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92-3; p-nitrobenzenethiol, 1849-36-1; tetra-n-butylammonium for-
mate, 35733-58-5; tetra-n-butylammonium p-nitrobenzenethio-
late, 20627-93-4; O-methyl oxime hydrochloride, 4229-44-1; carbo-
benzyloxy chloride, 501-53-1; p-toluenesulfonyl chloride, 98-59.9.
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The stereoselective addition of a variety of nucleophiles (ROH, RSH) to several 2-acylnorbornadienes pro-
vides an efficient synthesis of the title compounds. The allyl ethers derived from the addition of allyl alcohol
are stable to many synthetic transformations and readily liberate the 3-exo alcohol on reductive cleavage.

During the course of model studies for the synthesis of
several tetracyclic sesquiterpenes,? we required an effi-
cient preparation of various 3-exo-substituted 2-endo-acyl-
norbornenes (e.g., 2). In particular we had need of a sub-
stituent at C-3 which could be readily converted to an hy-
droxyl group but which would also survive further intend-
ed synthetic transformations. To this end we have investi-
gated the reaction of cyclopentadiene with trans-8-substi-
tuted «,3-unsaturated carbonyl compounds and the addi-
tion of nucleophiles to 2-acylnorbornadienes. We have also
determined that allyl ethers are effective as masked alco-
hols, thus satisfying our final criterion.

The results of the Diels-Alder reaction between trans-
B-substituted «,8-unsaturated carbonyl compounds (1)
and cyclopentadiene are summarized in Table 1. As ex-

X
H X
I 2 ﬂb/ + ﬁhlcoxz
rRoc” H COR X

1 2 3

a, R=H;X=0C0OCH,
b, R = H;X = 0COCgH;,
¢, R=CH; X =0C0OCH;
d, R=iCH; X = OCOCH;,
e R=0H;X =Cl
f, R=CH; X =OCH;

pected for an uncatalyzed reaction, the product with an

endo acyl group was always predominant, the isomer ra-
tios ranging from 2.6:1 to 5.6:1,3-6 Predictably the addi-

Table I
Reaction of Cyclopentadiene with Several Acrylic
Dienophiles (1)

Dienophile Catalyst Yield, %* [2): (3
lac 75 2.6:1
1be 50 3:1
led 58 2.6:1
1d 67 3.5:1
1d SnClse 47 >15:1
lef 87 5.6:1
1f 0
1f Cu(BF.)s# 11 >15:1
if SnCl, 51 15:1

= Isolated yields, not optimized. ® Reference 5. ¢ Reference
20. ¢ Reference 21, ¢ Reference 9. / Reference 22. ¢ Refer-
ence 8.

tion of catalytic amounts of cupric” and stannic® salts led
to significant increases in both the rate and stereoselectiv-
ity of the Diels-Alder reaction.® The rather low yields (not
optimized) are apparently due to extensive polymerization
of the diene and resultant difficulties in the isolation pro-
cedure. However, the high specificity of the reaction
makes the catalyzed procedure preferable when isomeri-
cally pure adducts are desired.

Although the acyl esters 2a-d were thus available in
quantity, they did not prove to be synthetically useful,
since treatment with most basic reagents led to significant
decomposition of starting material.!® A more generally
useful procedure was found to be the conjugate addition of
nucleophiles to 2-acylnorbornadienes (5). For instance,
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Table IX
Reaction of Several 2-Acylnorbornadienes (5) with Nucleophiles
Isomer®
Electrophile Source® Nucleophile Catalyst Product Yield,? ~% ratio
5a A CH;0H* K.,CO; 6 35 8:1
ba A C:H:SH- K,CO; 7 75 9:1
5a B CH,—CHCH,0H’ K,CO, 8 82 6:1
5b A CH,0H K,CO; 2b 77 10:1
5b B CH;O0H p-TsOH 2f 65 11:1
5b A CH,—=CHCH,0H K,CO; 9 68 15:1

« Method A, treatment of a solution of 2 and 3 with K.CO;; method B, reaction of cyclopentadiene with alkynone 4.
b Tsolated yields, not optimized. ¢ The ratio of the major isomer to the sum of the minor isomer.s, determined by nmr spec-
troscopy as described in the text and ref 5. ¢ Registry no., 67-56-1. ¢ Registry no., 108-98-5. / Registry no., 107-18-6.

exposure of a mixture of acetates 2c and 3¢ to methanolic
potassium carbonate afforded methyl ether 2f, contami-
nated with only trace amounts of other isomers. That un-

K,COs
2 + 3 ~2 Nue
HNuc
© A
7 COR COR

HC==CCOR

5 2f, 6-9
4
4,52, R=H
by R= CH3

saturated ketone 5b was intervening in an elimination-
addition process was easily demonstrated by observing its
build-up from the acetate mixture in a nonnucleophilic
solvent (acetone) and then noting its behavior on treat-
ment with methanol and a trace of potassium carbonate.
In fact a variety of related dienones 5 could be either gen-
erated in situ by elimination of acetic acid from a mixture
of the Diels-Alder adducts 2-3 (method A) or by cycload-
dition of the appropriate alkynone with cyclopentadiene
(method B).1 In each case the product smoothly added a
variety of nucleophiles as summarized in Table II. It is
noteworthy that in the reported examples the isomer ratio
was generally significantly greater than 6:1 in a process
which resulted in the simultaneous generation of two
asymmetric centers.!? Although the synthetic logic of
such an addition process to generate contiguous asymme-
try has been previously demonstrated,!3 the consequences
are of sufficient utility to be of interest. It is also worth
noting that the related conjugate addition of diethyl mal-
onate to 2-carbomethoxynorbornadiene has been reported
to give analogous results!4 and that similar chemistry is
observed in the bicyclo[2.2.2]octene series.!® In each case
the observed stereochemistry is presumably the conse-
quence of initial attack of the nucleophile at the 8 carbon
from the more.accessible exo side of the norbornene ring
followed by thermodynamic protonation of the resulting
enolate.1®

It was possible to apply this reaction to an efficient syn-
thesis of the needed norbornene derivatives. Thus allyl al-
cohol added smoothly and stereoselectively to unsaturated
aldehyde 5a. Unlike the corresponding acetate (2a), the
resulting allyl ether group of 8 was stable to basic reaction
conditions typified by Wolff-Kishner reduction, Grignard
addition, and Wittig reaction (8 — 10). Furthermore the
free alcohol was readily liberated by the action of sodium
in liquid ammonia,}? effectively satisfying the remaining
criterion established at the outset of the study. Allyl
ethers have been used only sparingly as masked alcohols,
although the analogy with the chemically similar benzyl
group is clear.'® The above reduction procedure for the
removal of the allyl ether moiety is complementary to the
recently reported hydrolytic cleavage of the same group
employing rhodium(I)-catalyzed isomerization of the dou-

OCH,CHCH,
5a —> —
CHO
8
OCH,CHCH, OH
—_—
y 7
10 1

ble bond and subsequent hydrolysis of the enol ether.®
Taken together allyl ethers became both an effective hy-
droxyl masking group as well as a convenient means for
effecting the addition of “protected” water to suitably ac-
tivated olefins.

In conclusion we have determined that 3-exo-substitut-
ed 2-endo-acyl-5-norborenes can be conveniently and ster-
eoselectively prepared by the addition of a variety of nu-
cleophiles to 2-acylnorbornadienes and further that the
allyl ether moiety is a versatile hydroxyl masking group.

Experimental Section

Ir spectra were recorded on Perkin-Elmer 137 and 237 spectro-
photometers; nmr spectra were determined on either a Varian
A-60 spectrometer or a Jeol MH-100 spectrometer with TMS as
an internal standard, and are recorded in Table III. Microanalys-
es were performed by Atlantic Microlab, Inc., Atlanta, Ga., or
M-H-W Laboratories, Garden City, Mich. Yields have not been
optimized. The procedures detailed below are representative of
the reaction in general and are not repeated for additional exam-
ples of a particular reaction type.26

Dienophiles 1 and 4. frans-3-Acetoxypropenal (1a),20 trans-3-
benzooxypropenal (1b),2® and trans-4-acetoxy-3-buten-2-one
(1¢)2* were prepared as described in the literature. trans-3-Chlo-
roacrylic acid (le) and trans-4-methoxy-3-buten-2-one (1f) were
purchased from Aldrich Chemical Co. and used without further
purification. The preparation of propynal?® (4a) is described in
the literature, while 1-butyn-3-one (4b) was purchased from Al-
drich Chemical Co. and used as received.

trans-5-Acetoxy-2-methyl-4-penten-3-one (1d). In a 2-l. flask
equipped with an overhead stirrer and an N3 inlet were placed
20.6 g (0.24 mol) of 3-methylbutanone, 5.7 g (0.25 mol) of sodium
metal, 21.6 g (0.25 mol) of freshly distilled ethyl formate, 550 ml
of dry ether, and 1.5 ml of ethy! alcohol and the resulting mixture
was stirred at 0° under Ny for 20 hr. The precipitated salt was
collected by filtration, washed with 100 ml of dry ether, and dried
in vacuo to afford 26 g (77%) of light yellow solid. After suspen-
sion of the above salt (26 g, 0.19 mol) in ether at 0°, 13.3 g (0.17
mol) of acetyl chloride was added dropwise and the reaction mix-
ture was stirred at 0° under N3 for 2 hr. Filtration and concentra-
tion of the filtrate afforded 25 g of mobile liquid which was dis-
tilled to afford 17.5 g (45% from ketone) of clear, colorless liquid,
bp 53-55° (0.25 mm), that solidified on standing at —10° ir
(CCly) 1774 (acetate C=0), 1675 ecm 1 (acetyl C==0).

In some preparations, when the crude product was a mixture of
cis and trans isomer by nmr analysis, it was necessary to stir a
benzene solution of the crude material with a trace of p-toluene-
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Table III
Analytical Data for Selected New Compounds®

Nmr,? 8

1.08 [d,J = 7 Hz, 6 H,~-HC(CH;).], 2.18 (s, 3 H, -COCH,), 2.72 [septet J = 7 Hz,
1 H -CH(CHs):], 6.02 (d,J = 18 Hz 1 H, -COCH==CH-), 8.16 (4, J = 13 Hz,
1 H, -COCH=CH-)*

1.48 and 1.74 (broad, 2 H, C-7 H), 2.02 (s, 3 H, -COCH,), 2.70 (broad, 1 H, C-2 H),

Compd Bp, °C (mm)

1d 53.5 (0.25)

2a 64 .5-65 (0.05)

2.98 and 8.12 (broad, 2 H, C-1 H and C-4 H), 4.73 (broad, 1 H, C-3 H), 6.19 (m,
2 H, vinyl H) 9.60 (d, J = 1.5 Hz, 1 H, -CHO)°

2¢ 89-91.5 (0.13)

1.70 (m, 2 H, C-7 H), 1.99 (s, 3 H, -COCH,), 2.08 (s, 3 H, -COCHy,), 2.81 (t,J = 3

Hz, 1 H, C-2 H), 2.88 and 3.11 (broad, 2 H, C-1 H and C-4 H), 4.74 (broad, 1 H,
C-3 H), 6.07 (W:/, = 4.5 Hz, 2 H, vinyl H)¢

2d 95 (0.08)¢

1.05 [d, J = 7 Hz, 6 H, -CH(CH;):], 1.71 (W, = 7 Hz, 2 H, C-7 H), 1.99 (s, 3 H,

—-COCH,), 2.66 [septet, J = 7 Hz, 1 H, -CH(CH;),1, 2.90 (m, 2 H, C-1 and C-4
H), 2.96 (t,J = 3 Hz, 1 H, C-2 H), 4.70 (W1, = 5 Hz, 1 H, C-3 H), 6.06 (W, =
5 Hz, 2 H, C-5 and C-6 H)¢

2f 70 (4)¢

1.57 (m, 1 H, syn C-7 H), 1.76 (m, 1 H, anti C-7 H), 2.04 (s, 3 H, -COCHy), 2.59 (t,

J = 3 Hz, 1 H, C-2 H), 2.86 and 3.02 (Wi, = 8 Hz, 2 H, C-1 and C-4 H), 3.51
(Wi, = 6 Hz, 1 H, C-3 H), 3.26 (s, 3 H, -OCHs), 5.99 (W1, = 19 Hz, 2 H, vinyl

H)e
6 90 (22)¢

1.73 (Wi, = 10 Hz, 2 H, C-7 H), 2.58 (W1/, = 5 Hz, 1 H, C-2 H), 3.05 (W1, = 18

Hz, 2 H, C-1 and C-4 H), 3.30 (s, 3 H, ~-OCH,;), 8.50 (W1, = 5.5 Hz, 1 H, C-3 H),
6.15 (m, W1/, = 13 Hz, 2 H, vinyl H), 9.53 (d, J = 1.5 Hz, 1 H, ~-CHO)°

7 125-126.5 (0.06)

1.52 (m, 1 H, C-7 syn H), 1.86 (m, 1 H, C-7 anti H), 2.80 (W1, = 12 Hz, 1 H, C-2

H), 3.12 (W1, = 10 Hz, 2 H, C-1 and C-4 H), 3.38 (m, 1 H, C-3 H), 6.18 (W1, =
20 Hz, 2 H, vinyl H), 7.25 (m, 5 H, aromatic H), 9.42 (4, J = 1.5 Hz, 1 H, -CHO)*

8 77-80 (0.05)

1.65 (m, 1 H, C-7syn H), 1.90 (, 1 H, C-7 anti H), 2.65 (m, W1/, = 5.5 Hz, 1 H, C-2

H), 2.95 and 3.05 (broad, 2 H, C-1 and C-4 H), 3.65 (W1, = 5 Hz, 1 H, C-3 H),
4.00 (m, 2 H, ~-OCH,CH=CH.), 5.21 (m, 2 H, -CH=CH,), 5.93 (m, 1 H, -CH=
CH,), 6.14 (m, C-5 and C-6 H), 9.25 (d, J = 1.5 Hz, -CHO)¢

9 90 (0.02)

1.70 (m, 2 H, C-7 H), 2.07 (s, 3 H, -COCH,), 2.64 (t, 1 H, C-2 H), 2.88 and 3.05

(broad, 2 H, C-1 and C-4 H), 3.70 (W, = 5 Hz, 1 H, C-3 H), 8.99 (d, J = 5 Hz,
2 H, -OCH,CH=CH,), 5.17 (m, 2 H, -CH=CH,), 5.71 (m, 1 H, ~-CH=CH,),
6.04 (W:), = 7 Hz, 2 H, C-5 and C-6 H)¢

10 33 (0.06)

1.59 (m, 1 H, syn C-7 H), 1.84 (m, 1 H, anti C-7 H), 2.44 (m, 1 H, C-2 H), 2.85 (W,

= 8 Hz, 2 H, C-1 and C-4 H), 3.18 (W:/, = 6 Hz, 1 H, C-3 H), 3.97 (m, 2 H,
-OCH,CH=CH,), 5.00 (m, 4 H, -CH=CH,), 5.45 (m, 1 H, ~-CHCH=CH,), 5.71
(m, 1 H, -OCH,CH=CH,), 6.09 (Wi, = 18 Hz, 2 H, C-5 and C-6 H)e

11 55 (0.03)

1.58 (m, 1 H, syn C-7 H), 1.75 (m, 1 H, anti C-7 H), 2.31 (W1, = 7Hz, 1 H, C-2 H),

2.70 (Wi, = 7 Hz, 2 H, C-1 and C-4 H), 3.46 (Wi, = 5 Hz, 1 H, C-3 H), 4.11
(1 H, -OH), 5.02 (m, 2 H, -CH=CH,), 5.54 (m, 1 H, -CH=CH,), 6.11 (W1, =
10 Hz, 2 H, C-5 and C-6 H)*

« Reference 26. ® Reference 25. < 60 MHz. ¢ Kugelrohr. ¢ 100 MHz.

sulfonic acid for several hours prior to distillation to obtain the
pure trans isomer.

Cycloadditions of Acrylic Dienophiles (1) with Cyclopenta-
diene. Uncatalyzed. The uncatalyzed reactions between cyclo-
pentadiene and dienophiles 1 were performed using the diene as
solvent at 35° for 10-50 hr. The disappearance of 1 could be con-
veniently monitored by glc, except for acid le. When the reaction
was judged to be complete, the volatile material was removed in
vacuo and the ratio of products was determined by analysis of the
nmr spectrum of the crude material (Table I). The product (2
and 3) was then separated from polymeric material by distilla-
tion. Isomer 2 could be separated from 3 by a combination of
chromatographic techniques, although usually mixtures were em-
ployed in succeeding reactions. In general it was not possible to
isolate the minor adduct (3) in a pure state.

2-endo-Acetyl-3-exo-acetoxybicyclo[2.2.1]Thept-5-ene (2c¢). To
a 500-ml round-bottom flask containing 113 g (0.89 mol) of dieno-
phile le was added 168 g (210 ml, 2.54 mol) of freshly cracked cy-
clopentadiene and the resulting solution was allowed to stir at
room temperature under an N, atmosphere for 43 hr, at which
time the reaction was shown to be nearly complete by gas chro-
matography. Removal of the volatile material (0.1 mm, bath 60°)
resulted in 99.1 g of oily residue which was shown to be a mixture
of the two trans cycloadducts 2¢ and 3¢ (ratio 2.6:1) and a small
amount of unreacted dienophile by nmr.® Pure 2¢ (27.3 g,
15.8%) was precipitated from a cold ether-petroleum ether solu-
tion of the residue, and then distilled to afford a colorless oil, bp
89-91.5° (0.13 mm). In general it was not feasible to separate
large amounts of 2 and 3 by the usual techniques. Rather the dis-
tilled mixture of isomers was carried on through succeeding steps.

Catalyzed. 2-endo-Acetyl-3-exo-methoxybicyelo(2.2.1]hept-
5-ene (2f). To a stirred solution of 0.71 g (0.003 mol) of cupric
tetrafluoroborate® in 30 ml of acetonitrile in a 50-ml flask, cooled
to 0° and under N, atmosphere, was added 1.00 g (0.01 mol) of
dienophile 1f in 10 ml of acetonitrile. After several minutes 6.61

g (0.10 mol, 8 ml) of cyclopentadiene was added and the gradual
deposit of insoluble material was observed. Within 15 min the
contents of the flask could no longer be stirred, and the flask was
allowed to warm to room temperature, where it remained for 15
hr. The reaction mixture was then poured into a separatory fun-
nel containing a solution of 0.03 mol of sodium tartrate and brine.
Extraction of the aqueous layer with ether (3 X 50 ml) followed
by ‘drying of the combined organics (MgSQ,4) and concentration
afforded a brown oil which by nmr® contained the single isomer 2f
and some polymeric impurities. Distillation in the Kugelrohr
fashion (70°, 4 mm) yielded 0.18 g (11% yield) of pure 2f. The
yields of other adducts by this procedure usually were higher
(40%) but did not equal those of the uncatalyzed reactions. Other
solvents tried included acetone and methanol, but in these sol-
vents there was no apparent catalysis.

Cycloaddition of Alkynones (4) with Cyclopentadiene. 2-
Formylbicyclo{2.2.1]hepta-2,5-diene (5a). In a 300-ml round-
bottom flask was placed 43.3 g (54 ml, 0.66 mol) of freshly
cracked cyclopentadiene and 150 m! of petroleum ether (bp 30-
60°) and the resulting solution was cooled to 0° with stirring
under an N2 atmosphere. To the above was added over 30 min
32.1 g (0.60 mol) of propynal and the resulting solution was
stirred at 0° for 3 hr and an additional 16 hr at room tempera-
ture. Removal of volatile material on a rotary evaporator and dis-
tillation of the residue (6-in. Vigreux column) afforded 39.5 ¢
(55%) of pure adduct, bp 86-87.5° (27 mm) [lit.}12 bp 80° (20
mm)]. In other runs the yields ranged from 40 to 67%.

Addition of Nucleophiles to 5. A. 2-endo-Acetyl-3-exo-
methoxybieyclo[2.2.1Thept-5-ene (2f). A solution of 0.84 g (0.043
mol) of a mixture of acetates 2¢ and 3¢ (1.8:1), 1.38 g (10 mmol)
of anhydrous KsCO3j, and 20 ml of reagent grade methanol was
stirred at room temperature under a nitrogen atmosphere for 30
min. The mixture was filtered and concentrated at reduced pres-
sure, diluted with ether and filtered, and finally concentrated to
give 0.58 g of crude product composed of essentially the single iso-
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mer 2f by nmr.% Distillation in the Kugelrohr fashion (70°, 4 mm)
afforded 0.55 g (77%) of a clear, mobile liquid identical spectros-
copically with that prepared by the cycloaddition.

B. 2-endo-Formyl-3-exo-allyloxybicyclo[2.2.1]hept-5-ene (8).
In a flask containing 56.9 g (0.47 mol) of diene 5a and cooled in
an ice bath was added 200 ml of allyl alcohol and 2.3 g (0.017
mol) of anhydrous K3COg3. After stirring for 30 min under an Ny
atmosphere, the mixture was filtered, concentrated at reduced
pressure, diluted with ether, refiltered, and concentrated to give
crude allyl ether 8. Analysis by nmr® indicated the presence of
three isomers (one major). Distillation of the crude product (6-in.
Vigreux column) afforded 69.3 g (82%) of colorless product, bp
80-85° (0.05 mm).

2-endo-Vinyl-3-exo-allyloxybicyclo[2.2.1Thept-5-ene (10). Ac-
cording to the procedure of Hauser,2* 16.35 g (0.05 mol) of
methyltriphenylphosphonium bromide was placed in a 250-ml,
three-neck flask equipped with a nitrogen inlet, addition funnel,
and magnetic stirrer. The flask was alternately evacuated and
filled with nitrogen (three times) and then 120 ml of dry THF was
added and the resulting solution was stirred while 20.4 ml (0.045
mol) of 2.2 M butyllithium was added over 20 min. After the
bright yellow slurry was stirred at room temperature for 20 min
followed by cooling to —20°, 4.45 g (0.025 mol) of aldehyde 8 in 20
ml of dry THF was added over 10 min. The temperature was
maintained at —20° for another 20 min and then allowed to warm
to 5°, at which point 50 ml of water was added. The aqueous layer
was extracted with hexane (2 X 100 ml) and the combined organ-
ic layers were dried (MgSO,4) and concentrated to give an orange
oil which was distilled (short path) to afford 2.0 g (45.5%, not op-
timized) of clear oil, bp 33-34.5° (0.06 mm).

2-endo-Vinyl-3-exo-hydroxybicyclo[2.2.2]hept-5-ene (11). In a
100-ml, three-neck, round-bottom flask equipped with a magnetic
stirrer and a Dry Ice condenser and protected from atmospheric
moisture by a drying tube was placed 1.61 g (0.092 mol) of allyl
ether 10 and 60 ml of NHj. Sodium (0.425 g, 0.018 mol) was
added in small pieces over 20 min, plus a small additional
amount until the blue color persisted. After stirring for an addi-
tional 15 min solid NH4Cl was added to discharge the blue color
and the NH; was allowed to evaporate. Water (20 ml) was added
and the reaction mixture was extracted with ether (3 X 75 ml),
dried (MgS0y4), and concentrated to give a residual oil which was
distilled in the Kugelrohr manner (55°, 0.03 mm) to give 0.92 ¢
(73.6%) of homogeneous alcohol 11.

Registry No.—1a, 51731-22-7; 1¢, 51731-15-8; 1d, 51731-16-9; 1f,
51731-17-0; 2a, 51731-18-1; 2¢, 51731-19-2; 2d, 51731-20-5; 2f,
51731-21-6; 3¢, 51773-70-7; 4a, 624-67-9; 4b, 1423-60-5; 5a, 5212-
50-0; 5b, 38739-91-2; 6, 51731-23-8; 7, 51731-24-9; 8, 51731-25-0; 9,
51731-26-1; 10, 51731-27-2; 11, 51731-28-3; cyclopentadiene, 542-
92-7; 3-methylbutanone, 563-80-4; acetyl chloride, 75-36-5.
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