (3), 245 (3);
MS 34 (24, M"), 150 (100), 135 (17), 107 (77), 91 (27), 79 (16), 77 (13), 55 (12), 41 (32);
HRMS caled for CisH20, 234.1619, found 234.1613.

(E)- (42a) and (2)-3,4-Dihydro-3,3-dimethyl-5-(3,5,5-

J 2-enyli 2 (42b). From spectra
(o)
ik of the mixture: UV (cyclohexane) 267 nm (e = 8,700); IR 1797 (s),

1686 (m), 1636 (m), 1086 (s) cm™; for 42a: "HNMR 5 5.74 (1H, dd, J=1.4,3.0 Hz,



H2),2.76 (2H, s, H4), 2.15 (2H, apparent t, J = 1.8 Hz), 1.85 (2H, brs), 1.77 (3H, brs,
C3'-methyl), 1.29 (6H, 5, C3-methyls), 0.91 (6H, s, CS*methyls); NOE data 5.74 (2.76,
T%; 1.77, 4%), 2.76 (5.74, 13%, 1.29, 6%); "*C NMR & 180.4 (0, C2), 145.0(0), 135.8
(0), 1169 (1, 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, CS*methyl), 25.0 (2C, 3, C3-methyls), 24.3 (3, C3'-methyl). For 42b: 'H
NMR 5 6.26 (1H, dd, J= 1.4, 2.8 Hz, H2), 2.69 (2H, br s, H4), 1.85 (4H, br s, 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 (177, 2%), 2.69 (1.85, 6%, 1.28, 8%); *C NMR 5 180.3 (0, C2), 140.6 (0),
135.1 (0), 116.6 (1, C2), 112.0 (0), 4.8 2, C4), 39.9 (0, C3), 39.0 (2), 37.8 (2),30.3 (0,
C5), 28.38 (2C, 3, CSmethyl), 25.0 (2C, 3, C3-methyls), 24.0 (3, C3'-methyl); MS 234

(23, M"), 150 (100), 135 (13), 107 (63), 91 (21), 79 (15), 77 (11), 41 (24).

22,88-T piro[4.5]dec-6-ene-1,4-dione (43). White solid, mp
41-42°C; IR (Nujol) 1756 (m), 1723 (s) cm™; '"HNMR 8 5.87 (1H, d, J =
9.9 Hz, H7), 5.09 (1H, d, /= 9.8 Hz, H6), 2.74 (1H, d,J = 17.6 Hz, H3),
2.66 (1H, d, J = 17.6 Hz, H3), 1.84-1.50 (4H, m, H9, H10), 130 3H, 5),
® 122(3H,9, 106 GH,5). 104 GH, 9 "CNMR 52183 (0, C1), 2139 0,
C4), 1433 (1, C7), 1183 (1, C6), 58.8 (0, C5), 50.3 (2, C3),46.9 (0, C2), 319 (2), 31.1
(0,C8), 29.2 (3),29.1 (3), 26.9 (2), 25.7 (3), 25.2 (3); MS 220 (19, M), 205 (12), 136

(44), 121 (100), 93 (15), 91 (15), 77 (18), 41 (20). HRMS calcd for C14H200, 220.1462,
found 220.1464.
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4-Dihydro-3.3-dimethyl-5-(4,4-di
(E)- and (2)-3,4-Dihydro-3,3. {4y

m 2-enylidene)-2-furanone (44a,b). 'H NMR (selected signals from

(e}
mixture) 8 6.37 (1H, d, J = 10.0 Hz), 5.86 (1H, d, J=9.9 H2), 5.56
4ap
(1H,d,J=9.9 Hz), 5.52 (1H, d, J = 9.9 Hz), 2.75 (2H, apparent,

J=1.6 Hz), 2.70 (2H, br s), 1.31 (6H, s), 1.02 (6H, 5).

4,5-Dibydro-2-hydroxy-2-(1-hydroxy-1 5,5
?on, 3(@H)-furanone (45). Exposure of 18 to air let 45 as a yellow oil: IR
o on 3468(5), 1760 (s), 1660 (w) cm; 'H NMR 8 3.64 (1H, OH), 2.64 (1H, d,

“® J=18.0 Hz, H4), 2.5 (1H, OH), 2.43 (1H, d, /= 18.0 Hz, H4), 1.49

(3H, 5), 146 (3H, 5), 1.27 (3H, 5), 1.26 (3H, 5); "C NMR 5 213.6 (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'R/S2R/S2'R/S)- (46a) and (1'R/S,2R/S,2'S/R)-4,5-Dihydro-2-

o
P/ bydroxy-2:(1-bydrosy-2-methy 1)-5,5-dimethyl-32H)-
L furanone (46b). Exposure of 30a/b to air left a waxy yellow solid.
:‘ Chromatography provided a colorless oil consisting of 46a and 46b
™ ina 1.5 1 ratio. Crystallization occurred during refrigeration to
OHo provide a small, homogenous sample of 46a: colorless solid; mp
46b

107.5-109.5 °C; IR 3434, 1762 cm™; 'H NMR 8 3.69 (1H, s, OH),
2.63 (1H, d,J=18.7 Hz, H4), 2.53 (1H, 5, 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, s, C5-methyl), 1.43 (3H, s, CS-methyl), 1.42-1.20

(3H, m), 1.00 (3H, d, J = 7.3 Hz, C2methyl); '’C NMR 5 213.6 (0, C3), 100.5 (0, C2),



77.7(0), 77.2 (0, 48.3 (2, C4), 34.2 (1, C2), 30.3 (3, C5-methyl), 29.8 (3, C5-methyl),
29.4(2),26.5 (2), 21.0 (2), 19.8 (2), 16.2 (3, C2-methyl); MS no M", 225 (4), 223 (10),
213 (13), 211 (32), 141 (11), 139 (13), 124 (10), 123 (12), 113 (68), 112 (13), 111 (22),
95 (56), 84 (17), 83 (100), 81 (10), 69 (16), 68 (15), 67 (16), 59 (20), 57 (11), 56 (48), 55
(77), 45 (16), 44 (1), 43 (54), 42 (13), 41(57); HRMS calcd for C1sHz O3 (M” - OH)
225.1490, found 225.1470. The structure of 46a was determined by X-ray
crystallography. For 46b: 'H NMR 8 3.74 (1H, s, OH), 2.58 (1H, d, J = 18.4 Hz, H4),
249 (1H,d,J = 18.4 Hz, H4), 222 (1H, 5, OH), 1.48 (3H, 5, C5-methyl), 1.47 3H, s, C5-
methyl), 1.05 (3H, d, J = 7.4 Hz, C2"-methyl), 1.77 (2H, apparent triplet); '*C NMR &
214.0 (0. C3), 100.4 (0, C2), 78.6 (0), 76.8 (0), 48.5 (2, C4), 35.4 (1, C2"), 30.0 (3, C5-

methyl), 29.6 (3, CS-methyl), 24.8 (2), 21.1 (2), 20.8 (2), 19.7 (2), 16.6 (3, C2"-methyl).

2 2-(1-h 1 d-dir hl,
ydroxy-2+( y \
P OH  (47). White solid; mp 145-148 °C; IR (Nujol) 3452, 1766 cm™; 'H
N}&F NMR 5 3.38 (1H, br s, OH), 2.18 (1H. d, / = 12.8 Hz, H3), 191 (IH,
47

d.J=12.8 Hz, H3), 1.83 (1H. m). 1.73 (1H, br m). 1.67-1.40 (6H, m).
1.36 (3H, 5. C4-methyl), 1.27-1.16 (2H. m). 1.15 (3H, s, C4-methyl); °C NMR § 220.0
(0, C1),92.6 (0. C2), 73.3 (0. C1'), 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
(13), 41 (32); HRMS calcd for Cy2H; 302 (M™ - H,0) 194.1307, found 194.1311.
Compound 47 (10.1 mg, 47.5 mmol) was stirred with BF;-Et;O (1.1 mL) for 2 h.
Work-up gave a yellow oil (11.8 mg), which 'H NMR revealed to be a 3.0 : 1 mixture of

26 and 27. A solution of 47 (18.3 mg, 86.2 mmol) in CH,Cl; (1.7 mL) and BF3'Et,O



(0.18 mL) was stirred for 15 h at rt. Work-up gave an oily, brown solid (24.4 mg), which

contained only 26 but no trace of 27.

2-(c-4-tert-Butyl-r-1-hy y 2-hydroxy-44

OH dimethylcyclobutanone (48). White solid; mp 158-159.5 °C; IR

"B“m— 3495, 3404, 1761 cm™; "H NMR 5 3.30 (1H, br s, OH), 2.15 (1H,
L dd, J=0.9, 12.9 Hz, H3), 1.91 (1H, d, /= 12.9 Hz, H3), 1.90

(1H, m), 1.72-1.40 (6H, m), 1.37 (3H, s, C4-methyl), 1.31 (1H, br m), 1.16 3H, s, C4-
methyl), 0.96 (1H, apparent tt, /= 2.9, 11.8 Hz, H4), 0.87 (9H, s, r-butyl); *C NMR &
220.0 (0, C1), 92.6 (0, C2), 72.9 (0, CI"), 55.2 (0, C4), 47.7 (1, C4), 38.7 (2, C3), 32.6
(2). 32.4 (0, t-butyl), 302 (2), 27.5 (3C, 3, r-butyl), 24.7 (3, C4-methyl), 21.8 (2), 21.6
(2),20.9 (3, C4-methyl); MS 268 (5, M"), 250 (21, 240 (22), 235 (12), 222 (13), 207
(18). 194 (10), 193 (12), 167 (16), 166 (100), 163 (23), 155 (76). 151 (18), 138 (11), 137
(20), 130 (12), 123 (25), 114 (16), 113 (14), 110 (17), 109 (39), 107 (12), 98 (40), 97
(20). 96 (16), 95 (57), 86 (12), 85 (25), 84 (13), 83 (36), 82 (24), 81 (64), 80 (10), 79 (14),
71 (12), 70 (35), 69 (24), 67 (24), 57 (100). 56 (18), 55 (36), 43 (41). 42 (11). 41 (54);
HRMS caled for Ci6H03 (M* - H;0) 250.1931, found 250.1933. The structure of 48

was ined by X-ray cr

Compound 48 (60.8 mg, 0.227 mmol) was stirred with BF3-Et;0 (1.0 mL) for 20
h. Work-up gave 56.0 mg of a mixture of 36a and 37 ina 8 : I ratio by GC-MS.

A solution of 48 (122 mg, 0.489 mmol) in CH,Cl; (10 mL) and BF;-Et;0 (0.90
mL) was stirred for 21 hat rt. Work-up gave an oily, tan solid (107 mg), consisting of a

13 : 1 mixture of 36a and 37 by GC-MS.



A solution of 48 (84 mg, 0.31 mmol) in CH,Cl; (1.6 mL) with BFyEt,0 (0.58
mL) and H;0 (50 mL) was stirred for 23 hat it. Work-up gave 36a as pale yellow solid
(77 mg, 98%).

™so,  omMs 3344 1,2-bis(tri ilyloxy)ey 5.

Colorless liquid, bp; smm 83-87.8 °C; IR 1719 cm’; '"THNMR 5 1.01
51 (12H, 5, C3, C4-methyls), 0.20 (6H, s, OTMS); ’C NMR § 128.2 (2C,
0,C1,C2),43.9(2C, 0, C3, C4), 21.8 (4C, 3, C3, C4-methyls), 0.6 (6C, 3, OTMS); MS
286 (29, M"), 271 (10), 243 (14), 181 (14), 147 (42), 75 (16), 73 (100), 45 (18); HRMS
caled for C14H300,Si> 286.1783, found 286.1783.

o 4,5-Dihydro-2-i idene-4,4,5,5: hyl-3(2H).

P!

(52). Yellow oil (31% yield from acetone); UV (cyclohexane) 285 nm (e
52 =10,000); IR 1726 (s), 1605 (s) cm™; 'HNMR 5 2.08 (3H, 5), 1.79 (3H,
s), 1.22 (6H, 5), 1.00 (6H, s); *C NMR 5 205.2 (0, C2). 141.8 (0, C2), 121.1 (0, C3), 83.1
(0,C5), 51.0 (0, C4), 23.5 (2C, 3), 19.5 (3C, 3), 17.1 (3); MS 182 (40, M"), 168 (15), 168
(15), 167 (10), 153 (10), 85 (17), 84 (100), 71 (23), 70 (56), 69 (67), 55 (17), 43 (38), 42

(21), 41 (50); HRMS caled for Cy H,g0; 182.1306, found 182.1298.

o 2-Cyclohexylidene-4,5-dihydro-4,4,5,5 3(2H)-
furanone (53). Tan-colored oil (35% yield from cyclohexanone); 'H
0
5 NMR 5 2.74 (2H, m), 2.25 (2H, distorted t), 1.75-1.40 (6H, m, H3'-

HS"), 1.22 (34, 5), 1.00 (3H, 5); *C NMR 5 206.0 (0, C2), 139.0 (0, C2), 129.4 (0, C3),

82.9 (0, C5), 51.2 (0, C4), 28.6 (2), 28.1 (2), 27.2 (2), 26.4 (2), 26.2 (2), 23.4 (3), 19.6 3).
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2-Methyl-2. 1,3-dione (54). A solution of
O; 0 acetophenone (241 mg, 2.01 mmol), BF;-Et,0 (0.30 mL, 2.4 mmol), and
1(0.73 g, 3.2 mmol) in CH,Cl, (10 mL) was stirred at rt for 25.5 h.

5 Work-up gave a viscous, lored oil (406 mg). Ch h;

(0.5/99.5 MeOH/CH;,C),) afforded 54 as a pale yellow oil (267 mg, 70%). Spectra were
as reported in ref. 3.

2',3"-Dihydrospiro(cyclopentane-1,1'-[1H]indene)-2,5-dione (55). A
solution of 1-indanone (1.33 g, 10.0 mmol), BF3Et;0 (1.85 mL, 15.1
mmol), and 1 (3.70 g, 16.1 mmol) in CH,Cl; (36 mL) was stirred at it
& for 24 h. Work-up gave a brown resin. Chromatography (40/60

EtOAc/petroleum ether) provided a yellow solid (1.48 g, 75%). Spectra were as reported

inref. 6.
& 8 1,/,2',3',4'-Tetrahydrospiro(cy 1,1 lene)-2,5-
dione (56) and 3,4-dihydro-5-(1-naphthylidene)-2-furanone (57). A

56 solution of 1-tetralone (226 mg, 1.54 mmol), BF3Et;0 (0.30 mL, 2.4
Q mmol), and 1 (0.71 g, 3.1 mmol) in CH;Cl, (10.0 mL) was stirred at rt
o for 19 h. Work-up supplied a tan-colored resin (407 mg).

q : Ch (30/70 EtOA ether) provided 56 as a white
57 solid (139 mg, 42%) as well as recovered 1-tetralone (47 mg, 21%) and

57 as a beige solid (2 mg, 2%); IR (CCls) 1803 (s) em’ 'HNMR 5 8.04 (1H,d,J=177
Hz), 7.24-7.06 (3H, m), 3.01 (2H, apparent t, 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.
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1'2'3' 4T 4 1,1" 1

o

©' 2,5 dione (58) and (E)- and (2)-3,4-dihydro-5-(1-(1',2'3' 4"

o y 4 i 2 (59a,b). A solution of

L 4-chromanone (254 mg, 1.71 mmol), BFs-EtO (0.32 mL, 2.6 mmol),

(o]

and 1 (0.79 g, 3.4 mmol) in CH,Cl, (10 mL) was stirred at rt for 23 h.

O

‘Work-up gave a tan-colored resin (432 mg). Chromatography (0.5/99.5
N MeOH/CH;Cl;) provided 58 (168 mg, 45%) as a pale yellow solid, mp
110-111.5 °C and 59a,b as a gummy, yellow solid (40 mg, 11%) (1.5: 1

‘mixture of geometric isomers). For 58: IR (CCls) 1721 (s), 1603 (w),

0L

1581 (w) em™; "HNMR § 7.19 (1H, dt, J= 1.3, 7.7 Hz), 6.91 (1H,d, J =
7.4 Hz), 6.85 (1H, t, /= 7.4 Hz), 6.58 (1H, dd, J= 1.6, 7.7 Hz), 433
Ssbo (2H,1,J = 5.2 Hz), 3.02 (4H, symmetric m), 2.08 (2H, t, /= 5.1 Hz); ’C

NMR 8 213.6 (2C, 0, C2, C5), 155.2 (0), 129.2 (1), 128.0 (1), 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 (100, M"), 160 (32),
146 (21), 132 (27), 131 (81), 103 (11), 77 (16), 51 (19); HRMS calcd for Ci3H1203
216.0786, found 216.0775. For 59a,b: from spectra of the mixture: IR (CCls) 1800 (s),
1670 (m), 1124 (s) cm’; 59a: 'H NMR (discernable signals) § 7.19 (1H, br d, /= 7.8 Hz),
2.53 (2H, brt). 59b: 'H NMR (discernable signals) 8 8.10 (1H, dd, /= 1.6, 8.0 Hz), 3.25
(2H, br 1). "*C NMR (signals for both isomers) 8 174.9/174.0 (0, C2), 154.6/153.7 (0),
143.5/142.5 (0), 108.3/104.7 (0), 65.9/65.5 (2); MS 216 (100, M"), 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 (11), 55 (11), 51 (20), 47 (13); HRMS calcd for Cy3H20; 216.0786,
found 216.0774.
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2.2-Diphenylcyclopentane-1,3-dione (60) and 3,4-dihydro-5-
o= J=o (diphenylmethylene)-2-furanone (61). A solution of benzophenone
0 O (277 mg, 1.52 mmol), BFyEO (0.30 mL, 2.4 mmol), and 1 (0.70 g,

2 3.0 mmol) in CH,Cl, (10 mL) was stirred at rt for 22 h. Work-up
00 afforded an oily brown solid. Chromatography (0.5/99.5
| MeOH/CH,Cl,) gave a beige solid (330 mg) composed of 60 and 61 in
O O 263 : 1 ratio. Further hy (20/80 EtOAc/petrol
61

ether) provided analytical samples of each component. For 60: pale
yellow solid; mp 158-160 °C; 'H NMR & 7.40-7.28 (6H, m), 7.12-7.04 (4H, m), 2.96
(4H, s, H4, HS); '*C NMR 5 211.3 (2C, 0, CI, C3), 136.5 (2C, 0), 128.9 (1), 128.1 (1),
72.2(0), 36.0 (2C, 2, C4, C5); IR (Nujol) 1721 (s) cm’™'; MS 250 (100, M"), 222 (11), 194
(12), 167 (17), 166 (44), 165 (53), 83 (11), 82 (12); HRMS calcd for Cy7H,140; 250.0993,
found 250.1001. For 61: Yellow solid, mp 103.5-106.5 °C; IR 1804 (s), 1657 (m), 1597
(W), 1495 (m), 1113 (s) cm™; 'H NMR 3 7.44-7.16 (10H, m, aryl), 2.92 (2H, m), 2.70
(2H, m); "CNMR 5 174.7 (0, C2). 146.2 (0), 138.7 (0), 137.5 (0), 129.9 (2C, 1), 1292
(2C, 1), 128.6 (2C, 1), 127.9 (2C, 1), 127.3 (1), 126.8 (1), 118.5 (0), 27.5 (2), 25.9 2);
MS 250 (100, M*), 222 (14), 194 (12), 167 (18), 166 (40), 165 (53), 83 (1), 82 (11);

HRMS caled for Ci7H140; 250.0993, found 250.0995.



(2R*AR*)- (62a) and (2R*,45*)-2,4-Dimethyl-2-phenyl-1,3-
° ﬁ@"o cyclopentanedione (62b). (a) A solution of acetophenone (236 mg,
@ Me  1.97 mmol), BFyE4,0 (0.29 mL, 2.3 mmol), and 3 (0.77 g, 3.2 mmol) in
62a CH,Cl; (10 mL) was stirred at rt for 26 h. Work-up provided a tan oil

H! \Me (490 mg). Chromatography (0.5/99.5 MeOH/ CH;Cl;) gave a yellow oil

o O (304 mg, 77%) as a 1 : 2.6 mixture of 62a and 62b.

@ e (B) To a solution of acetophenone ethylene acetal (326 mg, 1.98 mmol)
= in CH,Cl; (10 mL) at —78 °C was added BF3-Et;0 (0.37 mL, 3.0 mmol)

and 3 (1.46 g, 6.00 mmol). After stirring at rt for 26 h, work-up gave a yellow resin (902

mg). Chromatography (0.5/99.5 MeOH/CH;,Cl,) gave a yellow oil (265 mg, 63%)asal :

1.2 mixture of 62a and 62b. Further ch hy (20/80 EtOAc/h provided a

small sample of each isomer for NMR analysis. For the 62a,b mixture: IR 1765 (m), 1724
(s), 1600 (w), 1494 (m) cm™'; MS 202 (8, M"), 132 (45), 105 (14), 104 (100), 103 (42), 78
(61), 77 (42), 63 (15), 52 (12), 51 (34), 50 (11), 42 (21), 41 (34); HRMS calcd for
Ci3H1402 202.0993, found 202.0990. For 62a: colorless oil; 'H NMR 8 7.39-7.25 (3H,
m), 7.25-7.17 (2H, m), 3.13 (1H, dd, J = 11.7, 18.2 Hz, H5), 3.01 (1H, m, H4), 2.34 (IH,
dd,J=8.0, 18.2 Hz, HS), 1.43 (3H, 5, C2-methyl), 1.28 (3H, d, J = 6.9 Hz, C4-methyl);
C NMR 5 215.0 (0, C4), 2126 (0, C1), 137.4 (0), 129.3 (2C, 1), 127.8 (1), 1262 2C,
1), 62.1 (0, C2), 43.9 (2, C5), 40.8 (1, C4), 20.1 (3, C2-methyl), 14.7 (3, C4-methyl). For
62b: Pale yellow oil; 'H NMR 8 7.40-7.25 (3H, m), 7.25-7.19 (2H, m), 2.98 (1H, dd, J =
9.6, 16.7 Hz, HS syn to phenyl), 2.86 (1H, m, H4), 2.53 (1H, dd, J=8.6, 16.7 Hz, H5),
1.43 (3H, 5, C2-methyl), 1.29 (3H, d, J= 7.1 Hz, C4-methyl); NOE data 2.53 (2.98, 6%;
2.86,4%), 1.43 (7.22, 8%; 2.86, 2%); °C NMR §216.2 (0, C4), 212.7 (0, C1), 137.0 (0),

59



129.0 (2C, 1), 127.7 (1), 126.4 (2C, 1), 61.0 (0, C2), 43.7 (2, C5), 42.0 (1, C4), 20.8 (3,
C2-methyl), 16.9 (3, C4-methyl).

(2R*4R*)- (63a) and (2R*,45*)-2' 3'-Dihydro-4-
methylspiro(cyclopentane-2,1'-[1H]indene)-1,3-dione (63b). (@) A

solution of 1-indanone (259 mg, 1.96 mmol), BF3‘Et;0 (0.36 mL, 3.0

mmol), and 3 (1.45 g, 5.93 mmol) in CH,Cl, (10.0 mL) was stirred at rt
for 25 h. Work-up gave a yellow resin (853 mg). Chromatography
(1/99 MeOH/ CH;Cl,) gave a viscous, yellow oil (261 mg, 62%) as a

1.8 : 1 mixture of 63a and 63b.

(5) To a solution of 1-indanone ethylene acetal (338 mg, 1.92 mmol) in CH,Cl; (10 mL)
at~78 °C was added BFy'Et,0 (0.35 mL, 2.8 mmol) and 3 (1.43 g, 5.85 mmol). After
stirring at rt for 24 h, work-up gave a yellow resin (790 mg). Chromatography (1/99

MeOH/ CH,Cl,) gave a viscous, yellow oil (228 mg, 55%) asa 1 : 1.5 mixture of 63a and

63b. Further chi iphy (20/80 EtOA ether) provided a small sample of
each isomer for NMR analysis. For the 63a,b mixture: IR 1765 (m), 1721 (s) em™; MS
214 (77, M"), 145 (12), 144 (100), 117 (13), 116 (85), 115 (75), 41 (12); HRMS calcd for
CisH140, 214.0993, found 214.0997. For 63a: viscous, yellow oil; 'H NMR & 7.30 (1H,
d,J=8.0 Hz), 7.23 (1H, apparent t, J = 7.4 Hz), 7.15 (1H, apparent t, / = 7.2 Hz), 6.93
(1H, d,J=17.7 Hz), 3.32 (1H, m, H5), 3.29-3.09 (3H, m, H4, H3"), 2.59-2.32 2H, m,
H2'), 2.49 (1H, m, H5), 1.37 (3H, d, J = 7.3 Hz, C4-methyl); 3C NMR 5 214.9 (0, C3),
212.8 (0, C1), 144.6 (0), 141.0 (0), 128.1 (1), 126.7 (1), 125.2 (1), 122.2 (1), 69.5 (0, C2),
44.1(2,C5),41.6 (1, C4), 32.6 (2), 31.6 (2), 15.1 (3, C4-methyl).



For 63b: viscous, pale yellow oil; 'HNMR 5 7.30 (1H,d, J=17.5 Hz), 7.24 (1H, apparent
t,J="7.2 Hz), 7.16 (1H, apparent t, J= 7.4 Hz), 6.83 (1H, d, J=7.1 Hz), 3.26-3.09 (3H,
m, H3', H5), 3.02 (1H, m, H4), 2.62 (1H, dd, J = 9.6, 18.0 Hz, H5 syn to phenyl), 2.49-
226 (2H, m, H2)), 1.41 (3H, d, J = 6.8 Hz, C4-methyl); NOE data 6.83 (2.62, 1%), 2.62
(6.83,2%; 3.19 dd, 6%; 3.02, 2%; 1.41, 1%), 1.41 (6.83, 2%; 3.02, 5%; 2.62, 4%); Be,
NMR §216.3 (0, C3), 212.7 (0, C1), 145.3 (0), 140.8 (0), 128.1 (1), 126.8 (1), 124.9 (1),
123.2(1), 69.1 (0, C2), 44.5 (2, C5), 41.9 (1, C4), 35.6 (2), 31.5 (2), 15.1 (3, C4-methyl).

e (GR*ARY)- (642) and ZR*AS¥)-1' 2’3 4" Tetrabydro-4-
wH

hylspiro(cy 2,1" halene)-1,3-dione (64b). (@) A
solution of 1-tetralone (288 mg, 1.97 mmol), BF;-Et;O (0.36 mL, 2.9

642 mmol), and 3 (1.45 g, 5.92 mmol) in CH;Cl; (5.0 mL) was stirred at rt

-

Me for22h. Work-up gave a yellow resin (883 mg). Chromatography
0 (0.5/99.5 MeOH/ CH,Cl;) gave a pale yellow oil (179 mg, 52%) asa 1.5

: 1 mixture of 64a and 64b. A second fraction (64 mg) consisting of

64b

both 64a and 64b (1.6 : 1) and 1-tetralone (87 % diketones, 13% 1-
tetralone by GC-MS) was also obtained.
(b) To a solution of 1-tetralone ethylene acetal (356 mg, 1.87 mmol) in CH;Cl; (10 mL)
at =78 °C was added BF3Et;0 (0.35 mL, 2.8 mmol) and 2 (1.38 g, 5.64 mmol). After
stirring at rt for 26 h, work-up gave a yellow resin (879 mg). Chromatography (0.5/99.5

MeOH/ CH;Cl) gave a yellow oil (205 mg, 48%) as a | : 2.3 mixture of 64a and 64b.

Further ch phy (20/80 EtOA ether) provided a small sample of each
isomer for NMR analysis. For the 64a,b mixture: IR 1763 (m), 1720 (s) cm; MS 228
(81, M), 185 (18), 159 (12), 158 (88), 157 (13), 131 (21), 130 (100), 129 (90), 128 (61),
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127 (26), 115 (62), 102 (12), 77 (16), 75 (10), 65 (10), 63 (10), 51 (15), 42 (12), 41 (24);
HRMS calcd for CysHi¢0; 228.1149, found 228.1137. For 64a: yellow resin; 'HNMR &
7.23-7.12 (2H, m), 7.08 (1H, m), 6.56 (1H, d, J= 7.6 Hz), 3.11 (1H, m, H5), 3.08-2.92
(2H, m, H4), 2.85 (2H, m, H4"), 2.69 (1H, br dd, J=8.5, 16.1 Hz, HS), 2.14-1.79 (4H, m,
H2, H3), 145 (3H, d,J = 7.1 Hz, C4-methyl); °C NMR §217.0 (0, C3), 214.8 (0, C1),
138.4 (0), 1322 (0), 129.9 (1), 127.9 (1), 127.5 (1), 1263 (1), 61.5 (0, C1),43.7 (1, C4),
43.2(2,C5),31.5(2), 28.7 (2, C4"), 18.0 (2), 16.5 (3, C4-methyl). For 64b: colorless
resin; "H NMR & 7.22-7.12 (2H, m), 7.09 (1H, m), 6.48 (1H, d, /= 7.8 Hz), 3.32 (1H, dd,
J=10.4,18.3 Hz, H4), 3.20 (1H, m, H4), 2.84 (2H, m, H4'), 2.48 (1H, dd, /= 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-methyl);
NOE data 2.48 (6.48, 1%; 3.32, 5%; 3.20, 3%), 1.37 (6.48, 2%; 3.20, 6%; 2.48, 4%); °C
NMR §217.2 (0, C3), 213.9 (0, C1), 138.5 (0), 132.0 (0), 129.6 (1), 128.7 (1), 122.5 (1),
126.2(1), 63.0 (0, C1), 44.6 (2, C5), 40.0 (1, C4), 32.1 (2),28.7 (2, C4), 18.0 (2), 154 (3,
C4-methyl).

Me, (R'AR')- (653) and (QR* AS*)-1'2' 3 4" Tetrabydro-4-methyl-4™

piro(cy 2,1" 1,3-dione (65b). A solution

of 4-chromanone (214 mg, 1.44 mmol), BF;-Et;0 (0.27 mL, 2.2 mmol)

and 3 (1.06 g, 4.34 mmol) in CH,Cl, (10 mL) was stirred at rt for 23 h.
‘Work-up gave a bright yellow resin (622 mg). Chromatography
(0.5/9¢.5 MeOH/ CH,Cl,) gave a pale yellow resin (164 mg, 49%) as a

1.2 : | mixture of 65a and 65b. Further chromatography (30/70

EtCAc/hexane) provided samples of each isomer for NMR analysis. For

the 65a,b mixture: 'R 1766 (w), 1722 (s), 1606 (w), 1583 (w), 1227 (m) cm; MS 230



(42, M), 160 (46), 132 (33), 131 (100), 103 (15), 78 (10), 77 (19), 51 (12); HRMS caled
for C1sH1403 230.0942, found 230.0956. For 65a: white resin; "HNMR 8 7.17 (1H, ddd,
J=15,72,84Hz), 6.90 (1H, dd, J=0.9, 8.3 Hz), 6.83 (1H, ddd, /= 1.3,7.2, 7.8 Hz),
6.60 (1H, dd, J=1.6, 7.8 Hz), 4.43 (1H, ddd, /= 4.2, 6.8, 11.3 Hz, H3'), 4.32 (1H, ddd,J
=4.0,7.0, 113 Hz, H3"), 3.25-3.05 (2H, m, H5, H4), 2.64 (1H, m, H5), 2.06 (2H, m,
H2'), 1.43 (3H, d, J = 7.0 Hz, C4-methyl); '*C NMR 5 215.6 (0, C3), 213.5 (0, C1), 155.1
(0), 1292 (1), 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; 'H NMR § 7.19
(1H, m), 6.90 (1H, m), 6.85 (1H, m), 6.50 (1H, dd, J = 1.6, 7.8 Hz), 4.30 (2H, symmetric
m, H3"), 3.31 (1H, dd, J=10.5, 18.4 Hz, H5), 3.16 (1H, m, H4), 2.09 (2H, symmetric m,
H2'),2.56 (1H, dd, J=9.1, 18.4 Hz, HS syn to methyl), 1.41 (3H, d,J = 7.1 Hz, C4-
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%); "°C NMR 8 216.3 (0, C3), 212.7 (0, C1), 155.5 (0), 129.3 (1), 128.6 (1),
121.0 (1), 118.0 (0), 117.7 (1), 60.8 (2, C3"), 57.8 (0, C2), 44.7 (2, C5), 40.4 (1, C4), 299
(2), 15.3 (3, C4-methyl).

H 4-Methyl-2,2-dip! 1,3-dione (66). A solution of

Me
o={_)=o benzophenone (268 g, 1.47 mmol), BFyEXO (027 mL, 2.2 mmol),

O O and 3 (1.08 g, 4.4 mmol) in CH;Cl, (10 mL) was stirred at rt for 26 h.
86 Work-up provided a yellow resin (670 mg). Chromatography
(0.5/99.5 MeOH/ CH,Cl;) afforded 66 as a yellow solid (275 mg, 71%), mp 86.5-88.5
°C; IR (CCls) 1727 (s), 1600 (w), 1495 (m) cm™; 'H NMR & 7.40-7.27 (6H, m), 7.20—
7.12 (2H, m), 7.30-6.95 (2H, m), 3.20 (1H, dd, J = 10.6, 17.9 Hz, H5), 3.07 (1H, m, H4),

2.54 (1H, dd,J=8.7, 17.9 Hz, H5), 1.35 (3H, d, J = 7.0 Hz, C4-methyl); BCNMR &
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213.6 (0, C3), 210.7 (0, C1), 137.3 (0), 136.4 (0), 129.8 (1), 128.9 (1), 128.5 (1), 128.4
(1), 128.0 (1), 127.9 (1), 127.6 (1), 44.3 (2, C5), 41.8 (1, C4), 15.6 (3, C4-methyl); MS
264 (100, M"), 221 (12), 194 (46), 167 (19), 166 (90), 165 (90); HRMS calcd for
C1gHi602 264.1149, found 264.1161.
M’Me 2,4,4-Trimethyl-2-phenylcyclopentane-1,3-dione (67). A solution of
o o Aacetophenone (233 mg, 1.94 mmol), BFyEt0 (0.72 mL, 5.8 mmol), and
Me  4(1.50 g, 5.80 mmol) in CH;Cl, (10 mL) was stirred at rt for 21 h.
67 ‘Work-up gave a dark brown oil (846 mg). Chromatography (0.5/99.5
MeOH/ CH;Cl,) provided a tan-colored oil (356 mg) that was 90% 67 and 10% two
isomeric by GC-MS. P

parative layer hy (25/75
EtOAc/hexanes) afforded an analytical sample of 67 as a pale yellow oil; IR 1764 (m),
1724 (s), 1600 (w), 1494 (m) em™, 'H NMR & 7.40-7.20 (SH, m, aryl), 2.77 (1H, &, /=
17.4 Hz, H5), 2.58 (1H, d, J = 17.4 Hz, H5), 1.47 (3H, 5), 1.24 (3H, 5), 1.23 (3H, 5); ¢
NMR 82183 (0, C3), 213.2 (0, C1), 137.4 (0, C1'), 129.1 (2C, 1), 127.7 (1), 126.2 (2C,
1), 60.9 (0, C2), 50.8 (2, C5), 46.9 (0, C4), 26.2 (3), 25.8 (3), 22.0 (3); MS 216 (70, M"),
133 (14), 132 (100), 104 (70), 103 (12), 78 (10); HRMS caled for CysH;60; 216.1149,
found 216.1153.

Me 2'3"-Dihydro-4,4-dimethylspiro(cyclopentane-2,1'-[1H]indene)-1,3-
o b dione (68). A solution of 1-indanone (260 mg, 1.96 mmol), BF;-EtO
(0.36 mL, 2.9 mmol), and 4 (1.55 g, 6.00 mmol) in CH,Cl; (10 mL)
68 was stirred at rt for 26 h. Work-up provided a viscous orange-brown
oil (876 mg). Chromatography (1/99 MeOH/ CH,Cl,) gave 68 as a yellow solid (311 mg,

69%), mp 65-66.5 °C; IR 1764 (m), 1722 (s) cm™; '"H NMR & 7.28 (1H, apparent t, J=



7.0 Hz), 7.23 (1H, apparent dt, J = 1.2, 7.4 Hz), 7.15 (1H, apparent t, /= 7.1 Hz), 6.85
(1H,d,J=17.5 Hz), 3.18 (2H, m, H3), 2.87 (1H, d, /= 17.7 Hz, H5), 2.76 (1, 4, J=
17.6 Hz, HS), 2.50-2.30 (2H, m, H2), 1.39 (3H, 5, C4-methyl), 1.30 (3H, 5, C4-methyl);
"CNMR §218.9 (0, C3), 213.0 (0, C1), 145.3 (0), 141.2 (0), 128.2(1), 1269 (1), 125.1
(1),123.0 (1), 68.4 (0, C2), 51.5 (2, C5), 46.9 (0, C4), 36.2 (2, €2, 31.8 (2,C3),25.8 (3,
Cé-methyl), 24.0 (3, C4-methyl); MS 228 (39, M"), 145 (11), 144 (100), 116 (53), 115
(35); HRMS caled for CsH160; 228.1149, found 228.1149.

1'2'3',4" Tetrahydro-4,4-di i 2,1

Me
Me naphthalene)-1,3-dione (69) and 3,4-dihydro-3,3-dimethyl-5-(1-

1234 y 2 (70a,b). A solution
of 1-tetralone (292 mg, 2.00 mmol), BFy'Et;0 (0.37 mL, 3.0 mmol), and
Ye o 4(1.55 g, 6.0 mmol) in CH,Cl; (10 mL) was stirred at rt for 24 h.
o ‘Work-up gave a dark brown oil (929 mg). Chromatography (0.5/99.5
MeOH/ CH,Cl,) provided 69 pale yellow solid (312 mg, 65%), mp 97—

98.5 °C and a yellow resin (75 mg, 15%) consisting of geometrical

omMe isomers 70a,b in22.6 : 1 ratio. A small amount of the major isomer
P Me 70a as a beige solid, mp 69-71.5 °C, was obtained in homogeneous
form by preparative layer chromatography. For 69: IR 1764 (m), 1719
(s), 1495 (w) cm™'; "H NMR & 7.24-7.04 (3H, m), 6.55 (1H,d, J=7.8
70b

Hz), 2.98 (1H, d, J = 18.3 Hz, HS), 2.85 (2H, apparent t, /= 6.0 Hz,
H4),2.70 (1H, d, J = 18.3 Hz, H5), 2.10-1.88 (4H, m, H2, H3), 1.44 (3H, 5, C4-methyl),
134 (3H, s, C4-methyl); ’C NMR 5219.7 (0, C3), 214.6 (0, C1), 1385 (0), 132.0(0),

129.8(1), 128.5 (1), 127.6 (1), 1263 (1), 627 (0, C2), 50.7 (2, C5), 46.5 (0, C4), 32.7 2),



28.7 (2, C4"), 26.6 (3, C4-methyl), 26.0 (3, C4-methyl), 18.0 (2); MS 242 (46, M"), 159
(14), 158 (100), 130 (44), 129 (23), 128 (15), 115 (15); HRMS caled for CysH150;
242.1306, found 242.1300. For 70a: UV (cyclohexane) 271 nm (e = 7,730); IR 1795 (s),
1667 (m), 1600 (w) em”; '"H NMR 5§ 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, 5, 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%); "CNMR §179.8 (0, C2), 1422 (0, C1), 139.4 (0), 133.5 (0), 128.5 (1), 126.32
(1), 12628 (1), 125.5 (1), 114.7 (0, C5), 41.9 (2, C4), 40.1 (0, C3), 30.4 (2, C4),252 (2),
24.8 (2C, 3, C3-methyls), 22.7 (2); MS 242 (29, M"), 159 (13), 158 (100), 130 (58), 129
(39), 128 (23), 127 (10), 115 (30), 57 (11), 55 (14), 43 (12), 41 (24); HRMS calcd for
Ci6Hi302 242.1306, found 242.1307. For 70b (discernable signals from spectrum of
mixture): 'H NMR § 8.07 (1H, brd, /= 7.5 Hz), 2.85 (2H, m, H4), 2.79 (2H, 1,/ = 6.2

Hz),2.36 (2H, brt, J= 6.4 Hz), 1.86 (2H, apparent pentet, J = 6.3 Hz), 1.36 (6H, s, C3-

methyls).

12',3' 4T 4.4-dimethyl-4 > 2,1

y i Y P 3

naphthalene)-1,3-dione (71) and 3 4-dihydro-3,3-dimethyl-5-(1-

12,34 h 4 2 (72a,b). A
solution of 4-chromanone (306 mg, 2.07 mmol), BF;-Et;0 (0.76 mL, 6.2

mmol), and 4 (1.60 g, 6.20 mmol) in CH,Cl; (10 mL) was prepared at —

78 °C. The mixture was then stirred at rt for 24 h. Work-up gave a black
tar (368 mg). Chromatography (0.5/99.5 MeOH/ CH,Cl,) provided 71 as
mo a tan- colored resin (196 mg, 39%), 72a,b (2.6 : 1) as a tan resin (116

mg, 23%), and thi-d fraction (94 mg) consisting of 71 and 72a,bina 4 : | ratio. A small



amount of the major lactone 72a as a white solid, mp 164-165 °C, was

0. Me
Me  obtained in homogeneous form by repeated chromatography (0.5/99.5
MeOH/ CH,Cly). For 71: IR 1766 (m), 1722 (s), 1607 (m), 1583 (m),
o) 1491 (m) cm™; 'H NMR 5 7.18 (1H, ddd, J= 1.7, 7.2, 8.3 Hz), 6.90 (1H,
72b

dd,J=1.2,8.4 Hz), 6.84 (1H, apparent dt, /= 1.3, 7.5 H2), 6.55 (1H,
dd, J=1.6, 7.8 Hz), 4.34 (2H, m, H3), 2.95 (1H, d, J = 18.1 Hz, H5),2.80 (1H, d, J=
18.2 Hz, H5), 2.11 (2H, m, H2), 1.41 (3H, 5, C4-methyl), 1.38 (3H, 5, C4-methyl); °C
NMR §220.6 (0, C3), 215.0 (0, C1), 156.1 (0, C5"), 135.9 (0, C10'), 1296 (1), 128.6 (1),
121.1 (1), 117.9(1), 59.9 (2, C3), 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, M"), 161 (11), 160 (100), 132
(56), 131 (100), 103 (14), 78 (10), 77 (19), 41 (12); HRMS calcd for Cy5Hye03 244.1099,
found 244.1102. For 72a: UV (cyclohexane) 302 nm (& = 8,600), 272 nm (¢ = 8,100); IR
(CCly) 1791 (s), 1682 (m), 1604 (w), 1572 (w) cm™; 'H NMR & 7.14 (2H, m), 6.89 (2H,
m), 4.23 (2H, t,J =5.7 Hz, H3'), 3.08 (2H, br s, H4), 2.80 (2H, brt, /= 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%); *C NMR &
179.3 (0, C2), 154.6 (0), 141.1 (0), 128.19 (1), 1262 (1), 120.2 (1), 120.1 (0), 117.3 (1),
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, M"), 161 (11), 160 (93), 132 (47), 131 (100), 103 (15), 83 (33), 77
(21), 55 (1), 41 (13); HRMS caled for CysHi¢03 244.1099, found 244.1112. For 72b
(discemable signals from spectra of mixture): '"H NMR & 8.09 (1H, dd, /= 1.6, 8.1 Hz),
2.85 (2H, br s, H4), 2.52 (2H, apparent t, J = 5.6 Hz), 1.37 (6H, 5, C3-methyls); *C NMR
§153.7(0), 140.3 (0), 129.2 (1), 128.24 (1), 120.9 (1), 116.9 (1), 65.6 (2, C3, 403 (2,
C4),26.2 (2, C2),25.2 (2C, 3, C3-methyls).



4,4-Di 2,2-di 1,3-dione (73) and 3,4-

Yewme
00 dibydro-3,3-dimethyl-5-(di 2-f (74). A
O O solution of benzophenone (240 mg, 1.32 mmol), BFyEt;0 (0.49 mL,
7 4.0 mmol), and 4 (1.03 g, 4.0 mmol) in CH,Cl; (6.6 mL) was prepared

o Me at-78 °C. The mixture was then stirred at rt for 23 h. Work-up

0. provided a brown tar (652 mg). Chromatography (15/85
C O EtOAc/petroleum ether, then 0.5/99.5 MeOH/CH,Cl;) yielded 73 as a
7 white solid (250 mg, 68%), mp 67-68 °C, and 74 as a pale yellow solid
(58 mg, 16%), mp 111-113 °C. For 73: IR (Nujol) 1764 (sh), 1723 (s), 1597 (w), 1580
(sh), 1493 (m) cm™; '"H NMR § 7.40-7.23 (6H, m), 7.15-7.03 (4H, m), 2.78 (2H, 5, H5),
1.39 (6H, s, C4-methyls); '’C NMR §216.4 (0,C3),211.2(0,C1), 137.4 (2C, 0), 128.7
(1), 127.8(1), 51.3 (2, C5), 47.3 (0, C2), 26.1 (2C, 3, C4-methyls); MS 278 (41, M"), 195
(12), 194 (75), 167 (14), 166 (100), 165 (28), 164 (62), 41 (14); HRMS calcd for
CisH130; 278.1306, found 278.1310. For 74: UV (cyclohexane) 273 nm (e = 10,000); IR
(Nujol) 1803 (s). 1672 (m), 1599 (w), 1497 (w), 1076 (s) cm™; 'H NMR & 7.40-7.17
(10H, m, aryl), 2.77 (2H, s, H4), 1.33 (6H, 5, C3-methyls); °C NMR 5 179.9 (0, C2),
144.1 (0, C1"), 138.8(0), 137.5 (0), 120.0 (1), 129.4 (1), 128.5 (1), 128.0 (1), 127.2(1),
126.9 (1), 1193 (0), 41.6 (2, C4), 39.8 (0, C3), 24.7 (2C, 3, C3-methyls); 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 (10), 41 (16); HRMS caled for CysH,30; 278.1306, found 278.1312.



(1'R*2S%)- (76) and (1'R*2R*)-4,4-Dimethyl-2-hydroxy-2-(1-

ki
V4 l hydroxy-1-p yl): (77). A solution of
Me
(:6 acetophenone (0.41 g, 3.4 mmol) in CH,Cl, (10 mL) was cooled to ~78

HO OH °C before BF3-Et,0 (0.42 mL, 3.4 mmol) and 4 (0.97 g, 3.7 mmol) were
added. The temperature was raised to —20 °C, and the mixture was

” stirred for 29 h. The mixture was poured into H,0, and the aqueous
layer was extracted with CH,Cl,. The combined organic extracts were dried over
anhydrous Na,SO4, and concentrated under vacuum to give a yellow viscous oil (0.76 g)

composed of acetophenone, 76, 67, and 77 inaratioof 11 : 5.7:3.4 : 1 by 'HNMR.

Flash using an i i ion of EtOAc in hexanes provided 76

(167 mg, 21%) and 77 (29 mg, 4%). Major diastereomer 76: white solid, mp 79.5-80.5
°C; IR 3456 (s), 1770 (s), 1602 (w), 1497 (m) cm™"; 'H NMR (CD3;0D) & 7.45 (2H, d, J =
7.1 Hz), 7.29 (2H, apparent t, J= 7.4 Hz), 7.21 (1H, apparent t,J= 7.0 Hz), 2.35 (1H, d, J
=12.5 Hz, H3), 1.72 (1H, d. J = 12.5 Hz, H3), 1.64 (3H, 5), 1.18 (3H, 5), 0.51 (3H, 5); Ue
NMR (CD;0D) 6 219.7 (0, C1), 145.8 (0. C1"), 128.8 (2C, 1), 128.4 (2C, 1), 128.0(1),
94.6 (0, C2), 76.1 (0, C2), 55.2 (0. C4), 40.5 (2, C3), 25.5 (3), 25.0 (3), 20.8 (3); MS no
M, 216 (8), 133 (10), 132 (100), 122 (16), 121 (19), 118 (10), 105 (20), 104 (45), 77
(23), 70 (25), 43 (86), 42 (11), 41 (12); HRMS calcd for C14H;602 M" - H,0) 216.1149,
found 216.1155. Minor diastereomer 77: white solid, mp 150-151.5 °C; IR (Nujol) 3392
(m), 1769 (m) cm™'; 'H NMR (CD;0D) 5 7.57 (2H, d, J = 7.2 Hz), 7.29 (2H, apparent t, J
=7.4 Hz), 7.20 (1H, apparent t, J= 7.2 Hz), 2.33 (1H, d, /= 12.5 Hz, H3), 1.67 3H, s),

1.47 (1H, d,J = 12.5 Hz, H3), 1.21 (3H, 5), 1.02 (3H, 5); °C NMR (CD;0D) § 221.0 (0,

69



Cl), 146.4 (0), 128.6 (2C, 1), 128.0 (2C, 1), 127.9 (1), 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 (1), 105 (25), 104 (49), 78 (10), 77 (32), 70 (28), 51 (11), 43 (98), 42 (12),

41 (19); HRMS caled for C1sH160, (M" - H20) 216.1149, found 216.1144. The relative

stereochemistry of 77 was di ined by X-ray 1 hy.

General procedure for the BCl,-catalyzed reaction of ketones and 4. BCl,
(3.2 mL) and then 3 (0.84 g, 3.2 mmol) were added to a solution of the ketone (2.0 mmol)
in CH,Cl; (5.0 mL) at =78 °C. This was stirred at =78 °C for 24 to 37 h, or at =22 °C for 6
to 8 h, or warmed to rt overnight. The mixture was recooled to —78 °C before a solution
of 50% HF (1.6 mL) in MeOH (3.4 mL) was added, and the mixture was stirred for 10
min. The mixture was warmed 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. CH,Cl; was
added, and the solution was washed with H,0, to which solid NaHCO; was added to give
pH 7, and then the solution was dried over anhydrous granular Na;SO4. Concentration
under vacuum gave brown material to which hexanes (50 mL) were added. The resulting
solution was passed through Florisil (3 cm x 1.5 cm), flushing with additional hexanes
(100 mL). Solvent evaporation from the combined filtrates gave the diketone product.

Further purification, when necessary, was lished by flash See

Table 5 for specific reaction conditions for each substrate.
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Table 5. Reaction products and conditions

Side- gpecific reaction conditions (based on the
Substrate Product  progyct
General Procedure)

Acetone 17 - -78°Cfor23h

Acetone 87 ~78°C for 23 h, aqueous work-up after HF step

2-Butanone 20* - ~78°C for37h

Phenylacetone 86 88ab Reactants mixed at—78 °C, but the reaction was
allowed to warm slowly to rt ovemnight

Acetophenone 67 89 Reactants mixed at—78 °C, but then reaction
warmed to rt for 6 h. Ratio of 671089 3.8:1

Cyclopentanone 33 - -78°C for36 h

3-Methylcyclopentanone  25a,b - Reactants mixed at —78 °C, but then reaction
maintained -22 °C for 6 h

Cyclohexanone 26 - ~78°Cfor34h

2-Methylcyclohexanone 29ab 30a,b Reactants mixed at 78 °C, but reaction warmed
to rt and stirred overnight. Ratio of 29a,b to
30a,b 1:1

Bicyclo[2.2.1]heptanone 33a - Reactants mixed at ~78 °C, but reaction allowed
to warm slowly to it ovemnight

Bicyclo[2.2.2]octanone 35 90 ~78 °C for 15 min, ~22 °C for 7 h. Ratio of 35 to
90 1:1

Bicyclo[2.2.2]Joctanone 35 - ~78 °C for 15 min, —22 °C for 7 h, but then
aqueous work-up before TFA

3-Methylcyclohexanone 82 s ~78°Cfor36h

4-t-Butylcyclohexanone  36a = ~78°Cfor29h
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12-Bora-2,2-dimethyl-11,13-dioxa-12-(trimethylsilyloxy)-

dispiro[3.0.5.3|triscadecan-1-one (79) and 12-bora-12-hydroxy-

22-dimethyl-11,13-dioxadispiro-{3.0.5 1-one (80).
Compound 3 (0.86 g, 3.3 mmol) was added over 5 min to a solution
of cyclohexanone (0.20 g, 2.1 mmol) and BCl, (3.3 mL) in CH,Cl,

(5.0mL) at—78 °C. The resulting solution was stirred at —78 °C for
11 h. Aqueous work-up, drying of the solution over anhydrous

Na;SO4, and evaporation of the solvent gave a mixture of white solid

(47, 127 mg) and a yellow oil (79 and 80 ina 2 : 1 ratio, 459 mg). The sample consisting

of just 79 and 80 was obtained by washing the oil off the solid with hexanes. For 79: 'H

NMR 82.29 (1H, d,J=13.2 Hz, H3), 2.07 (1H, d, J = 13.2 Hz, H3), 1.29 (3H, 5, C2-

methyl), 1.16 (3H, 5, C2-methyl), 0.19 (9H, s, OTMS); "*B NMR (CD:Cl): §20.3; *C

NMR (CD;C) (partial data): § 215.5 (0, C1), 99.3 (0), 88.1 (0), 82.3 (0), 39.6, 34.8,

345,26.0,24.1,22.6,22.3,22.1,0.97 (3C, 3); Si NMR (CD:Cly): 5 16.5. For 80: 'H

NMR 5232 (1H, d, /= 13.5 Hz, H3), 2.12 (1H, d, /= 13.5 Hz, H3), 1.30 (3H, s, C2-

methyl), 1.18 (3H, s, C2-methyl); ''B NMR (CD;Cl,): 5 21.9.

The mixture of 79 and 80 (0.584 g) was stirred in TFA (3.0mL) at rt for 20 h.

Work-up provided a brown oil (0.408 g). 'H NMR analysis showed the presence of 26

and 27 (1.5:1).



(5R*,75*)-2,2,7-Trii 1,4-dione (31).

Very pale yellow crystals from EtOAc-hexane; mp 59.5-61 °C; IR
(Nujol) 1762 (m), 1722 (s) cm™'; "HNMR § 2.61 (2H, 5, H3), 1.93

(1H, br m, H7), 1.81 (1H, m), 1.72 (1H, m), 1.68-1.55 (2H, m),
Hs, - 2.4-DNP

E 1.53 (1H, m), 1.48 (1H, apparent dq, J=3.9, 12.9 Hz), 1.222 (3H,
mg‘?ﬁvz s, C2-methyl), 1.215 (3H, s, C2-methyl), 1.15 (1H, d, /= 13.2 Hz),

- 0.92 (1H, apparent dt, J= 4.8, 14.1 Hz), 0.86 (3H, d, J= 6.9 Hz,
C7-methyl); "*C NMR 5220.1 (0, C1), 216.3 (0, C4), 56.0 (0, C5), 50.4 (2, C3), 46.4 (0,
€2),38.3 (2), 33.7 (2), 305 (2), 26.7 (1, C7), 25.5 (3, C2-methyl), 25.3 (3, C2-methyl),
22.4 (3, C7-methyl), 21.1 (2); MS 208 (M, 64), 152 (25), 140 (44), 139 (11), 125 (15),
124 (100), 96 (21, 95 (16), 82 (12), 81 (76), 69 (13), 68 (13), 67 (19), 56 (12), 55 (28),
54 (11), 53 (20), 41 (56), 40 (14); HRMS calcd for C13H200; 208.1462, found 208.1454.

For the 4-(2,4-dinitroph ivative 82: orange crystals from MeCN-
CH:Cly-hexane, mp 231-233 °C; IR (Nujol) 3308 (m), 1742 (m), 1711 (w), 1614 (m),
1590 (m), 1517 (m), 1500 (m) cm™'; 'HNMR & 1.1 (1H, brs), 9.14 (1, d,/= 2.6 Hz).
8.39 (1H, dd, J=2.5,9.5 Hz), 7.8 (1H, d, /= 9.5 Hz), 2.77 (2H, 5), 2.18-1.88 (2H, m),
1.82 (1H, m), 1.75-1.50 (4H, m), 1.3 (1H, apparent triplet, J = 12.8 Hz), 1.25 (3H, s),
124 (3H, ), 1.01 (1H, apparent dq, J= 3.4, 129 Hz), 0.92 (3H, d, /= 6.6 Hz); °C NMR
52203 (0), 164.7(0), 145.0 (0), 138.0 (0), 130.3 (1), 129.3 (0), 123.4 (1), 116.4 (1), 53.8
(0),46.0 (0), 403 (2), 38.8(2), 33.8 (2), 32.1 (2), 26.7 (1), 25.8 (2C, 3), 22.6 (3), 21.3 (2);
MS 388 (M, 15), 320 (11, 319 (31), 273 (10), 206 (15), 167 (12), 165 (20), 164 (20),
138 (1), 122 (10), 107 (12), 105 (13), 95 (39), 94 (14), 93 (25), 83 (11), 82 (37), 81 (32),
80/(20), 79 (29), 78 (11), 77 (27), 69 (19), 68 (11), 67 (53), 66 (10), 65 (13), 63 (12), 56

]



(15), 55 (100), 54 (15), 53 (36), 52 (11), 43 (23), 42 (15), 41 (96); HRMS calcd for
CigH24N+Os 388.1770, found 388.1745. The structure was determined by X-ray
crystallography.
i HO i (1'R*3'R*)-2-Hydroxy-4,4-dimethyl-2-(1-hydroxy-3-
methylcyclohexyl)-cyclobutanone (83a,b). A 1: | mixture of

" L2 epimers (at C-2) was obtained by aqueous work-up after the

o HF/MeOH treatment. For this mixture: IR (Nujol) 3471 (s), 3342 (s),
1765 (s) cm"!; "H NMR  3.44 (1H, br s, OH), 2.18 (1H, d, J = 12.8 Hz, H3), 2.17 (1H, 4,
J=129 Hz, H3), 1.91 (2H, d,J = 12.8 Hz, H3), 1.87-1.84 (2H, m), 1.36 (6H, 5, C4-
methyl), 1155 (3H, s, C4-methyl), 1.153 (3H, s, C4-methyl), 0.90 (6H, d, /= 6.4 Hz,
C3"methyl); *C NMR 5 220.0 (0, C1), 92.6 (0, C2), 92.5 (0, C2), 74.0 (0, C1), 55.2 (0,
C4),38.6 (2, C3), 38.0 (2), 34.4 (2), 31.7(2), 29.2 (2), 27.3 (1, C3), 27.0 (1, C3), 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,0, 8), 124 (100), 113 (35), 96 (28), 95 (50), 82 (10), 81 (72), 70 (38), 56
(10), 55 (15), 43 (26), 42 (12), 41 (14); HRMS caled for Cy3Hz00; (M- H;0) 208.1462,
found 208.1454.

(1'R* 2x,2'R*)-2-Hydroxy-4,4-dimethyl-2-(1-hydroxy-2-

H methylcyclohexyl)-cyclobutanone (84). Yellow solid; mp 113.5-116
ﬁ:ﬁ\\ °C; IR 3461 (s), 1773 (m) cm'; 'H NMR & 3.60 (1H, br s, OH), 2.15

L (1H, dd, J=0.6, 12.8 Hz, H3), 2.00 (1H, d, J = 12.8 Hz, H3), 1.66
(1H, br m), 1.36-1.17 (8H, m), 1.37 (3H, 5, C4-methyl), 1.16 (3H, s, C4-methyl), 1.00
(3H, d, /= 6.8 Hz, C2"-methyl); >C NMR 5218.9 (0, C1), 94.4 (0, C2), 74.1 (0, CI),
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55.3 (0, C4),39.0 (2, C3), 36.3 (1, C2, 34.0 (2), 30.9 (2), 25.7 (2), 24.8 (3, C4-methyl),
21.5 (3, C4-methyl), 21.0 (2), 17.5 (3, C2'-methyl); MS 226 (M", 0.54), 208 (M" - H,0,
9), 198 (16), 193 (16), 127 (11), 125 (15), 124 (100), 123 (17), 114 (11), 113 (74), 109
(83), 96 (78), 94 (58), 85 (20), 83 (16), 81 (50), 71 (14), 70 (50), 69 (44), 68 (18), 67 (44),
57(32), 56 (20), 55 (41), 53 (13), 45 (21), 43 (91), 42 (18), 41 (67); HRMS calcd for
Ci3Hz0; (M™- H;0) 208.1462, found 208.1440.
Stirring 84 (9 mg) in TFA (1 mL) at rt for 7 h provided only 2 mg of a brown oil,
which consisted of a 1 : 1 mixture of 29a and 30a,b (1 : 1).
(1'R*2x,2'S*)-2-Hydroxy-4,4-dimethyl-2-(1-hydroxy-2-
Me, " on methylcyclohexyl)-cyclobutanone (85). White solid; mp 139-141.5

H ¢ °C; "H NMR § 2.45 (1H, 5, OH), 2.44 (1H, d,J = 12.3 Hz, H3), 1.84
% (1H,d, J=12.3 Hz, H3), 1.91 (1H, br m), 1.73-1.63 (2H, m), }.63—
1.47 (2H, m), 1.47-1.36 (4H, m), 1.35 (3H, 5, C4-methyl), 1.20 (3H, s, C4-methyl), 1.03
(3H, d,J=1.5 Hz, C2-methyl); *C NMR 5 218.5 (0, C1), 94.3 (0, C2), 74.7 (0, CY'),
55.4(0,C4), 38.4 (2, C3), 34.7 (1, C2), 29.2 (2), 27.1 (2), 25.1 (3, C4-methyl), 21.3 (3,
C4-methyl), 20.9 (2), 19.6 (2), 15.8 (3, C2-methyl); MS 226 (M", 0.2), 208 (14), 193
(31), 139 (12), 127 (15), 125 (15), 124 (71), 123 (38), 121 (12), 113 (55), 109 (100), 96
(49), 95 (65), 85 (10), 83 (13), 81 (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 calcd for C13H203 226.1568,
found 226.1568.



Diol 85 (11 mg) was dissolved in trifluoroacetic acid—d| atrt. 'H NMR after only

5 min revealed rearrangement to 29b was complete. Aqueous work-up provided 29basa

yellow oil (10 mg).
2-Benzyl-2,4,4-trii 1,3-cyclop dione (86). Yellow oil; IR
o o 1764 (m), 1724 (s), 1604 (w), 1496 (m) cm™"; 'H NMR 5 7.27-7.14 (3H,
Ph m), 7.08-6.98 (2H, m), 2.99 (1H, d, J = 12.8 Hz, benzyl), 2.92 (1H, d,J=

12.8 Hz, benzyl), 2.43 (1H, d, J= 18.4 Hz, H5), 1.74 (1H, d, J= 18.3 Hz,
H5), 1.27 (3H, 5), 1.12 (3H, 5), 0.62 (3H, s); °C NMR 5 221.3 (0, C3), 216.9 (0, C5),
1363 (0), 130.0 (2C, 1), 128.4 (2C, 1), 127.1 (1), 58.6 (0, C2), 51.8 (2, CS), 46.1 (0, C4),
42.5 (2, benzyl), 26.7 (3), 23.0 (3), 22.4 (3); MS 230 (M, 36), 146 (45), 145 (17), 118
(70), 117 (25), 115 (1), 105 (21), 91 (100), 83 (12), 65 (18), 56 (13), 55 (11), 41 (39);
HRMS caled for CysHys0; 230.1306, found 230.1314.

2-Hydroxy-2-(1-hyd; 1 4.4-di

Y &

jﬁ\ (87). White solid; mp 80-80.5 °C; IR (Nujol) 3448 (s), 3417 (s), 1773 (m)
()

cm™'; 'HNMR  3.44 (2H, br s, OH), 2.13 (1H, d, J = 12.6 Hz, H3), 2.00
s (1H, br, OH), 1.94 (1H, 4,/ = 12.6 Hz, H3), 1.37 (3H, 5), 128 3H, 5), 1.23
(3H, ), 1.17 (3H, s); "C NMR 5 219.8 (0, C1), 922 (0, C2), 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", (M'- K0, 5), 71 (10),
70 (100), 59 (26), 43 (12), 42 (24); HRMS caled for CsH140; (M- H20) 154.0993, found
154.0986.



5,5-Dimethyl-2-(ph P 3(2HY (88a,b).

7(‘§=(Ph A1 : 1 (E/(2) mixture of 3-furanones was obtained in 15% yield as a

o side-product in the reaction that provided 18. UV (cyclohexane) 290

e nm, (£=10,700); IR 1724 (s), 1639 (s), 1602 (m), 1494 (m) cm™; 'H
NMR & 7.31-7.14 (SH, m, aryl), 3.95, 3.48 (each 2H, s, benzyl), 2.56, 2.53 (each 2H, s,
H4), 1.99, 1.70 (each 3H, 5, C2'-methyl), 1.43, 1.42 (each 6H, s, C5-methyls); °C NMR &
200.5 (0, C2), 200.0 (0, C2), 144.0 (0, C2), 143.4 (0, C2), 139.8 (0), 1392 (0), 128.8 (1),
128.7 (1), 128.24 (1), 128.18 (1), 126.02 (1), 125.91 (1), 122.6 (0, C3), 1222 (0, C3),
78.5 (0, C5), 78.3 (0, CS), 50.7 (2, C4), 39.2 (2, benzyl), 35.7 (2, benzyl), 28.30 (3, C5-
methyl), 28.25 (3, CS-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), 115
(23), 105 (31), 103 (11), 91 (51), 83 (11), 78 (16), 77 (12), 69 (10), 65 (14), 58 (10), 55
(11), 51 (11), 43 (11), 41 39).

o 3,3-Di 4-0x0-5-p ic acid (89). White solid; mp
Ph\ﬁ%w’" 132-133 °C; IR (Nujol) 3500-2400 (m), 1713 (m) cm™; 'HNMR &
89 11.5 (1H, very br, OH), 7.41-7.30 (2H, m), 7.26 (1H, apparent tt,J

=1.5,7.2 Hz, H4), 7.22-7.15 (2H, m), 3.70 (1H, q,J= 7.0 Hz, H5), 2.72 (1H,d, /= 17.9
Hz, H2),2.58 (1H, d,J = 17.9 Hz, H2), 1.38 (3H, d, /= 7.0 Hz, C5-methyl), 1.17 (3H, 5,
C3-methyl), 1.11 (3H, s, C3-methyl); °C NMR 5 208.4 (0, C4), 182.1 (0, C1), 140.3 (0,
CI'),128.9 (2C, 1), 127.9 (2C, 1), 127.2 (1, C4'), 53.1 (1, C5), 504 (2, C2), 39.8 (0, C3),
25.9 (3, C3-methyl), 24.5 (3, C3-methyl), 17.3 (3, C5-methyl); MS no M", 217 (M"-OH,

2),216 (M'- Hy0, 8), 132 (15), 129 (16), 106 (92), 105 (63), 104 (15), 103 (11), 101 (50),

”



91 (21), 79 (12), 77 (19), 59 (100), 55 (10), 43 (44); HRMS calcd for Cy4H,70; (M'- OH)
217.1228, found 217.1226; caled for C14H60; (M™- H20) 216.1149, found 216.1155.

4-2-Bicyclo[2.2.2]octyl)-3,3. 4 ic acid (90). The

HO,C
g General Procedure with bicyclo[2.2.2]octanone gave a 1 : 1 mixture of a tan-

H. o colored oil (35) and a white solid (90) that isolated by repeated washings with
hexanes to remove the oily fraction, followed by recrystallization from
L hexanes-CH,Cl,: mp 156.5-157 °C; IR (Nujol) 3600-2200 (m), 1704 (s)
em’!; "HNMR 8 2.82 (1H, d, J = 17.8 Hz, H2), 2.68 (1H, d,J = 17.8 Hz, H2), 2.60 (1H,
m), 2.04 (1H, apparent dt, J= 2.2, 6.4 Hz), 2.00 (1H, apparent dt, J = 2.2, 6.3 Hz), 1.90
(1H, m), 1.69-1.57 (2H, m), 1.57-1.44 (3H, m), 1.42 (1H, m), 1.40-1.34 (2H, m), 1.32
(1H, m), 1.26 (3H, 5, C3-methyl), 1.24 (3H, s, C3-methyl); °C NMR 5 210.4 (0, C4),
183.6 (0, C1), 50.7 (2, C2), 49.5 (1), 39.9 (0, C3), 27.2 (1), 26.7 (2), 26.4 (2), 25.6 (3, C3-
methyl), 25.3 (3, C3-methyl), 25.2 (2), 25.0 (2), 23.8 (1), 21.4 (2); MS 238 (M, 1), 220
(28), 157 (36), 139 (27), 137 (15), 136 (71), 136 (71), 133 (11), 129 (12), 111 (13), 110
(12), 109 (100), 108 (10), 107 (19), 101 (29) , 94 (10), 93 (15), 92 (40), 91 (12), 88 (46),
83 (21), 81 (18), 80 (20), 79 (41), 77 (14), 67 (93), 59 (52), 55 (33), 53 (14), 43 (37), 41
(46); HRMS calcd for C14Hx,0; 238.1568, found 238.1573; caled for CjaHz00; (M-
H,0) 220.1462, found 220.1464.
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Chapter 2. Model Studies Aimed Toward an Enantioselective
Synthesis of the Antiti Antibiotic Fredericamycin A.

Introduction
The antitumor antibiotic fredericamycin A was first isolated by Pandey et al. from
a strain of the soil bacterium Streptomyces griseus at the National Cancer Institute in
Frederick, Maryland, in 1981.'%"? Single-crystal X-ray diffraction pattern®® analysis was

in ishing its structure after i ic studies failed to

resolve tautomeric forms in the ABC subunit.?' Central to its novel molecular architecture

is the ic spiro[4.4]) subunit previ unknown to in the

antibiotic or antitumor classes.

(+)-91 : Fredericamycin A

Fredericamycin A exhibits potent in vitro cytotoxicity as well as efficacious
antitumor activity in a variety of tumor models such as P388 leukemia, CD8F mammary
and B16 melanoma and fredericamycin A does not show mutagenicity in the Ames test?
The origin of the antibiotic and antitumor properties of 91 appears to be through
inhibition of RNA and protein biosynthesis.”? Although studies on the single-electron

oxidation of fredericamycin A and its role in the generation of oxygen free radicals
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initially supported an indiscriminate mode of action,?* more recent investigations® have

disputed these findings. It has since been determined that fredericamycin A inhibits DNA

Tand I at biologi relevant ions (total inhibition at 4.4 and

7.4 pm, respectively) and DNA p «at higher ions (ICso 93 pm).*

The finding that 91 may not act directly or detectably with DNA” suggests direct enzyme
inhibition or selective stabilization of a tertiary complex of DNA, topoisomerase and
91.2® The observation that an analogue of 91 lacking the functionalized F ring (92) was
approximately 100 times less potent has shed further doubt on the hypothesis that the

redox ies of 91 are solely ible for its biological activity.2"*

This promising biological profile and the unique structure of 91 have made it quite
attractive as a lead compound for a new type of chemotherapeutic drug for human

cancers.

The : hallenging spiro[4.4] subunit has been the subject of

extensive synthetic efforts as evidenced by the large number of model studies aimed at its

116,6.26282,3031

construction.® To date, these studies have inated in six total

of 91 in racemic form and very recently an ic synthesis® of i in A.

At the time when we began work in this area, an enantioselective synthesis of 91 had yet



to be reported, and the ion of the single ic 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 sili thered [2 + 2] pl loaddition 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 lal';ora(ory."“'6 Before detailing the retrosynthetic analysis
that led to the formulation of these synthetic plans and the results of synthetic studies

using model systems, a review of the chemical literature dealing with the synthesis of 91

is presented below.



Literature Review - Strategies for the Synthesis of Fredericamycin A
The large majority of exploratory synthetic work on 91 has focused on the
constructicn of the spiro CD linkage. Numerous partial structures differing in the levels
of oxygeration in the B, D and E rings have been prepared using a variety of strategies.

Several of these preliminary studies have inated in total of frederi

A

Bis-Functionalization of Intact DE h Ross Kelly was the first to
explore the popular strategy of forming the spiro CD linkage by bis-acylation of an
indeny! anion (Scheme 12).2* The initial attack of lithiated indene on dimethyl phthalate

proceeded smoothly to give 93. However, the anticij Dieck ion 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 of acidic or basic conditions. Treatment of
94 with para-toluenesulfonic acid (p-TsOH) followed by selective hydrogenation of the
endocyclic alkene gave lactone 95. Treatment of 95 with diisobutylaluminum hydride
(DIBAL-H) generated a keto-enolate that underwent the desired cyclization reaction to
provide 96 as a stereoisomeric mixture of ketols. Swern oxidation (oxalyl chloride,
dimethy! sulfoxide (DMSO), -78 °C, triethylamine (TEA)) afforded the desired dione 97.

No yields were reported for any of these transformations.



Scheme 1a

MeO
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come " [:

94 X=H

Swem

H oxidation

Kelly successfully applied this strategy to the first total synthesis of 91 (Schemes
1b-1d) in 17 steps from dihydrocoumarin and methyl tetronate in 3.3 % overall yield. 2%
The propensity of lithiated indene 102 to react from the undesired terminus of the allylic
anion system necessitated modification of his initial plan. Success was achieved by
conversion of 102 to regioisomeric 103 by trapping with chlorotrimethylsilane before

repeated lithiation (108) and reaction with phthalate 107.
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0 Scheme 1d
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Watanabe (Scheme 2) prepared 3-(1'-indanylidene)phthalide 114 using a Homer-
Wadsworh-Emmons reaction between indanone 112 and phosphonate 113.”*® Reduction
of 114 using DIBAL-H followed by addition of a catalytic amount of sodium methoxide
invoked the i lecular aldol spi

to form the C ring. Oxidation of the

resulting mixture of i ic spiroketoalcohols with pyridinii i (PDC)
afforded the fully oxygenated BCDE core fragment 115.
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Scheme 2
O  OMe
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-78°C

2. NaOMe (cat), rt
3. PDC, CH,Cl,
(45 %)

Kessar formed spiro model 118 in a single operation by using phthalide 116

(Scheme 3)."‘ Attack of the indenyl anion onto the lactone carbonyl with concomitant

of ethoxide aketo-aldehyde. The lithium ethoxide liberated in the

initial process effected an i lecular aldol reaction to give 117a,b.

Oxidation with pyridinium chlorochromate (PCC) afforded core fragment 118 in 55 %
overall yield.

Scheme 3

tBuLi, THF
L I o
[

116 OEt

117ab



Braun constructed the spiro CD linkage via a tandem Claisen-decarboxylation-
aldol reaction between indanecarboxylic acid and 116 (Scheme 4).2* PCC oxidation of

the resulting 9:1 mixture of keto-alcohol diastereomers (96a,b) gave 97 in 49% overall

yield for this short sequence.
Scheme 4
co’"z n-Buli, THF
o —=%
[
o}
116 OEt 96a,b

(63 %, 9: 1)

Julia reported the bis-alkylation of indene with dibromide 119 under conditions of
phase-transfer catalysis (Scheme 5).* Introduction of the required oxygen functionality

into the C ring of 120 was ished by benzylic ination with N-bromo-

succinimide (NBS), halide displ. from the 1,3-di ide with silver acetate and

reduction of the resulting diacetate to the diol (121) with lithium aluminum hydride
(LAH). Hydrogenation of the double bond followed by PCC oxidation afforded dione
122 in 20 % overall yield.



Scheme §

MeO. Q
m ¢(cu@r 50% NaOH, THF J OMle
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1.NBS, CCl Med: Q
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121 122 (20 % from 120)

Ayyangar d: that direct bi lation of a 1

d indene to give
118 can occur in modest yield using the more reactive phthaloyl chloride in the presence

of tetra-n-butylammonium bromide (TBAB) (Scheme 6).2*"

Scheme 6

2 NaH, TBAB

OQ Pm".C“O(:I
S

Ayyangar also prepared 3-(1'-i i hthalides 95a,b that had previ been

118 (30 %)

shown to undergo rearrangement to 118 on treatment with DIBAL-H. He subsequently
demonstrated that it was possible to accomplish the formation of 118 from 95a,b
photochemically (Scheme 7).2* Longer irradiation times resulted in the same

photostationary mixture (95a : 95b : 118, 20 %, 50 %, 20 % isolated yields).



l 95a ( E) 95b (2)

118 (20 %)

Mehta (Scheme 8) constructed BCDE subunit 97 using a novel photochemical

1,6-H abstraction/5-exo-trig radical spirocyclization strategy.

LiHMDS
THF, 45 °C RuO, - NalO,
_
PhCHO Ph CHCN, Hz0, CCly




Pandey (Scheme 9) later reported a more efficient approach employing thioacetal
£

& C

CAN
—
CH,CN/ H,0

97 (56 %)

D-ring Annelation Strategies. The failure of Kelly’s Dieckmann condensation
tactic for the direct formation of the C ring dione from an acylated indene was likely a
consequence of the stability of the intermediate enolate 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 D ring lati ies for final bly of the spiro[4.4] subunit.




Scheme 10

+°
O 2 0 W"

97

Kende reported the synthesis of BCDE fragment 134 employing a 5-exo-trig
phenoxy-enoxy coupling.** C ring assembly was accomplished with a tandem Claisen-

decarboxylation-Dieckmann reaction between 132 and dimethyl phthalate. Photolysis of

the p-iodophenol adelocalized radical that ici ina rig
cyclization ortho to the phenolic oxygen onto the enol-tautomer of the 1,3-dione to
provide 134 in 59 % yield. Interestingly, oxidative cleavage of the C-I bond with
Na,CO3/K3FeCNg 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 oH
CO;Me COMe
icl NaH, DME
ACOH COMe
e

121 8°C | 132 @ 2 | 13345%)

©3%)

CO,Me

hv, 60 -70°C

i-PrOH, NaOAc
(59%)

Sk
134
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Starting from the known indane-1,3-dione 136, available from phthalic anhydride
and 2-methoxyphenylacetic acid, Braun prepared thioacetal 138 (Scheme 12).2¥ 138
participated in an intramolecular Friedel-Crafts type reaction upon treatment with either
of the indicated Lewis acids to give thioether 139. Raney nickel desulphurization
provided BCDE dione 140.

(7

o . o) B
—_—
OMe Kz2COs, acetone

O 8%

1. 03, Me;S Mt .
Q0 — N

2.EtSH, H*
(60 %) (SEt);
138

Ciufolini prepared BCDE fragment 145 using a palladium promoted
intramolecular arylation of f-diketone 144 (Scheme lJ).m‘ Addition of lithium phthalide
to aldehyde 141 provided alcohol 142. Base-induced elimination of the corresponding
mesylate gave 3-alkylidenephthalide 143. Smooth conversion to f-diketone 144 was
effected with LiOEt in THF. Oxidative addition of the sodium enolate of 144 to Pd’
followed by heating to 135 °C resulted in intramolecular reductive coupling with

regeneration of Pd’to give 145 in 76 % yield.



o

©:§ o LDA 505-78°C
= tDAB0+78°C _E
OMOM

141

O Q uoa HE 2

1. MSCL CHCl 1o

208U, THR.A DBU, THF, it

1. NaH, DMF
2. Pd(PPhy)y, 135 °C
(76 %)

A similar strategy was used by Narasimhan in the synthesis of BCDE model 151
(Scheme 14).** The 3-alkylidenephthalide substrate (148a,b) for the Dieckmann
condensation was prepared in this case by Wittig olefination of aldehyde 146 with
phosphonium salt 147. Treatment of 149 with Mn(OAc); in hot acetic acid induced the

intramolecular arylation reaction to give 151 via 150.
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151 (32 %)

Rama Rao utilized Shapiro's Dieckmann conditions™ for the synthesis of 153
from aldehyde 151 and phthalide (Scheme 15a).*" Formation of the BCDE model 97

was achieved in 72 % yield from 153 via a usually disfavored 5-endo-trig radical

cyclization.
Scheme 15a
o g
nMPA Do \ d Naom. 0 g
cno - OH
C[/ (93 %) O
152 (80 %) 153

Mn(OAc)y
Cu(OAc),

AcOH

72%)




Rama Rao later achieved the total synthesis of 91 (33 steps) using this strategy (Scheme
15b-d). The seemingly circuitous synthesis of 174 outlined in Scheme 15c¢ reflects the
inability of the orthoester derived from 170 to react with dimethyl acetylenedicarboxylate
(DMAD) in a Diels-Alder addition despite the observation that 172 reacted readily under

the same conditions.

Scheme 15b
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Meo;c\)k,CO,Me o OH 1. KoCO,, acetone
6 0 o NaOH, H0 COzMe (MeO),SO;, reflux
MeOH § 2. NHj, H,0, 45 °C
(44 %) 184 (89 %)
O OMe Cl OMe NaOMe OMe OMe
HN CO,Me POCl;, (2 COMe MeOH 2 CO;Me
—— —_
S reflux X reflux -3
185 (87 %) 58 (80 %) e
OMe OMe hexamine OMe OMe
NBS, CCl, N COzMe AcOH, H,0 N7 COMe
— —
(99%) B A\ 80°C N
©5%) OH
158 159
OMe OMe 1. NaNH,, PhCHO OMe OMe
MeOH, PPTS NZ COMe  HMPA, t NZ COMe
—_— —_—
reflux  pMeO. 2. K;COy, Mel  MeO. N
(98 %) acetone |
161
OMe 160 ©2%) Ohe HP
OMe OMe OMe OMe
0504, NalO, N7 COMe MePPhs I NZ CO,Me
—_ —_—
PH 7 buffer N NaNH; M N
0°C (61%) CHO  THF, ether ]
OMe 162 0°C (73%) OMe 163



Scheme 15b (continued)
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Other Novel Approaches. Terashima prepared ABCD fragment 182 using an
intramolecular dieneyne Diels-Alder strategy (Scheme 16).*" Aldol addition of the
lithium enolate of 177 to 178 gave enone 179. A series of straightforward functional
group (FG) transformations provided aldehyde 180. Final assembly of dieneyne 181 was
achieved by addition of lithiated trimethylsilylacetylene to 180 followed by oxidation of
the resulting propargylic alcohol with MnO,. Heating 181 in a sealed tube initiated a
highly efficient [4 + 2] cycloaddition leading to 182 in quantitative yield.




Scheme 16
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o oMe (100 %) [o} OMe
181 182

Kita later reported that the B-ring trimethylsilyl (TMS) group of 182 could not be
converted into the required phenol under a variety of conditions.** 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)2%
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Scheme 18
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Andrew Evans assembled BCDE fragment 140 using an aldol strategy similar to
those previously discussed (Scheme 19).** Union of B and DE ring synthons 199 and

200 was accomplished using a modified Negishi palladium-catalyzed cross-coupling.



Scheme 19
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Dale Boger's synthesis of model ABCD fragment 206 (Scheme 20a) employed an
intermolecular alkyne-chromium carbene complex benzannelation (Scheme 20b)."'
Final assembly of the CD spiro link was also accomplished in this instance with an
intramolecular aldol reaction. Boger's total synthesis of 91 (29 steps) is outlined in

Schemes 20c-e.”

Scheme 20a
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Scheme 20b. Alkyne-Chromium Carbene Complex Benzannellation
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Scheme 20c
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Derrick Clive constructed the spiro linkage present in 91 using a novel radical
spirocyclization strategy (Scheme 21a).2* Nucleophilic addition of aryl lithium 222 to
aldehyde 223 afforded alcohol 224. Conversion of 224 to organoselenide 225 was
accomplished by oxidation with PCC and treatment of the resultant ketone with LDA and

phenylselenyl chloride. Treatment of 225 with triphenyltin hydride/2,2"

P

nitrile (AIBN) d a highly stabilized radical that und a favored 5-exo-dig
cyclization to afford spirocyclized product 226. Ozonolytic cleavage of the double bond

in 226 followed by d ion with boron tril ide afforded BCDE fragment 227.

Clive's total synthesis of 91 (34 steps) is illustrated in Schemes 21b-d ¥
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Scheme 21b
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Scheme 21c
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Scheme 21d
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Parker utilized Kuwaji geminal acylati hodology to construct C ring

cyclopentane-1,3-dione model 244 (Scheme 22a).""* Dehydrogenation of 244 provided
enedione 245 that served as a Michael acceptor in a reaction with lithiated phthalide
sulfone 246. Closure of the B ring was ished by a jtant i lecul

Dieckmann-type reaction of the resultant enolate onto the carbonyl of the lactone with

subsequent aromatization to form 247.



Scheme
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DEF fragment 252 was led using a biomimeti ization strategy

employing polyketide 248 (Scheme 22b).2*
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Bach (Scheme 23a) later reported the synthesis of a model compound (259)
possessing all the required oxygens in the A, B and C rings using a strategy similar to
Parker’s. Assembly of the AB portion was achieved by a Diels-Alder reaction between

enedione 256 and isobenzofuran 258.2

Scheme 23a
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Bach and Julia independently synthesized 91 using this strategy. Bach's synthetic
route (19 steps) is illustrated in Schemes 23b-d.""* Julia's synthesis (18 steps) is illustrated

in Schemes 24a-c."®
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Scheme 24a
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Scheme 24b
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Julia also explored the possibility of forming the C ring using an intramolecular
Friedel-Crafts acylation (Scheme 24d).""® Though successful in producing 122, this

approach was not amenable to a synthesis of 91.

Scheme 24d

COH

MeO
2'-9" AL Q oMe 1 zsoclz DMF
.
S o 2 Mca» cmch
0°C
288

DMSO, NaHCO,, 150 °C
(90 %)

287 (53 %)

Kita accomplished the formation of the CDE portion of 91 in optically active form

by BFyEt;0 catalyzed of trans-a,B-ep late 292 (Scheme 252).%*"
Enantioselective reduction of enone 288 with Corey's L-proline-derived reducing reagent
(289) gave allylic alcohol 290. A heteroatom-directed epoxidation with
+-BuOOH/VO(acac), followed by Mitsunobu inversion of the hydroxyl-bearing

stereocenter gave frans-a,B-epoxyacylate 292. Stirring 292 in dichloromethane with an

equivalent of BF3-Et;0 resulted ina ific bly via 293, to
give 294 in 90 % ee. Use of (15} ic acid in the Mi d
followed by recrystallization of the a,B- late prior to raised the

enantiomeric excess from 90 to 100 %.

115



HPh Scheme 25a
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Kita recently reported the first enantioselective synthesis of 91 (34 steps) through

an anionic [4 + 2] cycloaddition between thalate ester 306a and enedione 305

(Schemes 25 b-d).* Both natural and enr-91 were synthesized in separate runs using
306a and 306b (Scheme 25e). Based on the known stereochemistry of 305 (from an X-
ray structure of 302) and the predicted regiochemical course of the [4 + 2] cycloaddition,
the configuration of the stereogenic center in 91 was ascertained to be S by comparison of

the circular dichroism (CD) spectrum with that of natural fredericamycin A.
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Scheme 25b
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Scheme 25e
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Retrosynthetic Analysis and Preliminary Studies

In fredericamycin A the absolute ion of the single located
at the spiro ring junction between the C and D 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 dione 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-1,3-cyclopentanediones by Baker's yeast.'®

gl olled P

ing a Disposable Silicon Tether

Our ic di of i in A is ill d in Schemes

26a,b and c. We chose a silicon-tethered [2 + 2] photoaddition’* between enone 316 and
the silyl-enol ether of racemic cyclobutanone 317 followed by oxidative scission of the
latent diol-flanked central bond of the resulting bicyclo[2.2.0]hexane in 314 for
introduction of the AB 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 of either natural 91 or its enantiomer. From Kita's recently published
asymmetric synthesis of 91 (Schemes 25\7-25e),’2 it appears that our initial guess of the
absolute configuration of 91 was correct.

Reduction of dione 319 (Scheme 26b) with Baker's yeast is anticipated to yield the
S configuration at both the hydroxy! bearing stereocenter and the spiro center in 318.'®
For the tethered [2 + 2] cycloaddition, analysis using molecular models suggested the

endo mode of addition would be preferred. Inversion of the stereochemistry at the

ydroxy i in 318 using Mitsonobu itions* was planned prior to
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the tethering operation since delivery of the silyl-enol ether to the face of the enone anti

to the aromatic portion of 314 would likely occur more readily.

Scheme 26a
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ic di ly of 317 is shown in Scheme 26¢. Our
plan for the assembly of 317 relied on the ease with which fused bicyclic cyclobutanones

are formed from the addition of dichloroketene to intraannular 1,3-dienes.*®

Scheme 26¢c
MeOCH,, MeoCH,,,

MeoC!
o Y o
¢
YT Notms 0 2

ﬁ’ o H C
37 326
H,0Me CH,0Me CH,0H COH
= =3 =3 >
0 ‘OMe 'OMe
327 328 329



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 Baeyer-Villiger oxidation.*” Enone 328, from which diene 327
was to be fashioned using a Shapiro reaction,”® should have been readily available from

m-anisic acid by Birch reduction, conversion of the carboxylic acid function to the

hyl handle for i ion of the ining A ring oxygen, and acidic
hydrolysis of the enol ether.®® While the addition of dichloroketene to 327 would occur
without any regiochemical preference likely resulting in a low yield of 326, it was
anticipated that 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 23a) and
280 (Scheme 24a)).'*''* 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 portion 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-

by i  chloride lyzed 40
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To begin assessment of the viability of the tethered photoaddition, we selected
model compound 335 as our initial target. Compound 335 was assembled as illustrated in

Scheme 27a.
Scheme 27a
o o
(PhSe0),0 NaBH,, CeCly7H,0 O%m
PhCI, reflux MeOH, 4 °C
W 1% 3 e b
. D SiM
Me;SiCl,, TEA o 0SiMe,CI ° @ © N
7 .
THF, 4 °Cont t0A, ¥
%) 78°Cont
o 33

Diketone 330, available from cyclohexanone and 1,% was oxidized to enedione

331 with b lenini ide ' Luche ion*? gave 332 along witha 14 %

yield of a mixture of cis- and trans-1,4-diols (333a,b).

H%“ou HO™ 'OH

333 333b



Treatment of 332 with a large excess of dichlorodimethylsilane provided silyl
ether 334 that was added to the lithium enolate®® of cyclohexanone to give 335.
Irradiation of a cyclohexane solution of the crude material from the unoptimized trapping

experiment gratifyingly produced end 336 (Scheme 27b).

Scheme 27b

o o,
SiMe, v SiMe;
o o cyclohexane O
350 nm

335 336
(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 hydi ion of 340, the dehal d product of the addition of

dichloroketene to cyclohexadiene (Scheme 28b).%

Scheme 28a
0
@ 3
SiMe,
o OSiMe,Cl 337 o
LDA, THF
334 338
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Scheme 28b
o

c'ﬁ/u\
cl 0
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TEA, pentane o MeOH. H0 'S EtOAC
33 Cl 340 337

Treatment of 337 with LDA at -78 °C followed by the addition of 334 produced a

complex mixture of products, none of which were identified as 338. An examination of
the literature on this subject revealed that the standard amide deprotonation protocol for
the generation of enolates* typically fails with cyclobutanones.* Cyclobutanone enolates
can however be formed by a metal-halogen exchange reaction using an
a-chlorocyclobutanone. *

Monochlorocyclobutanone 341 was prepared from 339 by monodechlorination
followed by catalytic hydrogenation of the double bond (Scheme 28c). Attempts to trap
the lithium enolate of 337, generated by treatment of 342 with Me;CuLi at-78 °C in
ether, with 334 failed to produce detectable amounts of 338.

Scheme 28¢

u,o nt EIOAc
3% ol
Another commonly used method for generating silyl-enol ethers from ketones

employs silyl triflates in the presence of an amine base.***® We reasoned that it might be

possible to 338 by of 332 with the i ilyl enol ether of 337

made in this manner (Scheme 29). The lack of a literature precedent for the preparation



of chlorodi ilyl trifl limited our choices to the bulkier

silylating reagents chloro-di-ert-butysilyl trifluoromethanesulfonate and

dij ilyl trifll These reagents can be prepared from the
ially available chlorosil by with tri h Ifonic acid %
The reaction of i ilane with trifl Ifonic acid gave

instead of the desired chlorodimethylsilyl
trifluoromethanesulfonate.

Attempts to prepare 344 (R=t-Bu, Scheme 29) using a variety of conditions for the
tethering step (TEA or DBU at rt or reflux, LDA at -41 °C) did not provide any evidence
supporting the formation of 344. Faced with this disappointing result, we decided to

redesign our synthetic strategy for the introduction of the AB portion of 91.

’8

o Sle
O:/( R,SICIOT OSRLCl 332
TEA, CH,Cl, Oj Base
337 po

Scheme 29
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Regiocontrolled Diels-Alder Strategy - Retrosynthetic Analysis

Our second idea for an enantioselective synthesis of 91 relied on a Diels-Alder

reaction for i ion of the AB naphthoqui The high level of regiocontrol
available in this reaction was well-suited to our strategy based on ketol 318. In contrast
to the Diels-Alder strategies used in previous syntheses of 91 by Julia,'® Bach,''* and
Kita,”? we envisioned forming the diene component from 318 (Scheme 30b). Diels-Alder
addition of chloronaphthoquinone 347 to 346 (Scheme 30a), excision of the extraneous
two-carbon bridge on treatment of 345 with fluoride ion (Scheme 30c), introduction of
the diene by a Stille coupling using the aldehyde present in 350 and application of Clive's

demethylation/oxidation protocol®® (Scheme 21d) was anticipated to give (+)-91.




Scheme 30b

Scheme 30c

We planned to prepare i 347 via ization of the

product from the Diels-Alder addition of 2,5-dichloro-1,4-benzoquinone to Brassard's
diene 351*™ (Scheme 30d). Compound 351 is available from 352, the product of a
thermal ring opening of the cyclobutene-derived from the [2 + 2] cycloaddition of

methoxyketene to ketene dimethyl acetal ***
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Scheme 30d
O OMe

BB S

351
0 OMe
=3 Mw\)LCI + ‘"’ ©>  BrCH,C(OMe);
In the event that our synthesis of 347 was unsuccessful, we could also proceed

with the crucial Diels-Alder step using naphthoqui 353, the ized product of a

Diels-Alder addition of 2,6-dichloro-1,4-benzoquinone to diene 355 (Scheme 30e). We
planned to construct 354 by treatment of 356a with LDA followed by trapping of the

resultant anion as asilyl ether. 5,6-Dihydro-2-py 356b has previ been prepared

from the dianion of meth and Idehyde, as well as by TiCls-promoted

addition of diketene to the dimethyl acetal of acetaldehyde.***® However, in the interest of

ducing the ining A ring oxygen of 91 by Baeyer-Villiger type
oxidation”” while avoiding extra protection steps needed to preserve the C ring ketone
functionalities, it would be sensible to explore the possibility of preparing 356a. 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 2,5-dichloro-1,4-b i for 2,6-dichloro-1,4-benzoquinone into

cither of Schemes 30d or e.



Scheme 30e

M&% LG

'} 5 HJLH )k/co,ue
[ D o~ come = or
MeO' R e ke
3562 R=H o
356b R =Me H M o

The symmetry of ketone 322 (Scheme 26c) made it possible to use compound 357

as the model for both the studies on formation of the F ring by 2 Beckmann

rearrangement strategy and for the construction of diene 360 (Scheme 31). Compound

357 was prepared by methylation (K2COj3, Mel, acetone, reflux (97 % yield)) of phenol

261 from Bach's synthesis of 91''® (Scheme 23b).

Scheme 31
O OMe
n
Rearrangement Ly
MO o 358
OMe
Diene
387 Ve, Synthesis
Geminal Acylation 0 —_ oNEM
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F Ring C
In a Beckmann rearrangement (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.’®®

Scheme 32
Me® N-OH 4+ MeO O

/ch HZNOH-HCI o
PhH, reflux wwm
357

Depending on the substrate and reaction conditions, either a trigonal (Scheme 33a)
or tetrahedral (Scheme 33b) mechanism or a mixture of both processes may be in

operation.*® The bond ization may also be or involve discrete nitrenium

and nitronium ions, mspeclively}h.h.d

Fora viaa d 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. If oxime isomerization is faster or the process proceeds
via a nitrenium ion, the relative migratory aptitudes of the two oxime substituents will

determine the product ratio. Migratory aptitudes will play the major role in determining

the course of the in the tetrahedral mechanism, as oxime geometry is no
longer a controlling factor. Migratory aptitudes are known from the work of Beckmann

and Schmidt to depend on a variety of factors such as the identity and orientation of the
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leaving group, the solvent and catalyst, electronic variables, torsional strain and other
conformational factors associated with the substrate.”

Yields tend to be moderate under classical Beckmann conditions for
rearrangement of free indanone oximes (Scheme 32).”‘ The process can be facilitated by

conversion of the oxime OH to a mesylate or tosylate, although this requiries an

additional synthetic step.’'* Olah's p (hy ine-O-sulfonic acid, formic
acid (97 %), 110 °C) accomplishes formation of the activated oxime and the Beckmann
rearrangement in a single operalion.” ‘When 357 was treated with hydroxylamine-0-
sulfonic acid in refluxing formic acid (88 %), the desired isoquinoline 358 was produced
in quantitative yield.

It is generally accepted that Beckmann rearrangements proceed via the concerted
trigonal process, as shown in Scheme 33a.%'* If this is true for the conversion of 357 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
transformation 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 transition state of the Beck of 1-indanones 3154

Thus, the experimental result may reflect this if oxime isomerization was faster than

rearrangement in this instance.
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The corresponding tetrahedral process (Scheme 33b) introduces an additional
consideration that may better explain the observed selectivity and yield. Acid-assisted
nucleophilic attack of water onto oxime 363 would give tetrahedral intermediate 367,
which could rearrange following protonation of the oxime oxygen to give 362 or 358 via

migration of bond a or b respectively.



Scheme 33b
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The developing positive charge at the ex-carbonyl carbon can be delocalized into
the aromatic ring in 370 but not in 369. Thus, migration of bond b would be favored as a
result of stabilization of the transition state leading to 358. Note that similar benzylic
stabilization of the positive charge in 366 (Scheme 33a) is precluded due to the
orthogonal relationship of the spz orbital at the ex-carbony] carbon and the aromatic -

electron cloud.
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Application of this methodology in a synthesis of 91 would necessitate that pre-
existing functionality be present to facilitate introduction of the F-ring diene 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 coupling* following conversion of the terminal olefin into the

requisite enol triflate. To test the effect of this added functionality on the course of the

we prepared a-allylind: 372 by of enol silyl
ether 371 with allyl bromide in the presence of silver trifluoroacetate (Scheme 34).%%

Scheme 34
TESO‘H MeO  OTBS cyy,-cHCH,Br
Pl e
(CH,Chy CH,Cly
387 4°Con 78 °Cort
93 %) (51%)

‘When 372 was subjected to 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 (ca. 10 %). With the viability of this strategy for

of the F ring i we next focused on fashioning the C ring diene

crucial to our synthetic plan for Diels-Alder assembly of the naphthoquinone portion of

91.



Scheme 35
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Diels-Alder Strategy - Efforts Directed at Synthesis of the C Ring Diene

In order to differentiate between the two ketone functionalities in 321 (Scheme
26b), the geminal acylation reaction to form the C ring of 91 might be carried out before
the Beckmann rearrangement. The presence of a 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, the presence of the allyl group
should have a similar directing effect on the geminal acylation reaction.

To begin our investigations into construction of the C ring diene, we had
originally planned to prepare 359 by direct geminal acylation of 357. However, the
BF;-Et;O-catalyzed reaction of 357 with 1 returned the starting indanone unchanged. In
contrast, the corresponding ethylene acetal 374 reacted smoothly with 1 to produce the
desired spiro-1,3-diketone 359 (Scheme 36). The anticipated difficulty associated with
direct geminal acylation of the less hindered indanone in 321 would require prior
selective formation of an 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

steps would be to avoid ion of
the oxime at the less hindered site.

137



Scheme 36
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Acetal 374 was prepared in 15 % yield using the conditions of Noyori.*® The
major component of the reaction mixture was 357, recovered in 74 % yield. Similar
experiments conducted at -41 °C with 1-indanone and 1-tetralone provided the
corresponding ethylene acetals in 78 % and 90 % yield.

The added synthetic operation and the need for optimization of the conditions for
forming an ethylene acetal from 357 prompted us to assess the viability of our Diels-

Alder plan for the construction of the ABC portion of 91 starting from 55 (Scheme 37).
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Cyclopentanedione 55 was prepared from 1-indanone in 75 % yield.

Monoreduction of 55 with lithium tri-fert-butoxyaluminohydride gave a 1.6 : 1 mixture of

diastereomeric ketols 375a,b (Scheme 37). Analytical samples of each di as2-
methoxyethoxymethyl (MEM) ethers*’ 376a,b were obtained by column chromatography.
NOE measurements on 376b revealed that hydride delivery anti to the aromatic portion of
55 resulted in production of the major ketol diastereomer 375a. Treatment of the mixture

of 376a,b with fert-butyldimethylsilyl tri If (TBSOTY) in the

presence of triethylamine (TEA) resulted in smooth conversion to the corresponding silyl-

enol ethers 377a,b.

Scheme 37
[ LiAYO'Bu)y MEM-CI
o THF.EuO o (Pr)NE
4°Cort CH,Cl
55 (>99 %) 37530 (80 %) 376a 376b

(dr16:1)

MEMO+
TBSOTY, EtN o ‘
—_—

Q

We planned to introduce a hydroxyl group  to the carbony! functionality in

376a,b either by epoxidation or dihydroxylation of the mixture of enol ethers 377a,b.

idation (m-chl jic acid (m-CPBA), NaHCO3)*® produced a
complex mixture of products whereas attempted epoxidation with

methyltrioxorhenium/hydrogen peroxide®® resulted only in the hydrolysis of the enol
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silyl ether to 376a,b. d lation with catalytic amounts of

050 using either N-methylmorpholine-N-oxide (NMO) (Upjohn conditions)*™ or fert-

™ as the stoichiometric oxidant also failed to
produce any of the desired a-hydroxy ketone. Attempts to dihydroxylate 377a,b using a
stoichiometric proportion of OsOy in the presence of a catalytic amount of pyridine in

aqueous acetone resulted only in i ion of 376a,b. ingly, when a

stoichiometric amount of OsO4 was added in one portion to the reaction of 377a under the
Upjohn conditions, 378 was produced as a single diastereomer in 56 % yield (Scheme

38a).

Addition of 0.25 equivalents of OsO; to the reaction of 377a,b (1.6 : 1) under
Sharpless conditions was sufficient to force the reaction to completion (Scheme 38b)

producing 378 and a second di 3719(16:1,

pectively) in 41 % yield. The
stereochemistries of 378 and 379 were both established by NOE measurements in the 'H
NMR.



Scheme 38b
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Faced with modest yields of 378 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.** Treatment of the mixture 377a,b with a freshly prepared

0.1 M solution of dimethy! dioxirane in acetone followed by opening of the resulting

thy acetal with ic potassium fluoride resulted in clean conversion to
378 and 379 (Scheme 38c).
Scheme 38¢c
Me><9
1. mé o
—_——
acetone, -78 °Crt

2. KFIMeOH
3772,
(16:1) (90 %)

The fact that only two of the four possible diastereomers were produced in the
epoxidation and dihydroxylation reactions meant that 377a and 377b must have each
given only one product. The observed stereochemistries of 378 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-Martin pctiod.inane” gave
enol 380. Treatment of 380 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 of 91.

Scheme 39
OH

CHyCl; Et,0,4°C

381
(99 % from 378)

We planned to form diene 386 by deprotonation at the y-position of enone 381
followed by trapping of the resulting dienolate as a silyl ether.%’ We selected 385 as a
suitable model for chloronaphthoquinone 347. Quinone 385 was prepared according to

the method of Brassard (Scheme 40).”"

Scheme 40
o oMeQOTMS
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silica gel 'O Ag;O Mel Cl
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then FhH EtOAc
304 R=H,93%
385R=Me, 6%
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It was anticipated that the addition of chloronaphthoquinone 385 to 386 could be
carried out in a highly regioselective manner (Scheme 41) based on well-known frontier

molecular orbital (FMO) considerations in the Diels-Alder reaction.

Scheme 41

Our attempts to prepare 387 by treatment of 381 with LDA and
chlorotrimethylsilane at -78 °C followed by the addition of 385 produced a complex

mixture of products. A similar il ploying N-ph imide (NPM) as the
dienophile failed to provide any of the corresponding Diels-Alder adduct. If diene 386
did form, the absence of a reaction with NPM would be unusual. The brown color that
developed following the addition of 381 to LDA suggests 381 decomposed under these
conditions. Attempts to form 386 under a variety of other conditions (Scheme 42)

returned unreacted 381.
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-LDA, THF, TMSCI, -78 °C

8
-TEA, TBSOTY, 1,2-DCE, 4 °C»rt
-NaH, THF, TBSCI,

-KH, THF, TBSCI, it

KH, 18-crown-6, THF, TBSCI, it
-LHMDS, THF, -85 °C, TBSCI
-LIHMDS, THF, -78 °C, TBSOTf
-LiHMDS, THF, -29 °C, TBSCI

Examination of the crude product mixture from the reaction of 381 with LDA
revealed that the MEM protecting group was no longer present. The absence of any
reaction with lithium bis(trimethylsilylamide) (LiHMDS) may suggest that removal of the

y-hydrogen in 381 may be In the absence

p by ing steric

of the desired reaction, other i possibly involving loss of the MEM

ether, may have been initiated with LDA. 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 reaction possible with the

B-hydroxy ketone functionality in 375a,b under the strongly basic conditions usually

required for methyl ether fc ion. F under conditions of phase-transfer

catalysis (PTC), it was possible to convert 375a,b to the corresponding methy! ethers
388a,b in 84 % yield (Scheme 43).8' a-Hydroxylation of 388a,b proceeded smoothly to
give only two diastereomeric hydroxyketones 390a,b. The diastereoselectivity of this
reaction paralleled that seen with 377a,b. The low yield for the oxidation and

etherification sequence leading to 392a,b was a consequence of purification problems



experienced in the oxidation step. The iodo- and iodosobenzoic acids produced from the

Dess-Martin reagent were not completely separable from the enol products 391a,b by
repeated filtration or chromatography.

Scheme 43
Me,S0, MeO: TBSOTY, Et;N
o _NaOH. H:0 NN (CH;Cl),
CH,Cl, 4°Cort
375a,b TBAI 388a,b (99 %) 38%a,b
(84 %)

(16:1)

M&O
)
1. md © o DM periodinane

—

CHCly

—_—
acetone, -78 °Crt
2. KF/MeOH
(90 %)

(27 % from 380a,b)

1 achange in the

group did not alter the reactivity of the

enone in the manner desired (Scheme 44). Attempts to form diene 393 using LDA
resulted in de

as before. Reacti ploying alkali metal salts of
bis(tri atlow returned d 392a,b. The absence of
inad

oxide quench experiment conducted at -78 °C was
of a lack of signi d

at this temp ‘When the reaction
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was carried out at 4 °C, the material decomposed in the same manner as with LDA. Use

of the trimethylsilyl triflate/triethylamine (TEA) ination also resulted in

decomposition of 392a,b.

-LDA, THF, -78 °C, TBSCI

-LDA, HMPA TMEDA, -78 °C, TBSCI

-LDA, HMPA, TMEDA, -78 °C, TMSCI
-LiIHMDS, THF -78 °C, TMSCI

LIHMDS, THF, HMPA, -78 °C, TMEDA, TMSCI
HMDS, THF, -78 °C, TMSCI

-KHMDS, THF, 4 °C, TMSC|

-TEA, TMSOTY, 4°C

-TEA, TMSOTf, t




Considerations for Future Work
In order to proceed with our plan for an enantioselective synthesis of

fredericamycin A, the crucial Diels-Alder union of the model quinone and diene systems

must first be established. Q

methods for diene preparation from
381 or 392a,b may have proved i ive due to an i ility of the dienol

intermediate (if this species even formed under these reaction conditions). Use ofa2-

methoxy-1,4-dione system and employing equilibrating tions for silyl-enol ether

formation® may provide access to the desired diene since conversion of the initially
formed B,y-enone into a fully conjugated system should be favored energetically.

The viability of such a strategy was soon established when the corresponding
diene (394) lacking the regiocontrolling oxygen was readily prepared from 55.

Compound 394 reacted i with V- imi iding adduct 395 in

P

61 % yield after recrystallization (Scheme 45). Unfortunately, no reaction was observed

with 385 returning only monosilylated enone 397 after workup.

Scheme 45

TBSOTI, TEA
—_—
(CHZCl);, 4°C
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‘The presence of an additional electron donating methoxy substituent in 386 should
result in an increase in reactivity relative to 394. Whether or not the magnitude of this
enhancement will be adequate to achieve a Diels-Alder addition of 385 to 386 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.

Scheme 46

TBSOT!, EtN Ts0
(CH,Clle
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Experimental Section

General Section. See Chapter 1, p. 24.

4 piro[4.5]dec-2-en-1-one (332), and (1R/S, 4S/R)- and
o on (RS, 4R/S)-1,4-dihydroxyspiro[4.5]dec-2-ene (333a,b). NaBH, (107
mg, 2.82 mmol) was added in one portion to a mixture of 331 (712 mg,
= 4.34 mmol) and CeCl;-7H,0 (806 mg, 2.16 mmol) in methanol (12 mL)
HO 'OH

cooled to 4 °C. The reaction mixture was stirred for 5 min 20 s,

2332 quenched by the addition of aqueous NH,Cl solution, poured into water
(60 mL) and extracted with EtOAc (3 x 50 mL). The extracts were
combined, washed with saturated NaCl aqueous solution (75 mL), dried
333b (MgS0s) and concentrated to give a viscous, faint yellow oil consisting

0f332 and 333a,b (9 : 1 by GC-MS). Ch hy (50/50 EtOA ether)

provided 332 as a viscous, faint yellow oil (604 mg, 84 %) and a colorless resin (64 mg)
consisting of 333a,b (1.3 : 1). For 332: IR 3418 (m), 1697 (s), 1596 (w) cm™; '"H NMR &
7.48 (1H, dd, J=2.6, 5.8 Hz, H3), 6.15 (1H, dd, J = 1.0, 5.8 Hz, H2), 4.67 (1H, ddd, /=
1.0,2.6, 8.1 Hz, H4), 1.81 (1H, d, J=8.1 Hz, OH), 1.91-1.24 (10H, m, H6-H10); Lo
NMR §212.5 (0, C1), 160.7 (1, C3), 132.5 (1, C2), 78.6 (1, C4), 51.1 (0, C5), 33.5 (2),
27.6(2),25.1(2),22.9 (2), 22.3 (2); MS (GC-MS) 166 (20, M"), 148 (36), 137 (20), 135
(10), 133 (14), 123 (29), 121 (10), 120 (36), 119 (17), 111 (38), 110 (29), 109 (19), 107
(18), 98 (19), 97 (37), 96 (16), 95 (23), 94 (13), 93 (13), 92 (10), 91 (26), 84 (73), 83 (19),
82(22), 81 (39), 80 (12), 79 (46), 78 (10), 77 (24), 70 (10), 69 (16), 68 (14), 67 (35), 66
(10), 65 (17), 57 (14), 56 (33), 55 (100), 54 (19), 53 (36), 52 (10), 51 (18), 43 (19), 41
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(63). Discernable signals from spectra of the mixture of 333a,b: major isomer: 'HNMR
85.92 (2H, 5, H2, H3), 4.51 (2H, 5, H1, H4); "C NMR 5 136.3 (2C, C2, C3), 81.2(2C,
Cl, C4),47.0 (0, C5); minor isomer: 'H NMR 5 6.07 (2H, s, H2, H3), 4.10 (2H, 5, H1,
H4); PC NMR 8 135.5 (2C, €2, C3), 81.1 (2C, C1, C4), 47.4 (0, C5). MS (GC-MS) 168
(18,M"), 150 (32), 148 (11), 124 (12), 112 (19), 111 (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), 77 (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 (11), 43 (42), 42 (14),
41 (67).

4-(Chlorodi ilyloxy)spiro[4.5]dec-2-en-1-one (334). A

o OSiMezCl  solution composed of 332 (809 mg, 4.87 mmol) and E;N (0.69 mL,

234 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 °C. 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 (1.26 g,

>99 %); 'H NMR & 7.43 (1H, dd, J = 2.4, 5.8 Hz, H3), 6.14 (1H, d, /= 5.8 Hz, H2), 4.67
(1H, d,J = 2.4 Hz, H4), 1.80 (1H, m), 1.72-1.22 (9H, m), 0.57 (3H, s, SiCHj), 0.55 (3H,
s, SiCH;); '*C NMR 8211.4 (0, C1), 159.3 (0, C3), 132.7 (0, C2), 79.3 (1,C4), 51.0 (0,

C5),33.3(2),27.7(2), 25.1 (2), 22.7(2), 22.0 (2), 3.1 (3, SiCH;), 2.2 (3, SiCH3).
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4-((1-Cy Y) y)spiro[4.5]dec-2-en-1
QO (335). A solution of cyclohexanone (148 mg, 1.50 mmol) in THF
O/lSiMea (0.92 mL) was added dropwise to freshly prepared LDA (1.5 mmol)
in hexanes (0.60 mL) and THF (2.0 mL) cooled to -78 °C. The
338 resulting mixture was stirred at -78 °C for 30 min prior to the
dropwise introduction of 334 (395 mg, 1.53 mmol) in THF (0.75 mL) with warming to 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 (s), 1671 (m) cm™; 'H NMR & 7.43 (1H, dd, J = 2.4, 5.7 Hz, H3), 6.10 (1H, dd, J =
0.8.5.7 Hz, H2), 4.94 (1H, m, H2"), 4.76 (1H, dd, /= 0.8, 2.4 Hz, H4), 2.08-1.94 (4H, m),
1.75-1.22 (14H, m), 0.28 (3H, s, SiCHj), 0.25 (3H, s, SiCH).

(1R/S, 58/R, 10R/S, 11S/R, 14R/S)-3,3-Dimethyl-2,d-dioxa-3-

silaspir 1',13-tetr: [9.2.1.0%°0%¥}tetra-

O/S""ei decane)-12-one (336). A solution of 335 (392 mg) in cyclohexane

(5.0 mL) was irradiated at 350 nm in a Rayonet photochemical

336

reactor for 20 h. Evaporation of the solvent and chromatography
(5/95 EtOAc-petroleum ether) of the residue provided 336 as a white solid (73 mg, 19 %
from 334); mp 80-81 °C; IR (CCly) 1731 cm™; '"HNMR 8 4.52 (1H, d. J= 6.2 Hz, H1),
2.78 (1H, overlapped m, H10), 2.71 (1H. t,J = 6.7 Hz, H14), 2.47 (1H. t, /=73 Hz,
H11),2.00 (1H, m), 1.88-1.13 (17H, m), 0.20 (3H, s, SiCH;), 0.17 (3H, s, SiCH;); NOE
data4.52 (2.78, 1.6 %; 2.71, 6 %), 2.71 (4.52, 6 %; 2.47, 4 %), 2.47 (2.78,2 %; 2.71, 2

%); CNMR 6 221.5 (0, C12), 726 (1, C1), 705 (0, C5), 592 (0. C13), 48.4 (1), 46.2
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(1),40.4 (1, C11), 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, SiCHs), -1.7 (3, SiCH3); MS 320 (38, M"), 224 (13), 222 (12), 210
(12), 209 (87), 195 (16), 194 (20), 181 (18), 171 (33), 169 (17), 168 (62), 156 (17), 155
(100); HRMS calcd for CgHz303Si 320.1806, found 320.1786.
MeO 5 7-Methoxy-5-methyl-1-indanone (357). 7-Hydroxy-5-methyl-1-
indanone (2.73 g, 16.8 mmol), K2CO; (2.87 g, 20.8 mmol) and
357 iodomethane (2.0 mL, 32 mmol) were stirred together in refluxing acetone
(40 mL) for 18 h. After cooling to rt, the mixture was filtered and the solvent was
evaporated leaving a solid residue that was dissolved in CH,Cl; (50 mL) and washed with
H»0 (60 mL). The aqueous layer was adjusted to pH 7 with 6 M HCI, extracted with
CH,Cl, (3 x 50 mL), the organic layers were combined, dried (N2;SOx) and concentrated
to give 2 as a yellow solid (2.92 g, 98 %). Mp 127-129 °C; IR 1698 cm; 'HNMR 5 6.82
(1H, s) 6.58 (1H, s) 3.93 (3H, s, OCH3) 3.02 (2H, m) 2.65 (2H, m), 2.42 (3H, s, C7-
methyl); °C NMR 6204.3 (0, C1), 158.2 (0). 157.8 (0), 147.9 (0), 123.0 (0), 119.0 (1),
109.8 (1), 55.6 (3. C7-methoxy), 36.9 (2). 25.4 (2). 22.3 (3, C5-methyl); MS 177 (12),
176 (M7, 100), 175 (27), 161 (14), 148 (12), 147 (99). 133 (14), 129 (12), 119 (16), 118
(14), 117 (30), 115 (25), 105 (18), 103 (15), 91 (17), 90 (13). 77 (2), 63 (11), 62 (14), 51
(16), 45 (27); HRMS calcd for C11H,>0;, 176.0837, found 176.0852.
o OMe 3,4-Dihydro-8-methoxy-6-methyl-(2H)isoquinolinone (358). A
HN mixture of 357 (362 mg, 2.05 mmol), hydroxylamine-O-sulfonic acid
158 (353 mg, 3.12 mmol) and 88 % formic acid (5.0 mL) was heated to
reflux for 14 h, 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
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combined, dried (MgSOy), and the solvent was evaporated to give 358 as a tan solid (395
mg, >99 %). Recrystallization of a portion from benzene afforded an analytical sample as
abeige solid; mp 219 °C (decomposition); IR (Nujol) 3209 (), 1721 (w), 1660 (m), 1567
(m) cm™; 'H NMR 5 10.07 (1H, br s, NH), 6.73 (1H, s), 6.56 (1H, s), 3.92 (3H, s, C8-
methoxy), 2.99 (4H, s, H3, H4), 2.37 (3H, s, C6-methyl); *C NMR 5 162.2 (0, C1), 156.1
(0), 150.7 (0), 141.7 (0), 121.7 (0), 118.2 (1), 109.6 (1), 55.2 (3, C8-methoxy), 28.5 (2),
26.0 (2), 22.0 (3, C6-methyl); MS 191 (27, M"), 175 (13), 174 (100), 145 (12), 144 (25),
131 (10), 117 (16), 116 (10), 115 (16), 105 (10), 91 (12), 78 (12), 77 (12), 51 (10); HRMS
caled for CioHi3NO; 191.0946, found 191.0946.

MeO  grgg l-{(fert-Butyldimethylsilyloxy)-7-methoxy-5-methyl-(3H)indene

0‘ (@71). tert-Butyldimethylsilyl ti Ifonate (0.60 mL,

an 2.6 mmol) was added dropwise to a stirred solution of 357 (451 mg,

2.56 mmol) and Et;N (0.39 mL, 2.8 mmol) in dry 1,2-dichloroethane (4.0 mL) cooled to 4
°C. The mixture was held at 4 °C for 10 min, then at rt for 1 h. The mixture was
concentrated under vacuum and extracted with dry pentane (5 x 5 mL). The extracts were
combined and the solvent was evaporated leaving 371 as a yellow oil (692 mg, 93 %); IR
1609 cm™'; "H NMR 5 6.82 (1H, 5), 6.59 (1H, 5), 5.24 (1H, t, /= 2.4 Hz, H2), 3.82 3H, 5,
C7-methoxy), 3.18 (2H, d, J = 2.4 Hz, H3), 2.37 (3H, 5, C5-methyl), 1.01 (9H, s, r-butyl),
0.20 (6H, 5, SiCH3); *C NMR 8 153.8 (0), 153.4 (0), 145.8 (0), 136.3 (0), 126.6 (0),
117.8 (1), 110.1 (1), 104.9 (1, C2), 55.2 (3, C7-methoxy), 33.6 (2, C3), 25.7 (3C, 3, 1-
butyl), 21.7 (3, C5-methyl), 18.2 (0, r-butyl), -4.9 (2C, 3, SiCHs); MS 290 (8, M), 234
(11), 233 (43), 220 (14), 219 (62), 218 (100), 217 (13), 203 (37), 165 (12), 159 (12), 147
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(22), 135 (37), 115 (12), 89 (18), 77 (13), 75 (30), 73 (59), 59 (20), 57 (13), 45 (10), 41

(15).
MO o 2-Allyl-7-methoxy-5- i (372). A solution
m\ composed of 371 (686 mg, 2.36 mmol), allyl bromide (0.24 mL,

372 2.8 mmol) and CH,Cl; (1.8 mL) was added dropwise to a stirred
slurry of silver trifluoroacetate (577 mg, 2.61 mmol) in CH,Cl (2.4 mL) at -78 °C. The
resulting mixture was stirred at -78 °C for 45 min, warmed to rt over 30 min, filtered

(Celite) and cl (40/60 EtOA ether) provided 372

as a yellow oil (260 mg, 51 %); IR 1704 (s), 1640 (m), 1609 (s) cm’'; 'HNMR 5 6.80
(1H, 5), 6.59 (1H, 5), 5.80 (1H, symmetric m, H2"), 5.14-5.00 (2H, m, H3'), 3.93 (3H. s,
C7-methoxy). 3.15 (1H, dd, J = 8.4, 18.0 Hz, H3). 2.79-2.62 (3H, m, H2, H3, HI), 2.41
(3H, 5, C5-methyl), 2.20 (1H, m, H3"); "C NMR  205.0 (0, C1), 157.7(0), 156.5 (0),
147.9 (0), 135.5 (1, C2"), 122.3 (0), 118.8 (2, C3"), 116.5 (1), 109.7 (1), 55.4 (3, C7-
methoxy), 46.6 (1. C2), 35.8 (2, C1'), 31.4 (2, C3), 22.2 (3, C5-methyl); MS 216 (42, M"),
176 (27). 175 (100). 174 (18), 162 (10), 129 (11), 115 (19), 91 (16), 77 (10); HRMS calcd

for CysH)60; 216.1149, found 216.1160.

MeO O 3-Allyl-3,4-dihydro-7-methoxy-5-methyl-(2H)isoquinolinone
NH (373). A mixture of 372 (241 mg, 1.12 mmol), hydroxylamine-
373 > O-sulfonic acid (195 mg, 1.72 mmol) and 88 % formic acid (3.0

mL) was heated to reflux for 1 h, cooled in ice, adjusted to pH 7-8 with 6M NaOH,
diluted with an equal volume of water and extracted with chloroform (3 x 30 mL). The
extracts were combined, dried (MgSOs) and concentrated. Chromatography (28/72

acetone-petroleum ether) gave a yellow resin (199 mg) that solidified on trituration with
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hexanes. Recrystallization from hexanes afforded an analytical sample of 373 as a faint-
yellow solid (148 mg). Evaporation of the mother liquor left a viscous, yellow oil (47
mg) consisting of a 1 : 1 mixture of 372 and 373 (total 67 %). For 373: mp 132-133.5°C;
IR (Nujol) 3247 (s), 1636 (w), 1606 (m), 1591 (m) cm™; "H NMR & 10.03 (1H, br s, NH),
6.72 (1H, 5), 6.58 (1H, 5), 5.84 (1H, m, H2"), 5.15-4.97 (2H, m, H3"), 3.92 (3H, 5, C7-
methoxy), 3.60 (1H, m, H3), 3.09 (1H, dd, J = 8.2, 17.0 Hz, H4), 2.91 (1H, m, H2'), 2.75
(1H, dd, J= 1.6, 17.0 Hz, H4), 2.37 (3H, 5, C5-methyl), 2.23 (1H, m, H3); "C NMR §
163.5 (0, C1), 156.0 (0), 149.2 (0), 141.8 (0), 136.5 (1, C2), 121.3 (0), 118.3 (1), 116.3
(2.C3", 109.6 (1), 55.1 (3, C7-methoxy), 38.6 (1, C3), 36.0 (2, C1'), 34.4 (2, C4),22.0 (3,
C5-methyl); MS 231 (3, M"), 215 (42), 214 (50), 210 (11), 200 (21), 198 (11), 182 (13),
175 (15), 174 (100), 173 (14), 172 (11), 159 (12), 144 (12), 131 (15), 130 (16), 115 (17),
105 (14), 91 (11), 77 (17), 51 €12), 43 (16), 41 (22); HRMS calcd for Ci4H7NOs

231.1258, found 231.1266.

e N P3-Dibydro-T-methoxy-S-methyb1,3

2,1'<(1H)indene) (374). Tri ilyl trifl h | (50

374 nL, 280 pmol) was added to a dichloromethane (4.2 mL) solution of 357
and 1,2-bis(trimethylsilyloxy)ethane (1.02 g, 4.94 mmol) cooled to -29 °C. The mixture
was stirred at this temperature for 48 h, quenched by the addition of dry pyridine (0.12
mL). poured into a saturated NaHCO; aqueous solution (15 mL) and extracted with ether
(3 x 15 mL). The combined extracts were dried overa 1 : 1 mixture of Na,SO; and
Na;CO;. Evaporation of the solvent gave an oily, beige solid (862 mg) that consisted of a

4.8 : 1 mixture of 357 and 374. Ch hy (40/60 EtOAc-h gave

ketone 357 as a faint yellow solid (490 mg) and 374 as a yellow oil (127 mg; 15 %); IR
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1600, 1459 cm™; "H NMR 8 6.63 (1H, 5), 6.53 (1H, 5), 4.27-4.16 (2H, m), 4.07-3.96 (2H,
m), 3.83 (3H, s, OCH), 2.84 (2H, apparent t, J = 6.9 Hz), 2.32 (3H, 5, C5™methyl), 2.28
(2H, apparent t, /= 6.9 Hz); "C NMR & 155.7 (0, C7), 1463 (0), 141.2 (0), 130.4 (0),
117.9 (1), 117.8 0, C2), 109.8 (1), 65.7 (2C, 2, C4, C5), 55.1 (3, OCHj), 38.4 (2), 28.0
(2),21.7 (3, CS-methyl); MS 220 (61, M"), 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 (10), 117
(19), 115 (30), 105 (11), 103 (13), 91 (24), 78 (12), 77 (23), 65 (12), 63 (12), 51 (16), 43
12).
MeOp,, 2',3"-Dihydro-7"-methoxy-5'-methylspiro(cyclopentane-2,1'-
O (1H)indene)-1,3-dione (359). BFyEt,0 (0.14 mL, 1,1 mmol) and 1

359 (259 mg, 1.1 mmol) as a solution in CH,Cl, (0.84 mL) were added in
succession to a-78 °C solution of 374 (123 mg, 557 pmol) in CH,Cl, (2.2 mL). The
mixture was stirred at -78 °C for 5 min then at rt for 2h, poured into H,0 (30 mL) and
extracted with CH,;Cl; (2 x 30 mL). The combined extracts were dried (N2;SO) and
concentrated. Chromatography (0.5/99.5 MeOH/CH,Cl,) afforded 359 as a white solid
(76 mg, 56 %); mp 110-112.5 °C; IR (CCLs) 1722 (s), 1592 (m) cm™'; 'H NMR & 6.70
(1H, ), 6.43 (1H, ), 3.69 (3H, s, OCH3), 3.11 (2H, t, J= 7.4), 3.07-2.72 (4H, symmetric
m, H3, H4), 2.32 (2H, overlapped t), 2.30 (3H, s, C5"methyl); "°C NMR 8 215.9 (2C, 0,
C2,Cs), 153.7 (0, C7"), 147.4 (0), 140.5 (0), 127.4 (0), 118.1 (1), 109.3 (1), 65.6 (0, C1),
55.1 (3, OCH3), 36.3 (2C, 2, C3, C4), 35.4 (2), 32.2 (2), 21.7 (3, C5"-methyl); MS 245
(15), 244 (39, M"), 188 (67), 174 (20), 160 (10), 159 (29), 145 (44), 131 (24), 130 (13),



129 (23), 128 (22), 117 (17), 116 (12), 115 (46), 91 (16), 55 (12); HRMS calcd for
CisH1503 244.1098, found 244.1086.

(2R/S3R/S)- (3753) and (2R/S5,3S/R)-2',3'-Dihydro-3-hydroxy-

piro(cy 2,1'-(1H)indene)-1-one (375b). A solution of 55

(1.98 g, 9.89 mmol) in anhydrous ether (95 mL) was cooled to 4 °C and
HO treated with a 1.0 M solution of LiAIH(Or-Bu); in THF (10.2 mL). The

o resulting slurry was stirred at 4 °C for 10 min, then at rt for 30 min,

478k, poured into water (100 mL), acidified to pH ~2-3 with 6 M HCl and
extracted with ethyl acetate (4 x 60 mL). The extracts were combined, washed with a
saturated NaHCO; aqueous solution (150 mL), dried (MgSOs) and concentrated to give a
mixture of 375a,b (1.7 : 1) as a tan-colored oil (1.99 g, 99 %). Compounds 375a and
375b could not be separated by flash chromatography. From spectra of the mixture: for
375a: 'HNMR 5 7.10 (1H, m), 4.23 (1H, br s, H3), 1.62 (br s, OH); "C NMR 8 220.4 (0,
Cl), 145.5 (0), 140.5 (0), 127.7 (1), 126.2 (1), 125.8 (1), 124.2 (1), 75.4 (1, C3), 67.8 (0,
C2),34.9 (2), 34.4 (2), 30.7 (2), 27.8 (2); for 375b: 'H NMR & 6.98 (1H, m), 4.43 (1H,
apparent t, J = 6.4 Hz, H3); °C NMR 5 218.5 (0, C1), 145.4 (0), 142.7 (0), 127.3 (1),
126.2 (1), 124.4 (1), 122.7 (1), 76.3 (1, C3), 67.3 (0, C2), 35.1 (2), 28.7 (2).

(2R/S 3R/S)- (376a) and (2R/S,35/R)-2',3"-Dihydro-3-((methoxy-

o ethoxy)methoxy)spiro(cy 2,1'-(1H) )-1-one (376b).
376a 375a,b (1.93 g, 9.54 mmol), diisopropylethylamine (3.4 mL, 19 mmol)
and 2-methoxyethoxymethyl chloride (2.2 mL, 20 mmol) were stirred

° together in dry CH;Cl, (16 mL) for 60 h, poured into water (S0 mL)
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and extracted with CH,Cl, (2 x 40 mL). The combined extracts were dried (Na;SOs) and
concentrated. Chromatography (60/40 EtOAc-hexanes) gave a tan-colored oil (2.23 g, 80
%) consisting of a mixture of 376a,b. Additional chromatography afforded samples of
each diastereomer, however complete separation was not achieved. For 376a: yellow oil;
IR 1740 cm™; "H NMR & 7.23-7.13 (4H, m, H4-HT'), 4.65 (1H, d, J= 7.2 Hz, H1"), 4.37
(1H, d,J=7.2 Hz, H1"), 4.27 (1H, apparent t, J = 3.4 Hz, H3), 3.46 (1H, ddd, /=32,
6.3,10.4 Hz), 3.31 (3H, s, OCHj), 3.37-3.28 (2H, overlapped m), 3.17 (1H, ddd, J=3.1,
5.6, 10.5 Hz), 3.05-2.96 (2H, m, H3'), 2.62 (1H, m), 2.45 (1H, m), 2.31-2.02 (4H, m); °C
NMR 52194 (0, C1), 145.0 (0), 141.0 (0), 127.4 (1), 126.7 (1), 125.9 (1), 123.8 (1), 93.6
(2,C1"), 80.1 (1, 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; IR 1742 cm™; '"H NMR 8 7.26-7.13 (3H, m,
H4'-H6Y), 7.01 (1H, m, H7),4.74 (1H, d, /= 6.9 Hz, H1"), 4.57 (1H, J= 6.9 Hz, H1"),
4.43 (1H, dd, J= 5.4, 7.8 Hz, H3), 3.57 (1H, m), 3.43-3.35 (3H, m), 3.34 (3H, 5, OCHj),
3.09-2.92 (2H, m, H3'), 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 %), 4.43 (7.01, 3.6 %; 3.57, 1.5 %), 3.57 (4.43, 1.4 %); B¢
NMR 52174 (0, C1), 145.3 (0), 143.0 (0), 127.5 (1), 126.4 (1), 124.5 (1), 122.8 (1, C7),
93.8 (2, C1"), 80.8 (1, C3), 71.3 (2), 66.6 (2), 66.3 (0, C2), 58.7 (3, OCHy), 35.4 (2, C3),
309 (2, C3'), 29.4 (2, C4), 25.9 (2, C2'); MS 290 (3, M"), 129 (13), 89 (54), 59 (100);

HRMS caled for Cy7Hz204 290.1517, found 290.1535.
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wewor-( (4R/SSR/S)- (377a) and (4R/S,5S/R)-1-(tert-Butyldimethyl-
"\ "OTBS silyloxy)-2',3'-dihydro-4-((meth >

377a spiro(cyclopentane-5,1'-(1H)indene)-1-ene (377b). rert-

Butyldi i i Ife (1.40 mL, 6.1 mmol)

was added dropwise to a stirred solution of 376a,b (1.68 g, 5.79

mmol) and E;N (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 for2 h,
concentrated under vacuum and extracted with dry pentane (5 x 5 mL). The extracts were
combined and the solvent was evaporated to give a mixture of 377a,b as a yellow oil

(2.26g, 96 %). Ch provided h samples of each di

For 377a: colorless oil; IR 1642 cm™; "H NMR & 7.20-7.06 (4H, m, H4'-H7'), 4.58 (1H, 1,
J=23Hz, H2),4.54 (1H, d,J= 7.0 Hz, H1"), 441 (1H, d, J = 7.0 Hz, H1"), 427 (1H,
dd, J=5.6,7.2 Hz, H4), 3.46 (1H, m), 3.39 (2H, apparent t, J=4.8 Hz), 3.34 3H, 5,
OCHj), 3.24 (1H, m), 2.93 (2H, t, J = 7.4 Hz, H3), 2.66 (1H, ddd, J=2.7, 7.2, 14.9 Hz),
2.46-2.31 (2H, m, H3, H2"), 2.02 (1H, m), 0.72 (9H, 5, r-butyl), 0.10 (3H, 5, SiCHj), -0.08
(3H, 5, SiCH;); "CNMR 5 157.4 (0, C1), 144.7 (0), 143.2(0), 126.7 (1), 125.8 (1), 125.5
(1), 124.0(1), 96.8 (1, C2), 94.5 (2, C1"), 82.6 (1, C4), 71.6 (2), 66.6 (2), 63.5 (0, C5),
58.9 (3, OCH), 34.6 (2), 34.1 (2), 31.1 (2, €3, 25.4 (3C, 3, t-butyl), 17.8 (0, r-butyl), -
4.8 (3, SiCH;), -5.4 (3, SiCHy); MS 405 (2, M%), 315 (11), 299 (13), 298 (28), 287 (12),
155 (14), 133 (13), 89 (24), 75 (26), 73 (100), 59 (64), 45 (11). For 377b: colotless oil;
IR 1640 cm™; "H NMR  7.18-7.03 (4H, m, H4'H7'), 4.67 (1H, d,J = 6.8 Hz, H1"), 4.53
(1H,1,J=2.3 Hz, H2), 4.50 (1H, d, /= 6.8 Hz, H1"), 432 (1H, t, J= 6.6 Hz, H4), 3.54
(1H, m), 3.41-3.24 (3H, m), 3.30 (3H, 5, OCH), 2.92 (2H, 1, J= 7.4 Hz, H3), 2.63 (1H,



overlapped ddd, J=2.7, 7.2, 14.5 Hz), 2.56 (1H, overlapped m), 2.03 (1H, td, J= 8.1,
13.2 Hz), 0.67 (SH, s, t-butyl), 0.11 (3H, s, SiCH3), -0.02 (3H, 5, SiCH;); "C NMR §
157.1 (0, C1), 146.3 (0), 144.9 (0), 126.7 (1), 126.0 (1), 124.0 (1), 1232 (1), 96.5 (1, C2),
94.2(2,C1"), 82.9 (1, C4), 71.5 (2), 66.5 (2), 63.0 (0, C5), 58.8 (3, OCH), 33.3 (2),31.3
(2,C3),28.8 (2),25.2 (3C, 3, t-butyl), 17.7 (0, t-butyl), -4.8 (3, SiCH), -5.4 (3, SiCH;).

on QRSAR/SSR/S)- (378) and R/ AS/R SR/S)-2'3"-Dibydro-2-

hyd; 4 51"
Y Y Y) Jspiro(cy g
(]

(1H)indene)-1-one (379). A solution of 377a,b (1.66 g, 4.12 mmol)

wOH " in acetone (6.0 mL) was treated with freshly prepared

O  dimethyldioxirane (63 mL, ~0.1 M in acetone) at -15 °C. The

379 mixture was warmed to rt, 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

NaCl aqueous solution (60 mL), dried (MgSO;), and the solvent was evaporated to give a

viscous, orange oil (1.22 g). Ch hy (30/70 EtOAc-petrol ether) provided
378 (489 mg) and 379 (285 mg) as viscous, faint yellow oils; a mixed fraction (44 mg)
was also isolated (total: 65 % of theoretical). TLC analysis revealed that significant
deterioration of the sample had occurred during the second (heated) evaporation. Ina
separate experiment, using 230 pmol of a 2.2 : 1 mixture of 377a,b and conditions
described below for 388a,b, no such deterioration was seen. 'H NMR analysis of the
isolated yellow oil (72 mg) indicated this material consisted of 378, 379 and fluoro-ter-

butyldimethylsilane (2.2 : 1 : 1). For 378: IR 3427, 1744 cm™; 'H NMR & 7.26-7.19 (2H,



m), 7.19-7.10 (1H, m), 7.05 (1H, d, J= 7.7 Hz, HT), 4.62 (1H, symmetric m, H2), 4.53
(IH, d,J=7.2 Hz, H1"), 427 (1, d, J= 4.0 Hz, H4), 4.16 (1H, d, /= 7.2 Hz, H1"), 3.43
(1H, m), 3.38-3.25 (2H, overlapped m), 331 (3H, 5, OCHj), 3.11-3.00 (3H, m), 2.82 (1H,
d,J=2.1Hz, OH), 2.71 (1H, dd, J= 8.3, 13.5 Hz, H3 syn H2), 231 (1H, 4, J=9.1, 12.3
Hz, H2),2.08-1.95 (2H, m, H2', H3 syn H4); NOE data 4.62 (7.05, 1.6 %; 2.71,4 %),
427 (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 §220.3 (0, C1), 144.7 (0), 141.4 (0), 127.7 (1), 126.6 (1), 1262 (1, CT),
124.0(1), 94.0 (2, C1"), 75.8 (1, C4), 73.7 (1, C2), 71.4 (2), 66.5 (2), 64.8 (0, C5), 58.9
(3, 0CH), 373 (2, €2), 35.0 (2, C3), 308 (2, C3'); MS 306 (0.7, M), 129 (14), 117
(11), 89 (44), 59 (100), 45 (15); HRMS caled for Cy7Hz;05 306.1466, found 306.1468.
For 379: IR 3427, 1747 cm; "H NMR § 7.28-7.11 (3H, m, H4“HS), 7.00 (1H, 4, J = 7.1
Hz, H7),4.81 (1H, d,J="7.1 Hz, HI"), 4.65 (1H, 4, J= 7.1 Hz, H1"), 4.50 (1H, 1, J=8.8
Hz, H2),4.36 (1H, 1, J = 4.6 Hz, H4), 3.67 (1H, m), 3.56 (1H, m), 3.49-3.43 (2H, m),
3.34 3H, s, OCH), 3.06-2.91 (2H, m, H3), 2.70 (1H, br s, OH), 2.68-2.48 (2H, m, H2',
H3 syn H2), 2.34-2.12 (2H, m, H2', H3 syn H4); NOE data 7.00 (4.36, 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, 1.6 %, 2.32-
2.12,3 %); "C NMR 8§ 218.5 (0, C1), 144.4 (0), 143.8 (0), 127.3 (1), 126.4 (1), 124.3 (1),
123.2(1,CT), 93.9 (2, C1"), 77.9 (1, C4), 72.1 (1, C2), 71.2 (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 (11), 129
(15), 128 (1), 117 (11), 115 (19), 89 (48), 59 (100), 45 (21); HRMS calcd for C17HzOs
306.1466, found 306.1454.



R/S,SR/S)2'3-Dibydro-2 hydroxy-4 v
H

methoxy)spiro(cyclop S5,1-(1H 2-en-1-one (380).
A solution of 378 (462 mg, 1.51 mmol) in CH,Cl; (20 mL) was

treated with Dess-Martin periodinane (760 mg, 1.80 mmol) with
stirring at rt for 30 min. The solvent was evaporated and the residue was treated with
ether and filtered (Celite). Solvent removal from the filtrate gave a yellow-orange resin
(464 mg) that was used without further purification in the next step. Chromatography
(38/62 acetone-petroleum ether) of a portion (116 mg) from another experiment using the
same conditions afforded 380 as a yellow resin (91 mg, 86 %); IR 3600-2400 (m), 1715
(s), 1661 (m), 1635 (m) cm; '"HNMR 8 7.23 (1H, d,J = 7.4 Hz), 7.18 (1H, dt, J= 1.2,
7.4 Hz), 7.10 (1H, t, J = 7.4 Hz), 7.00 (1H, d, J = 7.4 Hz), 6.57 (1H,d, /= 3.0 Hz, H3),
4.67 (1H, d,J=3.0 Hz, H4), 4.46 (1H, d, /= 7.1 Hz, H1"), 433 (1H, d,J="7.1 Hz, HI"),
3.50 (1H, m), 3.39 (2H, t, J=4.4 Hz), 3.34 (3H, 5, OCH1), 3.22-2.96 (3H, m), 2.47 (1H,
ddd, J=7.0, 8.8, 13.0 Hz, H2'), 2.15 (1H, m, H2'); "C NMR 5 203.5 (0, C1), 154.5 (0,
C2), 144.9 (0), 141.0 (0), 127.6 (1), 127.3 (1, C3), 1259 (1), 125.7 (1), 124.4 (1),95.0 (2,
C1"),79.6 (1, C4), 71.4 (2), 66.9 (2), 63.7 (0, C5), 58.8 (3, OCH;), 35.7 (2, C2), 312 (2,
C3'); MS 304 (0.4, M"), 170 (17), 142 (11), 141 (24), 115 (24), 89 (53), 59 (100), 45 (35);
HRMS calcd for C 7H2005 304.1310, found 304.1298.

OCH; (4R/S,5R/5)-2',3'-Dihydro-2-methoxy-4-((2-methoxyethoxy)-

o C 5,1"-(1H)indene)-2-¢n-1-one (381).

381 A solution of 380 (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



until the yellow color of di: had dissipated. Solvent ion yielded 381

as a viscous, yellow ol (477 mg, 99 % over two steps); IR 1722, 1632 cm™; 'H NMR §
723 (1H,d,J=7.4Hz), 7.18 (1H, dt, J= 1.4, 7.4 Hz), 7.12 (1H, t, /= 7.4 Hz), 7.03 (IH,
d,J="7.4 Hz), 6.47 (1H, d,J= 3.0 Hz, H3), 4.69 (1H, d, /= 3.0 Hz, H4), 447 (1H, d, J =
7.2 Hz, H1"), 435 (1H, d, J= 7.2 Hz, H1"), 3.56 (1H, m), 3.41 (2H, 1, /= 4.4 Hz), 336
(3H,'5, OCH;), 3.22-2.97 (3H, m), 2.53 (1H, ddd, J = 7.3, 8.9, 13 Hz, H2), 2.18 (1H, ddd,
J=4.,83, 13 Hz, H2); "*C NMR 5 201.5 (0, C1), 158.1 (0, C2), 145.0 (0), 141.1 (0),
127.5 (1), 125.9 (1), 125.8 (1), 124.4 (1), 124.2 (1, C3), 95.1 (2, C1"), 79.4 (1, C4), 715
(2),67.0 (2), 64.4 (0, C5), 58.9 (3, OCHj), 57.2 (3, C2 methoxy), 36.0 (2, C2), 31.2(2,
C3; MS 318 (4, M), 213 (14), 141 (10), 89 (44), 59 (100), 45 (16); HRMS caled for
CisHnOs 318.1466, found 318.1452.

(2R/S 3R/S)- (388a) and (2R/5,35/R)-2',3'-Dihydro-3-methoxy-

pi 2,1'-(1H)indene)-1-one (388b). Dimethyl sulfate

1882 (4.5 mL, 48 mmol), 375a,b (1.52 g, 7.52 mmol), CH,Cl; (20 mL), tetra-
n-butylammonium iodide (110 mg, 300 umol) and 50 % NaOH solution
(3 mL H,0, 3 g NaOH) were rapidly stirred together at rt for 21 h. The

388b

reaction vessel contents were poured into water and extracted with
CH;Cl, (4 x 40 mL). The combined extracts were dried (MgSOs) and concentrated.

Ch hy (25/75 acetone-h ) afforded an orange oil (1.36 g, 84 %)

consisting of a mixture of 388a,b. Discernable signals from a 'H NMR spectrum of the
mixture: 388a: 5 3.82 (1H, t, /= 3.4 Hz), 3.20 (3H, 5, C3-methoxy); 388b: 5 4.02 (1H, dd,
J=4.6,7.8 Hz, H3), 3.24 (3H, 5, C3-methoxy).



OH (4R/S,5R/S)- (3893) and (4R/S,55/R)-1-(tert-Butyldimethylsilyl-

oxy)-2',3"-dihydro-4 i 1 5,1'-(1H)-indene)-
1-ene (389b). fer i ilyl trifl h Ifonate (1.7
390a
Weo WwOH  mL, 7.6 mmol) was added dropwise to a stirred solution of 388a,b
el
N Yo (1.54 g, 7.10 mmol) and Et;N (1.2 mL, 9.4 mmol) in dry 1,2-
390b dichloroethane (11 mL) 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 extracted 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. Discernable signals from a 'H
NMR spectrum of the mixture: 389a: § 4.55 (1H, t, J= 2.4 Hz, H2), 3.92 (1H, dd, /= 6.6,
7.4 Hz, H4), 3.11 (1H, 5, C4-methoxy), 0.71 (9H, s, t-butyl), 0.09 (3H, s, SiCHy), -0.14
(3H, s, SiCH3); 389b: § 4.50 (1H, t, J = 2.4 Hz, H2), 3.95 (1H, dd, J= 6.2, 7.0 Hz, H4),
3.18 (3H, s, C4-methoxy), 0.65 (9H, s, r-butyl), 0.10 (3H, s, SiCH3), -0.05 (3H, s, SiCH;).

(2R/S,AR/S,5R/S)- (390a) and (2R/S 4S/R,SR/S)-2',3'-Dihydro-2-

hydroxy-4-methoxyspi 5,1-(1H)i )1
(390b). A solution of 389a,b (2.30 g, 6.97 mmol) in acetone (10
mL) was treated with freshly prepared dimethyldioxirane (115 mL,

~0.1 M in acetone) at -20 °C. The mixture was warmed to rt over 30

min with occasional swirling, stirred with saturated KF in methanol

(75 mL) for 25 min, dried (MgSOs), d, diluted with di and

dried (MgSO0s) again. Evaporation of the solvent gave a viscous, yellow oil (1.74 g)

consisting of 390a,b and fl dimethylsilane (1.9:1:1). Ch h

(30/70 EtOAc-petroleum ether) of a portion (180 mg) provided 390a (66 mg) and 390b



(33 mg) as colorless resins (total: 59 % of theoretical). For 390a: IR 3436, 1744 cm™; 'H
NMR § 7.27-7.09 (4H, m, H4'HT7'),4.55 (1H, dd, J= 8.6, 11.5 Hz, H2),3.77 (1H, d,J=
4.1 Hz, H4),3.30 (1H, br s, OH), 3.04 (3H, 5, C4-methoxy), 3.02 (2H, overlapped ddd, J
=13,8.6,13.4 Hz, H3"),2.74 (1H, ddd, J= 1.3, 8.6, 13.4 Hz, H3 syn to H2), 2.29 (IH,
dt,J=8.6, 12.5 Hz, H2'), 2.00 (1H, m, H2'), 1.92 (1H, m, H3 syn to H4); NOE data 4.55
(7.15, 1.3 %; 2.74,2 %), 3.77 (3.04, 4 %; 2.00, 3 %; 1.92, 3 %); *C NMR §220.0 (0,
Cl), 144.9 (0), 141.4 (0), 127.7 (1), 126.7 (1), 126.3 (1), 124.0 (1), 81.6 (1, C4), 73.3 (1,
C2), 65.0 (0, C5), 57.6 (3, C4-methoxy), 37.2 (2, C2), 33.8 (2, C3), 30.4 (2, C3); MS 232
(5, M), 200 (14), 181 (13), 170 (19), 160 (23), 146 (13), 143 (12), 142 (13), 141 (29),
129 (11), 117 (24), 116 (18), 115 (45), 91 (11), 86 (62), 84 (100), 63 (11), 49 (15), 47
(24); HRMS caled for Cy4H 603 232.1098, found 232.1096. For 390b: IR 3426, 1746 cm™
', 'HNMR §7.26 (1H, d, /= 7.4 Hz), 7.21 (1H, dt, J= 1.4, 7.4 Hz), 7.14 (1H, 1, J= 7.4
Hz), 7.00 (1H, d, J= 7.4 Hz, HT'), 4.46 (1H, t, / = 8.6 Hz, H2), 3.92 (1H, 1, J= 4.4 Hz,
H4),3.32 (3H, 5, C4-methoxy), 3.08-2.92 (2H, m, H3"), 2.87 (1H, br 5, OH), 2.66-2.50
(2H, m, H2', H3 syn to H2), 2.27-2.07 (2H, m, H2', H3 sy to H4); NOE data 7.00 (3.92,
1%;2.27-2.07, 2 %), 4.46 (2.66-2.50, 2 %), 3.92 (7.00, 1.4 %; 3.32, 3 %; 2.27-2.07, 2
%); CNMR §218.9 (0, C1), 144.8 (0), 144.4 (0), 127.8 (1), 126.7 (1), 124.8 (1), 123.3
(1),82.3 (1, C4), 72.6 (1, C2), 65.3 (0, CS5), 57.5 (3, C4-methoxy), 33.4 (2, C3),31.2 (2,
C3'),30.6 (2, C2'); MS 232 (20, M"), 214 (17), 200 (13), 186 (20), 183 (31), 181 (12),
174 (14), 161 (10), 160 (88), 156 (11), 155 (17), 154 (14), 153 (10), 146 (38), 145 (20),
143 (23), 141 (16), 130 (14), 129 (25), 128 (43), 127 (14), 117 (100), 116 (48), 115 (92),
97 (27), 89 (11), 65 (11), 63 (16), 51 (13), 45 (13), 43 (15); HRMS calcd for Ci4Hi603
232.1098, found 232.1097.
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OMe (4R/S,5R/5)- (392a) and (4R/5,55/R)-2',3'-Dihydro-2,4-

dimethoxyspiro(cyclopentane-5,1'-(1H)indene)-2-en-1-one (392b).
A solution of 390a,b (1.43 g, 6.16 mmol) in CH,Cl, (90 mL) was
OMe  treated with Dess-Martin periodinane (3.50 g, 8.25 mmol) while
0 stirring at rt for 45 min. Solvent removal from the filtrate gave an
392b orange resin containing 391a,b and a mixture of iodo- and
iodosobenzoic acids. Attempts to isolate 391a,b from this mixture by chromatography
were unsuccessful. A solution of this crude material in ether (15 mL) was treated with
diazomethane (50 mL, ~0.26 M in ether) at 4 °C. The mixture was warmed to rt with

occasional swirling over 45 min. Solvent evaporation yielded a viscous, brown oil

(1.53 g). Ch iphy (30/70 acetone-h ) gave a viscous, brown oil (608 mg)
that was chromatographed further (50/50 EtOAc-hexanes) to yield 392a (133 mg), 392b
(54 mg) and a mixed fraction 392a,b (228 mg) as yellow resins (total 415 mg, 27 % over
two steps). For 392a: IR 1721 (s), 1632 (m), 1607 (m) cm”; 'H NMR 5 7.26-7.17 (2H,
m), 7.13 (1H, t, J=7.2 Hz), 7.05 (1H, d, /= 7.2 Hz), 6.42 (1H, d, J= 2.9 Hz, H3), 4.27
(1H, d,J=2.9 Hz, H4), 3.81 (3H, 5, C2-methoxy), 3.25-2.99 (2H, m, H3), 2.94 (3H, 5,
C4-methoxy), 2.56 (1H, ddd, J=7.3, 9.1, 13.0 Hz, H2), 2.13 (1H, ddd, J=4.7, 8.4, 13.0
Hz, H2'); *C NMR 5 201.6 (0, C1), 158.2 (0, C2), 144.9 (0), 140.6 (0), 127.6 (1), 126.0
(1), 125.5 (1), 1243 (1), 123.6 (1, C3), 83.6 (1, C4), 64.3 (0, C5), 57.6 (3, C4-methoxy),
57.2 (3, C2-methoxy), 36.0 (2, C2), 31.2 (2, C3'); MS 244 (50, M), 214 (15), 213 (100),
153 (10), 141 (26), 117 (10), 116 (15), 115 (53), 104 (10), 85 (77), 63 (12); HRMS caled
for C1sHi0; 244.1098, found 244.1100. For 392b: IR 1721, 1631 cm™; "HNMR 5 7.27

(1H,d,J=7.4 Hz),7.21 (1H, dt, J=1.3,7.4 Hz), 7.14 (1H, 1, J=7.4 Hz), 6.91 (1H,d,J



=7.4Hz), 6.49 (1H, d, J= 2.8 Hz, H3), 4.35 (1H, d, J = 2.8 Hz, H4), 3.83 3H, 5, C2-
methoxy), 3.36 (3H, s, C4-methoxy), 3.18 (1H, m, H3), 3.03 (1H, m, H3'), 2.51 (1H, ddd,
J=6.1,86,13.4 Hz, H2),2.26 (1H, ddd, J= 6.0, 8.8, 13.4 Hz, H2); "C NMR § 201.7
(0,C1), 158.0 (0, C2), 144.8 (0), 144.3 (0), 127.7 (1), 1266 (1), 124.9 (1), 123.0(1, C3),
122.2 (1), 83.6 (1, C4), 63.6 (0, C5), 57.8 (3, C4-methoxy), 57.2 (3, C2-methoxy), 31.4
(2,C3), 30.8 (2, C2); MS 244 (38, M"), 214 (16), 213 (100), 181 (10), 153 (16), 141
(25), 128 (10), 117 (14), 116 (14), 115 (51), 85 (82), 63 (11); HRMS caled for CsH¢03
244.1098, found 244.1090.

LS (3a0,4B,7,7aa,8r)-4,7-Bis(tert-butyldimethylsilyloxy)-

N 3a4,7,7 ydro-2-phenyl-4,7.

8,1'-(1H)indene)-1,3(2H)dione (395).
triflucromethanesulfonate (0.23 mL, 1.0 mmol) was added

k)
o H

8S
395

dropwise to a stirred solution of 50 (100 mg, 500 umol) and Et;N (0.14 mL, 1.0 mmol) in
dry 1,2-dichloroethane (2.2 mL) cooled to 4 °C. The mixture was held at 4 °C for 5 min
and then warmed to rt for 2h before N-phenylmaleimide (81 mg, 470 umol) was
introduced. The mixture was stirred for 30 min, poured into water (60 mL) and extracted
with CH,Cl; (2 x 30 mL). The extracts were dried (MgSOs) and the solvent was
evaporated to give a beige solid (302 mg). Recrystallization from hexanes yielded 395 as
colorless, rectangular prisms (170 mg, 61 %); mp 184-185 °C; IR (Nujol) 1778 (w), 1717
(s), 1599 (w), 1500 (m) cm!; 'H NMR & 7.53-7.32 (4H, m), 7.22-7.11 (4H, m), 7.00 (1H,
m), 6.38 (2H, s, HS, H6), 3.45 (2H, s, H3a, H7a), 2.93 (2H, 1, J=7.4 Hz, H3"), 2.19 (2H,
t,J=7.4 Hz, H2), 0.72 (9H, s, -butyl), 0.11 (3H, 5, SiCH;), -0.32 (3H, 5, SiCH;); NOE
data 6.38 (7.53-7.32, 7 %; 7.22-7.11,4 %, 0.11, 4 %; -0.32, 3 %), 3.45 (2.19, 21 %), 2.93



(7.22-7.11,8 %; 2.19, 5 %), 2.19 (3.45, 29 %; 2.93, 7 %); "C NMR 5 174.9 (2C, C1, C3),
147.2 (0), 139.9 (0), 134.4 (2C, 1, C5, C6), 131.9 (0), 129.1 (2C, 1), 1285 (1), 1282 (1),
127.8 (1), 126.6 (2C, 1), 1249 (1), 124.7 (1), 89.4 (2C, 0, C4, C7), 86.1 (0, C8), 53.0 (2C,
1,C3a, C7a), 303 (2, C3), 28.0 (2, C2), 35.4 (6C, 3, t-butyl), 18.0 (2C, 0, r-butyl), 3.0
(2C, 3, SiCHj), -3.5 (2C, 3, SiCHy); MS no M, 430 (20), 429 (25), 173 (17), 75 (10), 73
(100), 45 (17).

A-(tert.
{

yldimethylsilyloxy)-2',3'-dihydrospiro(cy
’ OTBS  5,1'-(1H)indene)-3-en-1-one (397). fert-Butyldimethylsilyl

397 trifluoromethanesulfonate (0.48 mL, 2.1 mmol) was added dropwise
to a stirred solution of 50 (210 mg, 1.05 mmol) and EtsN (0.30 mL, 2.2 mmol) indry 1,2-
dichloroethane (1.5 mL) cooled to 4 °C. The mixture was stirred at rt for 3 h before the
introduction of 385 (188 mg, 789 pmol) as a solution in benzene (1.8 mL) and 1,2-
dichloroethane (2.5 mL). The mixture was stirred at rt for 1h, heated to reflux for 3.5 h,
cooled to rt, poured into water (75 mL) and extracted with CHCl> (2 x 50 mL). The
combined extracts were dried (MgSO;) and concentrated to give a black tar (611 mg).
Chromatography (10/90 EtOAc-hexanes) provided 397 as a tan-colored oil (163 mg); IR
1752, 1637 cm™; '"H NMR 8 7.24 (1H, d,J= 7.2 Hz), 7.18 (1H, dt, /= 1.5, 7.2 Hz), 7.12
(1H,t,J=7.2Hz), 6.92 (1H, d,J=7.2 Hz), 5.00 (1H, 1, J= 2.2 Hz, H3), 3.14 (1H,
overlapped dd, J=2.2, 22.2 Hz, H2), 2.96 (1H, overlapped dd, J= 2.2, 22.2 Hz, H2),
3.24-2.97 (2H, overlapped m), 2.34-2.26 (2H, m), 0.74 (9H, s, -butyl), 0.18 (3H, 5,
SiCH;), -0.01 (3H, s, SiCH;); "C NMR 5216.0 (0, C1), 156.5 (0, C4), 145.0 (0), 142.5
(0), 127.6 (1), 126.3 (1), 124.7 (1), 122.8 (1), 96.7 (1, C3), 66.1 (0, C5), 40.7 (2, C2), 32.3
(2),31.6 (2),25.2 (3C, 3, t-butyl), 17.8 (0, t-butyl), -4.6 (3, SiCH), -5.3 (3, SiCH;); MS



314 (2, M"), 286 (35), 258 (16), 257 (75), 230 (10), 229 (44), 210 (11), 155 (15), 115
(12), 75 (100), 73 (53), 59 (18), 55 (14), 45 (22).
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Appendix I

'H and “C NMR Spectra and X-ray Structures for Chapter 1

'Hand C NMR spectra for compounds 3, 4, 6, 7, 11¢, 12a, 12b ('H only) 15a,
15b, 17, 18, 20, 23, 26, 27, 28b, 29a, 33a, 33c, 35, 36a, 36b, 37, 40, 43, 45, 461, 47, 48,
51,52, 53,57 ('H only) 58, 60, 61, 62a, 62b, 63a, 63b, 64a, 64b, 653, 65b, 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 of diastereomers have not been included.

X-ray structures for compounds 11c, 33c, 36b, 46a, 48 and 77.



OfH

wﬁ_._,oU ﬂ H

SWLO

179



wddg
i

OfH

ws_._.oH ﬁ H

SW1O



Fev

181

OfH

mE._.oH “ UnI

SNLO



En_nﬂ_v 0s 0oL [+13 00z

OH

w_>_._.0H “ 9¢H

SNLO

182






L I L L V. 1

184



L

—
ppm




Oppm




|
dNa-+'Z \Z/I

187



1
dNa-+'2 \Z/I




wdd

Fo

e

Lo
©




HO

HO

ezi

ngy

190






.............

192



8

193



194



-3

asi

oug



17

—
Oppm

e

e




17

N

197




UL

[o]
7(§=<
18




-3

8l



20

o

R




¥le
E-&
-8
k.
t———i
e
18
O
(-}
~N
o) =]
—
2

201




L

g

Fe

e

e

Lo




H3

€T



26

AA‘\J;




26

208




o

Fev

Fe

e




wdd o
1

Vx4



M

0 ppm




o

J

"







d
2

T

(14




)

33a

T ]
0 ppm




l‘:lppm

T
100




Lo

2¢e
dNGV N/ﬁ.\...
N

o

(o]



wddo 05 [ 13 00z
1

- L " L f L L n 1 s L L L 1 L " L L

oge

dNa- N/Z\I

N




________________________________




35

“)ﬂﬂm




ey

o

egg
ng-

Ox®



wddg
P

ook

TP




SN
N

dNG-¥'2” " H

q9g

=Z-

ng+



q9e

N
N

z2-Z

dNa-¥'2”

“H

ng-}



wdd

Fev

ng

2



ng-}

Le



——— T T
2 1 0 ppm




Oppm’

-8




,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,




wddg
i1

H2

1214



e

o

o

v
HO o

HO



wddg 0§

¥
HO o

HO




har,,



00z
1

egy

",

OHO

HO



wdd

..............




OH OH

47

Oppm

-8
3 -
L
£
Ej
L8
|8




ngy

HO



0z oy 09 08 ort 091 08l 00z o022 0¥Z 082 082 00€
1 1 L Laaadas _-w fa 1 Laaal Laian i
o N o ol
iy ' i " o ot
" b ] i
m~
-
a
8y
O u

HO HO



2]

H

SW1O  OSWL



s

H

SWLO

OSWL



MJUL_l_




wddp
1

cs



53

240



wddg
1

241



wid 9 bt S et S

242



,,,,,,,,,,,,,




-8




wdd

,,,,,,,

L

09

o’o

245



—
Oppm

T
100

L.

T
200




T T
0 ppm




19

248



ST TR VR |




-8




251



62b

L

ML,

F8




1

253

o

e

Fe

re

o

-~







255

ppm

o

o

o

b~




wddg
1

00z
1

256






wddg
1

8

258



wdd

Lo

259



260



=

b~

261






Feu

o

o

b

263



wddg
1

264






-
—
=
Q
2 24
I
(X 8
SO

8

T
100

T
200




U

Me
Me

Me

67




-8

00z
L

L9



ms“_w_z

269



lg

w_\ME

270



ms_os_

m



Me
Me

T T T
200




el IS S ST . DAL A T, S, e

A A j

0L

o

SN

m



00z
1

|

egL

274



275



wdd

T

276



m -

L

bo

o




(¢}

72a

218

-8




Jg.;
T
2 1




280



wdd

o

b

ke

Lo

Fo

,2.

281



-3




283



Enum

284






286



e

ke

m—0

/
SNLO

6.



m—O.

/
SW1O

6L

288



,,,,,

,,,,,

________

~~~~~~

289






wdd g
1

b

b

[4:]

N N
N
N H

n_ZD-V.N\z/I



0S4 00z

8
(o]

a‘%ﬁ
N
" N H

dNa-+'z- Ny



to
~
Lo
-

HO

8
Oap

OH

293



00Z
1

HO

Oapy

OH



wdd

Lo

b

e

ke

P |




HO

S8

OH

SN



Ud

297



wddg
1

|

98
Ud

298



I

HO
87

" Oppm

e

o




]

8

HO

OH

300



......

.........

301



68

2
H OO/{_.E

302



fo

O°OH

303






X-ray crystal structure (ORTEP) for 11¢



X-ray crstal structure (ORTEP) for 33¢



X-ray crystal structure (ORTEP) for 36b

307



X-ray crystal structure (ORTEP) for 46a

308



OH gy

X-ray crystal structure (ORTEP) for 48



X-ray crystal structure (ORTEP) for 77

310



Appendix IT

'H and '°C NMR Spectra for Chapter 2

'H and "*C NMR spectra for compounds 332, 334, 336, 357, 358, 371, 372, 373,
374,359, 376a, 376b, 377a, 377b, 378, 379, 380, 381, 390a, 390b, 392a, 392b, 395 and
397.
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