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Studies on Synthesis of 10,11-Dihydro-5H-dibenzo[a,d]cycloheptene Derivatives. IIL.!) Stereostruc-
tures of Isomeric 8,9-Dimethoxycarbonyldibenzo[2,3:5,6]bicyclo[5.2.0]Jnonan-4-ones Determined by
'H-'H and *C-{'"H} Nuclear Overhauser Effects in Nuclear Magnetic Resonance Spectroscopy
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Stereochemistry of 8,9-dimethoxycarbonyldibenzo[2,3: 5,6]bicyclo[5.2.0]Jnonan-4-ones (2a, 3a, 4a, and 5a) and
8,9-dimethoxycarbonyl-4-hydroxydibenzo[ 2,3 : 5,6]tricyclo[5.2.0.0* ®]nonanes (6a and 7a) was studied by chemical and
spectrometrical means.

Intramolecular acid anhydride formation reactions of isomeric cis-dicarboxylic acids (3¢, 5¢, 6¢, and 4c) afforded
the anhydrides (3d, Sd, 6d, and 5d), respectively. Interconversion between 2a and 3a and between 4a and 5a at higher
temperature by thermal reaction resulted in equilibria of 2a and 3a (3:2) and of 4a and 5a (20:1).

Detailed >C and 'H assignments (3a, 4a, 5a, 6a, and 7a), and stereostructural assignments (3a, 4a, and 5a) were
made by using nuclear magnetic resonance (NMR) techniques such as 'H-{'H} and !*C—{*"H} NMR, !*C/*H chemical
shift-correlated NMR, and 'H-'H and *C—{'H} nuclear Overhauser effect (NOE) measurements. Moreover, a possible
mechanism of interconversion between 4a and 5a is discussed.

Keywords dibenzo{a, d]cyclobutanocycloheptene derivative; dibenzo|2,3: 5,6]tricyclo[5.2.0.0*%lnonane derivative; stereo-
chemistry; thermodynamic stability; 2D NMR; 'H-'H NOE; 3C-{'H} NOE; saturation transfer effect

Previously,’ in the course of our studies on the synthesis

of dibenzo[a,d]cyclobutanocycloheptene derivatives, we Q s 9 Cor 0

have obtained four stereoisomers of 8,9-dimethoxycarbon- @ @ s @
yldibenzo[2,3: 5,6]bicyclo[5.2.0lnonan-4-one (2a, 3a, 4a ¥ @ A:I\
and Sa) and two stereoisomeric 8,9-dimethoxycarbonyl-4- réo! 7 7 rCO COR
hydroxydibenzo[2,3 : 5,6]tricyclo[5.2.0.0*#]nonanes (6a and : 10

7a). Then, the stereostructures of 6a and 7a have been 1 2a:R=R'=0Me . 3a : R=0Me
clarified by the existence of hydrogen-bonding. The struc- 2b : R=0H, R'=0Me 3b : R=0H, OMe
ture of 2a, including configuration and conformation, has 2c : R=R'=O0H gﬁ gSSE o

been assigned on the basis of two-dimensional (2D) nuclear
magnetic resonance (NMR) (2D INADEQUATE and
13C/*H chemical shift correlation (CH COSY)) and nuclear
Overhauser effect (NOE) experiments, but this has not yet RCOQ COR
been done for 3a, 4a, and Sa. A

In the present paper, stereostructural analyses of 3a, 4a, @ ‘@
and Sa, and thermodynamic relationships among four L
stereoisomeric nonanones (2a, 3a, 4a, and 5a) are described,
together with chemical and NMR spectrometric data on 6a,

Ta, and 2a. 4a : R=0Me 5a : R=R'=0Me
Chemical Methods First, intramolecular acid anhydride 4¢ : R=0H 5b : RiOH(OMe), R:iOMeé?/[H)
formation of the dicarboxylic acids” (¢, 3¢, 4c, 5¢, 6¢, and ob: R=OMe(OH), R'=OH(OMe)
. . ¢ : R=R'=0H
7c) was investigated (Chart 1). Each of them was heated 5d : R, R'=-0-

with acetic anhydride (Ac,0) under reflux for 2h. The

dicarboxylic acids (3¢ and S¢) readily reacted to give the

anhydrides (3d and 5d%), respectively. These products were

identified by elementary analysis and infrared absorption OR” COR’ RCO 9}’»" COR’

(IR) spectroscopy. The anhydrides (3d and 5d) were in- A A

dividually refluxed with methanol to give the monoesters 3,
1

(3b and 5b"), and esterifications of 3b and 5b’ with diazo- 5

methane (CH,N,) gave the starting diesters (3a and 5a), COR

respectively. Interestingly, when the dicarboxylic acid (4¢)

;vgg_tr‘ze:gic(l: :f/ith Ac,0, followed by. heating in vacuo at g:; gzg;-x?(g&d:)',%’:gm(nn), Ta 1 R=R'=OMe, R'=H
or 1h, the same anhydride (5d) was obtained R =Ac 7b : R=0Me, R’=0H, R"=H

as from Sc. However, no intramolecular anhydride was gc : R=R'=OH, R"=H Tc : R=R'=0H, R"=H

obtained from 2¢. The dicarboxylic acid (6¢) also reacted 6d: R,R'=-0-, R"=Ac ;; g;g,,;%ﬁ,e‘l{l}:}éc

readily to give the acetylated anhydride (6d), but 7c gave 6e - R=0Me(OH), R"=OH(OMe),
only the acetylated dicarboxylic acid (7g) as an amorphous . . g:R‘t OMe. R”—Ac

mass. The anhydride (6d) was treated with methanol to give ’

the monoester (6e), which was treated with CH,N, to Chart 1
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TaBLE I. Physical and Spectral Data for Dibenzo[2,3:5,6}bicyclo-
[5.2.0lnonan-4-one and 4-Hydroxydibenzo[2,3: 5,6]tricyclo[5.2.0.0*%]-
nonane. Derivatives (3—7)

Analysis (%)

o, KBr -1
C(;nopd. S?;l)d (E’eir(ysctz_ IR Vs fem ) Formula Caled (Found)
solvent) ROC_O CcO C H
3> Quant. 148—150 1715 1665 C,oH,c0s 71.42 4.48
(AcOEt— 1740 (71.57 4.69)
n-hexane)
3d 90 170171 1780 1660 C,H,,0, 74.99 3.97
) 1860 (75.14 3.78)
5b’ Quant. 183—I85 1705 1640 C,oH,c0s 71.42 4.80
(Benzene) 1735 (71.36  5.19)
Sd 88 284—286 1775 1630 C,,H,,0, 7499 3.97
759 1865 (75.25 3.62)
6d 57 208211 1740 C,H,,0, 7283 4.09
1780 (72.83 3.88)
1860
6e 71 267—269 1700 C,,H; 50, 69.83 4.80
(EtOH- 1735 (69.61 4.78)
E,0) 1755
6f Quant. 157—159 1735 C,3H,0, 7040 5.14
74"  (EtOH) 1745 sh® (70.64 5.20)
7" 909 152—I153 1735 CpH,006 7040 5.14
73 (Et,0) 1745 (70.48 5.18)

a) Yield from 4c. b) From 6a. ¢) From 7c (2 steps). d) From 7a. e) sh:
shoulder. :

afford the acetylated diester (6f) (identical with that ob-
tained by treatment of 6a with Ac,0). The acetylated
diester (7f) obtained by treatment of 7g with CH,N, was
identical with the product obtained by heating of 7a with
Ac,0. Physical data and IR data of these new compounds
are listed in Table 1.

Next, thermal interconversion reactions among the ad-
ducts (2a, 3a, 4a, and Sa) were examined (Chart 2). Thus, the
adducts were individually sealed in vacuo and heated at a
definite temperature and for a fixed time. The reaction
products were analyzed by high-performance liquid chro-
matography (HPLC). The diesters (2a and 3a) were treated
individually at 280°C for 2h. The reaction mixtures con-
tained mainly 2a and 3a together with a small amount of a
degradation product which might be compound 1 in both
cases, and no peaks of 4a, 5a, 6a, and 7a were detected. The
integral intensity ratio of 2a to 3a for the reaction mixture
was 3:2 in both cases. Each of the diesters (4a and 5a) was
also heated at 320°C in the same manner. The reaction
mixtures contained only 4a and 5a and no other peaks of
degradation products were detected by HPLC. The ratio
of 4a to 5a was 20:1 in both cases. As a preliminary ex-
periment, an equimolar mixture of 5H-dibenzola,d]-
cycloheptatrien-5-one and dimethyl maleate was treated
according to the same procedure, but no peak correspond-
ing to these six isomers was detected by HPLC. These ex-
perimental data indicate that interconversion occurred
between 2a and 3a and also between 4a and 5a and that
2a and 4a are thermodynamically more stable than 3a and
Sa, respectively.

In the previous mass spectral data on these stereo-
isomers,” the close similarity of the 2a fragmentation
pattern to that of 3a, and of the 4a fragmentation pattern to
that of 5a, are not in conflict with the results of the thermal
reactions.
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In order to determine the reactivity of the methine
protons on the cyclobutane ring carbons under basic
conditions, deuterium exchange reaction in the six isomers
was investigated. Thus, methanol-d; (CH;OD) solution
containing one of the diesters (2a, 3a, 4a, Sa, 6a, and 7a)
and a small amount of potassium hydroxide (KOH) was
heated under reflux for a few minutes and the solvent was
evaporated off in vacuo. After several repetitions of the
procedure, the reaction solution was neutralized with dilute
deuteriochloric acid (DCIl) and the solvent was evaporated
off. The precipitate was recrystallized from CH,0OD or
ethanol-d; (EtOD). Interestingly, when sodium carbonate
(Na,CO;) was used as a base, 2a was deuterated stereo-
selectively and was converted to monodeuterated 2a (2a-
d,). Determination of the active position(s) of each isomer
is described later.

NMR-Spectrometric Methods A steady-state NOE ex-
periment in NMR spectroscopy is one of the most useful
methods for elucidating stereochemistry of organic com-
pounds in solution.® Thus, NOE experiments were applied
to stereochemical analysis in the present investigation.
Assignments of proton and carbon resonances were under-
taken by using NMR techniques such as selectively proton-
decoupled 'H and '*C (*H-{*H} and **C-{'H}) NMR, CH

O COOCHs 0

00 S

CH;0CO CH;0CO COOCH;s
2a 3a

cmoco/& COOCH;

4a

-

B-form

A-form

3a 1 X=COOCH;, Y=H 5a: X=H, Y=COOCH

4a . X=H, Y=COOCHs

Fig. 1. Possible Conformations of 3a and 4a Based on Stereomodels,
and Plausible Conformation of 5a Based on a Stereomodel and NOE Data
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COSY,* and selectively proton-irradiated 3C-'H (}3C-
{*H}) NOE"** experiments.

Assignments of Proton and Carbon Resonances of 3a and
4a The 'H-NMR spectra of 2a, 3a, 4a, and 5a are shown
in Fig. 2.

Assignments of proton and methine carbon resonances
of 3a were readily made based on the 'H-{'"H} NMR and
ordinary CH COSY (Table II). However, it was not easy to
assign quaternary carbons in the benzene ring and/or to
determine the connectivity of the carbons. Therefore, **C-
{*H} NOE experiments were employed to obtain infor-
mation on the distances between protons and the quater-
nary carbons. Irradiation of H(5") and H(5"") (H(5",5’")) at
57.68 produced NOEs for carbon signals at 6 140.43 and
at 6200.55 (C(4)). On the other hand, irradiation at the
resonances due to both H(1,7) and H(8,9) produced NOEs
for the same carbon signal at 4138.12 (Table III (3a)).
These observations indicate that the quaternary carbon at
0 140.43 is closer to H(5’,5"") than that at 6 138.12. On the

other hand, the carbon at 4 138.12 is closer to H(1,7) than

that at 6140.43. Therefore, quaternary carbons in the
benzene rings and/or the connectivities should be assigned
as shown in the last column of Table III. The assignments
of carbonyl carbon (C(4)) and ester carbonyl carbons
(C(10,12)) were obvious from the chemical shifts, and thus,
all the 3C and 'H signals of 3a have been assigned. We
could assign most of the proton and carbon resonances of
4a by similar means (Tables II and III). However, the
C(1,7) and C(8,9) resonances (cyclobutane ring) could not
be assigned, because the protons H(1,7) and H(8,9) had
almost the same chemical shift values (63.795). Ac-
cordingly, these carbon resonances were assigned by an
ordinary '*C-{'"H} NMR method, that is, low-power irra-
diation on the proton resonance at 67.42. Three-bond
13C-'H coupling of the carbon signal (doublet multiplet) at
045.76 was effectively decoupled; therefore, the signal at
045.76 was assigned to C(1,7).

In this way, we obtained assignments of all the carbons
and protens of 3a and 4a. These results are listed in Table II
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together with the proton—proton spin-coupling constants.
Stereochemistry of 3a and 4a In 3a, large NOE" be-
tween H(1,7) and H(2’,2"") was detected (15—16.5%,) in the
'H-'H NOE experiment. Furthermore, small NOEs be-
tween H(8,9) and C(4) (7%), between H(8,9) and C(1"’,1)
(C(6,2)) (119%), and also between H(8,9) and C(6"",6")
(C(5,3)) (8%) were observed in the *C—{'H} NOE experi-
ments (Tables III and IV). These results indicate that H(8)
is located near to C(4), C(1’") and C(6’"), and that H(9) is
near to C(4), C(1’) and C(6"). Thus, the distances between
the cyclobutane protons H(1) and H(7), and the benzene
protons H(2") and H(2"") can be considered to be very

TaBLE II. Final Assignments of '*C and 'H Signals, and Proton—Proton
Coupling Constants for 3a and 4a in CDCl,

3a 4a
. 1 : 1 .
rbon® 13C Chem- ~H Chemical 13 _ 'H Chemical
Carbon™ 2 C Chem” shifts (5)) R Shifts (6)"
© and couplings ©) and couplings
(Hz)c) L} (HZ <)
1,7 4433 447 (m) 4576  3.795 (s)
2,6 (1,17)  138.129 141.90
3,5(6°,6"")  140.439 137.239
4 200.55 192.01
89 47.89  3.45(m) 43.54  3.795 (s)
10,12 172.03 : 172.18
11,13 5221 371 (s) 5247 3.80(s)
202" 130.17  7.24 (ddd) 124.44  7.42 (ddd)
(7.7, 1.3, 0.9) (7.9, 1.4, 0.5)
3,3 132.53  7.46 (ddd) 13295  7.54 (ddd)
(7.7, 1.5, 1.3) (1.9, 7.5, 1.4)
44" 127.81  7.34 (ddd) 127.19  7.38 (ddd)
(7.6, 7.5, 1.3) (7.6, 7.5, 1.4)
5,5 129.25  7.64 (ddd) 132.24  8.19 (ddd)
(7.6, 1.3, 0.4) (7.6, 1.4, 0.5)

a) Labelling as shown in Chart 1. b) In ppm relative to internal "> CH,Si(CH;),,
+0.001 ppm in 'H and +0.015 ppm in *C. ¢) +0.12Hz. d) Assignment was
confirmed by a '3C-{*"H} NMR method based on H(2’,2"). ) Assignments were
confirmed by *C~{'H} NOE experiments. Protonated carbon assignments were
obtained from CH COSY spectra together with a consideration of 'H-'H coupling
networks.

82 80 78 76 74 72 170

48 46 44 42 4.0 38 36 3.4 3.2ppm
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Fig. 2. '"H-NMR Spectra of 2a, 3a, 4a, and 5a in CDCl,
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short. Therefore, 3a should be an exo—cis adduct of the
photocycloaddition reaction') and its conformation should
be the A-form, of the two possible conformations (see Fig.
1). However, in the case of 4a little information could be
obtained from NOE measurements (Tables III and IV),
because the chemical shifts of the cyclobutane methine
protons were very close to each other. Measurements in
several different solvents did not overcome the problem.

Since the characteristics of stereoisomers are generally
reflected in their 3C-NMR chemical shifts,” we attempted
to compare the '>C chemical shifts of the cyclobutane
carbons in 4a with those in 2a."

By comparing the chemical shifts of C(1,7) (§45.76) and
C(8,9) (6 43.54) in 4a with those of 2a," we noticed that the
order of the chemical shifts of these carbons in 4a parallels
that of the chemical shifts of C(7) (646.79) and C(8)
(645.35) in 2a but not that of the chemical shifts of C(1)
and C(9) in 2a. On the other hand, the order of the chemical
shifts of C(1,7) (644.33) and C(8,9) (6 47.89) in 3a parallels

TaBLe 1IL. **C—{*H} NOE Values of 3a and 4a in CDCl,

Irradiated proton ()

Observed 3a
carbon Assignment
) 7.65 4.47 3.45
(H(5,5") H(1,7) (H(8,9))
138.12 1.04 1.30 1.11 C(2,6)(C(1",1""))
140.43 1.45 1.00 1.08 C(3,5)(C(6",6°"))
172.03 0.97 1.20 1.59 C(10,12)
200.55 1.14 1.00 1.07 C4)
Irradiated proton (8)
Observed 4a
carbon Assignment
) 8.19 7.42 3.795
(H(5.5")  (H(@2'.2"”)) (CHs, >CH)
137.23 1.47 1.00 1.18 C(3,5)(C(6',6"))
141.90 1.01 1.27 1.46 C(2,6)(C(1",17)
172.18 1.00 1.00 2.15 C(10,12)
192.01 1.50 0.98 1.18 ()

The NOE values are given as the ratio of the signal intensity of on- to off-resonance
decoupled spectra in the absolute intensity mode. Average error +0.05. Decoupling
power (yH,/2r): 3a, 15Hz; 4a, 10Hz.

TaBLe IV. 'H-'H NOE Values of 3a and 4a in CDCl,
Observed (%)
Irradiated 3a
HG’,3”) HE2) H(L,7)  HGE9
H(8,9) 0.0 3.0 35 —
H(1,7) 0.0 16.5 — 5.5
H2',2"") 15.0 — 15.0 4.0
Observed (%)®
Irradiated da
H(2/,2/I)
H(1,7), H(8,9), CH, 19.5

a) Ratio of the intensity of a signal to that of the irradiated large-negative one in
the difference spectra. Decoupling power (yH,/27): 3a, 3.4Hz; 4a, 2.8—3.4Hz.
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that of C(1) (643.41) and C(9) (647.23) in 2a. These
observations suggest that 4a takes an endo—cis configura-
tion.

A large NOE was observed between the proton res-
onance at 6 3.795 and that from H(2’,2"’). The bulk of the
NOE enhancement should be ascribed to that between
H(1,7) and H(2',2"").”

Therefore, the stereostructure of 4a should be an endo—cis
type, having a similar ring conformation to that of 3a (Fig.
1, A-form), which takes an exo—cis type of stereostructure.

Assignments of Proton and Carbon Resonances of 5a
The 'H-NMR spectrum of 5a is shown in Fig. 2. Assign-
ments of proton and proton-attached carbon resonances
were determined similarly by means of 'H-{'H} NMR
and CH COSY (Table V) experiments. The quaternary
carbons and the connectivities among them were as-
signed by '*C-{'H} NOE (Fig. 3 and Table VI). As
shown in Fig. 3c and Table VI, carbon signals at 4 136.48
and at 6198.58 (C(4)) increased by 39 and 249, re-
spectively, when the H(5’") proton resonance at 9 8.29 was
irradiated. Since larger magnitude of NOEs means shorter
distance between irradiated and observed nuclei,® the
carbon signal at 6 136.48 was assigned to C(5) (C(6°")). The
carbon signals of C(3) (C(6")), C(10) and C(12), except
those of C(2) and C(6), were readily assigned in a similar
manner. However, since the signals of C(2) (C(1")) and C(6)
(C(1")) appeared at about 6 141.4 as a broad signal owing to
complicated spin-spin couplings (Figs. 3b—e), a distinctly
enhanced signal could not be obtained by on-resonance
irradiation of H(1) or H(7). But, as shown in Fig. 3f, the
difference spectrum between spectra (¢) and (b) left an
enhanced signal component at 6 141.47. Accordingly, we
assigned the signal at 6 141.47 to C(2). Assignments of all
the '3C and 'H signals of 5a are listed in Table V together

TABLE V. Final Assignments of '3C and 'H Signals, and Proton-Proton
Coupling Constants for 5a in CDCl,

3C Chemical 'H Chemical 'H-'H Coupling

a)

Carbon shifts (6)” shifts (5)” constants (Hz)"
1 46.39 4.77 (dddd) 12.0, 10.5, 0.8, 1.1
2(1) 141470
3(6") 139.309
4 193.58
5(6") 136.48%

6(1") 141,289

7 44.40 3.81 (ddd) 12.0, 8.1, 1.0

8 45.30 3.98 (ddd) 8.1,8.1,0.8

9 42.19 3.74 (dd) 10.5, 8.1

10 171.629

11 51.93 3.64 (s)

12 171,999

13 52.17 3.74 (s)

2’ 123.11 7.31 (dddd) 7.5,1.3,04, 1.1
3 132.40° 7.51 (ddd) 75,75, 1.4

4’ 126.92 7.325 (ddd) 7.8,7.5, 1.3

5’ 131.41 7.91 (ddd) 7.8,14,04

27 124.91 7.06 (dddd) 7.5,1.4,04, 1.0
37 132.69 7.44 (ddd) 75,74, 1.5

4’ 127.11 7.331 (ddd) 8.0,7.5, 1.4

5 132.379 8.29 (ddd) 8.0, 1.5, 04

a) Labelling as shown in Chart 1. ) In ppm relative to internal '3CH,Si(CH;)s,
+0.001 ppm in 'H and +0.015 ppm in '*C. ¢) +0.12Hz in CDCl;. d) Assign-
ments were confirmed by '3C—{'"H} NOE experiments. e) Assignments may be in-
terchanged. Protonated carbon assignments were obtained from CH COSY spectra
together with a consideration of *H-'H coupling networks.
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with the proton—proton spin-coupling constants.

Stereochemistry of 5a The relative configurations in-
cluding conformation about C(1), C(7), C(8), and C(9) of
5a were investigated on the basis of 'H-'H and 3C-{'H}
NOE data. Observed 'H-'H NOE difference spectra in
DMSO-dg and NOE values (%) are shown in Fig. 4 and
Table VIL

As shown in Figs. 3 and 4, and Tables VI and VII, var-
ious magnitudes of NOEs were observed between follow-
ing proton—proton and proton—carbon pairs: H(2")-H(9)
(15—17%), H(9)-H(7) (6—7.5%), H(2"')-H(7) (3—4.5%),
H(2""»-H(®8) (3.2—6.7%), H(1)-C@4) (12%), H(1)-C(10)
(9%), and H(1)-C(12) (7%). These observations indicate
that H(2') is very close to H(9), and that H(7) takes a cis
configuration with respect to H(9), which resides in a 1,3-
relationship to H(7). H(2"’) is located at similar distances

27

from both H(7) and H(8). Furthermore, the NOE data also
mean that H(1) is fairly close to the two methoxycarbonyl
groups. Thus, H(1) and the methoxycarbonyl groups are in
a cis configuration with respect to one another. In other
words, the cyclopropane ring protons H(7), H(8), and H(9)
take cis arrangements with respect to one another and H(1)
takes a trans configuration with respect to these protons. In
addition, the ring juncture between the four- and seven-
membered ring is in trans relationship. Moreover, H(1) is
spatially close to C(4). The stereostructure of 5a thus
determined is depicted in Fig. 1.

Additional Evidence for the Stereostructures of 6a and
7a The proton and carbon resonances of 6a and 7a were
assigned similarly by 'H-{'H} NMR, CH COSY and '3C-
{'H} NOE, as shown in Table VIII. The chemical structures
and the configuration at C(9) have already been clarified by

8 137 pPm 136

lazasnsasannansuanannl

------------------------

1
13C-{'H} NOE Spectra of 5a in CDCl; at 25°C

194 193
C(4)
. (a) J
194 193

Fig. 3.

BT 141 140
caz)| |cao C(Z)MC((S) C(g)k C(S)l
T T T T T 1 T .
B3 1z 17 14

139 13
"140 139 138 137ppm 136

(a) Gated decoupling (*H decoupling and no NOE); (b) as in (a), but off-resonance irradiated and no decoupling (control); (c) as in (b), but H(5") irradiated; (d) as in (b), but
H(2'’) irradiated; (e) as in (b), but H(1) irradiated; (f) C(2) carbon signal in the difference spectrum between (¢) and (b). Circles denote increased carbon signal owing to NOE.
Saturation and acquisition times were 30s (see reference 5b) and 1.2s. Decoupling power (yH,/2n) was 11 Hz.
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Fig. 4. 'H-'H NOE Difference Spectra of 5a in DMSO-d, at 25°C
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(a) Off-resonance gated irradiation spectrum (control); (b), (c), (d), (e), (f) NOE difference spectra between on- (shown by arrow) and off-resonance saturated spectra.
Saturation and acquisition times were 5 and 3s. Decoupling power (yH,/2x) was 4.6 Hz.
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TaBLE VI. '*C—{'H} NOE Values of 5a in CDCl,
Observed Irradiated proton ()
carbon (3) Assignment
829 (H(5’)) 791 (H(5)) 7.06 (H2")) 4.77 (H(1)) 3.98 (H(8)) 3.81 (H(7) 3.64 (H(11))
136.48 1.39 1.03 0.97 1.02 0.96 1.01 0.97 C(5) (C(6""))
139.30 1.01 1.55 0.98 1.06 1.00 1.03 1.03 C(3) (C(6"))
141.28 1.26)» (1.34)» C(6) (C(1""))
1.009 0.999 1.13¢ 1.179 1.02 1,172 0.999
141.47 (1.34)» C(2) (C(1")
171.62 1.01 1.00 1.03 1.09 1.02 1.329 1.44 C(10)
171.99 1.00 1.01 1.06 1.07 1.39 1.03 1.16 C(12)
193.58 1.24 1.23 1.00 1.12 1.02 1.05 0.99 C4)

NOE values are given as the ratio of the signal intensity of on- to off-resonance decoupled spectra in the absolute intensity mode. a) Average of the NOE values of C(6)

and C(2) signals. ) The NOE value of the carbon signal which was assigned based on the NOE difference spectra.

¢) The enhanced intensity can be ascribed to the NOE

between H(9) and C(10), since the irradiation was done near to the lower field peak of H(9) triplet (ca. 10Hz). Average error +0.05. Decoupling power (yH,/2n): 11 Hz.

TasLe VII. 'H-'H NOE Values of 5a
Solvent Irradiated Observed (%)

cDCl, H(9), CH,(13)  H(2') 15.0, H(1) 2.5, H(8) 9.5
H(8) H(2"") 6.7, H(7) 11.0, H(9) 14.0
H(1) H(Q") 2.5, H(7) 4.0
H(2") H(8) 5.0, H(7) 4.5
H(Q2') H(1) 4.0, H(9) 17.0

DMSO-d,  H(7) H(2") 4.5, H(1) 4.5, HO) 6.0
H(8) H(2") 5.5
H(9) H(2") 16.0, H(®) 4.1, H(7) 7.5
H(1) H(8) 2.5
HQ2") H(8) 3.2, H(7) 3.0

a) Ratio of the intensity of a signal to that of the irradiated large-negative one in
the difference spectra. Decoupling power (yH,/2n): 2.8 Hz (CDCl,), 2.8—4.6 Hz
(DMSO-d,). The proton assignments in DMSO-dg were performed by considering
'H-'H coupling networks from 'H—{"H} NMR and by comparing the spin-coupling
constants with those in CDCl;.

elementary analysis, IR, NMR and mass spectroscopy, and
intramolecular hydrogen bonding determination."” We pre-
sent here new experimental evidence clarifying the con-
figuration at C(9) by using !H-H NOE and saturation
transfer® experiments in '"H-NMR (Table IX and Fig. 5).
As shown in Table IX, NOE enhancement between H(7)
and H(9), in a 1,3-relationship, was observed only for 7a
(12—15%) and not for 6a. This indicates that H(7) and
H(9) in 7a are in cis configuration.

In order to elucidate hydrogen bonding indirectly, satu-
ration transfer experiments on intermolecular exchange
between alcoholic and water protons were undertaken with
6a and 7a. They were conducted on the alcoholic com-
pounds dissolved in CDCl; containing a trace of water. In
the solution, water protons undergo slow and reversible
exchange with the alcoholic protons. As the water res-
onance is well separated from the resonances due to the
alcoholic protons (4.46 ppm for 6a and 4.21 ppm for 7a), it
was easy to irradiate the water resonance and to observe the
saturation transfer effect onto the alcoholic proton res-
onance. As shown in Fig. 5, saturation of the water
resonance results in complete saturation of the alcoholic
proton resonance at d4.46 of 6a. In 7a the decrease in
intensity of the alcoholic peak at 64.21 was 659, when the
water resonance was saturated. This observation can be
interpreted as follows: the internal hydrogen bonding
slowed the exchange of protons to such an extent that
the relaxation of saturated protons in each site becomes

TaBLE VIII. Final Assignments of '*C and 'H Signals, and Proton—
Proton Coupling Constants for 6a and 7a in CDCl,

6a 7a
'H Chemical 'H Chemical
Carbon® '3C Chem- . . 13C Chem- . .
ical shifts shifts (5? ) ical shifts shifts (6? :
6" and couplings ©" and couplings
(Hz)c) (HZ)C)
1 4464 3.82(d) 5240  3.97 (dd)
(6.0) 6.5, 5.4)
2(1) 136.549 132.17%
3(69) 141.859 143.26%
4 86.92  4.46 (s, OH) 84.85 4.21 (s, OH)
56 153.98 154.65
6(17) 135.739 134.529
7 53.05  4.90 (d) 5240 411 (d)
(6.0) 5.9
8 64.14 65.139
9 50.61  2.81(s) 4420 3.90 (d)
(6.5)
10 173.05¢ 171.09°
11 52.26  3.65(s) 51.52 3.27(s)
12 : 171.299 171.44%
13 5226  3.79 (s) 52.14  3.67(s)
2’ 125.25  6.91 (ddd) 124.80  6.90 (ddd)
(7.5, 1.3, 0.5) (7.5, 1.3, 0.5)
3 127.57  7.06 (ddd) 127.28  7.03 (ddd)
(7.5, 7.5, 1.3) (7.5, 7.5, 1.3)
4’ 127.57 7.18 (ddd) 127.84 7.135 (ddd)
(7.6, 7.5, 1.3) (7.6, 7.5, 1.3)
5 121.62  7.62 (ddd) 120.80  7.56 (ddd)
(7.6, 1.3, 0.5) - (7.6, 1.3, 0.5)
27 124.86 7.09 (m) 124.80 7.065 (m)
3 127.83  7.09 (m) 127.49  7.07 (m)
4" 127.83 7.15 (dm) 127.71  7.14 (dm)
(7.2) (7.3)
5 119.72  7.33 (dm) 119.82  7.38 (dm)
(7.2) (1.3)

a) Labelling as shown in Chart 1. b) In ppm relative to internal 13CH,Si(CH,)s,
+0.001 ppm in 'H and +0.015 ppm in '3C. ¢) +0.12Hz. d) Assignments were
confirmed by '3C-{'H} NOE experiments. ¢) Assignments was confirmed by a
13C—{*H} NMR method based on CH;(11). Protonated carbon assignments were
obtained from CH COSY spectra together with a consideration of 'H-'H coupling
networks.

more rapid than the exchange rate between the sites.”
In other words, the exchange between water and alcoholic
protons is more depressed, due to hydrogen bonding, in 7a
than in 6a.

Consequently, total '3C and 'H assignments and the
stereochemistry for all isomers of 8,9-di(methoxycarbon-
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yl)dibenzo[2,3: 5,6]bicyclo[5.2.0lnonan-4-one (2a, 3a, 4a,
and 5a) and 8,9-dimethoxycarbonyl-4-hydroxydibenzo-
[2,3: 5,6]tricyclo[5.2.0.0*®Inonane (6a and 7a) were con-
firmed by using several techniques of NMR spectroscopy.

In order to determine the deuterium (D) substitution
position(s) of the deuterio compounds obtained by D-
displacement reaction of these six stereoisomers (2a—7a)
with base as mentioned above, we measured the 'H- and
13C-NMR of the D-compounds. The reactions of 2a with
Na,CO,-CH;0D and KOH-CH,OD readily proceeded,
and the D-displacement took place only at C(8) in the
former case and at C(8) and C(9) in the latter as judged
from the 'H- and '>C-NMR spectra. In the reactions of 3a
and 4a with KOH-CH,0D, D-displacement reactions main-
ly took place at C(8) and C(9) in 3a as determined by 'H-
NMR, and also at C(8) and C(9) in 4a as determined by
13C-NMR. Interestingly, in the case of the reaction of 5a
with KOH-CH,0D, the D-displacement occurred at all the
carbons in the cyclobutane ring in the displacement order
of C(9) (thoroughly)>»>C(7) > C(1) = C(8) by analysis of the
'H- and !3C-NMR spectra. The 'H-NMR of the reaction
products of 6a and 7a with KOH-CH;0D led us to
conclude that the displacement took place more easily at
C(9) of 7a but not at C(9) of 6a.

TaBLE IX. 'H-'H NOE Values of 6a and 7a in CDCl,
Observed (%)*
Irradiated
6a Ta
H@O) H(7) 1.2, H(1)4.5 H(2") 2.0, H(7) 15.0

H(1) H(2') 14.0, H(7) 16.0, H() 8.3 H(2) 16.5, H(7) 12.0

H(?) HQ”) 6.5, H(l) 14.0, HO) 3.2 H(2") 7.5, H(1) 9.5, H() 12.0
H(2) H(1) 14.5, HO) 3.7 H(1) 12.0

OH H(5) 3.7, H(5") 4.0, HO) 3.8 H(5) 7.5, H(5”") 4.0

a) Ratio of the intensity of a signal to that of the irradiated large-negative one in
the difference spectra. Decoupling power (YH,/2n): 6a, 4.0Hz; 7, 3.4Hz.

(d)
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On the basis of the chemical and the spectrometrical
results, the interconversions between the isomers are dis-
cussed below.

From the thermal reaction of 4a and 5a, and the
stereochemistry of 4a, Sa, and 5d, it seemed reasonable to
assume that a reversible reaction route involving an in-
termediate as shown in Chart 2 exists between compounds 4
and § at elevated temperatures. Therefore, the inversion
reaction of 5a to 4a at elevated temperature would proceed
via the route in Chart 2 to give mainly the thermodynami-
cally stable 4a. The inversion of 4¢ to Sd (intramolecular
anhydride formation reaction) would also proceed via the
route to produce mainly thermodynamically stable 5d,
because of the existence of the sterically restricted in-
teraction between CO (4) and anhydride ether oxygen of
the anhydride expected to be formed from 4c.

The reversible reaction between 4 and S seems to be
supported by the result on the D-displacement reaction of
the less stable Sa; the reaction takes place rather easily at
C(7) in 5a.

In D-displacement reactions at active positions on the
cyclobutane carbons, the displacement at C(8) and/or C(9)
in the diesters, 2a, 3a, 4a, 6a, and 7a, occurred at the exo-
projecting hydrogen(s) somewhat more easily than at the
endo one(s), while the displacement at C(1) and/or C(7) in
these diesters did not occur so much. It is considered that
the former fact is due to sterical factors, while the latter is
due to electronic factors.

In conclusion, the '*C and 'H signals for the five
compounds (3a, 4a, 5a, 6a, and 7a) were precisely assigned
by using NMR techniques such as 'H-{'H} and !3C-{'H}
NMR, CH COSY, and *C-{'H} NOE. The stereochemical
correlations including relative configuration and confor-
mation were also clarified by chemical means and NOE.
Interestingly, on the basis of the interconversion reaction of
4 and 5, cis- and trans-isomers at the ring juncture between
the four- and seven-membered rings, the diester 4a is

(c)
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Fig. 5.
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'H-NMR Spectra of 6a and 7a for Saturation Transfer Determination

(a), (c) Off-resonance decoupling spectra of 6a and 7a, respectively. (b) and (d) as in (a) and (c), respectively, but H,O signal decoupled (shown by arrow).
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thermodynamically more stable than 5a. However, the
acid anhydride (5d) is the only stable product which is
obtained from heating of Sc and of 4¢ with Ac,O.

In consequence of the stereochemical studies of these
stereoisomers, it is clear that a photocycloaddition reaction
of 5H-dibenzo[a,d]cycloheptatrien-5-one (1) with dimethyl
maleate or fumarate in dioxane takes place easily to give cis
adducts (2a and 3a) in high yield, whereas the reaction with
maleic anhydride gives the trans adduct (5d) in poor yield.?

Experimental

All melting points were measured with a Yanagimoto micromelting
point apparatus and are uncorrected. IR spectra were recorded on a
Shimadzu IR-420 spectrophotometer. Mass spectra (MS) were obtained
on a Hitachi M-80 mass spectrometer with a direct inlet system operating
at an ionization energy of 20eV. HPLC was performed on a Shimadzu
LC-3A chromatograph equipped with an ultraviolet (UV) detector
(254 nm) at a flow rate of 1.2 ml/min of 709, methanol-water, using Shim-
pack CLC-ODS column (3 x 150 mm).

All the '3C-(75.4 MHz) and 'H-(300.0 MHz) NMR spectra, and 'H-
'H and '*C-{'H} NOE spectra were obtained on a Varian XL-300
spectrometer using a 5mm broad-band probe and operating in a pulse
Fourier-transform mode with quadrature detection. The software used
to obtain the CH COSY'* spectra (not shown) was from Varian
Instruments, version 6.1D. All spectra except the spectra for saturation
transfer determination were recorded for CDCl, and DMSO-d, solutions
which contained 20-—70 mg of samples in 0.6ml of solvents, including
tetramethylsilane (TMS) as an internal reference. The spectra of 6a and
7a for saturation transfer determination were recorded for 10.0mg of
samples in 0.6 m! of CDCl; solution. '"H-'H and '*C-{'H} NOE experi-
ments were performed by the procedure described in the previous paper.!

Chemical shifts were determined in ppm from TMS as an internal
standard. The abbreviations used are as follows: s, singlet; d, doublet; t,
triplet; q, quartet; m, multiplet; br, broad.

Intramolecular Acid Anhydride Formation Reaction of 2c—7c¢ with
Ac,0 (General Procedure) A mixture of dicarboxylic acid (1 mmol) and
Ac,O (8ml) was heated under reflux for 2h. The excess of Ac,0O and
formed AcOH were evaporated off in vacuo. The residual mass was
sublimed in vacuo at 200—240°C and washed with a small amount of
anhydrous ether. The physical data, IR data, and yield of the anhydrides
are listed in Table L.

Methanolysis of Anhydride (General Procedure) A mixture of an
anhydride (1 mmol) and methanol (10ml) was heated under reflux for
0.2—1 h. After removal of the solvent by evaporation, the residual solid
was recrystallized from the solvent shown in Table I. The physical data, IR
data, and yield of the monomethyl esters are listed in Table I.

O-Acetylation of Alcohols (6a and 7a) A mixture of alcohol (1 mmol)
and acetic anhydride (12 ml) was heated under reflux for 8h (6a) or 25h
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(7a). After removal of excess Ac,O by evaporation in vacuo, the residual
solid was crystallized from EtOH (6f) or ether (7f). The physical data, IR
data, and yield of the O-acetates are listed in Table L.

Deuterium Displacement Reaction (General Procedure) A mixture of
a diester (50 mg) and CH;0D (3—8ml) including ca. 0.5% by weight of
KOH or 5% by weight of Na,CO; was heated under reflux for 5—10min.
After removal of solvents by evaporation in vacuo, the residual mass was
added to 3—8 ml of CH;0D and the solution was heated for 5—10min.
After 3—S5 repetitions of the procedure, the solution was neutralized by
addition of diluted DCI and the solvent was evaporated off. The residual
mass was recrystallized from CH;OD or ethanol-d,.
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