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Abstract. Carbonation of sodium cyclopentadienide leads to the formation of 3ao,4a,7a,7ac-tetrahydro-
4,7-methano- 1 H-indene-2,6-dicarboxylic acid [i.e., "Thiele's acid®, 2i (R = H), 60%] along with several
1someric C12H1204 minor products. The dimethyl esters of two of these minor products, i.e., dimethyl
3aa,40,70,7aa-tetrahydro-4,7-methano- | H-indene-2 4-dicarboxylate [2a (R = Me), 13%) and the corres-

1m1

ponding 3a,6-dicarboxylate {2n (R = Me), 1%] have been isolated and characicrized. Intramoiecular Z+

2] phO{m\mychmt:on of 2a (R = Me) afforded 3a (R = Me) (30%), whose structure was established unequi-

vocally by application of X-ray crystallographic techniques. © 1998 Elsevier Science Ltd. All rights reserved.

Introduction. Almost a century ago, Thielel reported

that carbonation of cyclopentadicnylpotassium

affords a Diels-Alder dimer of cyclopenu.dienccarboxyhc acid, C;z. 11204. The structure of this compound sub-

sequently was established as 3aa,4a,70,7aa-tetrahydro-4,7-methano- 1 H-indene-2 ,6-dicarboxylic acid ["Thiele's
H P P ~ - 2 ™ 1

acid"; sce 2i (R = H) in Table 1] by application of chemical? and NMR spectroscopic® methods. Thiele's acid has

been employed as a key intermediate in the synthesis of several novel polycarbocyclic compounds.#

In 1959, Peters® prepared the corresponding methyl ester of 2i (R = H) [i.e., "Thiele's ester”, 2i (R =
Me)1b] by (i) carbonation of cyclopentadicnylmagnesium bromide followed by (ii) esterification of the resulting
product by using MeOH-H2S04. The diester thereby obtained was purified by vacuum distillation. The distillate,
which solidified upon standing, was further purificd by fractional crystallization and subsequent column chro-
matographic purification of the mother liquor. In addition to the major product, Peters> also isolated a minor pro-
duct, mp 103-104 °C, which proved to be isomeric with Thiele's ester.
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ene moiety and is not conjugated with the norbornene C=C double bond.

Peters® suggested structure 2a (R = Me) (see Table 1) for this minor reaction product. It should be noted
that his suggestion is not supported by other experimental or spectroscopic evidence in addition to its UV spec-
trum. Furthermore, there is more than one possible Diels-Alder dimer of cyclopentadienecarboxylic ester that

)040-4020/98/% - see front matter © 1998 Elsevier Science Ltd. All rights reserved.
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fulfilis the conditions of Peters' conclusion, i.e., that the minor reaction product contains two COaMe groups,
only one of which is conjugated with an adjacent C=C double bond (vide infra). As part of a program that
employs Thiele's ester as a reagent in organic synthesis4 we have reinvestigated the "minor reaction product”
[formulated as 2a (R = Me) by Peters] in an effort to establish its structure unequivocally.

Results and Discussion. In the present study, a mixture of Diels-Alder dimers of cyclopentadiene-
carboxylic acid dimers [i.c., compounds of the type 2 (R = H)] was prepared by carbonation of sodium cyclopen-

tadienide. A dilute acetone solution of the mixture of diacids the reby obtained subsequently was irradiated with a

Hanovia 450 medium pressure Hg lamp, thereby affording a mixture of intramolecular [2 + 2] photocyclo-
" + iAo~ A tyrmo —_ [PRRRETNPE. PN,
adducts [i.e., pentacyclo-[5.3.0.02:5.03.2.048]decanedicarb ds of the type 3 (R = H)]. The crude photo-

cyclization product was dissolved in aqueous NaHCO3, and the resulting solution was rendered acidic by
dropwise addition of 6 N aqueous H»SO4 until turbidity appeared. The resulting suspension was allowed to stand
overnight to com-plete precipitation of the solid reaction product(s). This precipitate then was isolated by suction
filtration and subscquently was air-dried. The material thereby obtained, the minor reaction product, was isolated
in ca. 4% yield. The filtrate subscquently was acidified by addition of excess 6 N aqueous HSQy, thereby
affording 3i2, the major reaction product, in 64% yield (see the Experimental Section).

Nuclear magnetic resonance (1H and 13C NMR) spectra were obtained for the minor reaction product.

The proton-noise decoupled 13C NMR spectrum of this material contains only six carbon resonances, thereby

indicating that this compound possesses a twofold symmetry element.
If it is assumed that Diels-Alder dimerization of 1- and 2-cyclopentanecarboxylic acids fi.e., 1a (R = H)
and 1b (R = H), respecitively] proceeds in accordance with the familiar Aider-Stein "principle of maximum

accumulation of unsaturation",® then it follows that any (or all) of 16 possible endo [4 + 2] cycloadducts, 2a-2p
(R = H) could be formed (see Table 1). Subsequent intramolecular [2 + 2] photocyclization of 2a-2p (R = H)
would afford 3a-3p (R = H), respectively (Table 1). Inspection of the various structures shown in Table 1 reveals
that only four of the sixteen possible isomeric pentacyclo[5.3.0.02:5.03.9 04.8]decanedicarboxylic acids, i.e., 3a
(R=H),3b (R =H), 3n (R =H), and 3p (R = H), possess a twofold symmetry element (C; axis).

In order to tirmly establish the structure of this photocycloadduct, it was converted into the correspond-
ing bis(p-nitrobenzyl ester) derivative. Single crystal X-ray crystallographic analysis of the resulting cage di-
ester established its structure unequivocally to be that of di(p-nitrobenzyl) pentacyclo[5.3.0.02.5.03.9.048]dec-

ane-5,9-dicarboxylate [i.e., 3a (R = p-nitrobenzyl); see the Experimental Section]
The crude mixture of Diels-Alder cycloadducts [which contains isomeric tricyclic dicarboxylic acids of

c
the type Za-2p (R = H)] dispiayed oniy limited soiubility in acetone, thereby hindering our attempts to scaie-up
the {2 + 2] photocyclization rcaction. For this rcason, we found it expedient to convert the mixture of diacids of
the type 2 (R = H) into the corresponding methyl esters, since the corresponding diesters display improved sol-
ubility in acetone [the solvent of choice for their subsequent intramolecular [2 + 2] photocyclization to com-
pounds of the type 3 (R = H)].

Thus, reaction of isomeric diacids of the type 2 (R = H) with MeOH-H;SO4 afforded a corresponding
mixture of tricyclic diesters (i.e., compounds of the type 2, (R = Me). Workup of the reaction mixture afforded

g mather liquor was further punfied by
ng mother lig

column chromatography. Three chromatography fractions were collected; the first fraction, an oil, consisted of



Table 1. Structures of the 16 possible endo [4 + 2] cycloadducts, 2a-2p, that could be formed by Diels-Alder
cycloaddition of the four possible (diene + dienophile) combinations of 1a and 1b and their corresponding
intramolecular [2 + 2] photocycloadducts (3a~3p respectively)

CO,R COR 10__ 9 I(CO;R)z H/(C%Rh
A e N o N2 o S
</ N\ \’/2 N S PR I S A
la(R=H IbR=H ZVV\'/ COR 7</‘5’ 6U5/

or Me) or Me) 1 6
' ! 2a-2p 3a-3p (R - H or Me)
Diene Dienophile endo {4 + 2] i2+2] {2 + 2] Cage
Cycloadduct Cycloadduct Point Symmetry
la la 2a(24) 3a (5.9) Ca
2b (7,7a) 3b{i.7) Ca
2¢ 4,7a) 3¢ (7.9)
2d (2,7) 3d (1,5
la 1b 2e (3.4 3e (4,9
2f (3a4) 3f(8.9)
2237 3g(14)
2h (32,7) 3h (1.8)
ib 1a 2i(2,6) 32,5
2j (6,7a) 3i27)
2k (2,5 3k 3.5)
21 (5,7a) A3
1b 1b 2m (3.6) 3m (2,4)
2n (33,0) 3n (2,8) C2
20 (3a,5) 3o (3.8)
p(3.5) G C2

an inseparable mixture of two isomeric compounds, A and B ( total yield 2%; vide infra). Workup of the second

ester (vide infra).
Determination of the Structures of Isomers C and D. Inspection of the lH NMR spectra of pure C and

pure D indicates that each isomer contains one a,8-unsaturated (i.e. "conjugated") ester moiety and also one non-



conjugated ester group. In addition, inspection of the 13C NMR spectrum of the product formed by intramole-
cular [2 + 2] photocyclization of either C or D reveals in each case that the resulting cage diester of the type 3 (R
= Me) contains a twofold symmetry e¢lement.

Once again, it should be noted that among the 16 isomeric cage diesiers of the type 3, only 3a, 3b, 3n and
3p (R = Me), possess a twofold symmetry element (Cz axis). Upon further inspection of the structural informa-
tion in Table 1, it is evident that only 2a and 2n (R = Me) meet the following criteria: (1) both 2a and 2n (R =

and (ii) photolysis of either 2a «

In order to complctc c assignment of the structures of C and D, the parent cage diacid, 3a (R = H) from
which 3a (R = p-nitrobenzyl) had been synthesized previously (vide supra) was esterified by using MeOH-
H2SO4. The IR, TH NMR, and 13C NMR spectra of the cage dimethyl ester thereby obtained [i.e., 3a (R = Me)]
proved to be identical in all respects with the corresponding spectra obtained for the product of intramolecular {2
+ 2] photocyclization of D. We conclude from this exercise that isomer D possesses structure 2a (R = Mc), and
since only one other possibility remains, isomer C must possess structure 2n (R = Me).”

Some Observations Regarding Compounds A and B. All attempts to separate isomers A and B by
using fractional recrystallization and/or column chromatography proved futile. However, analysis of relevant 1H

NMR and 131 (normal and cated-decounledy NMR enectra indicate that A and R were formed ac a ra S0.S0
NV ang iormal ang gaica-aecoupiced) INIVilk spectra indicale thal A and 3 were iormed as a cq. >U-20

maivtiiea ~f 1onmmare Enetharmavaes t 10 ~laaer Froaemm imornnntian ~Af tha ANIAAD cwmanten th Tanth mA T 1lrn P aemd
mixXture oi isomers. rurtinenmnore, it is iéar 1rom Inspection Oi a D, 1IKC &8 anda

he NMR spectra that both A an

2n (i.e, D and C, respectively), contain one conjugated and one non-conjugaied CO>Me group. Inspection of
Table 1 reveals that there are six remaining structures that fit the NMR spectral information for A and B (i.e.,
2d, 2e, 2g, 2j, 2l and 20 (R = Me).

In our hands, photolysis of a mixture of A and B afforded a mixture of the corresponding cage diesters, E
and F, which also proved to be inseparable by fractional recrystallization and/or column chromatography.
Analysis of rclevant 'H NMR and 13C (normal and gated-decoupled) NMR spectra indicate that E and F were
formed in the ratio E : F = 2.5: 1. We speculate that the change in ratio of products E : F vis-a-vis that of the
starting matenals (i.e., A : B =1: 1) may be due to partial decomposition of one of the isomeric starting materi-

111 10 (1L A . D — 1. 1) 111d UL s

als that occurred during photolysxs
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correspond to either A or B would necessarily resuii in the formaiion of the corresponding cage diesier {i.e., 3d,
3e, 3g, 3j, 31, or 30 (R = Me)] which lacks any twofold symmetry clement. Indeed, as expected, neither E nor F
contains a twofold symmetry element. The NMR spectral information garnered in this study arc insufficient to
permit unique identification of the structures of A, B, E, and/or F.

Summary and Conclusions. Two minor isomers of Thiele's ester, i.e., 2a [UV: Apax(EtOH) 222 (log e
3.69)] and 2n [UV: Apax(EtOH) 231 (log ¢ 3.79)], have been isolated and fully characterized. In the course of
this study, new cage diester 3a (R = p-nitrobenzyl) was synthesized, and its structure was established unequivo-
cally by application of X-ray crystallographic methods.
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evidence [Amax(EtOH) 230 (log € 3.81)], Peters suggested that this compound possesses structure 2a (R = Me).
However, in the present study, we find Apax(EtOH) 222 (log € 3.69) for 2a.

In the present study, we found that 2a and 2n elute on a tlc plate with very similar retention times. The
similarity between (i) the yield of "minor isomer" reported by Peters> (i.e., ca. 20%) and our combined yield of
2a + 2n (ca. 14%) and (i) thc UV spectral data reported by Peters> and that which we report herein for 2n to-
gether suggest to us that the solid compound that Peters isolated and whose melting point and UV spectrum he

¢ that Peters, in fact, may have iso-

reported may indeed correspond with 2n rather than with 2a. We conjectt

11ld ¥ 111U AU Wiitopunid atil LA el 1l 4. VY Ayeetiil

lated 2a in admixture with 2n. During subsequent work-up and purification, solid 2n may have crystallized from
thi vt A 3 1+ thhat it th A thnat Data. han antler ahacantacieaad
ulis MiXtre, anag we Conjeciure tnat it is inis COMpOoUna tiatl reiers suosequenty cnaracierizea.

Experimental Section

Melting poims are uncorrected. Elemental microanalytical data was obtained by personnel at M-H-W Laboratories, Phoenix,

A7 Migh racnlitinn mace enactral data wara ahtainad ot tha Mace Qrantramater Doailite ot tha Tacaodc ot

FaVon Aﬁbu—u.,aunuuuu 1iddd sptiiial Udid WEic UUdineu at Ui vidds Speiuoimcu’y ldblllly at uic L/Cpaiuneit Ul k,uculisuy dnu
Biochemistry, University of Texas at Austin by using a ZAB-E double sector high-resolution mass spectrometer (Micromass,
Manchester, England) that was operated in the chemical ionization mode by using melhane as CI reagent gas. UV spectra were

rar~edad ~n o Hlaw ot Danlaed Ty A0 ™ RPN, By — AA~AT \.V- QAZNA
ICLOIURAL ULt a [lCWlUtt racCrara Liocac I\lll.!y U V- VlblUlC bpct,'uuplluunuctcx IVIOGEI IND. OFIUA.

Carbonation of Sodium Cyclopentadienide. A solution of freshly cut Na metal (28 g, 1.2 g-atom) in
xylene (300 mL) under argon was refluxed briefly with vigorous stirring. The resulting dispersion of Na in
Xylene under argon was cooled rapidly to ambient temperature. Xylene was decanted by syringe and was re-

placed with dry THF (5()0 mL). The requltmg mixture was cooled to 0 °C by appllcatlon of an external ice-water

..........................

bd.th TU thb l.-UUlUd llllALulE wad auucu puuxuuvubc wuu v15u1uub bullllls llbbllly ua.uu,u“ L)uupcmduwnt:
(81.5 mL, 1.25 mol). After all of the diene had been added, the extemnal cold bath was removed, and the reaction
mixture was allowed to warm slowly to ambient temperature with stirring overnight. The reaction mixture was
poured over excess dry ice and then was allowed to warm gradually to ambient temperature. Water was added,
and the phases were separated. Excess 6 N aqueous H3SO4 (300 mL) was added to the water layer, and the re-
sulting precipitate was collected by suction filtration. This material was air-dried to afford a colorless micro-
crystalline solid (54.7 g, 80%) Recrystallization from MeOH afforded material that displayed mp 197-201 °C

156 1h saaan D19 00 Fr minen Thinlals ani Al Thic smatarial suhink aneolaba e TR e i S ol o oitel
\ll{ P 214 L 1Vl puic 1 lllcxt:b acidj}. 11uS> 11 tt 1ai, HICIL COLDIS LY plllll' H_y Ol 11ICICS acCia (<1) dlUHg Wlill
isomeric minor product(s),> was used as obtained without further purification or characterization.

Intramolecular {2 + 2] Photocyclization of "Crude Thiele's Acid". A solution of the crude Thiele's
acid (21, 5.00 g, 22.7 mmol, vide supra) in acetone (500 mL) was irradiated with a Hanovia 450 W medium
pressure Hg immersion lamp for 24 h. The reaction mixture was concentrated in vacuo, and the residue, a pale
brown soiid, was dissolved in a minimum quantity of saturated aqueous NaHCO3 (10 mL.). Water (150 mL) was
added, and the resulting aqueous solution was cxtracted with Et20 (2 x 30 mL). The ethereal extracis were
discarded, and the aqueous layer was rendered acidic by dropwise addition of 6 N aqueous H2SOy4 until the
aqueous layer became slightly cloudy. The resulting suspension was allowed to stand overnight at ambient
temperature to complete precipitation of the desired product. The solid precipitate was collected by suction fil-
tration and air dried. Crude 3a (R = H) (180 mg, 3.6%) was thereby obtained as a colorless microcrystalline
SOlld mp 248 °C (de ) IR (KBr) 3665 3050 (br, 9) 974 (q) 1699 (m), 1547 (s), 1402 (m), 1109 cm-1 (e) lH

%
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After removal of 3a (R = H) by filtration had been completed, the remaining filtrate was further acidi-
fied by addition of 6 N aqueous HaSO4 (15 mL, excess), whereupon additional material precipitated from solu-
tion. This material was collected by suction filtration and air-dried, thereby affording 3i (R = H) (610 mg, 12%).
Finally, the aqueous layer was extracted with EtoO (4 x 25 mL). The combined organic layers were dried



(MgS0y) and filtered, and the filtrate was concentrated in vacuo. An additional gu
57% total yield of 3i (R = H) collected was 64%)] was thereby obtained. Recrvstalllzatlon of this matenal from
Et,O-pentane mixed solvent afforded pure 3i (R = H): mp 198-200 °C (lit.2 mp 206-207 °C ; IR (KBr) 3330-
2527 (br, 8), 1707 (s), 1425 (m), 1258 (m), 1132 (m), 946 (m), 644 cm-1 (m); 'H NMR (CDCI3) § 1.50 (AB, Jagp

=58Hz 1H), 1.68(t,J=58Hz, 2 H), 2.16 (AB, JAp= 58 Hz, |l H), 257(m 1 H), 272—302(m 4 H), 3.10-

3.22 (m, 1 H), 11.75 (br s, 2 H); 13C NMR (CDCi3) 537.3 (1), 38.7 (1), 40.9 (d), 41.2 (d), 43.5 (d), 43.9 (d), 47.5
{d), 54.7 (d), 55.2 (8), 61.6 (s), 180.0 (s), 180.3 (s). Anal. Calcd for C12H1204: C, 64.85; H, 6.35. Found: C,
64.70; H 6.36.

Di(p-nitrobenzyl)pentacyclo[5.3.0.02:5.03,9.04.8 |decane-5,9-dicarboxylate [3a (R = p-nitrobenzyl)].
A mixture of 3a (R = H) (50 mg, 0.23 mmol), SOCl2 (5 mL, cxcess), and pyridine (5 pL) was heated with stir-
ring at 60 °C for 0.5 h. The reaction mixture was concentrated in vacuo to remove excess SOCl,. To the residuc
was added P- mirOUCﬁ'Lyl alcohol (76 mg, O. 5 mmol) in dry benzene (5 mL), and the resulung mixture was stir-
red at ambient temperature for 0.5 h. Benzene (10 mL) and EtOAc (10 mL) were added to dissolve all of the
solid material present in the reaction mixture. The resulting solution was washed with water (10 mL), dried
(MgSO4), and filtered, and the filtrate was concentrated in vacuo. The residue was purified by column chro-
matography on silica by eluting with 30% EtOAc-hexane. Fractional recrystallization of the material thereby
obtained from Et;0-hexane mixed solvent afforded pure 3a (R = p-nitrobenzyl) (54 mg, 49%) as a colorless mi-
crocrystalline solid: mp 122.5-123.0 °C; IR (KBr) 2086 (m), 1742 (s), 1723 (s), 1609 (m), 1526 (vs), 1283 (s),

1194 (s), 1107 (s), 1065 (s), 856 (m), 739 cm-! (m); 'H NMR (CDCR) & 1.77 (AB, Jag = 10.6 Hz, 2 H), 2.01
(AB, Jap=10.6Hz,2H), 280 (m 2 H),3.14 (m, 4 H), 527 (s, 4 H), 7.52 (AB, Jsg =85 Hz, 4 H), 823 (AB,
Jar =8.5Hz, 4 H); 13CNMR(CDC1‘05404(K) 432((1) 476((1) 485((1) 56.0 (s), 64.6 (1), 123.8 (d), 128.1

(d), 143.5 (s), 144.0 (s), 148.0 (s), 173.8 (s). Anal. Calcd for Ca6H22N20g: C, 63.67; H, 4.52. Found: C, E’; 45;
H, 4.54. The structure of 3a (R = p-nitrobenzyl) was established unequivocally by application of X-ray crystal-
lographic methods (vide infra).

|

: 0 : sAn T 1 Thielale arid nrenare Ao docrriba
LS n of "Crude Thiele's Acid". To a solu Thiele's acid prepaica as described

above (44 g, 0 mol, vide supra) in MeOH (600 mL) was added concentrated HzS0O4 (35 mL), and the

resulting soluuon was refluxed overnight. The reaction mixture was cooled to ambient temperature and then

concentrated in vacuo to a total volume of 100 mL. Water (400 mL) was added, and the resulting mixture was

neutralized by careful addition of 10% aqueous NaHCO3 (ca. 25 mL). The resulting aqueous suspension was

extracted with Et0 (4 x 100 mL). The combined ethereal extracts were washed successively with saturated

aqueous NaHCO3 (SOmL) 2N aqueous HCI (50 mL) and brine (50 mL). The organic layer was dried (NaSOy)
'y ~d

A Frmes ligenio (e 2N ON
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Y PatT) Darncvatallimati ma ~AF tha oo

icentrateq in vacuo. rRecrystailization ol the residue from 1igI0in (Op GuU-
°C) afforded pure Thiele's est 2i (R = Me), 28.6 g, 60%] as a colorless microcrystalline solid: mp 85 °C

1 %] Vil ), &0 3 miCrocr

(lnt 155 mp 85 °C). The!H NMR and 13C NMR spectra of the material thereby obtained were essentially identi-
cal with previously published spectra of authentic Thiele's ester).3

The remaining mother liquor was concentrated in vacuo, and the residue was purified by column chro-
matography on silica gel by eluting with 10% EtOAc-ligroin. Workup of the first chromatography fraction

" i1 /271 1Q 7Y Amnal ¢ 1 1 13 NMR t of thi
{hereby obtained afforded a pl‘llﬁ Yeuodw Gii (671 Mg, 1.6 70j. nﬂr’ilySiS of the 'H and **C NMR specirum Oi tnis

matenal indicated that it consists of two products, A and B (product ratio: A : B =ca. 1 : 1), that are isomeric
with Thicle's ester. Further attempts to separate this mixture of products by column chromatography were not
successful; IR (neat) 3067 (w), 2959 (s), 2876 (w), 1724 (s) 1632 (m), 1441 (m), 1358 (m), 1290 (m), 1240 (s),
1099 (m), 770 cm-1 (m); 1H NMR (CDCl3) 8 1.20-1.50 (m, 2 x 2 H), 1.55-1.95 (m, 2 x 1 H), 2.05-2.45 (m, 2 x
1H), 2.70-3.00 (m, 2 x 3 H), 3.20-3.40 (m, 2x 1 H), 3.60 (s, 2 x 3 H), 3.65 (s, 2 x3 H), 5.35-5.50 (m, 2 H), 5.80-
6.00 (m, 2 H), 6.40-6.50 (m, 1 H), 6.70-6.80 (m 1 H); 13C NMR (CDCl3) 8 33.5 (1), 34.0 (1), 40.7 (d), 41.1 (d),

45.4 (d), 46.2 (d), 46.3 (d), 46.9 (d), 50.1 (1), 50.4 (), 51.05(q), 51.14 (q) 53.1(s,2 C), 54.1 (d), 54.9 (d), 130.6
{(d), 132.80 (d), 132.85 (d), 135.5 (d), 1369 (s), 137.9 (s), 1443 (d), 1483 (d), 1654 (5, 2 C), 165.6 (5,2 C).
HRMS Calced for C14H1604: [M; + H]* 249.11268. Found: [M; + H]* 249.11228



A. P. Marchand et al. / Tetrahedron 54 (1998) 12691-12698 12697
Continued elution of the (‘hrnm’)t(wr'mhy column afforded a second fraction; wnrlmn of this fraction
afforded pure 2n (R e) (557 mg, 1.1%) as a colorless microcrystalline solid: mp 99—100 °C UV Amax(EtOH

231 (log € 3.79); IR (KBr) 2965 (w), 1732 (s), 1717 (s), 1607 (w), 1439 (m), 1277 (s), 1161 (m), 1090 (w), 1042
cm-! (w); TH NMR (CDCl3) 6 1.60 (br s, 2 H), 1.75 (d, J = 15.5 Hz, 1 H), 2.35(dd, J = 10.6, 8.3 Hz, 1 H), 3.22

(dd, J=83,3.6 Hz, 1 H), 3.30 (br m, 2 H), 3.68 (s, 6 H), 5.50 (m, 2 H), 6.82 (d, J =3.6 Hz, 1 H); 13C NMR
TN \ @ VAL SN AL O Iy AL T AAN AQO NN /Y S1 A AN 1 AN £ AN SN PN T /N IANO I 1A AN 12N & orN
(CULi3) 654.5 (D), 43.0 (), 406.7 (0}, 40.5 (i), 51.2 (), 51.4 (q), 52.2(q), 70.1 (8), 129.8 (q), 134.8 (d), i39.5 (s),
1178{1\ 16588 (cY 17187 (e} Anal Caled for Ce H oD - O A - SN Found- " A7 885-H A A1

PO\, LU0, LTJ0d \D), S, valvu 11U QUi (g Ny U770, 1k, V. A/, TVRALIL, N\, VJ 7.0, 11, UU1

Continued elution of the chromatography column afforded a third fraction; workup of this fraction af-
forded pure 2a (R = Me, 6.04 g, 13%) as a colorless o0il; UV Apax(EtOH) 222 (log € 3.69); IR (neat) 2955 (s),
1738 (s), 1723 (s), 1445 (m), 1242 (m), 764 cm-1 (w); 1H NMR (CDCl3) 6 1.55-1.80 (m, 3 H), 1.85-2.00 (m, 1
H), 2.35-2.52 (m, 1 H), 2.90-3.05 (m, 2 H), 3.65 (s, 3 H), 3.75 (s, 3 H), 6.00-6.10 (m, 2 H), 6.52-6.60 (m, 1 H);
13C NMR (CDCl3) 8 33.4 (1), 42.3 (d), 46.5 (d), 51.1 (q), 51.6 (), 53.1 (1), 58.7 (d), 60.9 (s), 133.2 (d), 134.3
(d), 138.1 (s), 141.8 (d), 165.0 (s}, 174.0 (s). Anal. Caled for C14H604: C, 67.73; H, 6.50. Found: C, 67.60: H
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6.59.

Intramolecular [2 + 2] Photocyclization of 2a (R = Me). A solution of 2a (R = Me) (393 mg, 1.58
mmol) in acetone (150 mL) was irradiated in a quartz immersion photolysis apparatus by using a Hanovia 450W
medium pressure Hg iamp during 24 h. The reaction mixture was concentrated in vacuo, and the residue was
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mL), water (20 mL) 10% aqueous HCI (20 mL), water (20 mL) and brine (20 mL). The organic layer was dried
(NaxSO0y4) and filtered, and the filtrate was concentrated in vacuo. The residue was purified by column chroma-
tography on silica gel by eluting with 10% EtOAc-ligroin. Pure 3a (R = Me) (117 mg, 30%) was thereby
obtained as a colorless microcrystalline solid: mp 54-55 °C; IR (neat) 2969 (s), 2866 (w), 1730 (s), 1439 (m),
1327 (m), 1292 (m), 1248 (m), 1215 (m), 1196 (m) 1111 (w), 1065 (w), 945 (w), 779 cm-! (w); IH NMR

(CDCl3) 8 1.65 (AB, JAp = 12.8 Hz, 2 H), 1.90 (AB, JAp = 12.8 Hz, 2 H), 2.65 (m, 2 H), 3.00 (m, 4 H), 3.70 (s,
6 H); 13C NMR (CDCl3) § 40.2 (1), 42.8 ( d), 47.4 (d), 48.3 (d), 51.4 {q), 55.8 (s), 174.7 (s); Anal. Caicd for
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Intramolecular [2 + 2] Photocyclization of 2n (R = Me). A solution of 2n (R = Me) (159 mg, 0.64
mmol) in acetone (150 mL) was irradiated by using the procedure described above for the corresponding
intramolecular [2 + 2] photocyclization of 2a (R = Me). The crude reaction product, obtained by using the
workup procedure described above, was purified by column chromatography on silica gel by eluting with 10%
EiOAc-ligroin. Pure 3n (R = Me) (56 mg, 35%) was thereby obtained as a pale yellow oil; IR (fiim) 2976 (s),
2874 (w), 1723 (s) 1439 (m), 1381 (w), 1333 (m), 1279 (m), 1221 (m), 1161 (m), 1076 cm"! (m); TH NMR

(CDCl3) 8 1.55(AB, JAB=9.7Hz,2H), 1.75(AB, JAp=9.7Hz, 2 H),2.78-2.92 (m, 4H),3.14(m, 2 H),3.54
(s, 6 H); 13C NMR (CDCI3) 8 37.8 (1), 42.0 (d), 45.5 (d), 51.7 (q), 52.7 (d), 56.4 (s), 174.7 (s). HRMS Calcd for
C14H1604: [M;, + H]* 249.11268. Found: [M; + H]* 249.11256.

Intramolecular Photocyclization of a Mixture of A and B. A solution that contained a 1:1 mixture of
A and B (426 mg, 0.58 mmol) in acetone (150 mL) was irradiated by using the procedure described above for
the corresponding intramolecular [2 + 2] photocyclization of 2a (R = Me). The crude reaction product, obtained
by using the workup procedure described above, was purified by column chromatography on silica gel by elutmg
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w), 1211 (m), 1051 cm-! (w). HRMS Calcd for C14H ;604 [M; + H]* 249. 11768 Found [Mr + H]+ 249 11259

Compound E (major product): IH NMR (CDCl3) § 1.22 (AB, JoB = 10.6 Hz, 1 H), 1.55 (m, 2 H), 1.82 (AB, JAB
= 10.6 Hz, 1 H), 2.38-3.00 (m, 6 H), 3.62 (s, 6 H); 13C NMR (CDCl3) 5 38.2 (1), 39.6 (d), 40.6 (1), 40.8 (d), 43.5
(d), 43.9 (d), 46.5 (d), 47.8 (q), 48.3 (q), 51.3 (d), 56.2 (2C, s), 175.7 (2C, 5); Compound F (minor product): 1H
NMR (CDCl3) 6 1.40 (AB, Jag =11.7 Hz, 1 H), 1.55 (m, 2 H), 1.72 (AB, Ja =11.7 Hz, 1 H), 2.38-3.00 (m, 6



H), 3.55 (s, 6 H); 13C NMR (CDCl3) 8 36.8 (d), 37.8 (1), 38.2 (1, overlapped), 41.2 (d), 42.4 (d), 45.18 (d), 45.25
(d), 47.6 (d), 51.3 (d), 52.6 (d), 56.7 (5,2 C), 175.1 (s, 2 C).

X-ray Structure of Di(p-nitrobenzyl) Pentacyclo[5.3.0.02:5.03,9.048]decane-5,9-dicarboxylate [3a (R
—p-nitro'benzyi)] All data were collected at ambient temperature on a Rigaku AFC6S diffractometer with
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applied, which resulted in transmission factors ranging from 0.50 to 1.00. Data were corrected for Lorentz and
polarization effects. The structure was solved by direct methods? and was refined and analyzed by using
TEXSAN.10 The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included but not
refined. Neutral atom scattering factors were taken from Cromer and Waber.!! X-ray data and processing
parameters for 3a (C26H22N20g): Crystal size 0.25 x 0.20 x 0.35 mm; Space group P2y/n; a = 6.208 (2) Aib=
4030 (2) A;c=9.444 (4) A; B = 104.80°;, V =2284 (1) A3; Z = 4; Deale = 1.426 g-cm3; u=9.01 cm'l; T = 296

20.... = 157 A° 5152 total reflections: 4755 unigque r 1940 observed reflections. 1 = 3g(1): 325

As, ~VIIax = i</ oA VUL BRIV, TS IVEIVVUILS, 1 \I\L ), dd

parameters, R = 0.140, Ry = 0.101; (A/6)max = 0.00; pmax = 0.45 eA-3; ppin = 0.60  eA-3. A structure drawing of
3a (R = p-nitrobenzyl) is shown in Figure 1.

Figure 1. X-ray structure drawing
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