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ABSTRACTS

Optically active spiro[4.4]nonane and cis-bicyclo(3.3.0]octane deri-
vatives were prepared and their absolute configurations were determined by

chemical correlation.

° Their chiroptical properties were reasonably explained theoretically
and the symmetry rule for B,y-unsaturated ketones was proposed based on
u-m coupling mechanism.
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I. Introduction

The fundamental principles of the chiroptical phenomena had been

1)

discoveréd'mdre than 160 years ago and far before the great progress

of stereochemical concept and classical theory of optical activity in last
century.z)“"Rosénfeld was the first to explain the physical origin of
opticﬁl‘activitY'in'homogeneous isotopic media by classical gquantum

3).  ‘Later in 1937, Condon, Alter and Eyring"

mechanical terms (in 1928).
established thé so-called one-electron theory based on helical path of

4)

electron. " In the same year, on tHe basis of the classical quantum
theofy, kirkwobds) reformulated Kuhn's coupled oscilator models) and gave
an expressidn for the monochromatic: rotation of a dissymmetric molecule

in terms of its geometrical configuration“andvthe'polarizability tensors - .
of its constituent groups.’ _

In'spiﬁe of the beautiful developments in theory, the -studies under-
taken in the early 1930's on the applications of dptical rotatory
dispérsion7)'éﬁd circular dichroism to organid chemical problems were
often hampered by technical difficulties. - But i the middle of the 1950's
optiééi’fétatdry dispéisiOn meésﬁréméﬁﬁs, and ‘shortly thereafter, the
circular dichroism measurements were facilitated when-a photoelectric
spédﬁropolarimetér becomes avéilable;s'g) and the assignment of absolute
cofiguration of an optically active compounds based on their chiroptical
phénéméng has now become an intriguing problem for organic chemists.
Masonlo) Sucéeésfﬁliyuappliéd'the coubied oscilator model to-the compounds
of Cé:éyﬁmetry and since then the exciton coupling model has become one
of the most attractive model of optical activity for organic chemists;ll)

on the other hand there have been proposed a number of semi-
empirical rules based on thé‘one;electroh models octant rule for ketones
(Djerassi), helicityvrulé for skewed diens (Charney), seqtor rule for
mono-olefins (Scott) and so on.12)

Above all, the octant rule for saturated carbonyl éompoundsl3) has
been one of the symmetry rules mésﬁ extehsively studiéﬁ by both the
experimentalists and theorists in connection with‘its applicability and
' validity. ‘ In its simplest form, the fule sfates that "the sign of the

contribution which a given pertufbing atom at point Pix,y,z) makes to



anomalous rotatory dispersion {(of the ketone) will vary as (the sign of)
the simple product} X-Y-Z of its coordinates".l4)

However, increasing accumulated experimental data containing awkward
doubts and exceptions to the rule has gradually obscured the strict
meaning of the original 'octant' rule, though the rule has been and still
now is of great value in assignments of structure and conformation.ls)
Recently, Kirk and his co-workers have summarized and-analysed a large L
number of experimental data of c.d. of saturated carbonyl compounds and
estimated the sign and magnitude of the contribution from various position

of perturber.ls)

From their result, it is recognized that what governs
the contribution to the c.d. of n~+m* transition is not the product (xyz)
but the form of'éequense of bonds coﬁnecting the carbonyl group and the
perturber. Today, the application of the so-called 'octant rule' for
determining the configuration and conformation has become limited to the
- case which are essentially identical-with those where the octant rule is
'already known to work.l7)

On the other hand, the basic study of thé chiroptical property of
B,Y-unsaturated ketones has been performed by some groups mainly in the ¢

18,19) 194) concluded from his analyses

.1960's. Of these studies, Mislow
that a double bond of 8,Y-unsaturated ketone is one of the important
substituent groups whose geometric disposition in a particular far octant
is sufficient for the determination of the sign of the long wavelength
Cotton effect and that an enhanced Cotton effect accompanying an enhanced
intensity in absorption is typical of conformations approximating the

array in Figure 1A {or its antipode according to the sign of the Cotton

S

Figqure 1. Various'geometries-associated with

effect).

dissymmetric B,y~unsaturated ketones.



The apparent agreement between the observed sign of c.d. and that expected

from the octant rule when applied to double bond as a perturber permitted

l94d)

a generalization of the octant rule to include B8,Y-unsaturated ketones,

although the theoretical principles involved are somewhat different from

19)

the case of the saturated alkyl ketones. This exténded octant rule

has been effectively utilized for the determination of absolute configu-
rationls’zo) and, in some cases, for the assignment of rotomeric confor-

18,21,22)

mations in situation where free rotation may occur. However,

as Mislow has already pointed out, the above generalization was inferred
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from the results of only three special cases (Figure 1 A, B, C).lgd)

Hence it is instructive to consult another types of arrays for further
generalization of the rule and thereupon for the conformational analyses.
Spirol4.4]nonane derivative523~35) havé been useful substrates for
chiroptical studies and offered the opporturdity to investigate the inter-
actions between functional groups in a certain mutual disposition because
of their relatively rigid geometry. While.the introduction of carbonylA
group to one 5-membered ring of spiro[4.4]nonane does not cause any
dissymmetric character, further introduction of double bond in the other
ring makes the whole system dissymmetric, that is, the intrbduced double
bond can be taken as the only perturber to the carbonyl group for the
first order analyses and this makes the analyses of c.d. simplé.
Meanwhile, cis-bicyclo[3.3.0]loctane derivatives seem to have
another type of skeleton appropriate'for the study of the interaction
between chromophores in g,y~unsaturated ketones. These have been found
in natural products and proved to be a useful precurso;_for the syntheses

36)

of some monoterpenes, yet the absolute configuration of its simplest °

37) Thus, as the model

asymmetric derivatives has not been established.
of some types of g,y-unsaturated ketones, it has become neccessary to
synthesize optically active B,y-unsaturated ketones ;;?g_and their related
compounds 5~ 14 with spiro{4.4]lnonane ahd bicyclo[3.3.0]octane skeletons,
and to determine their absolute configurations by chemical corelations to
the known compounds. These B,y-unsaturated ketones 1~ 4 have different
types of mutual array of carbonyl and double bond and will surely offer

an useful information about the effect of the relative orientation of

two chromophores to their chiroptical properties.
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II. Syntheses and absolute configurations of spiro[4.4]nonane derivatives.

e

1. Syntheses and optical resolution of spiro-alcohols.

There have been repofted four methods of syntheses of the starting
material, spiro{4.4]nonane-1l,6-dione (3) (Scheme 1~3). _ These methods

adopted different courses of cyclization to five-membered ring for the

production of spiro-compound; thermal decarboxylation of anhydridel’z)

3) (scheme 2),

2)

(Scheme 1), acid-catalyzed rearrangement of o, B-epoxyketone
intramolecular Claisen condensation3'4) and acyloin condensation

(Scheme 3). The method in Scheme 1 was adopted for the benefit of

large-scale synthesis.

E-j\. HBr- EtOH > Br(CH;)CO4Et

0" ™0 909,
| 15
| NaOEt (;HZCHQCHZCOZ Et NaOEt
Et0,CCH,COpEr NP, - £10,G-C-CO, £ oo
. 0 . H 0
- 16
CH,CH,CH,CO,Et ’2; NaOH-H20 CH,CH,CH,CO,H
E10,C-C-CO2EY ::S > HO,C-G-COH
17 18
0 9
Aco0 0 Pyrolysis -
= — OO
47°%,
S
Scheme 1
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CO5E | | ?
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(CHQ) 4 ' > (CH2) 4 > H
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COLH 254 CO5Et
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NaH
0 : 0
GOLH COoEt
oH ¢ Hel COoEt
Polyphosphoric
acid ‘ PtO9-2H00 -
’ EtOH
o
HO H HO
CrO3 1) NaH CO2Et
-~ — COgEt
Pyr. 2) HRO"
S o) 3

o

Scﬁeme 3



3) with hydrogen bromide in ethanol

The treatment of T-butfrolactone
gave ethyl 4-bromobutyrate (13), which was emplyed twice for éthyl
malonate syntﬁesis to give tetraethyl 1,1,4,7-heptanetetracarboxylate
(17) via trietyl 1,1,4-butanetricarboxylate (16).. Alkaline hydrolysis
afforded tetracarboxylic acid‘(lg) which was treated with acetic
anhydride to yield the bisanhydride. Thermal decomposition gave the
desired spiro-dione 5 in 22% yield from diethyl malonate.

The course of preparation of racemic spiro-alcohols 19~ 23 is out-
lined in Scheme 4.

According to Gerlach's procedure,s) reduction of the diketone 5 with
lithium aluminum hydride gave a mixture of three isomeric diols, cis-cis,
cis-trans, and trans-trans.* The most minor product, (¥)-trans, trans-
spirol4.4]lnonane-1l,6-diol (19), eluted last by column chgomatography on
silica gel to give diastereomerically bure crystals in 6.7% yield after
recrystallization. A mixture of other two diols were oxidized with
Jones' reagent** to give diketone 5, reduéed and separated repeatedly.

According to Cram's method®) the partial hydrogenation*** of 5 over
Adams catalyst in ethanol gave a mixture of cia- and trans-6-~hydroxy-
spiro(4.4]nonan-l-one (20 and 21),**** which was nicely separated by

column chromatography on silica gél in the isolated ratio 25:1l.,*****

* 'cig, cis','cis, trans', and 'trans, trans' correspond to rel-

(1R, 5R, 6R), rel-(1R, 55, 6S), and rel-(lR, 5S, 6R), )

respectively.
** a golution of Cr03(100 g) and ¢. H2804 (100 ml) in H20(250 ml).
Oxidation of 1 mol alcohol needé 0.2895 mol of the solution.

**%* Recently, more effective method of reduction of 5 into ketol 20 and
21l using lithium hydridotri—t-butoxyalumiﬂéte at -30°C in tetfa—
hydrofuran was reported; 94% yield, largely (95%) one product
(g.l.c.). b '

**%% 'Cis' and 'trans' correspond to rel-(5R, 6R) and rel-(5R, 6S), res-
pectively.

8)

**%%¥ The ratioc of 'cis' and 'trans' was reported by Cram as 6:1 by the

reduction in 95% ethanol and 1:2 in glacial acetic acid.
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The Wittig reaqéion of cis-ketol 20 with triphenylmethylphosphonium
bromide and pdtassiﬁm t~-butoxide in benzene gave cis—6—methylenespiro[4.
4]1nonan-l-ol (22)* in 18% yield without the recovery of 20, while the
reaction with other solvent or base resulted in much lower yields. The
protection of the hydroxyl group by the use of dihydropyrane before the
introduction of exo-double bond made the carbonyl group less reactive to ®
result in the complete recovery of the starting ether 24 .%*

In case of the synthesis of endofolefinic alcohol 23, on the
contrary, tetrahydropyranyl group functioned effectively as a protective
group toward base. Cis- (tetrahydropyranyloxy)spiro[4.4]nonan-1-one
(24) *** with tosyl hydrazine in ethanol containing a small amount of
pyridine gave the hydrazone 25 which was easily converted to the olefin

'gg by the action of n—butyllithium.g)‘ The removal of the protecting
group using hydrochloric acid in methanol proceeded smoothly to yield
cis-spiro[4.41non=-6~en~1-ol (23) .****

Efficient optical resolution of the alcohols 19~ 23 was readily
achieved by converting them into diastereomeric mixture of camphanates L

19'~ 23', respectively, by treatment with (-)-camphanyl chlorides)

10)

(derived from (-)-camphoric acid) in pyridine. (Scheme 5), The mixture

of 19' was chormatographically separated into (-)-19'a and'(+)-19'b

6)

according to Gerlach's procedure. The mixture of 20' was separated

through column chromatography with benzene~-ethyl acetate followed by

recrystallization from cyclohexane, giving the more polar part (-)-20'a

and the less polar part (+)-gglg. The mixture of 22' was separated in a’

similar manner to give (-)-22'a and (+)-22'b., The employment of fract-

ional crystallization alone could afford only diaétereomerically pure ‘ o

(-)-22"a. As both'g;: and 23' did not give separated spots on thin

layer chromatogram (silica gel), the separation of each mixture was

* 'Cis' means rel-~(lR, 5R).
** In contrast, tetrahydropyranylethef of trans-ketol zi reacted
very émoothly with the Wittig reagent to give the corresponding
clefin. ' -
*kk 'Cis' means rel-(lR, 5R). ) ¢

*%*%* 'Cis' means rel-(lR, 58).

12
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successfully achieved dniy by the use of fractional crystallization.
The iess soluble part of g;i gave diastereomerically homogeneous (-)-21'a. ,//
23' was separated successively from n-hexane and methanol to yield (-)-
"23'a and (+)-23'b both in diastereomerically pure form.
The physical data of these diastereomeric camphanates are listed in
Table 1 together with their absolute configurations determined in the ®

following section.

Table 1. The absolute configuration and physical properties of
diastereomeric camphanates,
Absolute Solubility MP o]
Compound TLC 589
Configuration (solvent) (°C) (solvent)
19'a 1R,5S,6R more polar 220 =72°
—_— (CH,CL,)
19'b 1s,5R,6S less polar 174 +51°
20'a 5R,6R more polar 115 -69°
_ (EtOH)
20'b 55,65 less polar 111 +40°
2l'a 5S,6R less soluble 108  -90°
1 spot (cyclohex.) (EtOH)
21l'b 5R,6S more soluble
22'a 1R,5R more polar less soluble 132 -2.8°
(n=hex.) (EtOH)
22'b 18,58 less polar more soluble 90 0.0°
23'a 1R,5s less soluble 131 -132°
1 spot (n-hex.) (MeOH)
23'b 1s,5R more soluble 84  +125
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2. Determination of absolute configurations

The absolute configuration of (-)}-trans, trans-diol (19), obtained

by alkaline hydrolysis of (-)-19'a, has been ¢ etermined by kinetic
)

)

resolution method (Horeau's method)ll as (1R, 55, 6R). (Scheme 6)6

OH OH
s L Son\ <93,
; -)-19
(i)'u'Phenylbutyrié N
anhydride | pyridine
(excess)

4 (@#)yo-phenyibutyric acid

R = -CO-CH-Ph
CaHsg

Scheme 6

In addition, cis,utrans-diol from (-~)-dione 5 has recently been assigned
as (58) from the circular dichroism spectra of its bis-p-dimethylamino-

benzoate based on the exciton coupling theory.* (Scheme 7, Figure 2)12)

Therefore, (-~)-diketone 3 from these (58)-alcohols has been unambiguously -

determined as (S).

* The racemic diketone 5 was resolved by condensation with the oxamohyd-

razide, (-)-HoNNHCOCONHCH(CH3)Ph. The hydrazone was recrystallized
and hydrolysed by refluxing in acetone-water in the presence of iodine

to give (-)-5.
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Scheme- 7

. Since diketone 5 is the
starting material of other
four spiro-alcohols 20~23,
the preparative courée stérting
with the optically active
diketone 5 via the same steps
as racemic series seemed appro=
priate to establish the config-

uration in entire series.

However, such a course was soon .

found unprofitable because of
the instability of free ketols
20 and 21, which, under acidic
or alkaline conditions, under-
went cis~trans isomerization
gccompanied by considerable

amount of decomposition,

®
®
—_—
Me /N\
Me
®
@
«301-
,.J'.-,
+20f P
?9
45 3
ds .’
-2
i ! 0
200 750 300 350
A / nm
Figure 2. The u.v., and calculated
(¢++++) and observed (= ) c.d. of
(=) ~bis-p-dimethylaminobenzoate of
.-cis,trans-spiro[4.4]1nonan-1,6-diol
in ethanol. . N ®
@
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probably by retroaldol-aldol reaction (opening and reclosing of the ring).*
Thus, it could not safely be expected that the further conversion of these
ketols under various reaction conditions would necessarily proceed with
no racemization.

As it was also found that the resolution via camphanic ester was more

conveniently achieved with cis- and trans-ketols 20 and- 21, we turn our

attention to the patﬂways which correlate the configuration in each com-
pound with that of diketone é_not'through the free ketol 20 but by
employing the camphanates 20Q' as the key compound . The correlation
sequence finally employed is outlined in Scheme 8.

| The reduction of (-)-20'a with excess lithium aluminum hydride in
absolute ether affordéd an epimeric mixture of diol 27, which was oxidized
with Jones' reagent to give the known (R)-(+)-diketone 3, &x]ggg +135°
(¢ 0.457, cyclohexane) (lit.,%) (s)-diketone, [212% -135° (c 0.5, cyclo-
hexane), in 93% yield from (-)-20'a. Thus, the configuration of 27 at
the spiro atom was unambiuously established as (R), completing the as-
signment of (5R, 6R)-configuration to cis-ketoester (-)-20'a.

(~)-21'a was related to (S)=-(-)-diketone 5 in a similar manner, its

abéolute configuration being determined as (58, 6R).

The Wittig reaction of (-)-20'a under the same condition as (*)-

* Elimination and rearrangement of the tosylate of cis-ketol 20 has been

4)
(:C%zEt
NaOEt
:iifﬂj//;7

boiling collidine

reported.

e

17



OR —_—> H
Jones'
OR OH o
(-)-19’a -)-19
) Jones, @)
SOR\ LAk <o Ox.
. (-)-5
0
(-)-2Ta
0 0
LiAlH, Jones
OR Ox.
0)
(-)-207a (+)-35
\hsi‘:CHz .
luzlmm CHa
| <OR
(-)-22a A
Q\B Q\; -
28 (- ) 29
N QL w
2) OH
3) CrO3, Pyr.
1) TsNHNH2
2)n Buli coa
3) H"
24 | (-)-23 -)-23a

Scheme 8

18



cis-ketél 20 gave a small amount of exo=-olefin, which was found identical
with (-)-22'a by TLC, Iﬁ and NMR examination. As 22'b and other
diastereomeric esters could not be detected in the reaction product, the
possibility of isomerization between diastereomeric esters during the
reaction was denied, though the yield was rather poor (18%).

The keystep for the correlation between 20' and 23' was the
preparation of optically active ket?l ether 24 from 20'a. The sequence
employed, though lengthy,»offered a sure method for the functional
interconversion between carbonyl and hydroxyl groups of @-hydroxy ketone
without affecting the asymmetric center. The catalytic reduction of
(-)-20'a over Adams catalyst gave epimeric mixture of diol monocamphanates,
which was separated by fractional recrystallization from cyclohexane-
benzene to afford the more solublé epimer (-)-28, kﬂ]seg ~24.3° (ethanol)
and the less soluble one (-)-29, kx]ssé -139.9° (ethanol) in the ratio
4:1. (-)-28, after converted into its tetrahydropyranyl ether, was
reduced with lithium aluminum hydride to eliminate the camphanyl group

13) to afford the ketol ether 24 in 35%

and ox%dized with Collin's reagent
yield from (-)-28. The cis-configuration of 24 waslestablished by its
IR spectrum whicﬁ was identical with that of the racemic one obtained
directly from tﬁe cis-ketol 20.* This fact was conclusive evidence that

the configurations of the hydroxyl groups of 28 and 29 are cis and trans,**

respectively. The assignment is also consistent with that deduced from

the stereochemical consideration that the hydrogen addition to 20'a should

* Treatment of optically active ether 24 with methanol-hydrochloric
acid gave initially the spot of cis-ketol 20 on TLC, and two spots
corresponding to cis- and trans-ketol (20 ;nd 21l) appeared after
several minutes. Similar behavior was also observed in the conversion
of racemic 24 into 20. Tetrahydroéyranyl ether from trans-ketol 21
gave, on treatment with hydrochloric acid, the spot of trans-ketol
in the biginning. Mutual interconversion between cis- and trans-
ketol was observe® under either acidic or basic conditions.

** The absolute configuration of 28 and 29 are (1R, 5R, 6R) and (1R, 5R,

6S) .
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occur preferentially from the less hindered side of the carbonyl group.

The conversion of 24 into the unsaturated alcohol (~)-23 was achieved
smoothly by the same course as the racemate. Since optically active gi
waé found much more unstable than the racemic one, especially in neat
stéte, it was immediately converted to the camphanate, which Qas found o
diastereomerically pure after removing rgsinous contaminants and identical
with (-)-23'a previously obtained by resolution of (*)-23. Thus, it was
proved, that the configurétion at the spiro atom was little affected
during'the conversion of (-)-20'a into (-)=-23'a, the configuration of the
latter being establiéhed as (1R, 58).

In this manner the assignment of configuration to all the camphanates
was placed on a firm footing. In éddition, an interesting relétionsphip
was found between the configuration and physical properties of each pair

of diastereomeric camphanates resulting from the resolution with (-)-

camphanyl chloride (Table 1). The diastereomer haVing R-configquration as

®
o
Table 2. The absolute configurations and physical properties of
diastereomeric camphanates reported in the literatures.
Absolute Solubility MP [a]589
Compound TLC
Configuration (solvent) (°c) (solvent)
I1a > 1R, 2R, 5R less soluble 128  -42.9°
—_— (ether) (CHC13)
I'b 1s,28,58 more soluble 134 +20.3° ®
®
11'a 19 1R, 58 < less soluble 159  -27°
2 spots (ether-pent.) (CHC13)
II'b 1S8,5R more soluble 135 +12.6°
I1r'a 1) 5R, 6R ‘ 152 -18.5°
2 spots —_— (CHCL,)
III'b 58,68 133 +5.8°
R | 0
0 r W - o) Q
-1 A IIT'a R R=-CO-§— ®
a 5
6 L
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“to the carbon atom to which the camphanyloxy group is attached showed more
polarity on chromatography, less solubility and higher melting point than
the corresponding isomer. These trends ére'also found in other cyclic
secondary alcohols resolved with (-)-camphanyl chloride (see Table 2).

The alcohols listed in Table 1 and 2 have a similar spacial arrangement,
viz., bonds to methylene ana branched chain around the_methine carbon to
which the hydroxyi group is attached (Figure 3). From these data it can
be concluded that the camphanyl chloride is not only an effective
rgsolving agent'for secondary alcohols similar to those in Table 1 and 2
but a useful tool to predict the absolute configuration by camparison of

the physical properties of the diastereomeric pair.

L = branched chain carbon

M = methylene

Figure 3. The spaciai arrangement of secondary alcohol whose diastereomer
obtained with (-)-camphanyl chloride shows more polarity on chromatography,

less solubility and/or higher melting point than its corresponding isomer.
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3. sSyntheses of optically active 8,y-unsaturated ketones and other

related compounds

Synthetic courses of two B8,y-unsaturated ketones 1l and 2, and othé}

related compounds are shown in scheme 9, 10 and 1ll.

Ph3P=CH2

CH»> CH2

o CrO3, PY"- Ry
OH —_
(-)-22

" Scheme 9
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The final step of syntheses of 1 and 2 was the hydrolyses and

oxidation of 22'a and 23'a, which was easily achieved by usual methods

though the yield of the desired unsaturated ketones decreased in the
optically active series compared with the racemic one. The decrease

was possibly due to the instability and/or sluggish reactivity of optically
active alcohols. -

The treatment of (1R, 5R)=(~)}-22'a with alkaline in aqueous methanol
generated (1R, 5R)~-(-)=-cis-6-methylenespiro[4.4]nonan-1l-ol (ég), [d.]s89
-51.8° (methylene chloride), which was oxidized with Collins' reagent to
give (R)=-(+)=-6-methylenespiro(4.4]nonan-l-one (1), [d]589 +140° {(methanol).
Ketone 1 was also obtained by the partial Wittig reaction of (R)~-(+)-
diketone 5 with triphenylmethylphosphonium bromide and potassium t-
butoxide in pentane in 17% yield (ki]ssg +135°, methanol). The almost
concordant specific rotation of 1 prepared via the two route denied the
possibility of the racemization of diketone 5.during the reaction,* also
placing the assignment of configuration to 1 on a firm footing.

Wittig reaction of unsaturated ke£one 1 under the same reaction
conditions as above gave (R)-(+)-1,6-dimethylenespiro[4.4]nonane (2),
k&]ssg +190° (isooctane). .

(1R, 58)-(~)~23'a was converted in a similar manner to (S)=(=)~
spiro[4.4]non—6-en—l—oﬁe (2), [d]s89 ~317° (isooctane), in 13% yield, via
(-)-cis—-spiro[4.4lnon-6-en-1-ol (23), k*]589 -86.9° (pentane).

(R) - (+)-ketone 2 was also converted by Wittig reaction to (R)=(+)~-
6-methylenespiro[4.4]non—i—ene (10), [d]589 +109° (isooctane) in 44%

yield.

* The photolytic racemization of spiro[4,5]octan-l,6—dione has been

reported.lS%

>340nm

or hV,CGHG
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® PhsP=CH2 \
— o
-)-2 (-)-10

Scheme 10

(8)-(+)-Spiro[4.4]nonan-1,6-diene (8) was synthesized according to
Cram's procedﬁre.l4) (S)-(-)-Diketone 5 was treated with hydroxyamine
bydrochloric acid in dry pyridine and ethanol to give dioxime‘gg,.which
was.hydrogenated over Adams catalyst in acetic acid to afford diamine 31.
Dimethylation of 31 with formaldehyde and formic acid gave bis~tertiary
amine 32, which was converted to (8) - (+) -quaternaryammonium salt 33,

&i]D +28° (methanol), with methyl iodide. Treatment of (+)~33 with
freshly preﬁared silver oxide and thermal pyrolysis gave (S)-(+)-diene 8
[kl , +119.3° (n-pentane) .

(8)={(-)-Disemicarbazone 6, [oL]D -134.6° {(methanol), was easily
prepared from (S)-(-)—diketone 5 with semicarbazide hydrochloric acid by
usual manner. - ‘

(8)-{=)-Bis~2,4-dinitrophenylhydrazone 7, RX]D -231.8° (methanol),
was derived from (S)-(-)-5, by the use of acetic acid in anhydrons
ethanol as.- catalyst, because of instabilitly of diketone 5 tdward mineral
acids.

(ls, 5R, 6S)=-(+)~Diol 19 was converted to (lSh 5R, 6S)~(+)~dibenzoate

34, ki]D 4+129.2° (methanol), by the use of benzoyl chloride in pyridine.
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III. Syntheses and absolute configurations of bicyclo[3.3.0]octane

derivatives.

1. Syntheses, optical resolution and absolute configurations of cis-bicyclo-

[3.3.0]oct-7-en-2-one and some reiated compounds.

The courses for the synthesis and resolution of endo—cis—bicyclo—

[3.3.0]loct=-7-en-2-0l1 (37)* are summarized in Scheme 12.*%*

PhCOgH LlNEtz
=2t (Cpo. (T

OH
35 36 37
RCI -
-CO
0 .
. (I
| OR OR
(+)-37’a (-)-37b
Scheme 12
2)

The alcohol 37 was prepared according to Crandall's procedure.
Commercially available 1,3-cyclooctadiene (35) was oxidized with an equi-

molar amount of perbenzoic acid in benzene to give the monoepoxide 36,

* ‘'endo-cis' corresponds to rel-(1R,2R,5R).
** A great number of methods for preparation of functionalized cis-bicyclo-

{3.3.0]octane have been reported.l)
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which was rearranged by the action of lithium diethylamide* to yield the
unsaturated alcohol 37 in 48% yield from the diene 35. The relative con-
figuration of this alcohol has already been established as 'endo-cis' by
Cranda1l.?)x«

Optical resolution of the alcohol 37 was nicgly achieved by converting
it to the diastereomeric mixture of camphanates 37', which was obtained
in quantitative yield by treating 37 with (-) -camphanyl chloride in pyridine.
The diastereomeric mixture 37' was separated by fractional crysta lization,
or by chromatography on silica gel, to give the more polar and less soluble
part 37'a, kx]sgg +129.0° (ethanol), and the less polar and more soluble
part 37'b, [o\]589 -139.8° (ethanol), each in pure form.***

Absolute configuration of 37'a was determined by the course shown in
Scheme 13. Oxidation of 37'a with sodium metaperiodate in the presence

)

of ruthenium dioxide® gave the diacid 38, +3.2° (ethanol).

589
Solvolysis of 38 with sulfuric acid in methanol proceeded only partially,
affoding the desired alcohl 39, Ml5g9 -11.8° (ethanol), and methyl cam-
phanate (42), ki]ssg -124.4° (ethanol), as well és the esterification
product 40, [0(]589 -4.87° (ethanol), and a small amount of the olefinic
product 41, [0(1589 +54.1° (carbon tetrachloride). Methanolysis of 42 with
hydrogen chloride gave (=}~39 and (-)-42 in 80% yield. (-)-39 was oxidized

with Jones' reagent to yield the ketone 43, -66.8° (methanol).

[0(1589
Hydrolytic decarboxylation of (-)-43 with concentrated hydrochloric acid
gave 3-oxocyclopentaneacetic acid (44) , which was purified via the methyl

ester 45, [0} ~121.0° (chloroform). The optical rotation of the regene-
- 589

rated acid 44, [Alggq -115.5° (chloroform), was nearly the same as that

of the crude product.

* Lithium diisopropylamidé, potassium t-butoxide or lithium phosphate
has been reported more effective than lithium diethylamide for the
rearrangement of epoxide.3)
** IR spectra of 37 showed a strong internal OH-7 hydrogen bond, estab-
lishing the endo-configuration of hydroxyl group (see Experimental

Section).

*** Diastereomeric purity was ascertained by HPLC.
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Scheme 14

The absolute configuration of 44 has already been determined by two

5)

routes of chemical correlations by Hill (Scheme 14). One is correlated
with norcamphor (46), and the other with 2-cyclopenteneacetic acid 47,
both establishing (8)-(-)-configuration of 44. Since every reaction used
for the degradation of 37'a cannot affect the asymmetric center in 44, the
(1R, 2R,5R) absolute configuration.has now been assigned to.(+)—§1L§ from
the known (S)-configuration of (-)-44 and from the established relative
configurafion of 31.2)
However, it should be noted that considerable discrepancy from the
reported data was found concerning the optical rotation of 3-oxocyclo-
pentaneacetic acid (44). Thus, according to Hill's work}s) a maximum
rotation of -63° can be estimated for 44 from a route of chemical correla-
tion in which (R)-(~)-2-cyclopenteneacetic acid (47) (84.3% optically
pure, based on Mislow's work6)) was converted to (-)-44, [d]589 -53.1°
(chloroform). In the present work, the observed rotation for (-)-44 (116°)

should be regarded as the maximum value since the diastereomeric purity

of (+)-37'a was ascertained by HPLC.
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Syntheses of several optically active compounds from the camphanates

37'a and 37'b thus configurationally established are summarized in Scheme

15. Hydrolysis of (+)-camphanate 37'a gave optically pure (+)-alcohol

—_—> —
. _ / Pyr. A
OR _ OH O :

(+)- 37a (+)-37 (-3

-CO
rR=(H '
0 . TSC[, Pyr. Ph3P—‘—'CH2
<___—

(+)-13 : (+) -48 . (+)-14
I == a = I
2 —

-~ OR ' OR OH
¢-)-37b | -)- 49 (-)-50

1Jones’ox
Ph3P=CHj
B —
CHo O
(-)-12 (- -11
Scheme 15
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37, [o(]589 4+210.6° (methanol),* which was oxidized with Collins' reagent
to give (1R,2R)-(+)-cis—bicyclo[3.3.0]oct—7-en—2—one'(;), k*]589 +619°
{isooctane}, in 50% yield. Wittig reaction of (+)-3 in pentane yvielded
(1R,2R)-(+)-cis—S-methylénebicyclo[3.3.0]oct—2—ene (14). (+)-Alcohol 31’
was treated with tosyl chloride in pyridine to afford the tosylate 48,
Bx]589 +520° (carbon tetrachloride), which was reduced with lithium ®
aluminum hydride to give (1R, 5R)-(+)-c1s—b1cyclo[3 3. 0]oct- ~ene (13),
ki]seg +88.9° (isooctane), in 24% yield.

Catalytic hydrogenation of (-) -camphanate 37'a over Adams catalyst
in ethanol afforded the camphanate (-)~49, 3*1589 <22.4° (ethanol), which
was hydrolyzed to give (1R,ZS,5R)-endé-cis-bicyclp[3.3.0]octan-2—ol (50),
kﬂ]ssg -30.6° (ethanol). Oxidation of (-)-50 with Jones' reagent gave |
(1R, 5R) - (-) ~cis-bicyclo[3.3.0]octan-2-one (A1), Bggq -176.3° (isooctane),
in 78% yield. Wi£tig reaction of (-)-1l with triphenylmethylphosphonium

bromide and n-butyllithium in pentane afforded (1lR,5R)-(-)=-cis-2~-methylene-

bicyclo[3.3.0]octane (12) in 10% yield.

o
* [o(]589 +156.7° (chloroform). This value is higher than that obtained
by resolving 37 via d-methylbenzylurethane ([o{]589 -123.7°, chloroform).
This data was informed us by one of the referees of J. Org. Chem.
®
®
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2. Synthesis, Optical resolution and absolute configuration of cis-8-

" methylenebicyclo[3.3.0]octan~2-one.

"All reaction courses are summarized in Scheme 16 and 17. After some
preparative experiments, tetrahydropyranyl group was found superior to

7) 8)

methoxymethyl and methoxyethoxymethyl as the protective group of the

alcohol,* though it introduces another asymmetric center, complicating
the analyses of NMR spectra.

Tetrahydropyranyl ether éi** was prepared in 93% yield from ()-
alcohol 37 by the action of dihydropyran in the presence of catalytic
amount of phosphorbusoxychloride. The ether 51 was oxidized with m-

chloroperbenzoic acid under alkaline conditiong)

to give a diastereomeric
mixture of epoxides 52.%*** Reduction of 52 with lithium aluminum hydride
gave a mixture of alcohols 53, which showed four spots on TLC over silica
gel, suggesting the presence of two isomers of epoxide>§g (endo and exo) and
the attack of lithium aluminum hydride at 2- and 3-positions of each
isomer of the epoxide 52. Consideration about the stereochemistry of the
reactions indicates, however, that the configuration of the main product
is exo=-2-0l, since the epoxidation 6f 51 would occur preferentially from
exo-side to give mainly eko—epoxide, which would then be attacked by
1ithium aluminum hydride at 3-position predominantly.

Oxidation of the mixture of alcohols 53 with Collins' reagent gave

a mixture of ketones 54, which was treated with triphenylmethylenephospho-

rane in benzene to afford the olefin 55. ' HPLC of 55 showed the presence

* Methoxymethyl ether from 37 was very volatile and methoxyethoxymethyl
ether was not appropriéte because of the instability of the resulting
aLcohol‘under the deprotecting conditions. |

** HPLC of 51 showed two peaks of the same strength, which originate from
two diastereomers caused by the newly introduced asymmetric center.

*** Presence of two isomers (endo and exo) of 52 could not be detected by
HPLC which showed two peaks of almost the same strength. 1In the case
that the protective group is methoxyethoxymethyl, product ratio was

about 7:1 by NMR examination.
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of two isomers in the ratio 7:2. Acidic hydrolysis of 55 yielded a mixture
of unsaturated alcohols, whicﬁ was separated by c;olumn chromatography over
silica gel to give the less polar alcohol 56 and the more polar one 57.

The structure of 56 was ascertained by its IR spectrum which showed a véry
strong intramolecular OH-»7 hydrogen bond, whilst no intramolecular hydrogen

bond was observed for 57.

@;"
cocCt
———— .+.
Pyr.
CHp OH OR CHy - CHx OR
(*)- 56 (-)- 56’ ~ (+)-56b

-CO

R = @o | |
l KOH
m Pyr-HCl- CrO5 @
O CHy OH

CHo
(-4 (+)-56
TsCl, Pyr.
LiAlH
CH2 CH2 OTs
(+)-12 (+) -58
Scheme 17



The alcohol 56 was resolved via camphanate ester as in the case of
37. - The mixture of camphanates 56' was separated by column chromatography
over silica gel to give, after recrystallization from methanol, the more
polar part 56'a, [oc]589 -99.4° (ethanol), and the less polar part 56'b,
[oc]589 +86.7° (ethanol). The absolute configﬁration of 56' was determined
by converting it to 12. Thus alkaline hydrolysis of (+)=56'b regenérated

(+)-56, +103.9° (pentane), which was treated with tosyl chloride in

[o]589
pyridine to give (+)-tosylate 38, [u]589 +97.6° (carbon tétrachloride).
Reduction of (+)-58 with 1ithiﬁm aluminum hydride gave (+)-olefin 12, which
has (1S, 58)-configuration. Hence the absolute configuration of (+)-56
was established as (1S, 2S, 5R).

Oxidation of (+)-alcohol 56 with pyridinium chlorochromate in the
presence of sodium acetate gavé (1S, 5R)=-(+)-cis-8-methylenebicyclo[3.3.0]~
oct-2-one (4), [a]589 +80.3° (isooctane). Facile réarrangement of (t)-4

to o,B-unsaturated ketone 59 was observed on treatment with alumina, also

confirming the homoconjugated structure of 4. (Scheme 18)

Al203
_ g
CH2 O CH3 O
4 59
Scheme 18

Catalytic reduction of (4)1g_over Pd~-C gave a mixture of endo- and
exo-methyl ketone 60, the separation of which has not yet been achieved.
The negative sign of c.d. of 60 in the n->7* region also confirms the

(1s, 5R)-configuration of (+)-4.
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3. Absolute configurations and physical properties of diastereomeric

camphanates 37' and 56°

The absolute configuration and physicél properties of diastereomeric
camphanates 37' and 56' are summarized in Table 3. Here again, the campha-
nates from (-)-camphanyl chloride and the secondary alcohols having the
configuration shown in Figure 3 exhibit more polarity on chromatography,
less solubility and higher melting point than the corresponding diastereo-
isomer, in accord with the trend of the compounds previously studied
(Table 1 and 2), These results shows that camphnate is also useful for
the optical resolution and the determination of absolute configuration of

these endo-cis-bicyclo[3.3.0]octan-2-0l derivatives.

Table 3. The absolute configuration and physical properties of
diastereomeric camphanates.

Absolute Solubility MpP [a]
589
Compound TLC
Condiguration (solvent) (°C) (solvent)
37'a 1R, 2R,5R more polar less soluble 111 +129°
(n~-hex.) (EtOH)
37'b 1s,2s8,58 less polar more soluble 79 -140°
56'a - 1R, 2R, 58 " more polar less soluble 122 -99.4°
(EtOH)
56'b 1s,25,5R less polar more soluble 95 +86.7°
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4. Bicyclo[3.3.0]octenol as an effective tool for the gatermination

/

of absolute configuration of chiral acids.

The absolute configuration of aryl-t-butylacetic acid.

Horeau's method has found the greatest use in the assignment of the

absolute configuration of chiral secondary alcohls.lo) Since this method
is based on the kinetic resolution of a racemic acid anhydride by an ..
optically active alcohol, the absolute configuration of a chiral acid can
also be determined, in principle, by the use of an active alcohol of known
configuration.ll) This possibility has preliminarily been tested by Horeaulo)
using (-)-menthol (65) with some acids which have an asymmeric tertiary -
carbon atom attached by an alkyl and a phenyl group (61; R = methyl,ethyl
n-propyl, and isopropyl).
One prerequisite for thé success of this empirical method is the
clearcut decision of the sequence of."size" of the substituents in the
chiral acid. Hence, the kinetic resolution of t-butylphenylacetic acid
(63) of known configurationlz) seems interesting in testing the defference’ .
o
in "size" 'between a t-butyl and a phenyl group which cannot a priori be °
© decided.
; Gt ' Q B
Ph-CH-COoH  Ph-CH-COg2H  Ph-CH-COoH  {O)CH-CO2H
61 62 63 - 64
CO2H
. ' _ .
Ph OH OH - OH
65a (+)-37 ($-50 (-)- 66
COsH OH CO2H
m—-}—H ' H—+M | But—+—H
L L ' Ph
65b 67 68
®
®
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Another is the selection of effective alcohols which give satisfactory
optical yields in the kinetic resolution. endo-cis-Bicyclo{3.3.0}octanol
37 and 50 are expected to be more effective than 66 for the chiral descrimi-
nation (consequently, for the assignment of the absolute configuration) of
acids, since, because of their endo-cis structure, the differences in the
steric requirement between the substituents around the hydroxy methylene

carbon in them are larger than that in 66.

Table 4. Kinetic resolution of acid anhydrides withioptically active alcohols.

Observed
Anhydride . Recov- Esterifi~ Rotation .
Entry of the Alcohol Re;iggon .ered cation of the Ogg;igl
Acid . Alcohol vield Residual
. , Acid
(vo) (mg) (mg) (hxr) (mg) (%) (degree) (%)
62
1 160.4 . (+)-37 34.5 4 - B 67%)  +0.2019 69
2 162.4  (+)-50  34.1 4 ) 81%)  +0.156% 45
3 167.2  (-)-66%) 44.2 4 _b 812} +0.1459 40
63
4 162.9  (¥)-37  27.0 19 16.2° s0®)  +0.068™ 33
5 212.9  (#)-37  35.8 237 -~ 100 40.215W 32
6 215.3  (-)-66%) 45.7 236 - 3008 +0.012M 2
64
7 253.3  (+)-37  35.0 237 7.09) 778 so.377™) 22
8 193.5  (-)-66%) 28.8 236 ~ 9 3008 +0.045") 3
a) [alggg =50.34° (e 4.07, ethanol)
b) not isolated
c) isolated by column chromatography on silica gel
d) alcohol was not detected by TLC on silica gel
1)

e) calculated from the titrated volume according to Horeaﬁ's procedure
£) calculated from the recovered alcohol .

1 dm)

1 dm)

g) measured at’®589 nm in benzene (10 mi, 1
h) measured at 405 nm in ethanol (10 mil, 7
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From these points of view, the kinetic resolution of the anhydfide of
(*)-2-phenylbutanoec acid (69)* and that of (*)-t-butylphenylacetic acid
(63) are examined by the use of the alcohols 37, 50, and 66. In addition,
the anhydride of (%)~-t-butyl-ti-naphthylacetic acidv(gg) was examined as
the application of this méthod to the configuration assignment of aryl-
t-butylacetic acid. Each acid anhydride was prepared from the sodium salt

10) Kinetic resolution was carried out : /'

10) using a small amount of the active

of acid with oxalyl chloride.
according to Horeau's procedure,
alcohol and about double the molar quantity of the anhydride. The results
are listed in the table 4. .

4 In entry 1~ 3 with 2-phenylbutanolic anhyaride, all three alcohls,
(+)-37, (+)-50, and (-)-66, gave the same enantiomer of residual acid, (+)- .
62 (65a, R = ethyl). Therefore, it turned out that the steric arrangement
around the hydroxy methylene group in (+)=-37 and (+)-50 is the samé as

10) where L (large)

that in (-)-66 which has the configuration shown by 67,
and M (medium) indicate the relative "size" of the substituent groups.
This is consistent with the expectation from the established absolute con-
figuration of (+)-37 and (+)—§g.** In particular, (+)-37 gave extremely
high pptical yield, demonstrating its powerful ability in the determinaiion
of absolute configuration of chiral acids.

Furthermore, these experimental results make it reasonable to postulate

that the configuration of the residuél acid obtained by the reaction with

the alcohl 67 is shown by 65b, since the phenyl and ethyl groups in 65a

(R = ethyl) are considered to be L and M, réspectively.***, k&%

* 2-Phenylbutanoic acid (61), which is the standard acid for Horeau's
method, is commercially available.
*% Briéged five membered rings correspond to L group and methylénes to M
group. '
**%* In Horeau's method, the relative sizes of phenyl and alkyl groups in
active secondary alcohols are established as L and M, respectively.
***% Horeau reported a striking illustration of the concept of steric size

10) the

in alkylphenylcarbinols with 2-phenylbutanoic anhydride;
phenyl.group always appears to be the "largest" - even though alkyl

group is t-butyl or triphénylmethyl.
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In entry 4, 5 and 6, the effect of an increase in "size" of the alkyl

~

substituents in acids was examined by use of the anhydride of (t)—ég of

12)

known absolute configuration. Both (+)-37 and (~)-66 gave the dextro

12) Since this residual

residual acid 63 whose configuration is shown as 68.
acid also is expected to have the arrangement of 65b, the phenyl and t-
butyl groups can be decided as L and M, respectively. This result is in
harmony with the order of "size" of the groups found in-benzylic alcohols
by Horeau.lo)

However, the optical yield was very poor by the use of 66, showing
that 66 is unsuitable for the kinetic resolution of this type of acid,
whilst 37 gave the relatively'high optical yield. This indicates the
great usefulness of 37 for the determination of the absolute configuration
of aryl-t-butylacetic acid, which seems troublesome by means of chemical
method. *

Next, the determination of the hitherto unknown absolute configuration
of t—butyl-a—naphthylacetic acid (64) was undertaken (entry 7 and 8). (+)-
37 gave much higher optical yield than (-)—Eﬁ, affording the dextro residual
acid 64. If naphthyl group is assumed to be "larger" than t-butyl group
as is the case with phenyl group in 68, the absolute configuration of (+)-
64 is expected to be (S), that is, 69. This was confirmed by its chemical
correlation with (S)—(+)—§§,**( and bicycloalcohol 37 has proved to be

useful for the kinetic resolution to determine the absolute configuration

of aryl-t-butylacetic acid.

* The configurational assingment of 2-naphthylpropionic acid was achieved
by the method of quasi-racemate}3)

** Both (+)-63 and (+)-64 were prepared according to Mosher's procedure
and converted to (+)-dimethyl t-butylsuccinate, [a]589 +12.4° (c 1.123,

ethanol), via several steps.l4)
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IV. U.v. and c.d. spectra of spiro{4.4]lnonane derivatives.

Results and discussion.

1. B,y-Unsaturated ketones 1 and 2.

The u.v. and c.d. spectra of two 8,Y-unsaturated .
ketones 1 and 2 are sﬁown in Figure 4 and 5, respec-
tively. The data are summarized in Table 5. The
u.v. absorption of 1 and 2 at ca. 300 nm are assigned

to the n-+7n* transition of carbonyl. Since the absorp-

X103

-10

200 250 300 350nm |

(=)-

Jro

Figure 4. U.v. and c.d. spectra of (R);(+)—6-methylenespiro[4.4]nonan—

) and methanol (===-- ).

l-one (1) in iso-octane (
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tion intensity for the reference compounds (see Table 6) ranges from 19
to 24 in the region of 300 nm, the intensities of two 8,y -unsaturated
ketones 1 and 2 (and also diketone 5) are evidently enhanced ones, showing
the existence of interaction between a carbonyl and other chromophores.l)
The interaction between a carbonyl group and a C=C double bond has

1)

so far been widely studied (Figure 6)." Hyperchromic effect was not
observed in the case that carbonyl group and c=C doublé bond are coplanar‘
and parallel, or perpendicular to each other (70 72). But when the two
groups are not coplanar and located at an appropriate position, an increase
of absorption coefficient of n-+ n* transition was observed, and this

behavior is well known as 'homoconjugation' (73, 74. compare 75). Hence the

AE

--10

200 250 © 300 350nm

Figure 5. U.v. and c¢.d. spectra of (S)-(~)~spiro[4.4]non-6-en-l-one (2)

in iso-octane ( ) and methanol (=-==-- ).
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Tavle 5.

U.v. and c.d. spectra of (R)-(+)—6—methy1enespiro[4.4]nonan—

l-one (1) and (S)-(-)-spiro[4.4]non-6~en-l-one (2).

isooctane methanol
u.v. c.d. u.v. c.d.
Compound

Amax € Amax Ae lmax € xmax he
(R)-1 322sh 29.2 319sh +0.90

310 56.9 309 +1.50

301 66.1 301 +1.47 298.5 65.2 302 +0.91

294sh 59.2 293sh +1.16

286sh 45.9 285sh = +0.79

204 5630 207 +11.95 231 -0.081

199.5 5930 202 +11.4

182.5 10000
(8)=-2 326sh 42.6 327sh -1.78.

314sh 78.8 315 -3.07

306 86.8 306 -3.14 303.5 87.9 305 -2.53

298sh 76.4 298sh  -2.52 '

197 4760 205 -11.7

. 2,3)
Table 6. U.v. data of cyclic ketones.
Compounds solvent Amax( €)

spiro[4.4]nonanfl-one 95% EtOH. 300 (21)

a mixture of cis- and trans-

spiro(4.4]nonan-l-one (20 and 21) 95% EtOH 300 (24)

cyclopentanone EtOH 300 (1ls)

: n-hexane 299 (20)

camphor n-hexane 293 (20)

cyclobutanone n-hexane 280 (18)

menthone n-hexane 295 (20)
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V. /A\)% /@&

70 71 72
_— —_— o
. ®
Xmax 214 284 ‘ xmax 209.5 298.4 no enhancement
< 1500 30 e 3110 32 of n-r* transition
O .
/ © 0
73 74 75
6 ®
Aok 202 290 X nax 30 A nax 295 ®
€ 3000 110 € . 266 € 27

. 1
Figure 6. U.v. of some B8,y-unsaturated ketones and reference ketone.:

enhancement of absorption observed for 1 and 2 in 300 nm region can be -
attributed to the homoconjugation (interaction between a carbonyl and a
double bond), though the relative array of two chromophores in 2 ié entirely @
different from the types ever studied.

In the region of 200_nm,.both ketones show two main absorption bands.
The absorption of carbonyl has been assigned, in general, as n-T¥, n~+ag*,
g+7m* and w+7n* from longer to shorter wavelength, respectively, though a
clear-cut conclution hés not yet been drawn for ¢+ 7* and R transition.4)
Therefore, the lower frequency band in 1 and 2 was attributed to the n-+g*
transition of carbonyl group in agreement with the fact that it underwent

blue shift when the solvent was changed from isooctane to methanol. The

fact that the dione, but not the corresponding dienes (see following
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" section), shows the absorption in this region also supports this assign-
ment. The absorption in the higher frequency side was then assigned to
7 >~ w* transition of C=C double bond.

In c.d. spectra, the signs in the n~ 7* region are negative and
positive for 2 and 1, respectively. From the generalized octant rule

3) the enhanced absoption together

I proposed by Mislow and his coworkers,
with enhanced c.d. must correspond to the conformation and absolute con-
figuration as depicted in Figure 1A, or, (-)-A or (+)-A in Figure 7 accor-
ding to the c.d. sign. As can easily be seen from molecular models, the
olefinic double bond of both compounds is always placed in the upper left
(or lower right rear) octant with respect to the carbonyl group, irrespective
of the relatively mobile conformation of 5-membered rings. If the éxtension
of generalized octant rule as proposed by Mislow is valid, 2 as well as 1
must show the positive c.d. sign in the n+ 1* region. Hence the observed

positive c.d. for exo-olefinic ketone 1l is consistent with the prediction

from the generalized octant rule. However, the endo-olefinic ketone 2

(-)-B - ' (+)-B

Figure 7. Mutual disposition of the carbonyl group and double bond.
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"shows a negative c.d., that is, dissignate behavior, though it shows
enhénced u.v. and c.d. absorption in this region compared to the exo-
olefinic ketone 1.
The generalized octant rule was proposed originally fof the case in
which the- carbonyl group and olefinic double bond are arranged as A in
Figure 7. But it has often been applied to the assignment of conformation PN
or even of configuration in the case in which rotomers can exist, stressing
the contribution of A conformation.GA'g)
Endo-olefinic ketonelz_cannot assume A conformation. Instead, the
arrangement of its chromophore can be shown by B in Figuré 7. Hence, it
is now proved that in such a conformation the c.d. sign in the n- 7* region
is oppoéite to expectations from the generalized octant rule. The inappli-
cability of  the generalized octant rule to the ketone 2 exhibits that the
sign of n-»7* region is dependent upon the direction of the double bond
as well as its position in. the carbonyl octant. 1In other words, the octant
rule for B,y-unsaturated ketone (generalized octant rule) is not true octant
rule, but is restricted to the only one inherently dissymmetric system as ®
in Pigure 7A, that is, the c.d. sign in the n-7* region is predicted to be
negativé or positive only for the type of array (~)-A or (+)-A, respectively.
Thus the results found fbr'g illustrates another rule for the inherently
dissymmetric B,Y-unsatﬁrated ketones; the sign of c¢.d. is negative or
positive for the type of array (-)-B or (+)-B, respectively.
This conception can be further illustrated in some reinvestigated
compounds. Figurelslshows the epimers of A—norcholeétanones studied by

Zeehs) 10)

and Ziffer. These compounds have vinyl group at C(5) position

and show opposite c.d. sign to each other in the n-»7* region. 2Zeeh as- ®
signed B~configuration to one isomer that showed riegative c.d. sign, and

a-configuration to the’other on the basis of gemeralized octant rule,

whereupon the double bond was considered to be rotated towards the sterbia

skeleton (Figure 9). But Silverton and Ziffer established the reverse as-
10)

signment as depicted ip Figure 8 and 9 by X~ray study. The double bond
was found to be orientated towards outside of the steroid skeleton. The
conformation is also 1ikely'to be that preferred in solution, and it is
similar to the conformation of endo-olefinic ketone 2, that is, B confi-

guration in Figure 7. If the chiroptical contribution from each asymmetric Y
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. .
¢ Figure 8. Structure and octant projection of A-norcholestanone derivatives.
0
(+) Y (=)
/
0
®
[
. | . 0
0 (=) ")
\
0 0
Zeeh (1968) - giffer (1975)
.. Figure 9. Conformation of A-norcholestancne 76 and 77; assumed from

generalized octant rule (left) and determined by X-ray analysis (right).



perturber can be additional, the effect of double bond can be éstimated by
comparison of c.d. data beéween 76 and 78, and between 77 and 79. The
contribution from carbon skeléton (octant contribution) thoroughly appears
in the saturated ketones 78 and 79, and therefore, the contribution from
vinyl group (8Ae) is roughly estimated as -2.79 (1.27-4.06) and +2.24
(3.03-0.79) for 16 énd 71, respectively. = These values are antipodal to
each other and compatible with that of the endo—olefinic ketone 2 (Ae=
~2.53 in methanol), in which the olefinic group is the only dissymmetric
perturber. ,

Another example is the 16,17-fused cyclobutane adduct of 3-acetoxy-

pregné—S, 16-dien-20-one 80 and 81 (Figure 10).6d’ 2

Negative c.d. sign
of 80 was reasonably explained on the basis of A-arrangement in Figure 7,
whilst in 81 the acetyl group was supposed to be rotated so that the
methyl group is directed towards the steroid skeleton, in order to
explain the positive c.d. sign on the basis of the same A~arrangement.
However, the c.d. sign of 81 can be reasonably explained on the basis of

B-arrangement which allows the acetyl group to assume a sterically preferred

position as in case of 80.

. \ < { "'\\
- o -
RO S 80 81
[01595  +4.850 - (81,05 -18,180  [8],,, +15,380.

r%igure 10. C.d. of 16,17-fused cyclobutane adduct of 3-acetoxypregna-
5,16-dien-~20-one,
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2. Spirol4.4]lnonane-1,6-dione (5).

The u.v. and c.d. spectra of (S)-(-)-spiro[4.4]nonane-1l,6-dione (5)
are shown in Figure 11. The data are summarized in Table 7 and 1Q.
Similarly to B,y-unsaturated ketones 1 and 2, the absorption in the n-» ¥
region is much enhanced compared to the nbn—conjugated cyclopentanones
(see Table 6). In the diketone 5, there must surély exist the overlap
integral (hence the interaction) between the two carbonyl groups, though it
may not be so large as in dd~dicarbonyl compounds. Therefore, the n-> 7*

transition in one carbonyl group would interact with the next lower tran-

A€

_8-

Figure 11. U.v. and c.d. spectra of (S)-(-)-spiro-
)

{4.4]nonane~1,6-dione (5) in cyclohexane (
and methanol (==--- ).
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Table 7. U.v. spectra of spiro[4.4]-

nonane-1,6-dione (5).

cyclohexane methanol
>‘max & Amax €

326.5sh 53.4 320.0sh 44.3
316.5sh 88.2 314.0sh 64.2
311.5 98.4

305.5sh 98.2 307.0sh 78.5
301.0 100.3 299.0 87.0
295.0sh 89.0 293.0sh 83.9
285.5sh 75.5 282 0Osh 69.7
273.5sh 51.0 270.0sh 45.6
259.0sh 22.3

217.5sh 1210 ' 219.5 1150
205.0sh 3670 203.3 3040
202.0 3800 196.0sh 2100

Table 8. C.d. ‘spectra of (S8)-(-)-spiro[4.4]nonane-1,6-

dione (5) in EPA at different temperatures.

+23°C -68°C - -190°C
Xmax ae Xmax e Xmax Ae
326sh  -0.67 327sh  -0.74
323 -0.78 322sh =-1.07 | 318sh =1.67
313 -1.17 | 313 -1.49 314 -1.84
305 +0.04 306sh  -0.71 308sh  ~-1.53
303.5 =0.03
295 +1.56 295 +0.95 294sh  +0.24
287 +1.66 287 +1.27 287 +0.69
282sh  +1.27 280sh  +0.94
226 -8.00 225.5 =5.87 224.5 -4.72
RnJ jiad | gR-TeH RO
~22.4 x 10740 -0.38 x 10740 +1.84 x 10740
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sition in the other carbonyl, which presumably corresponds to the absquf

tion observed at 203 and 219 nm.

n-so*,

changed from nonpolar to polar one.

These two absorptiohs are assigned to

since they does not show bathochromic shift when the solvent is

The c.d. in 300nm region shows two oppositely signed bands.* For

investigation of the origin of these.two bands, the c.d. of (8)-(-)-5

was measured in EPA (ether-petane-ethenol, 5:5:2) solution at different

b EPA ,"/

-

o
-

<

I
[y
I
i

13
[3
1)
[3
’
3

.
.
)
’
[
.
1
’
+
’
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'
.
1

[

8
2
g
8

Figure 12. C.d. spectra of (S)=(~) -spiro-
[4.4]nonane~1,6~dione (5) in EPA (5:5:2)
at different temperatures.

Figure 13. C.d. of
(R)=(+) -5 in iso-pen-
tane-methylcyclohexane
5:1 (upper) and EPA 5:
5:2 (lower) given by

Lightner.ll)

* The theoretical explanation for u.v. and c¢.d. of 5 hitherto reported are

reviewed in Section VI.
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temperatures. The results are shown in Figure 12 and Table 8. The cor-
rection factors for the density change of EPA are given in Table 9.12’14)
The temperature dependent c.d. ef 5 in hydrocarbon selvent given by
Lightnerll’lz) are also shown in Figure 13 together with the c.d. in EPA.
Since the temperature dependence of c.d. spectra slows the existence of
more than two optically active -species, thermodynamical treatment was
made in the followinaway.ls)

Suppose there are oniy two species participating in the equilibrium,
the next relationship holds for the observed rotational strength RY * at

0
300 nm region, according to Boltzmann's distcibution.

T 1

Ry = (Rg = ) :
0 RU, 1+ exp(-AGo/NkT)

+ Ry (1)

where Rs and RU are the rotatienal sﬁrength of the nore and the less stable
species, respectively, and AG0 is the difference of Gibb's free energy
between two species. When an approptiate value of AG0 ie chosen, a plot

of Rg against l/{1-+exp(-AG°/NkT)} should become linear. Various plots

are shown in Figure 14 for different valﬁes of AGO. A straight line was
obtained in only the case of AGQ==+1.1 Kcal. From this value the following

results could be obtained.

Table 9. Correction factors, Vgs” for EPA contraction

at different temperatures.12'14)

Temperature, °C

25 -25 -5 -125 -160 -165

1.000 0.922 0.852 0.787 0.744 0.737

*  The rotational strength of k~th transition Rk can be writtenl3) as

~ -42 dA -38 di
~ 0.696 x 10 3] —_— = . —_—
Rk g[ k()\)] )‘ 0.299 x 10 of AE] (A) vl
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XYEfO

AaG=11 Kcal,mol

] L 1

08 0.9 1.0 1
1+expl-aG) 7]

Figure 14. A plot of Rg against l/{l+exp(—AG0/NkT)}
with different AG0 values.

Molar fraction of the energetically preferred species in EPA
® , is 1.0 at -190°C and 0.87 at room temperature.

and

+1.92 x 10749 o.s.u.

-29.3 x 10749 e.s.u.

1]

Rg

RU

Therefore, the observed c.d. at -190°C corresponds to the c.d. spectra of
the more stable species. This spectra exhibit a neg:tive couplet as shown
in Figure 12. Then the spectra of the less stable species can be obtained
from the two spectra at -190°C and room temperaﬁure, using the molar frac-
) . tion of the more stable species at room temperature (0.87). The result is
depicted in Figure 15, which shows only one negative Cotton effect for the
less stable species.
According to the X-ray analysis and the valence-force calculation of
the diketone 5, the conformation supposed for stable speceies is that

16) This conformation is the intermediate between

depicted in Figure 16.
the half-chair and envelope form, which is unfavorable with respect to
dipole-dipole.repulsion between neighboring carbonyl groups. But this
disadvantage can be overcome by the release of the steric repulsion between

® two methylene groups at C-4 and C-6. Hence the conformation of the
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AE

250

300

A nm
‘350

Figure 15. Synthesized c.d. spectra of the less stable conformer of

(S) -spiro[4.4]nonane-1,6-dione (5) in EPA.

Figure 16. The molelar

structure of spiro[4.4]-_

nonane—l,s—dgdne (5) by
x—rayvanalyses (upper)
and Valence-Force cal~
culation (lower).
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Figure 17. Octant pro-
jection of 5 determined
by X-ray analyses.



energetically unpreferred species can be assumed as the intermediate
between half-chair and envelope form, which is disadvantageous with respect
to the steric repulsion between two methylene groups, i.e., the S5-membered
rings are puckered to the opposite direction to that of the stable species,
releasing the dipole~dipole repulsion.

The observed couplet for the stable species can be presumed to result
from the interaction of two neiboring chromophores, whereas the single c.d.
sign of the less stable species possibly results from the reduced
interaction between them.

There are several factors affecting the stability of these two species,
e.g., steric repulsion, steric strain, etc. Of these, the dipole-~dipole
interaction would considerably contribute to the stability of two conformers
of diketone 5. Then the c¢.d. of 5 is expected to be solvent dependent
(dielectric constant dependent). In fact, large changes in c¢.d. spectra
were observed depending upon the used solvents (Figure 18 and Table 10).
These changes are not considered to result only from solvation, since
similer rotational strengths were observed for the solvents with close;
values of dielectric constant irrespecti&e of their solvatiﬁg nature.
Solvation effect, however, cannot completely be neglected because some
solvents with large solvation effect (such as chleroform) do not show
linear relationship of rotational strength with dielectric constent; ﬁut,
as a whole, the obeerved rotational strehgths roughly correlate with the
dielectric constants, indicating that the more and the less stable species
have different dipole-dipole interaction energies. Similarly to the case
of the temperature dependent spectre, therdifference in Gibb's ftee energy
'between the supposed two species are shown as

0

AG” = AEg + AV/D (2)

where AE_. is the term of steric repulsioh, which is independent upon the

s
kind of solvent in the case where solvation does not concern. D is the

dielectric constant of solvent, and AV is the difference in dipole-dipole

interaction energy when D = 1.0. From equation 1 and 2,

AE, + AV/D = 2.303NkTlog

5 (3)
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Table 10. Solvent dependent c.d. of (S)-(-)=-spiro([4.4]nonane-

1,6~dione (5).

cyclohexane dioxane di-n-butylether chloroform
D= 2.02 D= 2.21 D = 3,06 D = 4,70
A nm Ae Anm Ae Annm Ae Anm Ae
328sh -1.36 318sh -1.72 321sh -1.41
322sh ~2.01 311 -2.75 - 312.5 ~-1.86
317 -2.53 304sh  -1.46 305sh  -1.39 319sh  =-1.95
308sh -1.93 290sh  +0.54 293sh  +0.17 311 -2.37
288 +0.58 286 +0.75 286.5 +0.54 302sh -1.47
258 -0.05 253 -0.028 264 +0.026 285 +0.78
222 -5.05 224 ~6.69 252 -0.047 252sh  -0.046
208 -6.18 208 ~7.38
-5.69 x 10740 -3.69 x 10749 | -3.85 x 10740 | -4.42 x 10740
methylene methanol acetonitrile
chloride
D = 8.9 D = 32.6 D = 37.5
Anm " Ae Anm Ae Anm Ae
318sh  -~1.53 318sh =1.13 317sh  =1l.16
309.5 -1.89 3l4sh -1.38 ., 309 -1.43
30lsh  -1.09 310.5 -1.49 302sh - =0.83
290sh +0.56 306sh -1.24 291sh +0.74
284 +0.79 285 +0.97 284 +0.99
221.5 -5.61 222 -7.13
205 -7.75 206.5 =10.01
~2.87 x 10740 | -1.06 x 10740 40

-0.82 x 10

58




Figure 18. Solvent dependent c.d. of (8)-(~)-spiro[4.4]lnonane~

1,6=dione (5).

1
of 02 - 03 04 05 1
. /b

Figure '11.19. A plot of log{ (Rg -RU)/(RS - Rg)} against 1/D -
using R0 in different solvents.
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Figure 19 shows the plot of log (Rg - RU)/(RS - Rg) against 1/D using the
observed values of Rg in different solvents. Except for the case of chloro-
form the plots gave a straight line. From the intercept and the slope of

the line the following values were obtained.

AE

1.28 Kcal/mol

AV -0.9 kcal/mol o
The negative value of AV is consistent with the assumed two species; the
conformer which is sterically stable but unstable in dipole-dipole inter-
action is the one depicted in Figure 16. Combined contributions of the
two effect are considered to render it more stable.

Though, as was proposed by Lightner,ll)

the possibility that the
equilibrium between solvated and non-solvated species contributes to the

. change of rotational streﬁgth has not yet been denied, further investigation
on the conformatiohally more rigid dicarbonyl compounds will surely tell

the truth about this problem. ) °
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3. Diketimine Derivatives 6 and 7 of (S)-(-)-diketone 3

U.v. and c.d. spectra of (S)-(-)-bissemicarbazone 6 and (8) ~(=)-bis~-
2,4-dini§rophenylhydrazone 7 are shown in Figure 20 and 21, And Table 11
and 12, respectively. In the u.v. spectra, 6 was not much different from
the usual semicarbazone in the m- T* region (cyclohexanone semicarbazone;l7)
lmax =229.5 nm, €=11,200), but the splitting of the baﬁd into two peaks
(215 and 232.5 nm) clearly indicates the interaction of two chromophores.
In fact, the c.d. spectra of 6 showed a negative couplet in this region.
Suppose the difection of the transition moment of sendcarbazone is nearly

the same as that of C=N double bond, the sign of the couplet is in accord

with that predicted from the exciton model.

X
X
(-)-6: X = NNHCONH,
(-)-7: X = NNH-@NOZ '
No, 300
\_390 .

Figure 20, U.v. and c.d. spectra of (S)-(-)-
disemicarbazone 6 in methanol.
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~404
-604

-80 4

Figure 21. U.v. and c.d. spectia of (S)-(-)-bis-2,4-
dinitrophenylhydrazone,1.

Table 11.

U.v. and c.d. spec-

tra of (S)=-(~)-bissemicarbazone

6 in methanol

Amax ‘ € )‘max Ae
232.5 22800 | 240 -52.6
215sh 16500 | 210 +25.8
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Table 12.
tra of (S8)-(-)-bis~2,4-~dinitro-
phenylhydrazone 7 in methanol.

-U.v. and c.d. spec-

Amax € Amax Ae
430sh 10800 | 432  +20
365 39100 372 -81
274sh 15800 333 +31.6
249sh 20500 250sh -8.4
230 26500 | 242 -9.72
194 27000 224 +15.8




The u.v. spectra of 7 also did nct show any large difference from

that of the reference compound, cyclopentanone 2,4—dinitrophenylhydrazone;18)
Amax nm (£), 363 (22,500), 280 (8,000), 255 (14,000), 228 (17,000). On;y
slight differences are the inflection at 430 nm and the broadening of band
at 365 nm in 7. Every absorption was accompanied by the Cotton effect,
and, particularly, the band at 365 nm was splitted int9 a negative and a
positive c.d., showing the presence of two transitions. Since this
couplet resembles to that of semicarbazone 6, a similar consideration
based on the exciton model may be possible, though the character of this

transition has not yet been fully understood.lg)
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4, Dienes 8, 9, and 10.

The u.v. and c.d. spectra of (S)-(+)-spiro{4.4]nonane-1,6-diene
(8; endo-endo), (R)-(+)-1,6-dimethylenespiro[4.4]nonane (9; exo-exo),
and (R)-(+)-6-methylenespiro[4.4]non-l-ene (10; exo-endo) are shown in
Figure 22, 23, and 24, respectively. Data are summarized in Table 13.
The dienes 9 and 10 show couplet patterns in this region, though the
maxima in the shorter wavelength side could not be reached. But the
endo~endo diene 8 shows ! no couplet pattern, and c.d. maximuﬁ of 8 in
the longest wavelength is almost concordant with the ﬁ.v. maximuh. By
repeated measurements no small negative maximum.at 220 nm region could

20) 21)

be found, contrary to the report of Gerlach and Wagnieére. Such a

x103

10F

CH, O
(+)-9° 4E
A0F

CH2 05 o

0 200 20 220 M

Figure 22. U.v. and c.d. spectra of
(8) - (+)-spiro[4.4]nonane-1,6-~diene
(8) in n-hexane.
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X103 . . X103
€ : €
15
10 :
i ,
-10°
L 5 uv
- 5
ag : a | AE
30 | 20
cd
-20
L10 - k10
200 2$0nn\ 200 250nm
Figure 23. U.v. and c.d. spectra Figure 24. U.v. and c.d. spectra
of (R)-(+)-1,6~-dimethylenespiro- of (R)-(+)-6—methy1enespiro[4.4]—

[4.4)nonane (9) in isococtane. non-l-ene (1l0) in isooctane.

small negative c.d. could be attributed to minute quantities of contami-

nants possibly caused by a difference in the synthetic method.*

* The diene 8 was prepared by the pyrolysis of bis—4-methylphényl-thiono-
carbonate of trans,trans-diol 32.20) The preparation of 8 from bis-
tosylhydrazone of diketone 5 by treatment with n-buty;lithium also

12)

resulted in contamination by impurities.



of spiro-dienes 8, 9, and 10.

Table 13. U.v. and c.d. spectra
isooctane® methanolb
_ u.v. c.d. u.v. c.d.
Compound g
>‘max € lmax he xmax € >‘malx ae
(s)-8 198.5 14000 197.5 +15.6 198.5 15000 199.5 +14.5
(R)-9 205sh 7251 211 +29.6 212 +28.0
187 - 13300
(R)-10 186 15600 200 +16.4 201 +13.1
a (8)-8 was measured in n-pentane
b (8)-8 was measured in methanol-pentane (3:1).
Exciton model A.B.P. model
'\y
f}ﬁ)
Figure 25. The lower frequency ccupling mode (left)

and allylic bond polarization model (right).
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The excitonhmodelzz) was applied to these dienes using the point-
dipole approximation of the T-»T* transition moment. The moment was
placed at the midpoint of each double bond and directed along the bond
axis. The lower frequency coupling mode calculated for each diene is
shown by a set of arrows (Figure 25). The coupling modes for exo-exo 2
and exo-endo 10 are compatible with the observed positive signs of couplets
for all the possible conformations examined with molecular models.

But in the case of endo-endo diene 8, the observed positive c.d. for (8)-
configuraﬁidn.was opposite to predictions for all conformations except for
a rather unfavorable one, as already pointed out by Wynbery.

In contrast, when the allylic bond polarization model (A. B. P, model)*
proposed by Andersen23) is employed as an alternative, the expected c.d.
sign for the longest wavelength region was in agreement with that observed
for endo-endo 8 as well as for exo-exo 9. (See Figure 25) Also the c.d.
of exo-endo 10 can be explained by this model, if the longer wavelength
pband is assinged to the endo-olefin as is well known. Thus the apparently
anomalous c.d. of the endo-endo diene 8 might be attributed to the over-

riding effect of the allylic bond polarization.

* The A. B. P. model was proposed for the elucidation of c.d. of chiral

olefins stressing the effect of dissymmetrical substitution in allylic

23)

position. This model was applied successfully to spiro[4.5]decane~-

1,6-dienes, though the exciton model is also effective for some of them.

‘ A
Aezp3 *11 Deyg, =22
ey ...
A
Aeyns 8 Ae -34 +24

207
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5. (18, 5R, GS)-(+)-1,65Dibenzoy10xyspiro[4.4]nonane (34) s

U.v. and c.d. spectra of dibenzoate 34 are shown in Figure 26 and
Table 16. Both o and p bands show positive Cotton effects and no coupling
feature was observed. Molecular model examination indicated that in this
case the two C-O bonds are parallel to each other and considerably far
apart, making the application of the dibenzoate rule proposed by Nakanishi

24)

and Harada inappropriate.* In this case (the case in which the inter-

£x10°
8
6- .
1 X2~
4+ ) : .
- X20
2-
1 T T
200 250 300
At
+ 44
+2T
i X10
1 L
200 250 300

Figure 26. U.v. and c.d. spectra of (lS}SR,6S)-
(+)-1,6~dibenzoyloxyspiro{4.4]nonane (34) in
methanol.

On the other hand, p-dimethylaminobenzoate of cis-trans glycohol showed
a couplet pattern in the p band., making the application of dibenzoate

rule possible. (See Scheme 7 and Figure 2).
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action between two benzene chromophores cannot be observed spectroscopically),

the sector rule for isolated benzoate chromophore can be applied (Figure

27) . The.prediction from the supposed most stable conformer (Figure 28) is

in accord with the experimental results.

®

®

elo.

Figure 27. Benzoate sector rule.

@ll@

Figure 28. Assumed conformer of
dibenzoate 34. '

Table 14. U.v. and c.d. spectra of (1S,5R,68)-(+) ~dibenzoate 34 in methanol

u.v. c.d.
Amax € Amax Ae
281 1500
273.8 1850 277.5 +0.117
269sh 1620 273.5 +0.155
235sh 24600
230.5 27300 230 +3.67
195.7 85700
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V. U.v. and c.d. of cis-bicyclo[3.3.0]loctane derivatives.

Results and discussion.

1. cis-Bicyclo[3.3.0]o§tan—2-onev(;i).

U.v. and c.d. spectra of (lR,SR)-(-%cis?bicyclo[3.3.0]octan—2—one (11)
are shown in Figure 29 and Tabie 15. The maximum absorption coefficient
in the n-+>7* region is nearly the same as tﬁat of the usual cyclopentanone

1)

systems. Interestingly it is larger in methanol than in isooctane.

This phenomenon was also found in the u.v. of other two B,y-unsaturated

bicyclo[3.3.0]octanones 3 and 4, in which Ae

% is also enhanced in ethanol

4€

(=)-11

-1.04

500+

Figure 29. U.v. and c.d. spectra of (1R,5R)-(-)~-
bicyclo[3.3.0}octan-2-one (1ll) in isooctane (
and methanol (----- ).

)
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Taple 15. U.v. and c.d. spectra of (1R,5R) - (=) -bicyclo[3.3.0]-

octan-2-one (11).

isooctane : methanol
u.v. c.d. u.v. c.d.

Amax € xmax Ae Amax & - Xmax Ae
325sh 7.4 328.3 -0.732 322.5sh ~0.28
314.5 12,7 315.5 -1.46 310 11.8 308.0sh -0.99
304.0 16.5 304.5 ~1.52 298sh 18.5 300.5 -1.29
294.0 15.9 294.0 -1.10 292 19.5 295sh -1.23
286sh 13.6 285.5sh -0.65 280sh 17.4 285sh -0.91
276sh 9.9 277.0sh -0.35
266sh 6.2
191sh 739 191.5 +2.0 195.5% 230 195.0* +0.163
190 770

* Shortest wavelength reached.

compared to that in isooctane.
The method of calculation of Ae value for optically active cyclo-

2) though‘that

pentanone system has been well developed by Kirk and Klyne
for cis-bicyclo[3.3.0]octanone system has not yet been established. cis-
Bicyclol3.3.0]octanone somewhgt resembles to cis-hexahydrindan-l-one, for
which Kirk and Klyne proposed Ae values in methanol ( -2.4 and -1.8 for
two conformations 82 and 83, respectively). The observed value ( -1.29 in

methanol) for the ketone 1l is comparable to that for 83 in which C,—CO

bond assumes equatorial orientation with respect to the cyclohexane ring.

H

ax
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Hence the conformation of 1l is assumed to be
84, though the puckering mode of cyclopentanone
ring cannot be determined (half—éhair or enve-
lope). In this conformation, the contribution

from the cyclopentanone ring to the c.d. sign

is opposite to that from the cyclopentane ring

®
though the sign is dominated by the octant ) . o o
contribution of cyclopentane ring. The struc- ( +)-85
turally related compound. tricyclo[5.2.l.04'10]—
decan-~2-one (§_5_)3) was reported to show smaller Aevalue ( +0.8 in ethanol)
than 1ll. This value is possibly due to the oppositely signed contribution
of two cyclopentane rings.3) *
®
®
(4
o
@
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2. Olefins 12, 13, and 14.

U.v. énd c.d. spectra of olefins (1lR,5R)-(-)-cis-2-methylenebicyclo-
[3.3.0)octane (12), (1R,5R)-(+)-cis-bicyclo[3.3.0}oct-2-ene (13), and .
(1R,5R) - (+) ~cis-7-methylenebicyclo[3.3.0)Joct-2~ene (l4) are shown in Figure
30, 31, and 32, respectively. The data are summarized in Table 16. Since
the olefin 12 and the diene 14 could not be purely isélated because of
the low yieid of Wittg reaction and their high volatility, only the qual-
itative spectra are given (4g£ are tentatively calculated by assuming that

es are equal to 10,000 and 20,00 for 12 and 14, respectively).

A€
200 220
CHy 5 —_
(-)-12 -1
_2_
-3
£X16°
10
(+)-13 )
5-
CH,
(+)-14 o ; , .

200 220
Figure 30. U.v. and c.d. spectra
of (lR,5R)-(—)—cis—2—methylene-
bicyclo[3.3.0Joctane (12) in
pentane. ¢ is tentatively

max
adjusted to 10,000.
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The investigation of the optical activity of monoolefins has been

made by many groups,4-18)

but has always been encountering some difficul-

ties because of the uncertainty in the origin of the transitions super-

imposed at 200 nm region. At present, it is well known that the shape

of the c.d. spectrum of chiral olefin does not necessarily follow the

shape of the u.v. absorption curve and that there is usually more than

one Cotton effect within the region 220-185 nm. At the lower frequency

side of the Cotton effect arising from the electric dipole allowed w - 7%

transition (the c.d. maximum should coincide with the u.v. maximum in wave-

length) there is observed an electric dipole forbidden, magnetic dipole

allowed c.d. band, usually referred to as a m -+ 3s Rydberg transition.

200 220

x'10"3
101

5

'l
- 200 220
Figure 31. U.v. and c¢.d. spectra

of (1R,5R)~(+)-cis-bicyclo[3.3.0]-
oct-2~ene (13) in isooctane.
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A€
+30" .
o
+204
+ 10 1
200 220
£X10™
2 -
9
®
1
200 220
Figure 32. U.v. and c.d. spectra
of (1R,5R)-(+)-cis-g-methylene~
bicyclo[3.3.0]oct-2-ene (14) in
isooctane. € nax is tentatively
adjusted to 20,000. ®
®



isooctane.

Table 16. U.v. and c.d. spectra of olefins 12, 13, and 14 in
u.v. c.d.
Compound
: Amax € A max he
(-)-12% 195sh 9100 197 -3.56
191.5  10000° '
(+)-13 190 10100 200 ~2.00
196.5 0.0
1889 +8.57
(+)-14 192 20000° 198 +37.5
a 12 was measured in n-pentane.
b €nax Was tentatively adjusted to 10,000.
C Epa. Was tentatively adjusted to 20,000.
d Shortest wavelength measured.

Table 17. Characteristic wavelengths of c.d. maxima for

Table 17. Characteristic wavelengths of c.d. maxima for olegins.

18)

Olefin Class Ao(nm) Xl(nm) A, (nm)
(A) 1,1-Disubstitured ethylenes 200 + 2 189 1
(exocyclic methylene)
(B) 1,2-Disubstituted ethylenes 200 + 2 ca.l85
{cyclohexene)
(C) Trisubstituted ethylenes
(methyl-cyclohexane) 203.5 1.5 192 £ 3
’ . + +
(Al(g)—octalin) 210t 2 192 +3
Increment for alkyl substituent:-
'a'-quasi-equatorial +2 to +3 ?
'a'-quasi-axial -7 to -10 ?
(D) Tetrasubstituted ethylenes 215-225 195-210

ca.185-195
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At the higher frequency side of the m -+ #* Cotton effect there is observed

another optically active transition, which is assigned as a 1 +g* or

(CH)
ﬂ-+py transition and is not expected to contribute significantly to thg
isotropic absorption curve. At still the higher frequency region but falling
into a rather narrow energy span, there may be observed a G(CH)-+W* tran-
sition Cotton effect.l4) _ o

Apért from the assignment of the transition, almost all chiral mono-
olefin show two Cotton effects in this region. Their c.d. signs are op-
posite in general, but the same in some cases. The Cotton effects at the
shorter (ca. 190 nm) and longer {ca. 200 nm) wavelength are designated as
AZ and Xl, respectively.

18) analysed c.d. data between 185 and 230 nm

Recently, Hudec and Rirk
for 228 chiral olefins empirically in order to clarify the main features
of the relationship between molecular structure and chiroptical properties,
though the cyclopentene and methylenecyclopentane analogues are not dis-
cussed in detail and only included for comparison, because of their rela-
tively limited number and less definite conformations. From their result,
characteristic wavelengths of c.d. maxima. for monoolefins are summarized
in Table 17. If an analogy is allowed, the olefins 12 and 13 belong to

the classes A and B in Table 17, respectively. The main conclusions given

by Kirkls)»for the lowest energy c¢.d. bnad. (200 nm), Al, are as follows:

Class A

l,1-Disubstituted ethylenes. Exocyclic methylene compound Jr the
most part follow a carbopyl—like "Octant Rule", the main point of ’
difference being a large consignate (obedient to a carbonyl-like o
octant rule) contribution from a "f"-axial methyl group, which can

outweigh effects of carbocyclic rings:

Class B
Cis-1,2-disubstituted ethylenes. Cyclohexene analogues give a c.d.
band with sign corresponging to a consignate effect of allylic axial

C-H bonds.

In Class A compounds, the wavelength Al is generally 200 * 2 nm and

Az is probably in the vicinity of 188-190 nm, although less clearly defined.
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A few compounds exhibit only a broad c.d. band because of the overlap of

8) Each

two bands of the same sign, as has been shown by Yogev et al.
curve of this kind was. successfully resolved int two Gaussian components

with maxima in the expected regions. Howe&er, in the few methylene cyclo-
pentane analogues (e.g. 16~ and l7-methylenesteroids) the curve could not
been resolved and only a single Cotton effect has been reported. Consig-

nate behavior is shown also in»these single c.d. of the methylene cyclo-
pentane compounds.

The olefin 12, here prepared, also shows only one Cotton effect at.
196 nm. This is well in accord with the reported empirical rule by Kirk,
though the quantitative analysis has not yet been undertaken.

In cyclopentene analogues of class B studied by Kirk, a single c.d.

band was observed between 190 and 200 nm and it could not be determined

1 2
like octant rule) contribution of the methyl:group in 3-methylcyclobutene

whether it bélongs to A, or A,. But the dissignate (opposite to a carbonyl-

and 3-methylcyclopentene suggested that it is Al. On the contrary, the
cyclopentene analogue 13 showed two Cotton effects in this region, which
can probably be assigned as Al and Az in order of decreasing wavelength.
The appearance of two oppositely signed c.d.s is the usual feature of
cyclohexene analogues, but it is the first illustration for cyclopentene
analogues. The negative c.d. sign in ll observed for 13 is consistent

7 that

with predictions from the octant projection by Scott and Wrixon,
is, the cyclopentane ring contribute to the dissignate character of the
endo-olefin.

The c.d. of 14 cannot be expressed by the combined spectra of 12 and
13, demonstrating the existence of interaction befween two C=C double
bonds. The prediction from the exciton theory¥9) gives strongly positive
or weakly negative c.d. sign in the longer wavelength_side, depending upon
the puckering mode of the five membered rings. However, the positive c.d.

11)

sign expected from A.B.P. model, whichever double bond is taken into

account, is consistent with the observation.
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3. B,y-Unsaturated ketone 3 and 4.

U.v. and c.d. spectra of (lR,sR)—(+)—cis—bicyclo[3.3;0]oct~7-en-2+
one (3) and (18,5R)-(+)-cis-8-methylenebicyclo{3.3.0loctan~2-one (4) are
shown in Figure 33 and 34. The data are summarized in Table 18. As
stated before, their € and Ae are more pronounced in methanol than in iso-
octane; this behavior was not observed in spiro ketones. The u.v. ab-~
sorption at ca. 300 nm are easily assigned to the n-*w*vtransition of
carbonyl group. The absorption intensities of 3 and 4 are enhanced com-
pared to saturated ketones, as in the case of spiro-ketones 1 and 2, the

magnitudes of absorption coefficients of compounds of both series being

comparable.
4¢
+151 \
+1 0+
0
(+)=3 * 5
€
CH, 0 4000-
(+)-4
20004

Figure 33.  U.v. and c.d. spectra of (1R,5R) - (+) -
¢is-bicyclo[3.3.0]oct-7-en-2~one (3) in isooctane
(- ) and methanol (-=--- ). '
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In the c.d. spectra, the signs in the n-y7n* region are positive for
both 3 and 4. The relative array of the carbonyl group and the double
bond in the ketone 3 is similar to the arrangement (A in Figure 1) pro-
posed by Moscowitz and his coworkers as the generalized octant rule.zo)
Hente the sign and relatively large magnitude of the Cotton effect observed
for 3 are well consistent with the prediction from the generalized octant
rule, though € and Ae are not so much enhanced as in Bicyclo[2.2.2]oct-
5-en-2-one (73), dehydronorcamphor homologues (74) or bicyclo[3.2.0}hept~
2-en~7-one derivatives (86), which have been regarded as a suitable model

for A-arrangement in Figure 1 or 7. . The magnitude of & and Ace of 3 are

o)
73 86a 87
0] (0] o
O
74a 74b 74c ' ' 74d
rather comparable to those of 2,3-dihydrotriquinacen-2-one (87, A 297 nm,

max
€ 88; Ap,yx 305 nm Ae ca+7.5 in ethanol),3) exhibiting a similarity of 3 to

§1 in the arrangement of two chromphores rather than to the compounds

(13, 74 and 86) stated above. The reason for the small difference in Ae

between 3 and 87 is possibly due to minute difference in conformation

between two ketones or to the effect of the double bond in y-position of 87.
The behavior of 4 in c.d. spectra is more interesting. The Ae of 4

is not so much large as that of 3 in spite of the comparable e value to

that of 3, and in addition, the sign of the Cotton effect in the n—rm*
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Table 18. U.v. and c.d. spectra of (1R,5R) - (+)~-bicyclo[3.3.0]oct-7-en-
2-one (3) and (ls,SR)—(+)-cis—8—methylenebicyclo[3.3.0]octan-2—one (4).

isooctane methanol
u.v. c.d. u.v. c.d.
Compound >‘max € Amax Ae Amax € )‘max Ae
(+)-3. | 320sh 32.8 323 +2.62
313 62.8 212.5 +5.19 308sh 79.5  307sh +5.14
302.5° 73.0  302.0 +5,64 299.5 99.4 299 +6.10
292.5 64.4 292.5 +4.34 294sh 96.7 292sh +5.54
285sh 48.4 285sh  +2.82 :
278.5sh +1.82
 231.5 0.0 243.5 0.0
215sh 1100 216.5sh -2.21 214 -5.62
211.5 -3.98
, 205 0.0 200* 4570 204 0.0
196.5 = 4750 193.5  +18.0 195%  +14.1
’ ‘ 185% +11.6
(+)-4 323sh 25.8  323.5 +0.385 | 320sh 25.8  320sh +0.301
314 58.9  312.0 +1.09 310sh 60.0  308sh +1.01
394.0 76.5  301.5 +1.29 298sh 86.1 298.5 +1.45
294 72.0  292.5 +1.23 294 87.9 291.5 +1.47
287sh 56.9 284.5 +0.925 | 285 76.9 285 +1.24
277 40.8 277sh +0.596
' 269.5sh +0.355
242.5 0.0 249.5 0.0
222.5 -0.915 223.5 -0.747
214.5 0.0 216 0.0
206 3280 200sh +3.19
191.5 2340 193 +3.98 198.5 5020 197.0  .+4.22

*  Shortest wavelength reached. .
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region is opposite to those of 3. and the saturated ketone 1l with respect
to the same configuration of bicyclo[3.3.0]octan~2-one skeleton. Since
the conformation of the skeleEon would not be so much defferent between
three ketones 3, 4 and 11, the contribution from the cyclopentane ring
(or more precisely, from the bicyclo([3.3.0]octanone structure) to the
Cotton effect is assumed to be almost the same for the three ketones.
According to Kirk's method of generalization,z) the maénitude of contri-
bution is well‘estimated by the c.d. of saturated ketone 11, that is, Ae =
-1.52 (in isooctane) for (1R, 5R) -bicyclo{3.3.2)octan-2-one skeleton.
Hence it is clear that the positive c.d. sign of 4 is opposite to the
expectation from the contribution of bicyclo[3.3.0]octanone skeleton, and

this behavior is easily attributed to the introduction of exocyclic C=C

40004

2000+

Figure 34. U.v. and c.d. spectra of (18,5R)~(+) -
cis-8-methylenebicyclo[3.3.0joctan-2-one (4) in

isooctane ( ) and methanol (=—=-=-- ).
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double bond in B-position. The c.d. signvis, however, opposite to the
prediction from the_generaiized octant rule even 1f the slight flexibility
of bicyclo[3.3.0]octane skeleton is taken into account (C=C double bond
always lies in the lower left or upper tight rear octant). Thus; it_ié

.now evident that the c.d. sign in the n-7* region is dependent on the

direction of the double bond as well as its position in the carbonyl octant. C;
4€
+ }\ nm
200 250 300

'Figure 35. Qualitative c.d. spectra of (1R,5R)-
cis—8-mephylbicyclo[3.3.0]octan-2—one (60) . ®

In addition, the fact that the hydrogenation product (60) shows
negative c.d. in the n-»T* region obviously indicates that the olefinic
double bond functions as a particular chromophore whose geometric desposi-
tion in a particular octant is sufficient for the determination of the sign
of the n-s71* Cotton effect, as stated by Moscowitz in the original genera-
lized octant rule. The contribution of double bond in 4 to the c¢.d. in
n-7T* region is roughly estimated as 2.8 (1.47 + 1.29), which is comparable ¢
to the be oy of 2 (~3.14), In fact, the relative array of C=C double bond and
carbonyl group in 4 somewhat resembles to that in 2, though not exactly the
same. The ketone 4 will surely propose another type of the arrangement of
a carbonyl group and a ethylénic linkage, making the applicability of the

octant rule to B,y-unsaturated ketones more difinite.
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vVI. Theoretical calculation of circular dichroism — I

Each compound studied has two chromophores (C=C and/or C=0) at the
so-called homoconjugated position. Optical rotatory power of this tyée
of compounds can be considered to result from the interaction between two
chromophores in the molecule. Various treatments have been proposed for
the calculation of optical rotatory power caused by tﬁe interaction of the
chromophores. Of these, Bosnich's formalisml) here adopted is relatively
simple but proved effective, and, moreover, the result of this method
facilitates the undefstanding of the contributions of individual chromo-
phores. Since Bosnich's method deals only with the interaction of elec-
trically allowed transition, some modification was made for the application

of this method to the present system.

1. General procedure\,
a. Electronic states .

Suppose that the molecule under consideration has two chromophores A
;and B (which may or may not be the same type) with ground state functions
specified by ¢% and ¢g, respectively, and -that there is no interaction

between two chromophores at the ground state. The total ground state func-

tion !0 is given by
. A B
29 = ¢ %

Consider p and g kinds of excitations for the chromophore A and B, respec-
tively, and i-th excited state of each chromophore given by ¢? (i = i~p)
and ¢? (i = i~q). Then the j-th local excited state functions, §j (3 =

1~ p+g), of the whole system are represented by

i = ln—p)'

et
]
©
©
o
—
(.-

(j = p+tl~p+q)

The total wave function, !i, corresponding to the i-th excited state of the

molecule, is expressed as a linear combination of the unperturbed singly
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excited state functions, Eﬁ, with the mixing coefficients Cij associated

with the j-th function of the i-th level

n
¥. =Y c,.8: (n = p+q)
i 45,7433

where j = 1,2,+¢++, n. The application of the variation theorem leads to o

the set of n simuitaneous equations.

li 13

i

a2}
[]

L= <T, |H|B.>
ij 1 J

Sij

<§i|§j>

H is the Hamiltonian of the system, and E is the appropriate energy. In
order to obtain nontrivial solutions, the secular determinant is set to

zero and the allowed energies are found by solving for E
IHij - SijE|= 0

If normalized bases functions are used, si. is given as follows

J

Sij

The second equation needs some comment. If each local transition is set
orthogonal to each other in a chromophore, Sij (i ¥ j) in a chromophore

is natural to be zero. In case of Sijbbetween"two chromophres, however,
it is necessary for Sij = 0 to assume that the;e is no pverlap integral
between two chrémophores. In this paper this supposition was used because
of the simplification of the calculétion. . Moreover, it is
consistent with the previous assumption that there is no interaction
between chromophores at the ground state.

Provided that the system is weakly coupled through electrostatic

forces, the total Hamiltonian, H, of the system can be split up
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2 Hl.+ vy

1—1 i<j i3

where Hi is the Hamiltonian of the i-th ‘'states, and vij is an electrostatic

o multipole interaction operaﬁor between the i-th and j-th -states. These
JP two terms are calculated as follows.
) .n
i) Wy o= <§i|i£l Hi|§j>
Wij =0 forik¥j
Wij = E; for i = j
where Ei is the local transition energy of the i—ﬁh transition.
0 | ) a
ii) V4 = <8, [lzj vij]§j>
In a chromophre Vij = 0, because each transition is orthogonal to
® each other in A and B chromophores, respectively. The interactions
e between two transitions which belong to the different chromophores
are evaluated in the following way.

The interaction between eiectrically allowed transitions as well as
between magnetically allowed transitions are estimated by the point-dipole
approximation. The dipole-dipole interaction is given as below.

_ > > E R
Vg = o gy - AT
R} . ' R. .
ij 1]
’. . |
where R i3 is the vector distance between the centers of the transition
moments (the positions of p01nt-d1poles) of the i-th and j-th transitions
(from i to J). Ki and uj are the i-th and j-th transition moments deflned
by |
>
i o= <gylmlE>
->
iy = <gp|mlzy>
>
.‘ where M is the electric or magnetic dipole operator.
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On the contrary, there is no interaction between the magnetic and
electric dipole moments. In other words, magnetic dipoles do not couple
directly with electric dipoles. However, all magnetic transitions which
are associated with the orbital motions of electrons must produce elecﬁric
moments as well. If the chromophore has a center or a plane of symmetry,
the electric moments can be dipole moments perpendicular to the magnetic ®
moments, quadrupole moments, etc. In particular, if the transition is of
the n+~7* type involving a p-p quantum jump in the atomic orbitals, the
magnetic transition invariably is associated with a large quadrupole
moment. This quadrupole moment can interact with the electric dipole
moment. When i-th transition is magnetically allowed and j-th transition
is electrically allowed, the dipole-quadrupole interaction can be evaluated
as follows.z)
-> -> E > - >

e B3y s (Riyt@tRey) BReyiyg)
i3
5 2 7
Rij Ry

Q; is the quadrupole tensor of the i-th transition and is most easily b

represented by the matrix shown in the next equation.

209%™ Wy~ 92z 30yy 37
Q= 3y 20yy= Qxx™ Qg3 3Qyy

30z 3Qyq 205" Oy~ Qpy

The components of gquadrupole moment are calculated by means of

Ql = éfﬁiqswo at (0,8 = X,%,2)

where e is the electronic charge.

b) cCalculation of transition moment and guadrupole tensor of local

transition by molecular orbital treatment

In the guantum mechanicalsystem,3) the electric and magnetic transi-
> . .
tion moments, ui and ;ﬂ, respectively, from the ground state YO to the

k~th local excited state mk are defined as .
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—)e_
My =< ¥ M 1T>

->m

e =< Yo Mg lZ>

The electric and magnetic moment operator are given by

Me = er
uo=2—Fxp=—B_FuF
2me 4rimc

where e is electronic charge and m is mass of electron, ¢ is the velocity
of light. T is the position vector with respect to the center of the
transition.

Suppose k is not more than p; that is, local transition in chromophore
A, next equation is available.

52 - <o} Bl lok 43 >

k=
~
I

]

<oblm | 6B ><op | op >

A A
<9g 1M 18y >
Similaxly, in the case of magnetic moment;

T = <Rl lol >

In the molecular orbital approximation, the wave functions ¢% and ¢i
are constructed by the p;oducts of one electron funcﬁions wi' which, after
multiplication by appropriate spin functions, can be antisymmetrized.
This ASMO — though it is important for energy -talculations — does not
need to concern us for the calculation of transition moments since the

4)

same results are obtained even from the following simple treatment.

Suppose 2r electrons are related to p kinds of transitions on chromo-

phore A. Write the ground state as

o5 = W22 Y (), (k)
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and an excited singlet state as

A

oy = )2

W2 W% 0 ) IV ) + Y (Y (0}~

3

It is obvious that the orthogonality of the molecular orbitals ¥ leads to

Ty =<dglug| op >
=/__2_-1—{ <Y (3) MY, g (3> + <y (k) M [0, (k)>)

=/2 <y M|y

r+l>
The same transformation can be applied to the magnetic moment so that,

aside from the factor v2, only one electric transition moment needs to be

considered
Lt -
b =72 <vp Mgy, >

In the current definitions of electric and magnetic moments, these quanti-

ties are not formulated on an equal footing. This may be set right by

the equivalent formulation3)
eh > ie >
<y M oy > = = —5——<y |V]y; >= - <y lplvg >
k'Tel "l 4“2mv k 1 I k 1
k1l k1
where hvkl = Ek - El' This equality holds if wk and wl are exact eigen-
functions of a Hamiltonian with eigen values Ek and El' Molecular orbi-

tals, however, are usually approximations to exact solutions of a Schro-
dinger equation. Hence the above expressions .are not rigorﬁusly equiva-
lent, but one of great practical value. ‘

Next, quadrupole tensor is treated in an analogoﬁs way. Let us
suppose i-th local transition to be magnetically allowed and to correspond
to transition from k-th molecular orbital wk to 1-th molecular orbital wl.

“The components of quadrupole moment are easily derived as follows.

Qlg= e <z loplyy>= VT o<y loly; > (a8 =x v, 2)
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where the next relationship was used since quadrupole tensor operator is

a Hermitian.

<Ii|a6|‘:l{0 >= <¥,]aB|E, >

¢) Rotational strengthe
Rotational strength ‘Rex of the transition from ‘?0 to ‘yex state is given

as follows from Rosenfeld's equations)

Rex ~© Im<3{£0|Me|!ex> ) <S{elem|yd i

Thus the calculation of Rox requires that the electric and magneti‘c

transition moments are on an equal footing.

i) Electric transition moment

L . The electric transition moment Ei from the ground state to the i-th
®
. 6
electronic state can be written as follows. )

]
[

—<Y'O]Me|!|’.i>

- ___g_h___< !LOI-V)IH’.]._ >
4T7mvg, -

<YOIEIH‘_i> (since P = 2%

21rmv0i” 201

ie

As the result from the solution of Secular determinant, Yi is expressed

Y ' as the linear combination of local transitions

® : ie zc
2mmv, . j J
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-
When Pj is defined as follows,

- >
p, =<v_|p|z, >
3 olPl2y

->
Pj represents one electron transition moment of j-th local transition irres-

pective of its transitional energy. Then

o
L
> . n ->
2mmvg; J
The electric moments thus obtained by nabla method are independent on the
choice of the origin.
ii) Magnetic transition moment
. -+
The magnetic transition moment Mi can be rewitten as given below.
- -
M, =<¥,M ¥ >
' ®
e >
= <¥ |¥ x ply, > o
2me 0 *
n
= e <!{0|;x§[zcl.§ >
2me j=1 33
== rfc <y |T x plo. >
ame j=1 +3 0 3
Here T is the position vector with respect to the origin arbitrarily chosen.
The magnetic moment, therefore, does depend on the choice of origin.
This point requires some explanation,
- . .
If Rj indicates the position of the center of the j-th local transition ‘l
YO-*ﬁj, and ?g»locates at an arbitrary point with respect to this point,
next equations hold.
>
-> -+
r. = R, + r.
J b} ]
e > >0 >
<¥y|r x plz, >= e <¥o| Ry + X)) x p|T,;>
2me 2me B J J
a > > +Q >
= {<¥ |R, x p|&.>+<¥, |r] x p|T. >
2me 01 j 0'73 3
L
¢
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> - -
= — R. x P, + p%
ome 3 3
-+ n - - n .
M, = — C,sRy X B, + ] c..n5
2me j=1 *JJ 3 og=1 3

The last formula clearly shows two types of magnetic transition moments.
One is attributed to the "intrinsic" or "group" magnetic moment that the
local transition possisses if any (the second term of the last eéuation).
The other comes from the coupling of the electric transition dipole moments
(the first term of the last equation) . Though the latter type of magnetic
moment is origin dependenf, the resultant rotational strength is given as

origin independent (See Appendix) .

95



2. Application to the spirosystems
a. Molecular conformation

Condidering from Dreiding models, the molecular conformations of
spiro-compounds are postulated as followsi

i) The conformations of the spiro-compounds are madé up of two puckered
cyclopentane aerivatives, that is, cyclopentanone, methylenecyclopen-
tane and cyclopentene. Inithese spiro[4.4{]lnonane derivatives, the
approximation is allowed that the plane (cl) made by the carbons 1, 4
and 5 of spiro[4.4]nonane is perpendicular :0 that~(02) made by the »
carbons 5, 6 and 9, and that a common line éxists which bisects both the
angles £154 and (659, irrespective .of the conformations of the five-
membered rings.

ii) Bond lengths and bond angles of three planar cyclopentane derivatives
are approximated to those given in Table 19.

iii) In a pucke;ed form, the carbons 2-and 3 come above or below the
plane oy, that is, the direction of the displacements of C2 and C3

from the plane o, are opposite to each other in half-chair forms and

Table 19.° Bond lengths and bond angles of five membered rings.

Bond length (i) Bond angle (°)
. -
Qo 1 -5 1.52 L1-5-4 10€
2 Ns  1-6 1.20  £5-1-6 122
L5-1-2 116
34
% H
2 1 -5 1.52 L1-5-4 106
t
2 5 1 -6 1.34 L5-1-6 122
: -1-2
g L5-1 116
-2
3 | 1 -5 1.52 L1-5-4 176
1 -2 1.34 5-1-2 110
4—5
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the same in envelope forms. . If.the changes in bond length and bond
angle caused by the conformational change from the planer form to

the puckered one are uniformly scattered on the whole system, the
bond lengths and bond angles given in Table 19 would little deviaté
from the true values. »Theﬂ, for the f%rst approximation, the posi-
tidn and direction of the chromophore in a puckered form are obtained
by twisting the chromophore around 1-5 bond (resﬁlting in a departure
of the chromophore from the plane cl) with bond length and bond angles

of the same size as those in Table 19.

Based on these approximations, the calculation of the rotational
strength was made for five conformations in which the dihedral angles be-
tween the plane 0y and the plane défined by C5 and the double bond (chromo=-
phore) are +20°, +10°, 0°, -10° and -20°, respectively.A In the spiro-
system, therefore, twenty-five kindslof conformations are considered.

-But when the molecule has C2 symmetry, as in the compounds 5, 8 and 9,

only five conformers were considered. Plus-signed directions of torsion

~angles are shown in Figure 36.

b. Local excited states and their energies

The kinds of transitions of the component chromophores considered
for the calculation of the transition energies of the spiro-system are

shown in Table 20. These energy values except for the m-+7m* transition

Table 20. Transitions of the component chromophores considered
for the calculation and their transition energies.

Transition Moment

e Co.m
u u Q(xy)
. Energy . ;

h - - - a
Chromophore Transition eV (nm) (£1:0 17)(x10 20)(xlo 26)
C=0 n->mn* 4,132 (300) 0.0 0.9694 0.42

n-g* 6.000 (207} 0.1390 0.1840 —
m> Tk 7.500 (165) 0.3099 0.0 0.0
=C I 6.500 (191) 0.3363 0.0 0.0
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of carbonyl group are decided by taking into account the observed data,
though they are not necessarily the exact values for the cyclopentane
derivatives (monomeric chromophores). The energy of 7m-+n* transition of the
carbonyl that could not be reached in the observed u.v. spectra was taken

7)

from the data in the literature. These energy values are used aé the

diagonal elements of the secular determinant. As can easily be conceived, o ‘
there would arise little differences in the results of calculation even if

slightly different values were used for these energies. Therefore little

attention was given to the refinement of these energy values.

pr————

®
1 2
i
1
}
]
‘
LY
5
9
®
Figure 36. Torsion angles around the Cl-C5 and CS-C6 bonds. °
.
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c. Centers of transitions

The centers of the transitions must be determined for the calculation
of magnetic transition moments and of off-diagonal elements of secular
determinants. The decision of the transition cenﬁer is sometimes a seri-
ous problem. When the chromophore ié benzene or such aromatic ring, there
is a considerable arbitrariness in deciding the position of the center,
and this may give rise to the marked change in the result of calculation.
In the present case, however, it seems reasonable to'consider that the
center of the transition moment lies between the two atoms of the chromo-
phore.  Hence the center of the transition wasassumed to be located at
the midpoint of the doﬁble bond. .The trivial displacement of the tran-
sition center along the double bond would be attended by little change in

the calculated rotational strength.*'_'

* Schellman proposed a definition of the position of the local origin V
(center of transition) as follows:s) the position of the‘local origin, ;i’
is chosen so as to minimize the matrix element of Ei for a given transi-
tioﬁ. Any arbitrariness which remains after the minimization of the
matrix element can be removed by minimiziqg the magnitudes of the quadru-
pole or higher multipole components. This treatment, though seems appro-
priate at a glance, soon proved ineffective as shown below. ;

The magnetic and quadrupole moments of n*m* transition of carbonyl

are origin independent and the local origin could not be determined.

The magnetic and quadrupole moments of n*o* transition of carbonyl
are origin dependent because n+0* transition igfboth magnetically and
electrically allowed.' When the magnetic moment is set zero, the quadru-
pole moment remains, and vise versa. This causes thé non-zero interaction
between electric moment and.zero—magnetic moment, or no interaction between
electric and magnetic moments. It is also difficult to- determine unequi-
vocally the position of the origin for a transition with magﬁetic and
quadrupole moments both of which have non-zero and significant values,

since there exists infinite number of such points.
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d. LCAO-MO of C=C and c=0 double bonds.

Molecular orbitals are written as linear combinations of atomic
orbitals, for which Slater functions are chosen (See Apendix 4 and 5).

For carbon-carbon double bond, let the cbordinates of two carbon
atoms Cl and C2 be located as in Figure 37. One electron molecular orbi-

tals wn and wﬁ* are given by

Cc2

+ X )
2 2

o /3 pPx px

Cc2
1’)“* = __].'_-( XCI -

X5 mmve)
/3 2px 2px

For the calculation of transition moments of carbonyl the SCF-LCAO-MO of
formaldehyde are adopted, whose dimensions are shown in Figure 38. The

molecular orbitals are given by

_ ’ H1 _ H2.,_ . c 0
b = =0.3684( xig = Xig )= 0.2704x5,, + 0.9054x;,,
c o)
= 0.655 + 0.626
Vr X2py X2py
c 0
* = 0.788 - 0.812
Ve’ X2py X2py
_ HL , _H2,_ c c
% = 0.796( xhg + Xjg )= 0.0142x7 g + 0.101x5g
c 0 o o
+ 1.298x5, - 0.0729X], - 0.746x5 0.595%5,
‘rx T‘x
. °
Hq 112|A
C4 C2 18’ Ne)
(0,0,-0.67) | (0.0,0.67) 1.20 A
Ha
Figure 37. Figure 38.
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e. Transition moments
i) C=C double bond

T+T* transition of C=Cdouble bond is only electrically allowed and

its electric moment is given by

> _ ievZ < - - /3 ‘v"
= - — lP PlY = - & <Y, | HJ
L 21rm\) l l 1r* 41r2mv

And with LCAO expression, <1p,"|$|1p,"* > is rewritten by
< V0. >= —{ Kol 1Xp > = < Xop T X5 >
+< x2pr|X2px >=< szle 2px
From symmetry consideration (See Appendix 4)

<y |Vl e>= =< XZPXWIXZPX

With numerical calculations (See Appendix 1 and 4)

cl c2 . _ 8
<xsz|i7’|xsz>_ 0.444 x 10
Then 78 , = 0.338 x 1077 e.s.u.

ii) C=0 double bond

n+r* transition of carbonyl double bond is only magnetically allowed.

Its magnetic moment is given by

/2'<q;n|i:*x§|¢n*>

=
|

n>m*
2me

—eh_ »"2'<1p |rxv|1p

4-rr1mc
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and

<\p‘n|-fx_V)|1p“* > = -0.2903{ <X?i|;x-v)‘-xc2:py> - <X§_I2|'fx§lxc >}

- 0.213< Xgpxlzx§|x§py-> + 0,2196 < Xgpxlzx3|xgpy >

o
L
0 > C - 0 > o}
-o.713<x2px|rx'v*|xzpy> o.735<xszlrx$|x2py>
where the integrals between the non-neiboring atoms are neglected since
they are small. In addition, the integrals concerning the atomic orbitals
x?i, x?i and Xis are also neglected because their coefficients in form-
aldehyde cannot be used in ketones. With the following numerical values,
c =z c _
<x2pxlrx$|xzpy>-.l.0|k
c |z (o) _
<XopxlT xﬁlxzpyn 0.2232 |k
: ®
L
o | c -
<x2px|r X$IX2py>— 0.2232 1k
o > o
< =
xszlrx$lxzpy> 1.0 k
we obtain ﬁﬁ+ﬂ* =0.9694 x 10720 k e.s.u.*
‘For the quadrupole of Figure 38, only one component Qxy'takes non-zero
value.
@
L
n-m*
0, =vIe<y lxylu,>
* If X?s and etc. were taken into account, the following values were
obtained.
->m -
i . =1.23x107%0 k. e.s.u.
nw* - L
Oy = 0:723x107%° e .s.u. .
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With the following numerical values

o c _ - -16
< szxjxylxzpy >= 0,159 x 10

C o - .
<xszlxy|xzpy:>— 0.034 x 10‘

o . c U
<X2px|xy|x2py>-— 0.034 x 10

o} 0 _ -16
<x2px|xy|x2py>— 0.081 x 10

* -
we obtain Q2;“ = 0.423 x 10 26lk e.s.u.*
The n+c* transition is both electrically and magnetically allowed. Its
electric moment is given by
SR - S, DML [T
n>o* 2 n o*

4T7mY o

The term ~<¢n|§|wo* > was calculated in the same manner as above to give

17

=] - - :

Uppg® = 0.139 x 10 i e.s.u.
The magnetic moment is given by

>m -20

Hosgx = 0.184 x 10 j e.s.u.

The gquadrupole moment was néglected in this case because taking it into
consideration makes the calculation very troublesome in spite of its very
small contribution to the c.d. in the n»m* transition.

The transition moment of the electrically allowed T+7* transition

was calculated in a similar manner as above.

* See note in the preceding page.
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*e eh
v V2 < wﬂ|3]¢ﬂ* >
4TTmY

=0.337x 1007 k¥ e.s.u.

These calculated values of transition moments are listed in Table 20. ®

£f. Results and Discussions

i) B,y-Unsaturated ketones 1 and 2

The calculated results for 1 and 2 are summarized in Table 21 and 22
together with the observed data. In the case of lu'almost all conforma-
tions considered gave positive c.d. sign in n*7* transition.

In the most stable conformation of 1, the puckering mode of five-
membered ring is assumed to be similar to that defined for diketone 5 from
X-ray analysis and Valence-Force calculation, that is, the conformer of
(+10°, +10°).* This form gave negative sign, whereas the assumed next ®
stable ¢onformation.(F10°, ~10°) gave relatively large positive sign.
Hence a consideration upon the population of conformers can well explain
the observed positive sign of ¢.d. Moreover, based on these two confor-
mers, the reported temperature dependence.of the c.d. spectra in which

9)

.the positive sign decreased at lower temperature”’ can be explained satis-
factorily by the use of these calculated results.
In n>0* transition a good agreement was also seen between the calcu-
lated and the observed c.d. signs based on the same consideration of con-
formation. ' L J

In the case of the ketone 2, the observed negative sign in n»>7* region

_ is well reproduced in almost all conformation,'and the large rotational

strength of 2 compared to that of 1 is also exhibited in the calculation.
The negativé sign of n»71* transition in the observed c.d. spectra is also

in fair agreement with the computed results.

* plus sign of 92 designates such twisting that C=C double bond approaches

to and depart from the carbonyl in 1 and 2, respectively (see Figure 36). ®
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Table 21. The calculated and Table 22. The calculated and

observed values for (R)-6-methy-~ . observed values for (S)-spiro-
lenespiro[4.4]nonan-l-one (1). [4.4]non-6-en-2-one (2).
Calculated Results Calculated Results
Rotational Strength - Rotational Strength
o1 ®2 for n—»r* transition el 6,y for n-»T* transition
(x107%7) (x1079)
-20 -20 1.98 : -20 +20 _ -0.056
-20 -10 1.63 -20 +10 -0.488
-20 0 1.21 -20 0 -0.836
-20 10 0.76 \ -20 - -10 -1.041
=20 20 0.32 -20 -20 -1.043
-10 -20 1.69 -10 +20 -0.026
-10 =10 1.27 -10 +10 -0.553
=10 0 0.82 -10 0 -1.023
-10 10 0.38 -10 -10 -1.373
-10 20 0.01 -10 -20 -1.527
0 -20 : 1.23 0 +20 ' 0.066
0 -10 0.81 0 +10 ’ -0.522
0 0 0.39 0 0 -1.095
0 10 0.04 0 -10 -1.592
0 20 -0.17 0 -20 -1.935
10 =20 0.71 10 +20 . 0.218
10 -10 0.34 10 +10 -0.377
10 0 0.03 10 0 -1.004
10 10 -0.14 - 10 =10 -1.617
10 20 ~0.12 : 10 -20 -2.144
20 =20 0.24 . 20 +20 0.401
20 -10 0.01 20 +10 -0.138
20 0 -0.10 20 0 -0.748
20 10 -0.03 . 20 -10 -1.406
20 20 0.26 20 =20 -2.061
Observed Data ‘ Observed Data
u.v. c.d. . u.v. c.d.
A D by R A D A R
-38 -40 -37 _ -40
302 8.9 x 10 305 +4.5 x 10 306 1.2 x 10 310 -9.9 x 10
204 6.8 x 1073 207 +2.6 x 1073? 197 6.8 x 107°° 205 -3.3 x 10737
183 1.3 x 10737
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One general trend in the calculated results is that the sign of c.d.
in n-+7* region is always dominated by the mixing of m+m* transition of C=C
double bond and that it is independent on the mixing of n-g¢* and mw>n* tran-
sitions of carbonyl which can mix with n-7n* transition indirectly only
through the interaction with #w+m* of C=C bond.* This was also confirmed ®
by the calculation in which n-o* transition was not taken into account.
Thus the same sign was célculatéd for n-»n* transition with or without
consideration of n+o* transition.

The other trend which is more important is that the sign of mixing
coefficient of m+1* of C=C w1th n+r* transition is 1nvar1able for a given
absolute configuration, that is, positive both for 1 and 2, irrespective’
of their conformations in the feasible extent of puckering. Therefore,
the sign of c.d. is entirely dependent upon the mutual orientation of the

C=C double bond and'carbonyl group, namely, the intersecting angle between

the electric and magnetic moments.
ii) diketone §

The results are shown in Table 23. The calculation always shows
two Cotton effects of opposite sign in the n+m* region. The relative
magnitude of rotational.strength for two transitions varies depending upon
the conformations. In (+10°, +10°) conformer, which is similar to that
determined by X-ray analysislo); the Cotton effect at the shorter wave-
length side was calculated to be larger than that at the longer one.
On the contrary, a larger value was given at the longer wavelength side ®
for (-10°, -10°) conformer. This result is well in accord with the ob-
served temperature dependence of the c.d. spectra, though the calculation

11)

by Lightner gavé another explanation. In any event, the relative

magnitude of the two transitions is very sensitive to the method of cal-
culation apart from the sensitivity to the conformation, and, at present,

a quantitative conclusion cannot be drawn based on these rough approxima-

tions.

* The n+0* and m+7n* transitions of carbonyl cannot mix with n+rm* in the

first- order treatment of perturbation theory.
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With regard to the splitting of two n~»7m* transifions, very small
value was given because of the negligibly small order of interaction be-
tween magnetic moments inputted to the calculation. When the point mono-
pole method* was adopted for the calculation of interaction between n->T*
transitions as an alternative, a larger value was obtained (0.0637 ev)

~ though the computation was very troublesome.

Table 23. The calculated and observed values for
(R)-spiro{4.4]lnonan-1,6-dione (5).

/Calculated Results

R 39 : ev

&, 9% ev x10~ x10732
1 | -20 =20 4.131876 -0.0693 4.131865 +0.3078
-10  -10 4.131881 -0.1107 4.131869 +0.2475
0 0 4.131906 -0.1243 4.131892 +0.1427
+10  +10 4.131893 -0.0653 4.131883 +0.0211
+20  +20 4.131759 +0.0883 4.131752 -0.0699
I | -20 -20 4.131876 -0.0682 4.131867 +0.3100
-10  -10 4.131887 -0.1051 4.131879 +0.2534
0 0 4.131937 -0.1130 4.131931  +0.1543
+10  +10 4.131994  -0.0496 4.131991 +0.0392
+20  +20 4.131980 +0.1049 4.131975 -0.0470

Observed Data

u.v. c.d.
A D A R
301 1.7.x 10737 317 -4.6 x 1074
. 288 +6.7 x 10”41
217 1.1 x 1073% 222 -7.4 x 10740
-36 10
202 2.1 x 10 -9 x 10

I: n-»c* +transitions are considered.
II: n->0* +transitions are not considered.

* See Chapter VIII-2.
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iii) Dienes

The results of calculation for dienes 8, 9 and 10 are shown in Table

24, 25 and 26, respectively, together with the observed data.

These

results are entirely the same as the qualitative examination by exciton

model as expected, except for the magnitude.

Every conformer gave a

satisfactory sign for diene 9 and 10 but not for 8, as already expected

by exciton model. A noticeable point for 8 is that only the most unstable

conformation can give the c.d. sign consistent with the observed one, but

that the magnitude is very small compared to those of other conformers.

This disagreement of the exciton theory with the observation for 8 may be

partly attributed to the homoconjugation of double bonds which is more

effective

rangement of double bonds in 8.

in 8 than in 9 and 10 because of the relatively parallel ar-

Accordingly further calculation was

carried out for 8 by use of the method of composite molecule (See the

following chapter).

Table 24. The calculated and
- observed values for (R)-spiro-

[4.4]1nona-1,6-diene (8).

Table 25. The calculated and
observed values for (R)~1,6~
dimethylenespiro[4.4]nonane (9).

Calculated Resqlts

Rotational Strength

Caiculated Results

Rotational Strength

] 6
1 2 for longer wavelength el e2 for longer wavelength
(x10738) (x10737)
-20 =20 -0.19 -20 -20 +0.17
-10 -10 +0.34 ~-10 -10 +0.20
0 0 +0.76 0 0 . +0.22
+10 +10 +1.02 +10 +10 +0.22
+20 +20 +1.10 +20 +20 +0.20
Ovserved Data Observed Déta
u.v, c.d. u.v. c.d.
A D A R A D A R
198 1.6 x 103> 198 -3.7 x 10739 -35 -39
: . 187 2.9 x 10 211 +8.0 x 10
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Table 26. The calculated and
observed values for (S)-6-methy-
lenespiro[4.4]non—1-ené (10).

Calculated Results.

Rotational Strength.

el e2 for longer wavelength
(x10737)
+20 +20 -0.16
+10 +10 -0.17
0 0 -0.15
-10 . =10 =0.12
-20 -20 -0.08
Observed. Data
u.v. c.d.
X D A R

35 39

186 2.6 x 10° 200 -5.0 x 10"
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3. Application to the B8,y- unsaturated bicyclooctanone 3 and 4.

The calculation was made for only one conformer of each ketone, in
which the five-membered rings were assumed to be planar and the dihedral
angle between two rings was set at 120°. Bond lengths and bond angles

adopted here are shown in Figure 39.‘

Figure 39

Only two transitions(n»n* of carbonyl and m+n* of C=C double bond)
were taken into account for this calculation because other transitions
have already provéd to have little effect on the c.d. of n»T* transition.

The results of calculation based on the disposition shown in Figure

40 are given in Table 27, which predicts relatively large positive and

Figure 40



small negative Cotton effects for (1R,5R)~-3 and (1R,58)-4, respectively.
fhe predicted consignate behavior of 3 and dissignate behavior of 4 agree
well with the observed c.d. spectra for thesé ketones (Figure 33, 34; Table
19), showing again the usefulness of the u-m coupling theory for 8,y-un-
saturated ketones.

One remarkable feature in the calculated results is that the inter-
action between two transition has the same sign of mixing coefficient in
.3 and 4, and that the sign of Cotton effect is only dependent upon the
mutual orientation of the double bond and carbonyl group, as was already

shown in the case of spiro system.

Table 27. The calculated results for (lR,SR)—bicyclo[3.3.0]o¢t-7-en-
2-one (3) and (1R, 5S)~-8-methylenebicyclo[3.3.0]octan~2-one (4) .

Compound (1R,5R) -3 (1R,58) -4
Magnetic Position ({ 0.00, 0.00, 0.00) ( 0.00, 0.00, _0.00)
Moment | pjrection c, +0 c, » O
( 0.00, 0.00, 1.00) { 0.00, 0.00, 1.00)
Electric Position (+2.0§, -1.59, -1.84) (+2.36, -1.43, -0.70)
Moment . .
Direction C8 -+ C7 C8 - C9
(+0.03, -0.61, -0.85) (+0.44, -0.27, +0.86)
Q o
R 3.2 A 2.8 A
v 0.0223 eV 0.0022 ev
: ; -39 -39
Rotational Strength* +0.799 x 10 -0.078 x 10

* Mixing coefficients obtained by perturbation theory were used.
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VII. Theoretical calculation II. Composite molecule method for endo-

endo diene 8

Electronic states of 8§ was calculated based on the composite molecule

methodl’z)

in order to estimate the effect of charge transfer transitions.

The method of calculation is almost the same as that in the éreceding
chapter except that the charge transfer transitions weré considered.
Spiro[4.4]lnona~1,6~diene (8) is regarded to be composed of two ethylene
chromophores. The assumptions regarding the molecular geometfy of 8 are
as follows. The two five-membered rings are planar and set perpendicular
to each other. The planes, C1C5C4 and C6C5C9, bisect the angles, LC6C5C9
and LC1lC5C4, respectively. The bond lengths and bond angles adopted are
the same as those in the preceding chapter.

In this calculation, the T~ electron approxiﬁation and zero-~differen-
tial overlap approximation were adopted, and the B~value of ethylene was
tentatively assigned as -2.37 eV so that the calculated transition energy

; 187 nm). Electron re-
3)

of ethylene coinsides with the observed one (Amax

when 2pT orbitals
6

2p
which are not parallel to each other, the integral is divided into ¢ and 7

pulsion integrals can be obtained by Pariser-Parr method

are parallel to each other. In case of the integral between Cép and C

components, which are determined from the table of ab initio two center

4) These values in table are, however,

5)

repulsion integrals by Roothaan.
sometimes far apart from the observed ones. Hence the modified values

from the following equation are employed,

is sasy R
e g . ..P(ll/JJ)T
(ii/33) = (11/33)" ——x
(11/33) 5

where (ii/jj)F)isthe value from Parriser-Parr app}oximation, and (ii/jj)f

or (ii/jj)§ are the values obtained from Roothaan's table in which both

the T and ¢ components, or only the 7 components are considered, respective-
ly. This modification did not result in any large differences in the
electronic states of spirodiene. One center electron repulsion integral
was assumed to be 10,84 eV based on the data of Pritchard and Skinner.6)
Resonance integrals Bij (for example, between Cl and C6) are calculated by

the following equation,



-
B,. = —=d g
ij s 12
12

where Sij is the overlap integrals between Ci and Cj. All orbitals are

assumed to be of Slater type, and the charge transfer energy are estimated-

7

by Murrell's method. The numerical values used in this calculacion are

listed in Table 14.

Table 14
312 = =2.37 eV
S12 = 0.277 516 = 0.0356 Sli = 826 = 0.000236
827 = 0.000088

<11|1l1>= 10.84 ev <11|22>= -7.06 eV <11|66>= -5.20 eV

<11|77>=<22|66>= 3.97 eV <22|77>= 3.05 eV

From these data the secular determinant was solved to give the results

shown in Table 15.

Table 15
Transition
energy (eV) Wave functions¥*
8.0115 ¥ = -0.1783 ¥& + 0.9840 ¥&
* 5 ° L * CcT _
- - S s .
7.9694 !4 = -0.0380 !G + 0.0389 !L + 0.9985 YCT
- o - S S
6.9311 23 = -0.0017 YG 0.9993 !L + 0.0386 YCT
= A A
6.2700 !2 = 0.9840 YL + 0.1781 ECT
_ _ s ; s
0.0116 !l = 0.9993 IG 0.0002 YL + 2.0381 ECT

39

!1-*£2 197.3 nm (Rotational strength)l+2“ -8.48 X 10 -é.s.u.

¥, ¥, 178.5 nm  (Rotational strength);, +7.89 X 10739 e.s.u.

1

* On the notation one is referred to the literature below: S. Nagakura,
"yuki Denshi Riron", p.132 (1966), Baifukan.

The rotational strength of the lowest two transitions are strengthened



compared to that obtained by exciton theory (R = 7.1 x 10_39), but the
~ sign is still opposite to the observed one. The relatively large rota-
tional strength of the lowest energy transiton compared to that of the
second transition is contrary to the prediction from CNDO calculation by
wagniérea) who regarded the c.d. of (s)~-(+)-8 as the overlapping of a
large positive c.d. in the shorter wavelength on a weak negative one in
_the longer wavelength. o

In contrast, Wynbergg) calcul&ted on the basis of CNDO method to give
the same result as the exciton theory and described that only the unstable
conformation could give the sign compatible with.the experiment. This
result agrees essentially with the present calculation. Inapplicability
of the composite molecule method as well as of exciton theory to: the
diene 8 clearly shows that the effect of o- bond is dominantly large for
this system and the failure of CNDO method seems to exhibit the imperfect

nature of its approximation for the calculation of transition states.
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VIII. General discussions
1. Historical consideration of theoretical treatment of B8,y~-unsaturated

ketones.

Optical properties of dissymmetric 8 ,y-unsaturated ketones have
received much experimental and theoretical attention in many laborato-

vT) The dissymmetric B,y-unsaturated ketones are peculiar among

ries.
ketones in which their lowest n +7* singlets, which lie in the vicinity of
300 nm, exhibit enhanced absorption and optical activity.

8) in order to account

As early as 1950, Alpen, Kumler, and Strait,
for the exaltation of the 295 nm band in substituted phenylacetones, sug-
gested that "interaction between carbonyl and phenyl groups takes place
directly through space". This interpretation is now known to be essentially
correct. Further, in 1950, Woodward and Kovachl) remarked that "the high
rotation and the abnormallyAhigh carbonyl absorption intensity (of para-
santonide at 300 nm) have a common basis", that is, spectroscopic inter-
actions between a carbonyl group and a B,y-double bond are accompanied
by high optical activiéy. This observation was continually reported by
some groups.zm7)

The earliest meaningful mechanism for the enhanced intensity of B,y~

3) who called atten-

unsaturated ketone was advanced by Labhart and Wagniére
tiQn to the overlap of the nonbonding orbital in the carbonyl group with
the m-system of the neighboring ethylenic moiety. They adopted an orbital
‘viewpoint, and showed that because of the non-orthogonality, the non-bonding
orbital was better represented as (n+Arn'), where A is a small mixing
parameter determinedlby perturbation theory, and w' is the highest bonding
m~orbital of the whole w-system. The lowest singlet transition.is there-
fore better described as (n+ Am') - m*, so that the transition is partially
T+ 7* in character (roughly parallels to the extent i) and hence weakly
allowed. Labhart and Wagnidre used a Hiickel-type approach to show that
their mechanism led to a reasonable order of magnitude for the ébsorption
enhancement observed.

In the initial work on the optical activitys) which presented the

generalized octant rule for the first time, Moscowitz followed the lead



of Labhart and Wagnidre and adopted their model and simple orbital forma-
lism. He also pointed out that as far as the correlation of the sign of
the 306 nm Cotton effect with absolute configuration was concerned, this
would be determined by the sign of‘the overlap of an idealized non-bonding
orbital, situated solely on the oxygen atom, with the highest bonding
m-orbital. In this simple orbital picture, the sign of the overlap was
sufficient to fix the relative phases of the orbitals ‘involved in the
transition, and hence the sign of A. Labhart and Wabniére themselves
were not concerned with the sign of A since the enhancement of absorption
intensity depends only on the absolute magnitude of this quantity.
Moscowitz gave the correct sigﬁ of A and assigned the correct absolute
configurations (and even estimated the order of magnitude in some cases)

.

based on this simple Hiickel approach.

On the contrary, S. F. Mason4)

erroneously criticised Moscowitz'
extension and use of the Hiickel-formulated model of Labhart and Wagniére.
The most serious criticism offered was, though without foundation, that
Moscowitz' model predicts different wavelengths for corresponding elect- »
ronic transitions in enantiomeric B,y-unsaturated ketones. Still based

on Labhart and Wagniére formalism, Mason claimed that the intensity enhance-
ment and optical activity of the 300 nm carbonyl ébsorption is attributed

to the direct overlap of the carbonyl lone-pair and the olefin w-orbital,
which appears as the mixing of the electric dipole forbidden n~+m* tran-
sition of the carbonyl group with an allowed charge-transfer transition

of a m-electron from the carbon-carbon double bond to the antibonding
m*-orbital of the carbonyl group. Based on Mason's formalism, the absop-
tion at 300 nm of asymmetric ketones is due to the transition of an eléctron
to the carbonyl antibonding m*-orbital from a mixéd orbital, y. It can

be wriﬁten,
p = a2py(0) + bo,

where Zpy(o) and ¢ refer, respectively, to Ehe oxygen lone-pair orbital and
the donor orbital from which the charge-transfer originates, and q and b
are such coefficients that g>>b and (a2 + bz) = 1. The value of q is
always near to unity in the series considered. The rotational strength,

R, of the transition is given by the scalar product of the magnetic and P



the electric dipole fransition moments. The n -+ 1* component of the mixed
transition has a magnetic difole transition moment, u, directed along the
carbonyl axis, and the charge-transfer component has an electric dipole
transition moment, p, directed at an angle 6 to the carbonyl bond axis,

giving
R = gbupcosh

The intensity enhancement of the ketone absoption at 300 nm depends upon
the dipole strength, D, of the charge-transfer component of the mixed

transition, where

(bp) 2

o
I

so that

aveos9vD

w0
]

That is,"
_ 1
R = EZogD + log(aueos8)

Thus the rotatory power of asymmetric ketones should be pfoportional to
the square root of the intensity enhancement of the absorption at 300 nm
if 0 does not vary greatly from compound to compound, because a and §
are almost unity and constant.

Mason's formalism was supported by Cookson,z) who provided straight
relationship by plotting loge against logAe for the long wavelength band
of bicyclo[2.2.2]octenone, bicyclo[2.2.1l]heptenone and the bofnenone
derivarives, approximating R by Aec and D by €, though the gradient was
about 0.3 rather than 0.5 as\expeéted. -

Although this method of plotting was prefeféntially used by some
authorsg’lo) for the theoretical basis of optical activity of 8,y-
unsaturated ketones, the success of this.treatmeqt does not give any proof
for the validity of Mason's and Cookson's formalism, because the same
relationship comes even from Moscowitz' formalism;

However, these treatments of homoconjugation and mixing of charge
transfer are, both based on Labhart and Wagniére formalism, unsuécesful

. for the clear-cut elucidation of enhanced absorptions of different inten-



sity in various B,y-unsaturated ketones. According to the quantum

mechanical treatment and perturbation theory, coefficients X and », res-

’ pectively; by Moscowitz and Mason, are both proportional to the resonance

integral B' (whicﬁ correlates to overlap integral S) between carbonyl

carbon and B-carbon. In B,Y—unsaturatedvketones studied at that time, B'

is almost invariéble irrespective of fhé mutual disposition of carbonyl o
and olefinic double bonds, sincé the relative positioﬂ and direction of
orbitals of carbonyl carbon and B-carbon is not so much altered and,
moreover, the overlap integral S§ is relatively insensitive to the slight
conformational changes.

In Moscowitz' formalism, the enhanced dipole strength is just
proportional to Az and the rotational strength to A because the transition
moment is essentially that derived from the 7 -+ 7* transition of the carbonyl,
which directs along the bond axis of carbonyl. Therefore, the D and R
must be almost constant in any cases, when the mutual arrangement of C=0
and C=C is not so much altered.

In Mason's formalism, the direction of charge transfer transition .
is from the B-carbon to carbonyl carbon, since other transitions, e.g.,
that from olefinic carbon to carbonyl oxygen, are negligibly small because
of very small overlap integrals. The intensity‘of charge transfer tran-
sition is almost proportional to the resonance integral ‘B', and therefore
almost constant. Hence the rotational strength calculated by Mason has
no variables and should be constant. »

On the contrary, the observed ¢ and Ae is very diverse even in the
structurally related compoﬁnds.

The most important shortcpming of their formalism is that they are ®
based on the Hiickel method which makes no ingquiry into the nature and
origin of the coupling betweén chromophores nor, in its simplest form,
takes account of configuration interaction effects.

Moscowitz himself, recognizing this shortcoming, re-investigatedG)
the optical activity of B,y-ketone (bicyclo[2.2.2]oct-5-en-2-one) on the

basis of Longuet-Higgins-Murrell formalismll)

which is particularly
suitable for the consideration of mixing of charge transfer as well as
the configuration interaction between local transitions. Moreover, this

formalism allows for maximum utilization of empirical absorption data. ]
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Table 28

SCF coefficients

Symbol Description X1 X2 X3 X4 X3 X4
8, C=C bonding T 1/V2  1/V2 0 0 0 0
8, C=C antibonding ® 1/vZ =<1/V2 0 .0 0 0
Wy C=0 bonding T 0 0 0.62789 0.77830 0 0
w, C€=0 nonbonding n 0 0 0 0 = =-0.55024 0.83501
w5 C=0 antibonding = 0 0 -0.77830 0.62789 0 0
Excited States
617162 Locally excited C=C 7m->T*
wl_lwz Locally excited C=0 m->T*
w2_1w3 Locally excited C=0 n->7*
Bl_lw3 Charge transfer
wl—lez Charge transfer
wz-lez Charge transfer
Table 29
Transition Mixing coefficient
ethylenic w—+m ezlez +0.072
charge transfer mglez -0.017
carbonyl w1 w—lw3 +0.0036

Figure 41
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All transitions he considered are shown in Table 28. The results
are given in Table 29, which clearly shows -that the mixing of w > n*
transition of ethylene (e;lez) is the more dominant factor for the enhan-

cement of absorption than that of the charge transfer state wzlez or the
-1

locally excited carbonyl W, W, state. This is very remarkable, compared
to the previous approach based on the Hickel model. In addition, the
rotational strength is also dependent upon the sign of mixing coefficient L

of the locally excited ethylenic 9;;6 state, and the absolute configura-

2
tion of bicyclooctenone was correctly assigned based on this sign. Moreover,
the important interaction potential giving rise to the mixing is not the
conjugative effect associated with the interchromophoric B's but the
electrostatic effect associated with the repulsion integrals. This was
clearly shown by setting the interchromophoric B's equal to zero which
changed by less than 0.1 % the coefficient of mixing of the locally ekcited

ethylenic state 6;16 with the n~ T* state w.'lw In general, it was

2 2 73"
the dissymmetric repulsion integrals involving atomic orbitals such as
are depicted in Figure 41 that make the most significant contributions
to the interaction potential. This point is very important fo} further o
theoretical treatment in the following section.

It is surprising that the simple Huckel-type MO model extended by
5)

Moscowitz could lead to successful assignments of absolute configuration.

Moscowitz provided some insight into the reasons for this, based on his
configuration interaction treatment.s) | |
Certainly the main reason for the success‘of the model, also including
Mason's formalism, lies in its essentially correct estimation of the baéic'
symmetry of the situation, i.e., the situation posed by the intrinsic
geometries of nearby C=0 and unsaturated groups, and their associated o
electronic structures. For example, consider the overlap of the ideally
localized nonbonding carbonyl orbital with the neighboring T-sSystem.
This overlap presents the same variation.in sign with changes in the
mutual disposition of the molecular fragments as do the important electro-
static interaction integrals. According to the more informative configu-
ration iﬁteraction treatment cited above, it is these electrostatic terms
that are primarily responsible for the coupling between fragments and the

concomitant mixing of states that leads to the enhanced intensity of ab-
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sorption and Cotton effect for the 300 nm transition. Moreover, the
magnitudes of both the overlap and the electrostatic terms will increase
or decrease as the distance between atomic centers decreases or increases.
Hence the n—7' overlap in the simple MO picture will correlate with just
those terms of the configuration interaction treatment which mix, say,

the locally excited ethylenic state with the n—+7* state of the carbonyl
group in bicyclooctenone. In this conhection, it is interesting to note
that the simple MO model also attributes the enhanced absorption and
optical activity to a n~+w* transition that overwhelmingly has the charac-
ter of the same local ethylenic excitation. In summary, enough of the
important symmetry and orbital characteristics that govern the lowest
optical transitions of B,y-unsaturated ketones are contained in the simplé
Labhart and Wagnidre model and its extension as to make it extremely
successful for correlating molecular structure with optical activity
measurements.

Alﬁhough Moscowitz justified hié treatment of Huckel model as described
above, the most important difference between the results from extended
Labhart and Wagni&re model by Moscowitz and Mason and those from electro-
static coupling model is that the former gives the octant nature of activity
of n+T* transition, whilst the latter gives the octant nature of coupling
mode. This concept is more clearly expressed as follows; the former
predicts that the sign of c.d. of n+mn* of B,y-unsaturated ketoges is
solely dependent upon the octant position of double bond regardless of
its direction, and the latter exhibits the dependence of optical activity
on the direction as well as the position of double bond.

This significant difference should have been noticed at the time of
1964, but Moscowitz exploited his meaningful results only for the justifi-

cation of his simple Hiickel treatment presented before.
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2. Inspection of y-m coupling method.

6)

From the results of Moscowitz, it was shown that what governs the

sign of Cotton effect of n-+>w* of carbonyl is, not the mixing of the

charge transter transition with n- T* of carbonyl, but the coupling of

n->7* (of carbonyl) and m~+n* (of C=C). This type of coupling , sometimes )

called py~m couplihg (u and m mean electric and magnetic transition moments,

respectively), has now become the important factor for the c.d. of carbonyl.
There have been reported some methods of calculation for u-m couéling.

One is the molecular orbital method in which the transitions Sre splitted

into atomic orbitals and the interaction energy can bée obtained as the

sum of electron repulsion integrals. This method, adopted by Moscowitz,

is, though seems most appropriate, requires very troublesome calculation,

including the integrals of the type <pg|rr> (<x3x§|x2x2> in Figure 4i),

although Moscowitz did not show the precise equation of integrals.

In the other mothod, magnetic moment, which is essentially the rota-

tion of electron, can be expanded into multipole form, that is, "gquadru- .f
pole”. This electric dipole-gquadrupole interaction, aéopted in the
present paper, was first introduced into the calculation of optical
activity by Schellmanlz) and Weigang,l3) independently.* This method has
been proved very useful for the calculation of c.d. of benzobicyclb[Z.Z.Z]—
octan-2-one derivatives.ls)
14) 15) . .
* Shellman and Woody also proposed the monopole approximation
method in which n+r* and m+ 1* transitions are expressed by charged
®
sphere as shown in Figure. : : L
.- ole
® O © | 9o
T—T .
n—eT
This method, though its calculation is troublesome, can give more appro-
priate interaction energy than point-dipole - point-quadrupole approxi- ®
®

mation.
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3. Proposal of a symmetry rule for B,y-unsaturated ketones.

The most characteristic feature of the calculated results in this
paper is, as stated before, that the coupling mode for the magnetic momént
of carbonyl n—+7* and the electric moment of C=C w -+ w* is always the same
in any conformation considered. In other words, the coupling mode for
four B,y-unsaturated ketone 1n 4 is such that the magnetic moment with
C+0 direction always couples with the electric moment with CB-*CY direc-
tion in cases that the C=C is placed at the upper right or lower left ’
cérbonyl octant. '

y -m interaction V is reformulated as follows,lz)

V=—§§L[(R2-5X2)Y + (R% -5v%)x - 5(X¥Z)u,.1 (1)
R7 , ' Hax u2y Haz
Equation (1) present the symmetry character of V, since V changes its sign
when the double bond is reflected by o - plane of carbonyl (for example;
u2x-+—u2x,‘x-+-x). Hence the sign of Cotton effect by W -m coupling is

expressed as follows,
(sign) = -XYZ cos 9 (2)

where X, ¥, % are the position of C=C in carbonyl octant and 6 is the
angle between C- 0O and CB-+CY vectors. The equation (2) constitutes the
generalized octant rule for B,y-unsaturated ketones in the true meaning.
This equation clealy shows that what is important for the sign of c.d. is,
not the afray of two chromophores (cisoid or transoid as was pointéd out |
by-Lightnerl7) and showed in«Figﬁre 42, but the angle betWeen two chromo-

phores.

1=
(2]
133
8
I8
f+"
28
g
E

FPigure 42

125



This new symmetry rule can clearly explain the sign of c.d. of B,v-
unsatureated ketones of transoid type, as well as those of cisoid type

hitherto investigated (See Figure 43).

Cisoid Type

@)
o
o

-+
!
+

: - -+ : -
1 1
: :

emernes wifl { |IE cccccae - - O’— - - [
[y 0

- i+ - b+ b4
! H !
XYZ + + ' -
cos 8 . - " -
Predicted ‘ _

Sign of c.d. + +
Ob§erved + + _
Sign

* Angle between two chromophores is larger than 90° at planar conformation.
For detail discussion, see Capter Iv.

0
Transoid Type ;&

9

LT

XYZz + -
cos 6 + +
Predicted _ _ +
Sign of c.d.

Observed - +
Sign

Figure 43.
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IX. Experimental section

1. General procedure

Melting and boiling points are uncorrectéd. Melting points were
determined on a Mettler EP2 apparatus. IR spectra were measured on a
Hitach EPI-G3 grating infrared spectrophotometer, a Hitach EPI-S infrared
spectrophotometer, or a Jasco DS-402G inffared spectrophotometer by KBr-
disk method unless otherwise ststed. lH NMR spectra were recorded on a
Varian XL-100, a Varian T-60,. a Varian A-60, or ‘a Hitach R-24 (60 MHz)
spectrometer and are reported in § from tetramethylsilane as an internal
standard. Unless otherwise stated CDCl3 was used as solvent. Optical
rotations were obtained with a Perkin-Elmer 141 polarimeter or a Union
PM-71 polarimeter. UV spectra were recorded on a Hitach EPS-3T spectro-
meter. CD spectra were recorded on aAJasco-ORD/UV—S spectropolarimeter‘ |
equipped with a CD attachment or a Jasco J-20 spectropolarimeter. Silica
gel for column chromatography refers to Merck Kiesel gel 60 (70-23- mesh
ASTM). Alumina refers to Merck Aluminumoxid 90, II-III (70-230 mésh ASTM) .
TLC was carried out on Flates prepared with Merck Kiésel gel GF254 con-

taining CasO, and fluorescent indicator.

2. Spiro[4.4]lnonane derivatives.

Ethyl 4-Bromobutyrate (15).

A solution of Y-butyrolactone (200 g, 2.33 mol) in absolute éthanol
(300 mL) was cooled in an ice bath while a stream of dry hydrogen bromide
{(genexrated by bromine with tetralin) was introduced. The passage of gas
was continued over 6 h, the alcoholic solution of the product was kept for
24 h at 0 °C and then poured onto ice-cold water (1 L). The oily layer
was separated, and the aqueous layer was extracted with ether (2 x 100 mL).
The combined oil and extracts was washed with ice-cold 2% potassium hydroxide
solution then with very dilute hydrochloric acid, and finally with water.
The organic layer was dried over sodium sulfate, the solvent was removed
under reduced pressure and the residual crude ester was distilled to give
a colorless oil (380 g, 84 % yield).

15: bp 69 - 70.5 °C at 6.5 mmHg
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Triethyl 1,1,4-Butanetricarboxylate (16).

Some pieces of sodium (11.73 g, 0.51 mol) was added to anhydrous
ethanol (500 mL) at 0 °C under nitrogen atmosphere. After the evolution
of hydrogen ceased, diethyl malonate (84.57_g,A0.628 mél) was added over g
period of 15 min at 0 °C and then ethyl 4-bromobutyrate (15) (100 g,

0.5] mol) added over 15 min at room temperature. After refluxing for
1.5 h, 400 mL of ethanol was distilled off and cold water (400 mL) added.
The yellow oily layer was separated and the aqueous layer extracted with
ether. The combined organic layer was washed with saturated brine (3 x
70 mL) and dried over sodium sulfate. Solvent removal gave the mixture
of triester 16 and tetraester 17, which was separated by high vacuum
distillation to give 16 (94.8 g, 67.8 %) and 15 (13.6 g, 1377 %) .

16: bp 120 °C at 0.035 mmHg

NMR 1.10 and 1.22 (9H, t each, methyls), 1.76 (4H, m, methy-

lenes), 2.31 (24, t, CH,-CO), 3.35 (1H, t, methine),

2
4,10 and 4.18 (6H, q each, O—CHZ—).

bp 150-155 °C at 0.035 mmig

[
~
.

NMR 1.06 (12H, t, methyls), 1.62 (8H, b m, methylenes),

2.15 (4H, m, -CHZCO—), 3.98 (8H, q, -OCHZ-).

Tetraethyl 1,1,4,7-Heptanetetracarboxylate (17).

Under nitrogen atmosphere, sodium (24.4 g, 1.06 mol) was added to
absolute ethanol (600 mL) at O °q’and the triester 16 (290.8 g, 1.06 mol) was
added over a period of 10 min and then the ester 15 (207.7 g, 1.06 mol)
at room temperature over 10 min.. The mixture was allowed to stir at room
temperature and heated at the time when sodium bromide began to precipitate.
After 2.5h of reflux, 400 mL of ethanol was distilled of;}and water (200 mL)
and ether (200 mL) were added. ' The organic layer .was separated , washed
with water, dried over sodium sulfate and distilled to give the recovered
16 (103.2 g) and 17 (216.1 g, 52.5 %). |

17: mp 28 °C
Anal. Caléd for C, ,H,,0,: C; 58.74, H; 8.26

1973278
Found: C; 58.74, H; 8.30
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1,1,4,7-Heptanetetracarboxylic Acid (18).

A mixture of 17 (23.1 g, 0.0615 mol), potassium hydroxide (18.16 g,
0.312.mdl) and water (96 mL) was refluxed for 12 h to give a homogeneous
solution. Concentrated hydrochloric acid (27.8 mL, 0.344 mol) was added
and the mixture was concentrated to dryness under reduced pressure below
40 °C. The redidual solid was pulverized and washed with anhydrous ether
to remove hydrochloric acid. The colorless solid was extracted continuously
with acetoneband the extracts were concentrated to afford the colorless
solid of 18 (14.85 g, 97.8 8).

18: mp 162.8-172.7 °C (dec. with evolution of a gas)
For further reaction a mixture of 18 and potassium chloride was used

without any separation.

() -Spiro[4.4]nonane-1,6-dione (5).

A mixture of 18 (14.85 g, 0.0538 ﬁol) and acetic anhydride (97 mL)
was allowed to stier at 60 °C for 24 h and concentrated at 80 °C under
reducéd pressure to give the brown viscous o0il, which was pyrolyzed at
250 °C under 28 mmHg to give a brown solid in a dry ice bath: The crude
product was distilled under vacuum to yield 3.8 g of 5 (0.025 mol, 46.5 %),
which was recrystallized from methanol and purified by sublimation.
(£)-5: bp 126 5 °C at 22.5 mmHg
mp 38.0-38.5 °C
IR (KBr) 1743, 1716 cm =+
Anal. Calcd for C,H 02: C; 71.02, H; 7.95

9712
Pound: c; 70.97, H; 7.89

() -trans,trans-Spiro[4.4]nonane-1,6~diol (19).

A solution of § (6.0 g, 0.0395 mol) in anhydrous ether (150 mL) was
added over a period of 50 min to a solution of lithium aluminum hydride
(6.0 g, 0.158 mol} in ether (150 mL). The mixture was réfluxed for 3 h,
and heated for lh after dropping ethyl acetate (30 mL) at 0°C. Water (20 mL)
waé then added at 0 °C over 0.5 h and the mixture was stirred for 6 h at
room temperature. The white precipitateswere filtered and washed with
ethyl acetate. The combined filtrate and the washing were concentrated

under vacuum to give a mixture of three‘diols (6.15 g, 99.7 %), which was
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dissolvéd in ethyl acetate-benzene (2:1, 80 mL) and chromatographed on
silica gel (1 kg) eluting with ethyl acetate-benzene (2:1, 200 mL-fractions).
Fraction 11-18 gave a colorless oil (4.85 g), and fraction 19 and 20
yielded a colorless viscous oil (0.67 g). Fraction 21-26 afforded
colorless crystals (0.41 g, mp 113-121 °C) which was recrystallized from
benzene to give colorless prisms of 19.

(£)-19: mp 124.2-125.0 °C

IR (KBr) 3280 cm

Anal. Calcd for C9H1602:
Found: - C; 69.44, H; 10.33

c; 69.19, H; 10.32

Fractions 19 and 20 were rechromatographed for separation and fractions

11-18 were oxidized with Jones' reagent to give 3.

3-Bromo-d-camphoric Anhydride.

A mixture of d-camphoric acid (150 g, 0.75 mol) and phosphorous penta-
chloride (315 g, 1.5 mol) was stirred slowly to give a homogenous solution
which was allowed to stir overnigh;,and bromine (43.5 mL, 0.74 mol) was
added dropwise over 5 h at 90 °V_C._ The mixture was poured onto cold water
(500 mL, exothermic!!) to give white solid and yellow solution. The
aqueous solution was decanted off and the residue was stirred with acetic
acid (240 mL) and water (60 mL) at 70 °C for 1 h.i Water (600 mL) was
added, and the mixture was stirred for 0.5 h and fiitered.  Thei light.
yellow needles were washed three times with ethanol and dried to give

132 g of anhydride (mp 215.4-217.2 °C, sublimable).

d-Camphanic Acid.

A solution of 3-bromo-d-camphoric anhydride (160 g, 0.61 mol) and
potassium acetate (110 g) in acetic acid (600 mL) and acetic anhydride
(6 mlL) was refluxed for 4 da&s and concentrated at 90 °C under reduced
pressure. The residue was dissolved in hot water (300 mL) and decolorized
by activated charcoal powder (3 g). The solution was acidified with
concentrated hydrochloric acid (200 mLL and the resultant precipitate was
fi;tered to'give 95.7 g of acid. The filtrated aéueous solution was

extracted with ether (2 x 300 mL) and the ether layer dried over magnesium

sulfate. Solvent removal gave 22.2 g of acid. The combined products
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were recrystallized from benzene-ethyl acetate (60:1) to gi?e colorless
crystals (95 g, 85 %).

mp 204.3-206.3 °C

IR (KBr) 2972, 1756 cm t

Anal. Calecd for C C; 60.59, H; 7.12

1081493
C; 60.63, H; 7.25

(=) -d-Camphanyl Chloride.

A solution of d-camphanic acid (9.1 g, 0.046 mol) in thionyl chloride
(52.5 g) was heated at reflux for 2.5 h and the thionyl chloride wés evapo-
rated under reduced pressure at room temperature to give colorless solid
(9.53 g, 96 %) which was sublimed at 70 °C for purificétion.

mp 68.9-70.1°C

1071373
Found: ' C; 55.56, H; 6,02, Cl; 16.33

Anal. Calcd for C,.H,,0,Cl: C; 55.43, H; 6.04, Cl; 16.36

(1R,5S,6R)-(-)=-1and (lS,5R,GS)—(+)4trans,trans—l,6-Dicamphanyloxyspiro—

[4.4]nonane (19'a and 19'b). Optical Resolution of 19.

To a solution of (£)-19 (0.85 g, 5.52 mmol) in dry pyridine (iS mL)
was added (-)-camphanyl chloride(§.58 g, 16.6 mmol) and the solution was
allowed to stir for 16 h at room temperature. Water (200 mL) was added,
and the reaction mixture was extracted with benzene, and washed successively
with hydrochloric acid, 5 % sodium bicarbonate and saturated brine. After
drying over spdium sulfate solvent reméval gave colorless solid (2.77 g,
97.1 %, mp 160.9-200 °C), which was dessolved in methylene chloride (30 mL)
and chromatographed on silica gel (1 kg) eluting with cyclohexane=-ethyl
acetate (2:1, 200 mL-fraction). Fraction 18-20 gave 0.86 g of 19'b which
was recrystallized four times from cyclohexane-ethyl acetate (1:1) to give
diastereomerically pure crystals. ‘

(+)-19'b: mp 173.6-174.8 °C

+51.3° (¢ 1.9, methylene chloride)
-1

[ 5g9

IR (KBr) 1792, 1738 cm

NMR 0.978, 1.07, 1.12 (3H each, s each, methyls), 1.4-2.7
20H, m, methylenes), 5.04 (1H, bm, -O-CH ).
Anal. Calcd for C29H4008 C; 67.42, H; 7.80
Found: . c; 67.77, .H; 7.80
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Fraction 22-25 gave 2.82 g of crystals which was recrystallized from
the same solvent and again recrystallized four times together with the
crystals from fraction 26-28 (0.58 g) to give diastereomerically pure
(-)-19'a.

(-)-19'a: mp 220.2-220.4 °C

X159
IR (KBr) 1800, 1743 cm

-71.7° (¢ 1.0, methylene chloride)
1 .
NMR (CDC13) 0.98, 1.08, 1.12 (3H.each, s each, methyls),
' 1.3-2.7 (10H, m, methylenes), 5.04 (1H, bm,
. .
~-0~CH-) .
Anal. Calcd for C,gH,,05: C; 67.42, H; 8.70
Found: Cc; 67.78, H; 7.81

Fraction 21 and all mother liquours were combined and rechromatographed

for further separation.

(1R,58,6R) - (=) ~trans,trans-Spiro{4.41nonane-1,6-diol (19).

A solution of (-)-19'a (0.50 g, 0.969 mmol) in ethanol (30 mL) and
ZN potassium hydroxide (10 mL) was refluxed for 14 h, concentrated to 7 mL,
and extracted with ethyl acetate to give 152.03 mg of crude 19, which was
recrystallized from bénzene to giVe colorless rods.
(—)—lg: mp 132.5-132.7 °C

o] -58.8° (¢ 1.0, ethanol)

1

589

IR (KBr) 3240 cm
Anal. Calcd for C9Hl602{ C; 69.19, H; 10.32

Found: - C; 69.57, H; 10.25

(R)-(+)- and (S)—(—)-Spiro[4.4]nonane-l,6-dioné (5).

To a solution of (-)-19 (121.68 mg, 0.779 mmol) in acetone (15 mL)
was rapidly added anes' reagent (0;45 mL) at -10 °C. After'stirring
for 5 min benzene waé added (150 me and the mixture was passed through 3
celite column. Solvent removal under reduced pressure gave 108.14 mg
(91.2 %) of crude 5 which was sublimed for purification to afford colorless
rods of 5.
| (-)=5: mp 63.5-65.2 °C

[l gg9 =129.8° (c 0.5, cyclohexane)
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UV and CD Pigure 11, 12 and 18, and Table 7, 8 and 10.

Anal. Calcd for C9H12 3¢

Found: ) C; 70.79, H; 7.95

C; 71.02, H; 7.95

() -cis- and trans-6-Hydroxyspiro[4.4]nonan-l-one (20 and 21).

After prereducing of Adamas catalyst (0.5 g) in 99% ethanol (20 mL)
with hydrogen at atmospheric pressure, dione 5 (4.9 g,'32.2 mmol) in
ethanol (80 mL) was added and the reduction allowed to proceed until
equimolar hydrogen was taken up (ca. 800 mL at 25 °C). Filtration and
solvent removal yielded a colorless 0il (4.83 g). Column chromatography
on silica gel (150 g) with beniene-—ethyl acetate (3:1) eluted cis-ketol
20 (2.55 g) as a colorless oil.

(£)- 20: bp 110-111 °C at 12 mmHg.
IR (cCl,, 0.1'M) 3500, 1727 cm .
NMR (CCl4) 1.2-2.7 (12H, m, cyclic methylenes), 3.50 (1H, s,
OH), 3.90 (lH; m, -CH-OH).
Anal. Calecd for C,H,,0,: C; 70.10, H; 9.15

9714%2°
Found: 'C; 69.99, H, 9.21

Further elution gave a colorless oil of trans-ketol 21 (0.10 g).

-1
(£)-21: IR (CC14, 0.1 M) 3680, 3450, 1736 cm

NMR (CC14)' 1.0-2.7 (12H, m, cyclic methylenes), 3.45 (1lH, s,

OH), 4.02 (1H, br t, -CH-OH) .

Further elution with benzene-ethyl acetate (1:1) gave fully hyd;o-

genated product, spirol[4.4]nonane-1,6-diol (1.30 g).

(5R, 6R)-(-)~- and (58,6S)-(+)~-cis-6~(Camphanyloxy)spiro(4.4]nonan-1-

one (20,a and 20,b). Optical resolution of 20.

A solution of cis-ketol 20 (0.38 g,_2.46'mmol) and (~)- camphanyl
chloride (0.73 g, 3.23 mmol) in anhydrous pyridine (10 mL) was allowed to
stand for 2 days at room temperature} The mixture was diluted with water
(100 mL) and extracted with benzene (2 x 100 mL). The extract was washed
with 10% hydrochloric acid, 5% aqueous sodium bicarbonate and water, and

dried over sodium sulfate. After removal of solvent the residual colorless
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solid (0.67 g) was chromatographed on silica gel (80 g) with benzene-
ethyl acetate .(10:1, 100 mL-fractioné). Fraction 7 (colorless crystals,
90 mg) was five times recrystallized from cyclohexane to give colorless
plates of 20'b.
(+)-20'b: mp 110.5-111.3 °C
(29, +40.2° (c 0.116, ethanol)

IR 1793, 1736 cm T

NMR 0.95, 1.04, 1.07 (3H each, s each, methyls), 1.2-2.5
(16H, m, cyclic methylenes), 5.05 (1H, m, -CH-0).
Anal. Calcd for C19H2605: C; 68.24, H; 7.84.
Found: Cc, 68.28, H; 7.88.

Fraction 10-14 gave colorless crystals (240 mg) which were purified
in the same manner to yield colorless plates of 20'a.
(-)-20'a: mp 115.2-115.5 °C |
(120, -68.8° (c 0.583, ethanol)

IR 1784, 1747 cm T

NMR 0.96, 1.02, 1.07 (3H each, s each, methyls), 1.2-2.5
.(16H, m, cyclic methylenes), 5.1 (1H, m, CH-0) .

‘Anala Calcd for C19H2605: C; 68.24, H; 7.84
Found: C; 68.51, H; 7.78

Fraction 8 and. 9 gave a mixture of 20'a and 20'b (280 mg) which was

combined with the mother liguors of the recrystallizations and submitted

to further chromatography.

(58,6R) ~ (=) -trans~6- (Camphanyloxy) spiro[4.4]1nonan-1-one (21'a).

Optical resolution of 21.

trans-Ketol 21 (0.25 g, 1.62 mmol) in pyridine (10 mL) was treated
with (-)-camphanyl chloride (0.50 g, 2.31 mmol) and worked up in the same 
manner as cis-ketol 20. . The resulting oil (0.53 g) was crystallized and
recrystallized (three times) from hexane té give the ester 21'a (180 mg)
as fine needles.
(=)-21'a: mp 107.5-109.1 °C
(120, -89.9° (c 0.183, methanol)

IR 1790, 1745 cm™t
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NMR 0.90, 1.02, 1.07 (3H each, s each, methyls), 1.2-2.5
(16H, m, cyclic methylenes), 5.2 (1H, m, CH-O).

Anal. Calcd for C C; 68.24, H; 7.84

19M26%5°¢
Found: C; 67.98, H; 7.79

(R)-(+)- and (S)~(~)-Spiro[4.4]lnonane-1,6-dione (5). Determination

of absolute configuration of 20'a and 21'a.

A. From (-)-20'a, ZLithium aluminum hydride (0.50 g) in anhydrous
ether (30 mL) was refluxed for 1 h and cooled. (—)-cis—Camphanate 20'a
(0.50 g, 14.9 mmol) in ether (35 mL) was added_dropwise over 0.5 h. The
mikture was refluxed for 1 h,-cooled, and the excess lithium aluminum
hydride was decomposed by adding ethyl acetate-ether (1:1, 10 mL) under
stirring. Water (2 mL) was then added carefully and the solution was
stirred fér 3'h until the color of the precipitate changed from gray to
white. The slurry reaction mixture was filtered and the solid washed
with ethyi acetate. The solvent was removed and the residue chromatographed
on silica gel. Elution with benzene-ethyl acetate (2:3) gave diol gl as
a colorless oil (0.24 g, quantitative yield).

(=) - 27 [alggg -80.5° (c 1.2, ethyl acetate).

This diol was oxidized with rapid addition of Jones' reagent. Working-

up of the reaction mixture according to Gerlach's procedure gave a crude

solid of (+)-dione 5 (0.21 g, 93% yield from 20'a).

(+)-5: [a]§§9-+1359 (c 0.457, cyclohexane)

Recrystallization from methanol gave analytically pure sample of 5.

5: mp 64.3-65.1 °C

IR 1743, 1715 cm ™t

NMR (CCl,) 1.4-2.6 (12H, m, methylenes)
9H120: C; 71.02, H; 7.95
" Found: C; 70.98, H; 7.96

Anal. Calecd for C

B. From 21'a. (-)-trans-Camphanate 2l1'a (75 mg, 0.23 mmol) was
converted in the same manner to (-) dione 5 (30.5 mg, 84% yield from 21'a).

(-)-5: [alggg -130° (c 0.312, cyclohexane).
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(i)—éis-6—Methylenespiro[4.4]nonan—l—ol (22).

Under a nitrogen atmosphere potassium t-butoxide (6.7 mmol) in &~
butyl alcohol (6.3 mL) was added to a stirred suspension of triphenylmethyl
phosphonium bromide (2.5 g, 7.0 mmol) in anhydrous benzene (25 mLL and the
resulting orange%yeliow solution was stirred for 0.5 h. cis-Ketol 20 (0.50 g,
3.24 mmél) in benzene (20 mL) was dropped iﬁ 1 h and the mixture wés stirred
until the starting material was not detected by TLC exémination (1L h).
Water (100 mL) and benzene (100 nlL) were added and the separated organic
layer was washed with water (100 mL) and filtered throgh silica gel column.
After evaporation of solvent the crude material was chromatographed on

silica gel (80 g). Benzeéene fraction gave an unidentified hydrocarbon

(77.7 mg) and benzene-ether (15:1) fraction yielded a colorless oil (89 mg,
18%) of unsaturated alcohol 22, which was micro-distilled to afford a
pure sample.
(£)-22: bp 90°C (bath temperature) at 20 mmHg
IR (neat) 3430, 3050, 1650, 885 cm
NMR (CCl,) 1.2-2.2 (loH, m, cyclic methylenes),—l.55 (1, s,
" OH), 2.37 (2H, m, allylic), 3.43 (1H, m, CH-0),
4.86 (1H, m, olefinic), 5.05 (1H, m, olefinec).
Anal. Cacld for C10H16O: C; 79.05, H; 10.61
Found: C; 78.89 H; 10.59

(1R,5R)~(~)- and (1S,SS)-(+)—cis-l—(Camphanyloxy);6—methylenespiro-

[4.4]1nonane (22'a and 22'b).

A. Optical resolution of 22. A mixture of (t)-alcohol 23 (222 mg,

1.45 mmol), (-)-camphanyl chloride (493 mg, 2.28 mmol), and pyridine (10
‘mL) was left to stand for 4 days and worked up in the usual way to give
crude material (489 mg), which was chromatographed on silica gel (140 q)
with benzene-ether (40:1, 80 mL-fractions). Fraction 5-7 gave crude
crystals of 22'b (200 mg) which was twice recryétallized from pentane to
yield colorless crystals (94.5 mg).
22'b: mp 91.0-91.6 °C
129, 0.0°, (120 -25.7° (c 2.91, ethanol)

IR 3070, 1788, 1716, 1647 cm T
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NMR 0.93, 1.01, 1.08 (3H each, s each, methyls), 1.2-2.6
(l6H, m, cyclic methylenes), 4.92 (3H, m, olefinic
and -CH-0).
Anal. Calcd for C20H2804: C; 72.26, H; 8.49
| - Found: . C; 72.52, H; 8.52
Further elution gave several fractions containing mainly 22'b (total
200 mg), which on twice recrystallization from cycloheiane yielded color-
less needles (84 mg).
22'b: mp 132.2-132.4 °C
[dlégg -2.8°, Ri]ggo -8.4° (c 2.14, ethanol)
IR 3070, 1783, 1742, 1648 cm -

NMR 0.92, 1.04, 1.08 (3H each, s each, methyls), 1.3-2.6
(16H, m, cycloic methylenes), 4.9 (3H, m, olefinic
and CH-0). |

Anal. Calcd for C20H2804: C; 72.26, H; 8.49

Found: c; 72.57, H; 8.64

B. Wittig reaction of 20'a.. A solution of (-)-cis-eater 20'a (98 mg,

0.29 mmol) in benzene (10 mL) was added under nitrogen to a solution of
triphenylmethylene phosphorane prepared from triphenylmethyl phosphonium
bromide (400 mg) in benzene (15 mL) and potassium t-butoxide (0.8 mmol)

in t-butyl alcohol (0.6 mL). After 1.5 h stirring, the mixture was treated

with water, and dried over sodium sulfate. Removal of solvent followed

by column chromatography on silica gel {15 g) with benzene-ether (20:1)
gave colorless crystals of 22'a (17.3 mg, 18%).
22'a: mp 128-131 °C

Otherspectraldata were identical with those of 22'a in A,

(1R,5R) - (-) ~cis-6-Methylenespiro[4.4]nonan-1-0l (22).

A solution of (~)-cis-ester 22'a (li7 mg, 3.5 mg) in methanol (8 mL)
and 1N potassium hydroxide (1.5 mL) was refluxed for 4 h. The reaction
mixture was worked up with pentane-water, washed with saturated brine,
and dried over sodium_sulfate. Removal of solvent and column chromatography
on silica gel (15 g) with pentane-ether (15:1) gave (-)-22 as a colorless

oil (39.8 mg, 73%).
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22: [d]ggg

NMR and IR spectra were identical with those of the racemate.

-51.8° (c 0.80, methylene chloride)

(R)-(+)—6-Methy1enespiro[4.4]nonan—lfone>(l).

A. Wittig reaction of (R)-(+)-dione 5. A solution of triphenyl-

methylene phosphorane, prepared from triphenylmethyl phosphonium bromide -
(6.0 g, 16.8 mmol), potassium t-butoxide (15.8 mmol) in t-butanol (16 mL)
and anhydrous benzene (50 mL), was added during 1 h toa solutionof (R)-
(+) -dione 5 (620 mg, 4.07 mmol) in benzene (30 mL) under nitrogen atmos-
phere. Water was then added to decompose the excess phosphorang,and the
mixture was worked up in the usual way. The crude material was chromato-
graphed twice on silica gel and the pentane-ether (20:1) eluate was
distilled in vacuo. Further chromatography followed by distillation gave
t+)-unsaturated ketone 1 (106 mg, 17%) as a cplorless oil.
(+)-1: bp 71-75 °C (bath teméerature) at 35 mmHg

(129, +134.5° (c 0.525, methanol)

IR (neat) 3080, 1738, 1650 cm
NMR 1.80 (8H, m, cyclic methylenes), 2.35 (4H, m, allylic

"and -CH.-CO), 4.72 (1H, t, J=2.3Hz, olefinic), 4.98

2
(1H, t, J=2.1 Hz, olefinic).
UV and CD Figure 4 and Table 5.
Anal. Calcd for C10H14O: C; 79.95, H; 9.39
Found: C; 79.67, H; 9.41

B. Oxidation of (1R,5R)~-(-)-alcohol 22. To a solution éf chromium
trioxide (149.7 mg) in anhydrous pyridine (2 mL) and methylene chloride
(2 mL) was added a solution of (-)-alcohol 22 (39.8 mg, 0.26 mmol) in
methylene chloride (3 mL) and stirred for 5 h at room temperature. The
reaction mixture was taken up in pentane and worked up in the usual waj.'
The curde material (25.5 mg) was purified by repeated chromatography as
in A, giving (+)~ketone 1 (6.22 mg, 16%) as a colorleés oil.

{(+)-1: [dlggg +139.8° (¢ 0.124, methanol)

QOther spectral data were identical with these of 1 in A.
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(RY=(+)-1,6-Dimethylenespiro{4.4]lnonane (9).

To a solution of tripheny1methylene§hosphorane prepared from tri-
phenylmethylphosphonium bromide (400 mg, 11.2 mmol) and 1.11 N potassium
t-butoxide (0.65 mL of t-butyl alcohol solution) in spectroscopically pure
n~pentane (15 mL) was added under nitrogen atmosphere a solution of (+)-1
(55.8 mg, 0.372 mmol) in n-pentane (10 mL) in 20 min. The solution was
allowed to stir for 2.5 h at room temperature and the excess phosphorane
was decomposed with water. After usual workup, the reaction mixture was
chromatographed on silica gel (5 g) with pentane, and the pentane was dis-
tilled off. Benzene formed from phosphorane was evaporated under reduced
pressure at room temperature and the residue was distilled to give a color-
less o0il of 9 (9.7 mg, 17.6%).

(+)-9: th589 +190° (c 0.0432, isooctane)
IR (neat) 3080, 1665 cm '
NMR (CDC13) 1.3-1.9- (8H, m, methylenes), 2.45 (4H, m,
allylic methylenes), 4.7l and 4.88 (2H each,
m each, J=1.08 Hz, olefinic).

UV and CD Figure 23 and Table 13.

C; 89.12, H; 10.88

Anal. Calcd for C11H16= v
Found: 'C; 88.53, H; 11.07
(1R,5R,6R)-cis,cis~(~)- and (1S,5R,6R)~trans,cis~(~)=-6-(Camphanyl-

oxy)spirol4.4]lnonan-1-ol (28 and 29).

(-)~cis-Ester 20'a (6.0 g, 17.9 mmol) was hydrogenated in ethaﬁol
(100 mL) over Adams catalyst (470 mg). Filtration followed by evaporation
of solvent gave a mixture of alcohols 28 and 29 whose ratio was ca. 4:1
by 1H—NMR examination. Five times.recrystallizatién from benzene-cyclo-
hexane (3:4) gave (-)-29 (1.0 g) as feebly hygréécopic colorless fine
needles. .
(-)-29: mp 185.7-186.1 °C

[X1205 -139.9° (c 1.07, ethanol)

IR 3500, 1777, 1742 cm t

2 1

IR (CC14, 107 M) 3500, 1801, 1738 cm

NMR 1.00, 1.07, 1.10 (3H each, s each, methyls), 1.2~

141



2.6 (16H, m, cyclic methylenes), 2.21 (1H, s, OH),

3.95 (1H, br s, -CH-OH), 5.23 (1H, br s, -CH-0CO).
Anal. C;lcd for C19H2805: C; 67.83, H; 8.39
Found: C; 67.45, H; 8.33

Combined crops from the mother liquors were treated with cyclohexane

to remove sparingly soluble gg. Repeated recrystallization from benzene- 1;
cyclohexane (1:2) gave (-)-28 (2.30 g) as colorless fods.
(-)-28: mp 129.1-130.0 °C
129, -24.3° (c 1.04, methanol)
IR 3586, 1778, 1742 em™t
IR (cCl, 3x10"2 M) 3600, 1807, 1743 cm *
NMR 0.97 (3H, s, methyl), 1.09 (6H, s, methyls), 1.1-
2.7 (16H, m, cyclic methylenes), 2.36 (lH, s, OH),
4.91 (1H, 4, J=4.2 Hz, CH-0CO).
Anal. Calcd for C19H2805: C; 67.83, H; 8.39
Found: C; 67.86, H; 8.36 P
®
(t)—cis-6—(Tetrahydropyranyloxy)spiro[4.4]nonan-l—one (24).
To an ice-cooled mixture of (#)-cis-ketol 20 (3.59 g, 23.3 mmol) and
dihydropyrane (2.20 g, 26.2 mmol) was added a small pieqe of toluene-
sulfonic acid, The solution was stirred for 1 h, gnd potassium carbo-
nate (2 g) was added. The mixture was left to stir for 1 additional hour,
filtered and washed with benzene. The combined organic phase was distilled
to give a colorless liquid of 24 (3.92 g). The residue was chromatographed
and distilled to give additional 0.63 g of 24 (total yield 82%). .‘
(t)-24: bp 148-149 °C at 10 mmHg A
IR (neat) 1734, 1038, 1023 cm -
Anal. Calcd fpr C14H2203: C; 70.55, H; 9.31
Found: C; 70.41, H; 9.33
(5R,6R)-cis-6-(Tetrahydropyranyloxy)spiro[4.4]nonan—l—one (24).
Tdva solution of (-)-alcohol 28 (4.26 g, 12.7 mmol) in chloroform
(80 mL) were added dihydropyrane (2.0'9, 23.8 mmol) and toluenesulfonic
acid (1 small piece) and stirred for 2.7 h under cooling on an.ice bath,A ®
' o
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The mixture was directly chromatographed on silica gel with benzene-~ethyl
acetate (10:1) and the volatiles were removed in vacuo (room temperature, 20
mmHg) . The residual oil was taken up in anhfdrous ether and added dropwise
to a solution of lithium alminum ﬁydride (5.0 g)'l30 mmol) in ether (200
mL). The reaction mixture was refluxed for 1 ﬁ and worked up in the usual
way. The product (5.0 g) was chromatographed on silica gel (Wakogel 140 g)
with benzene-ethyl acetate (7:1) to give the hydroxyeether as a colorless
oil (3.0 g, 98% yield from 28). Oxidation with a solution of chromium
trioxide (8 g), pyridine (150 mL) and methylene chloride (250 mlL) gave,
after usual work up and distillation, a colorless oil of 24 (0.76 g, 25%
yield from 28).

24: bp 150 °C (bath temperature) at 10 mmHg

NMR (CC14) 1.0-2.8 (18H, m, cyclic methylenes), 3.2-4.3

(3#, m, -CH,-O, =-CH~OTHP), 4.5 (1H, m, O-CH-0).

2
IR spectrum was identical with that of the racemate.

Anal. Calcd for C C; 70.55, H; 9.31

14H2203°
Found: C; 70.39, .H; 9.33

(+)-cis-6- (Tetrahydropyranyloxy)hydrazone (25).

A solution of (t)-cis-ketol 24 (0.30 g, 12.6 mmol), toluenesulfonyl
hydrazide (0.23 g, 12.6 mmol) and pyridine (1 drop) in anhydrous ethanol
(5 mL) was refluxed for 2.5 h. The volatiles were removed in vacuo and
the residue chromatographed on silica gel (20 g). Eluting with benzene
gave the.recovered ketone (0.16 g). Benzene-ether (20:1) eluate gave the
" hydrazone 25 (0.20 g, 39%) as colorless crystals which were recrystallized
froﬁ methanol-pyridine (75:1) to give colorless prisms.

25: mp 126.4-134.2 °C
IR (nujol) 3175, 1608 cm
NMR 1.0-2.5 (21H, m, NH and cyclic methylenes), 2.40 (3H,
s, methyl), 3.2-4.2 (3H, br m, -CH,0- and -CH-OTHP),

4,3-5.05 (1H, m, O-CH-O), 7.3, 7.9 (4H, A pattern,

282
aromatic).

Anal. Calcd for‘C21H3OO4S: C; 62,04, H; 7.44, N; 6.89, S; 7.89

Found: ) C; 61.92, H; 7.47, N; 6.88, S; 7.85
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(+)-cis~1- (Tetrahydropyranyloxy)spiro{4.4]jnon~6-ene (26) .

To a stirred suspension of finely pulverized (%)-hydrazone 25 (3.10 g,
7.63 mmol) in dry ether (100 mL) was added under nitrogen n-butyllithium
(25.4'mmol') in ether (28 ml). After disappeéraﬁce of white pow_derv of2_5_, the
resulting yellow solution was stirred for 2.5 h. Aqueous workup, drying
over sodium sulfate, removal of solvent, and chromatography (silica gel,
pentane-ether 20:1) gave a colorless oil of (%)-ether 26 (1.20 g, 71%),
which was microdistilled for further purification.

(£)-26: bp 130 °C (bath temperature) at 33 mmHg
IR (neat) 1605 cm *
NMR 1.0-2.0 (14H, m, cyclic methylenes), 2.37 (2H, br t,
allylic), 3.2-4.0 (3H, m, -OCH2 and CH-OTHP), 4.6 (1H,
m, -OCH-0), 5.5-5.9 (2H, m, olefinic).
Anal. Calcd for C14H2202; C; 75.63, H; 9.77
Found: c, 75.68, H; 9.95

(t)-cis~-Spiro[4.4]non-6-en-1-0l (23).

A solution of (x)-ether 26 (1.20 g, 5.4 mmol) in methanol (10 mL)
" was mixed with hydrochloric acid (2 drops) and allowed to staﬂd for 1 day
at room temperature. The mixture was taken up in pentane (40 mL), washed
.successively with aqueous sodium bicarbonate and water, and dried ovef
sodium sulfate. Chrqmatography on silica gel (40 g) with pentane-ether
(10:1)followed by distillati;n gave a colorless oil of (*)-23 (0.51 g);
A small sample was chromatographed and distilled again for analysis.
(£)-23: bp 100 °C (bath temperature) at 27 mmHg
IR (neat) 3380, 3050, 1612 cm t
NMR (CC14) 1.2-2.2 (8H, m, cyclic methylenes), 2.2-2.6 (2H,
m, allylic), 3.73 (lH, br t, CH-0), 5.72 (2H, m,
olefinic). _ |
Anal. Calcd for C,H,,0: C; 78.21, H; 10.21

9714
*Found: C; 78.13, H; 10.29

(LR,58)-(~)- and (lS,5R)-(+)-cis-(Cémphanyloxy)spiro[4.4]non-6—ene
(23'a and 23'b).

A. Optical resolution of 23. (%)=-Alcohol 23 (0.90 g, 6.73 mmol)
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and (-)-camphanyl chloride (2.0 g, 9.23 mmol) in pyridine were treated in

the usual way to give a mixture of esters (crystals, 1.97 g). Six times

recrystallization from hexane gave 23'a (528 mg) as colorless rods with

a constant specific rotation.

(-)=~23"'a:

The mother

mp 130-131.3 °C
[nggg -131.7° (¢ 0.50, methanol)

IR 3050, 1787, 1741 cm~ 1

NMR 0.95, 1.05, 1.10 (3H each, s each, methyls), 1.5-
2.7 (14H, m, cyclic methylenes), 5.0 (1H, br 4,
CH-0), 5.60 (1H, td, J= 1.80, 5.8 Hz, olefinic),

5.77 (1H, td, J=2.05, 5.8 Hz, olefinic).

19H26O4: C; 71.67, H; 6.23

Found: C; 71.73, H; 8.24

Anal. Calcd for C

liquor of the first recrystallization yielded colorless

crystals {580 mg) which were recrystallized twice from hexane, then from

methanol, giving 23'b as colorless prisms (282 mg).

(+)-23'b:

mp 83.8-85.2 °C
[d]ggg +125.0° (c 0.32, ethanol)
IR; 3045, 1790, 1734 cm t
NMR; 0.97, 1.06, 1.11 (3H each, s each, methyls), 1.5~2.6
(14H, ¢yclic methylenes), 5.05 (1H, br 4, CH-0),
5.70 (1H, td, J=1.63, 5.70 Hz, olefinic), 5.80 (1lH,
td, J=1.80, 5.70 Hz, olefinic).
Anal. Calcd for C19H2604: C; %1.67, H; 8.23
Found: C; 71.48, H; 8.16

B. 23'a from (5R,6R)-ketoether 24. (5R,6R)~-cis-Ketoether 24 (0.64 g,

2.7 mmol) was converted to (-)=-alcohol 23 (72 mq; 19%) in the same manner

as the racemic series. This (-)-alcohol was treated with (~)-camphanyl

chloride in pyridine and worked up in the usual way. The resulting product

(85.76 mg) was dissolved in benzene-ethyl acetate (15:1) and passed

through silica gel column (10 g) to give colorless crystals of 23'a.

(-)-23'a:

mp 127-129 °C
B*]ggg -122° (¢ 0.50, methanol)

NMR specﬁrum was identical with that of 23'a obtained in A.
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(lﬁ,SS)-(—)—cis—Spiro{4.4]n0n-6—en—1401,(23).
A solution of (~)-cis-ester 23'a (500 mg, 1.57 mmol) in methanol
(20 mL) and 1 N potassium hydroxide (5 mL) was allowed to stand for 7 days
at room temperature and worked up in the usuai way. Column chromatography
on silica gél (30 g) with pentane-ether (6:1) gave a colorless Qil of (=)-
2; (215 mg, quantitative) containing no impurities by TLC examination. .
(-)-23: (120, -86.9° (c 0.3392, pentane)

IR (neat) 3350, 3050, 1612 cm '

(t)-Spiro[4.4]non~6-en-l-one (2).

A solution of (*)-alcohol 23 (240 mg, 1.74 mmol) in methylene chloride

was added to a solution of chromium trioxide (L.04 g) and pyridine (20 mL)

in methylene chloride (30 mL) at 0 °C. Stirring was continued for 2 h,
after usual workup} the crude material was chromatographed (silica gel
40 g, pentané—ether 30:1) and distilled to give a colorless oil of (%)-
ketone 2 (108 mg, 50%).
‘ki)-g; bp 100 °C (bath temperature) at 31 mmHg '
“* NMR 1.5-2.7 (10H, m, cyclic methylenes), 5.49 (1H, td, J=
2.0, 5.4 Hz, olefinic), 5.98 (1H, td, J=2.2, 5.4 Hz,
olefinic). '

Anal. Caled for C,H,,0: 'C; 79.37, H; 8.88

9712
Found: ci 79.07, H; 8.84

(S)-(-)-8pir0[4.4]non—6—en-l—oﬁe (2).

(1R,5S) - (-)-Alcohol 23 (200 mg, 1.45 mmol) was allowed to react with
chromium trioxide (960 mg) in.pyridine and methylene chloxide for 5 h.
Three times chromatography gave 47 mg (24%) of (-)-2.

(-)-2:  [1205 -317° (c 0.125, iso-octane)
IR (neat) 3048, 1738, 1612 cm '

UV and CD Figure 5 and Table 5
(8)~(+) ~6-Methylenespiro[4.4]non-l-ene (10) .

To a solution of triphenylmethlenephosphorane.prepared from triphenyl-

methyl phosphonium bromide (1.0 g, 2.8 mmol) and 0.834 N potassium t-butoxide
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solution in t-butyl alcohol ( 2.5 mL) in spectroscopically pure n-pentane
(25kmL) under nitrogen atmosphere was added a solution of (+)~2 (158 mg)
in n~pentane (15 mL) over a period of 30 min and the mixture was stirred
for 1.5 h at room temperature. Thé solution wés washed with water (three.
times) and stored overnight in a refrigerator for triphenylphosphine oxide
to precipitate. The filtered solution was passed through silica ‘gel column,
the pentane distilled, and the vacuum distillation gave -(+)-10 (68 mg, 44
$ yield). .
(+)-10: bp 70 °C (bath temperature at 100 mmig
[a]589 +109° (c 0.0367, isooctane) .

NMR (CDC13) 1.5-2.05 (6H, m, methylenes), 2.2-2.7 (4H,

m, allylic methylenes), 4.78 (2H, m, J=1.2 Hz,

exo-olefinic), 5.49 (1H, d4t, J=5.6 and 1.9 Hz,

endo-oldfinic), 5.78 (lH, dt, J= 5.6 and

2.2 Hz, endo-olefinic).

uv and CD Figure 24 and Table 13.

Anal. Ca;cd for C10H14: C; 89.41, H; 10.51
C; 89.54, H; 10.50

(+)-1,6-Dilhydroxyimingspiro{4.4]1nonane (30).

A mixture of (+)-5 (5.0 g, 32.9 mmol), hydroxylamine hydrochloride
(5.0 g, 32.9 mmol), anhydrous pyridine (25 mL) and absolute ethanol (25 mL)
was heated at reflux for 2 h and the solvents were removed under reducéd
pressure at 50 °C leaving a colorless oil which crystallized when cooled.
The solid was triturated with water, filtered and dried to give white
granules of 30 (5.70 g, 95,2 %) which were recrystallized from methanol
to give colorless prisms. .

(+)-30: mp 243.5-244.1 °C
IR (KBr) 3280, 1668 cm -

uw Amax(s) 200.0sh (10,000), 197.5 (10,800)

Anal. Calcd for C9Hl402N2: c; 59.32, H; 15.37, N; 7.74
c; 59.25, H; 15.22, N; 7.75

(+)-1,6-Diaminospiro[4.4]nonane (31) .

A suspension of dioxime 30 (4.0 g, 22.0mmol) and platinum oxide catalyst
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(0.5 g) in glacial acetic acid (50 mL) was shaken under hydrogen atmosphere

for 2 days. The solution was filtered, the solvent removed under reduced
pressure, and the residue. was made alkaline with 15 % sodium hydroxide
solution. After filtration, the agueous alkaline solution Qas extracted
with ether (three times) and dried over anhydrous potassium carbonate.
Filtration of the mixture and removal of the solvent from the filtrate
gave the amine which was distilled in vacuo to yield an oil (1.4 g, 41 %).

(+)-31: bp 110-113 °C at 10.5 mmHg

(x)-1,6=~Bis(dimethylamino)spiro[4.4]lnonane (32).

90 % formic acid (4.27 g, 93 mmol) was cooled to 0 °C and the diamine
31 (1.0 g, 6.49 mmol) was added gradually. To this solution was added
35 % aqueous formaldehyde (3.25 g, 38 mmol), and the mixture was heated
to 100 °C im 0.5 h and kept at 100 °C for 4 h beyond the pgriod during
which gas bubbles were e&olved; The solution was allowed to cool to room
temperature, 15 % hydrochloric acid (2.5 mL) was added, the the mixture
was evaporated under reduced pressure. The residue was made alkaline with
25 % sodium hydroxide (6 mL), the .solution was saturated with potassium
carbonate and extracted with ether. ‘The ether extract was dried, the sol-
vent evaporated and the amine 32 was distilled under reduced pressure to
give cololess oil of 32 (0.69 g, 50.6 %)}

(£)-32: bp 110 °C at 5 mmHg

(+)-1,6-Bis (dimethylamino)spiro[4.4]lnonane Dimethiodide (33).

A mixture of 33 (2.02 g, 9.26 mmol) and methyl iodide (9.38 g) was
kept in a refrigerator under nitrogen atmosphere. The resulthg yellow
solid was filtered and recryst&llized from methanol to give very hygrosco-
pic powder of 33 (2.0 g, 42.1 %). |

(£)-33: mp 211.6-211.8 °C
IR (KBr) 3480, 1480 cm *
Anal. Calcd for C15H32N212: C; 36.42, H; 6.47, N; 5.66,
_ I; 51.36.
Found: C; 36.47, H; 6.70, N; 5.55,

.I; 51.20
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(58)—(+)—1,6—Bis(dimethylamino)spiro[4.4]nonane Dimethiodide (33).

(SS)-(f)-gg was prepared from (8)~(-)-dione 5 in the same manner as

racemate.

(+)-33: mp 222.7-223.0 °C

[oc]589 +2.8°, [OL]365 +12.3° (¢ 0.1, methanol)
Anal. Calcd for C15H32N212: C; 36.42, H; 6.47, N; 5.67,
I; 51.36°
Found: C; 36.31, H; 6.52, N; 5.69,
I; 51.11

(*)-Spiro[4.4]1nona-1,6-diene (8).

To a solution of methiodide 33 (2.0 g) in water (10 mL) was added
freshly prepared (alkali-free) silver oxide’(prepéred from 1.41 g of silver
nitrate and 0.44 g of sodium hydroxide). The mixture was stirred, first
at room temperature for 1 h and then at 50 °C for 1 h. The silver iodide
was collected and washed with water. The combined filtrate and washings
were evaporated to dryness at 40 °C (20 mnmHg), and the residue was pyrolyzed
at 100 °C (20 mmHg), the distillate being collected in a dry ice-ethanol
trap. The distillate was then acidified with cold 15 % sulfuric acid (30 mL),
and the olefin was extracted with pentane (3 x 30 mL). The pentane extract
was washed with sodium bicarbonate solution (10 mL), with water (10 mL)
and dried over sodium sulfate. after passing through an alumina column
(12 g), the solvent was evaporated through a Vigreux column, and the residue
was distiiled at atmospheric pressure to give a colorless oil (116 mg).

(t)-8: NMR (CC14) 1.85 (4H, m, methylenes), 2.3 (4H, allylic

methylenes), 5.55 (4H, m, olefinic).

(S)—(+)-Spiro[4.4]nona—l,é-diene (8).

(+)-8 was prepared from (+) ~dimethiodide 33 (0.4 g) in the same manner
as racemate to give a colorless oil (309}5 mg) as a mixture with n-pentane.

(+)-8: +119.3° (c 0.07, n-pentane)

lalggg
UV and CD Figure 22 and Table 13.

(s)-Spiro[4.4]nonane Disemicarbazbne (6).

A nixture of (-)-5}(100.17 mg, 0.659 mmol) and semicarbazide reagent
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(2.8 ml, prepared from 0.5 g of semicarbazide hydrochloride and 0.8 g of

sodium acetate with 9 mL of methanol by filtration) was allowed to stir

overnight and concentrated. The residue was washed successively with 5 %

sodium bicarbonate (2 x 2 mL) and water to givé 177.9 mg of 6, which was

recrystallized from water and then methanol to give colorless crystals.
(=)-6: mp >270 °C

-134.6° (¢ 0.005, methanol)
1

[oc]589
IR (KBr) 3484, 1688, 1574 cm

UV and CD Figure 20 and Table 11
Anal. Calcd for C,;H,g40,N.: C; 49.61, H; 6.81, N; 31.56
Found: C; 49.82, H; 7.06, N; 30.33

(S)~(~)-Spiro[4.4]nonane Bis(2,4-dinitrophenyl)hydrazone (7).

A solution of (-)-5 (79.21 mg), 2,4-dinitrophenylhydrazide (199.96 mg)
in ethanol>(50 mL) and acetic acid (1 drop) was heated at reflux for 2 days
and concentrated to 20 mL to give yellow crystals when cooled. The filt-
ratioh and recrystallization from ethyl aéetate gave 49.17 mg of 7.

(-)=7: mp 185.2-187.3°C '

-231.8° (¢ 0.01, methanol)
1

[alggg

IR 1620, 1590 cm

UV and CD Figure 21 and Table 12

Anal. Calcd for c21H2008N8: C; 49.22, H; 3.93, N; 21.87
Found: C; 49.36, H; 4.19, N; 21.88

(18,5R,65) - (+)~trans,trans-1,6-Dibenzoyloxyspiro[4.4]nonane (34).

To a solution of (+)-diol 34 (39.37 mg) in anhydrous pyridine (2 mhL)
was added benzoyl chloride (81.78 mgb and the solution was heated at 100 °C
for 40 min and cooled. Benzene (10 mL) and methylene chloride (20 mL) were
added to the reaction mixture and the solution was washed successively with
3 N hydrochloric accid (2 x 15 mL), saturated brine, 5% éodiuﬁ bicarbonate
solution and again saturated brine. The organic layer was dried over sodium
sulfate and the solvent removal gave a colorless oil (79.68 mg) , which was
crystallized from methanol to yield colorless crystals (31.15 mng) .

(+)~-34: m§ 59.1-62.3 °C

[oc]589 +129.2° (¢ 0.13, methanol)
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IR 1724 —

UV and CD Figure 26 and Table 14
Anal. Calcd for C23H24O4: "C; 75.80, H; 6.64

Found: C; 75.29, H; 6.59
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2. Bicyclol3.3.0]octane derivatives.

Peroxybenzoic acid.

90% Hydrogen peroxide (13.4 mL, 0.45 mol).was added dropwise with
efficient agitéﬁion to a partial solution of benzoic acid (36.6 g, 0.30
mol) in methanesulfonic acid.(86.5 g, 0.90 mol) in a 500-mL tall-form
beaker. The reaction temperature is maintained at 25-30° by means of an
ice-water bath. The reaction was exothermic during the hydrogen peroxide
addition, which required approximétely 30 minutes. During this period
the benzoic acid completely dissolved. The solution is stirred for an
additional 2 hours and was then cooled to 15°. Fifty grams of chopped
ice and 75 ml. of ice-cold saturated ammonium sulfate solution were
cautiously added in sequence while the temperature ié?maintained below
25° during the dilution. The contents of the beaker were transferred to
a separatory funnel, and the peroxybenzoic acid solution was extracted
with three 50-ml. portions of benzene at room temperature. The agqueous
layef was discarded, and the combined benzene extracts were washed twice
with cold saturated ammonium sulfate solution (15 mL) to ensure complete
removal of methanesulfonic acid and hydrogen ﬁeroxide, dried over an-
hydrous sodium sulfate, and filtered. A 1l-mL aliquot of the benzene
solution of peroxybenzoic acid was pipetted into an iodine flask, the
walls of the flask were rinsed with a small quantity of chloroform, and
15 ml. of ac;tic acid was added. Two milliliters of a saturated aqueous
solution of analytical reagent grade sodium iodide was added. Aftef a
reaction pefiod of about 5 minutes, 75 mL of water was added, and the
liberated iodine was titrated with 0.1N sodium thiosulfate solution
{starch indicator). The yield was 81% . This solution was used directly

for epoxidation without further treatment.

3,4~Epoxycyclooctene (36).

To an ice~cold, mechanically stirred solution of 1,3-cyclooctadiene
(35) (80 g, 0.740 mol) in benzene (200 ml) was added dropwise a solution
of peroxybenzoic acid (0.63 mol) in benzene over 1 h. The mixture was

allowed to stand overnight at room temperature washed successively with
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10% sodium hydroxide (200 ml x 3) and water. Drying over magnesium
sulfate, solvent removal and vacuum distillation gave the eFuxMe 36 (76 g,
97%) .
36: bp 75 °C at 20 mm Hg _
IR(neat) 3005, 3000, 1660, 1450, 950, 816 em™t
NMR 1.0-2.4 (8H, m, cyclicmethylenes), 2.9 (lH, m, methine),

3.72 (1H, 4, allylic methine), 5.64 (2H, m, olefinic).

() -endo-cis-Bicyclo{3.3.0]oct=7~-en-2-0l1 (37).

To an ice-cold solution of diethylamine (32 g, 0.438 mol) in anhydrous
ether (500 mL) was added commercial 15% butyllithium in ﬁexane {270 mL)
under a nitrogen atmosphere. A solution of epoxide 36 (21.8 g, 0.175 mol)
in anhydrous ether (400 mL) was added and the mixture was heated to reflux
for 2 days. The reaction mixture was cooled and poured Onto water, and
the organic layer separated. The aqueous layer was extractediwith ether
and the combined organic layers were washed with 1N hydrochloric acid,
saturéted sodium bicarbonate solution, and water.

Drying over magnesium sulfate, éolvenﬁvremoval_and vacuuﬁ distil-
lation gave the alcohol 37 (16.1 g, 74% yield). . ‘

()-37: bp 42-50 °C at 6 mmHg

IR(neat) 3300, 3000 cm =+

0.15 M) 3635, 3605, 3595, 3500 cm -
I

(CCl4

(cci, 0.015 M) 3635, 3605, 3595 cm

NMR 0.8-2.0 (4H, m, cyclic methylenes), 2.2 (1H, m,
bridgehead), 2.43 (1H, s, OH), 2.6 (2H, m, allylic
‘methylene), 3.2 (1H, m, allylic methine), 4.i (1H, g,

-CH-0), 5.7 (2H, t, olefinic).

(1R, 2R, 5R)=(+)- and (1S, 28, SS)-(4)-eﬁdo-cis—2—Camphanyloxybicyclo4

[{3.3.0]Joct-7-en (37'a and 37'b). Optical resolution of 37. A solution

of (%)-alcohol 37 (6.18 g, 49.8 mmol) in dry pyridine (75 ml) was dropped »
into an ice-cold, stirred solution of (-)-camphanyl chloride (15.0 g, 69.2
mmol) in dry pyridine (75 ml). The mixture was allowed to stand overnight,
poured onto water (L L), and extracted with benzene (3 x 150 ml) . The

organic layer was washed with 2N hydrochloric acid (9 x 100 ml), 5% aquous
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sodium bicarbonate, and saturated brine. After drying over sodium
sulfate evaporation of solvent gave a colorless solid (14.36 g, 94.8%).
Recrystallization from haxane (3 times) and methanol (twice):gave 3.44 g
of 37'a. |
(+}-37'a: mp 111.4~-111.8 °C
[al3gg +129.0° (c 0.592, ethanol)
IR (KBr disk) 3050, 1785, 1738 cm ©
NMR 0.96, 1.04, 1.10 (each 3H, each s, methylé),
1.20-2.90 (12H, m), 5.30 (1H, g J=6 Hz, -CH-0CO),
5.44 (1H, m, olefinic), 5.75 (1H, m, olefinic).
Anal. Calcd for C18H24O4: C; 71.02, H; 7.95
Cound: Cc; 70.78, H; 8.02
Crystals from the mother liguor of the firs£ recrystallization was
recrystallized from methanol (twice) to give 0.88 g of 37'b
(-)-37'b: mp 78.8-80.6 °C
[alggg —i39.8° (c 0.661, ethanol)
IR (KBr disk) 3060, 1780, 1740 cm™—
NMR 0.97, 1.04, 1.10 (each 3H, each s, methyls),
1.30-2.90 (12H, m), 5.25 (lH, q J=6 Hz, -CH-0CO),
5.46 (1H, m, olefinic), 5.76 (1H, m, olefinic).

Anal. Calecd for C, H,,0 Cc; 71.02, H; 7.95

1872474 °
Found: C; 71.10, H; 8.01.

All mother liquors were combined and concentrated to give a crude
diastereomeric mixture which was chromatographed on silica gel (200 g) with
benzene-ethyl acetate (100:1, 200 ml-fractioﬁ). The ratio of 37'a and
37'b in each fraction was checked by HPLC (Merk SI-100, 8 x 500 nm,

solvent; n-hexane-ether 10:3, Retention time: 37'a, 19 min; 37'b, 17 min.)

and the crystals from each fraction were again fractionally recrystallized

to give 37'a or 37'b, according to its diastereomeric content.

(+) -3-Camphanyloxy-2-oxycarbonylcyclopentaneacetic Acid (38).

(+)-37'a (3.0 g, 9.86 mmol) was treated with sodium metaperiodate
(11.4 g) and ruthenium dioxide (0.15 g) by the procedure reported elswhere.
The crude product was passed through a silica gel column (20 g) with ether

to give 3.42 g (94.23%) of a colorless solid, which was recrystallized from
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ethyl acetate-benzene (3:8) to yield colorless prisms of 38 (2.50 g).

{(+)-38: mp 157.0-157.4 °C

15
lalgge

IR (KBr disk) 1780, 1742, 1710 cm”

+#3.16°, [aljgs *7.77° (¢ 1.65, ethanol)

1

NMR .0.95, 1.06, 1.11 (3H each, s eacp, methyls), 1.50-
"2.50 (4H, m), 2.53 (3H, br s, methine and —CH2CO),
3.33 (1, m, -CH-CO), 5.58 (1H, g J=5.5 Hz, -CH-0CO),
11.56 (2H, s, COOH).

Anal. Calcd for c18H2408: C; 58.69, H; 6.57

Found: C; 58.84, H; 6.59.

(-) -Methyl 3-Hydroxy-2-methoxycarbonylcyclopentaneacetate (39).

A solution of (+)-38 (2.35 g, 6.38 mmol) in absolute methanol (150
ml) and conc. sulfuric acid (1 ml) was refluxed for 20 hr. Sodium
bicarbonate (5.5 g) was added and, aftér stirring, the solid was filtered
off. The filtrate was cbncentrated under reduced presure, diluted with
saturated aquous sodium chloride (56 ml) and extracted with ether

(3 x 50 ml). The ether layer was washed with saturated ageuous sodium
bicarbonate and saturated brine and dried over sodium sulfate.

Solvent removal left an oil (2.62 g) thch was chromatographed on silica
gel (90 g). Elution with benzene (lOOlml-fractrion) gave, succeésively,
the olefin 41 (34 mg), methyl camphanate 42 (516 mg), triester 40 (2.1 q),
and the alcohol 39 (439 mg colorless oil). (-)-40 (1.7 g) was refluxed
for 7 days with anhydrous methanol (200 ml) saturated with hydrogen
chloride. After evaporation of solvent, the reaction mixture was treated
in the usual manner to give 1.6 g of an oil, which was chromatographed
(silica gel; 80 g) to yield 597 mg of 42 and 626 mg.of 39. Recrystal-
lization of 42 from benzene-n—hexéne (1:5) afforded colorless rods.
{(-)-39: bp 120 °C (bathAtemperature) at 3 mmHg

(0113, -11.8° (c 2.09, ethanol) 4

IR (neat) 3500, 1735 cm &

_NMR 1.70-3.10 (8H, m), 3.70, 3.75 (each 3H, wach s,
OCH;), 3.58 (1H, br s, OH), 4.45 (1H, m, -CH-O)
Anal. C;lcd_for C10H1605: C; 55.54, H; 7.46

Found: ' c; 55.51, H; 7.50.
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(-)-40: [oligq =4.87° (c 1.85, ethanol).
IR (neat) 1780, 1730 cm *
NMR 0.96, 1.06, 1.12 (each 3H, each s, methyls),
1.60-2.50 (4H, m, =CH,-), 2.58 (3#, m, -CH- and

-CH.CO-), 3.30 (1H, t J=6.5 Hz, -CH-CO), 3.71

2
(6H, s, OCHy), 5.53 (lH, q J=6.5 Hz, ~CH-0CO)
(+)-41: [k125, +54.1° (c 0.821, carbon tetrachloride)
IR 3070, 1743, 1726, 1630 cm * '
NMR  1.50-3.70 (7H, m), 3.73, 3.80 (each 3H, each s,
OCH3), 6.90 (1H, m, olefinic).
(-)-42: mp 108.4-108.5 °C.
[133, -12.4 ° (¢ 2.17, ethanol)
IR (KBr disk) 1783, 1730 cm >
NMR 0.98, 1.08, 1.13 (each 3H, each s, methyls),
1.60-2.80 (4H, m, -CH,-), 3.88 (3H, s, OCH;).
Anal. Caled for Cy H,c0,: Ci 62.25, Hi 7.60

Found: C; 62.22, H; 7.57

(-) -Methyl 2-Methoxycarbonyl-3-oxocyclopentaneacetate (43) .

1.1 ml of Jones' reagent (CrO3 10 g, sto4 10 ml, H20 25 ml) was
added dropwise to an ice-cold solution of (-)-39 (810 mg, 3.75 mmol) in
acetéhe (30 ml). After stirring for three minutes, the reaction mixture
was diluted with benzene (300 ml) and passed through a celite column and
concentrated. The product was chromatographed on silica gel (30 g)
elutihg wifh benzene~ether (15:1) to yield colorless oil of 43 (628 mg,
78%) and recovered 39 (147 mg, 18% recovery).

(=)-43: bp 130 °C (bath temperature) at 4 mmig
138, -66.8° (c 1.42, methanol)~
IR (neat) 1730-1770 cm T
NMR 1.10-3.40 (4H, m), 3.72, 3.80 (each 3H, each s,
OCH3)
UV (methanol) Amax nm 290 sh (¢ 54.5), 252 (490), 237
sh (398)
CD (methanol) 4€ (nm) =-1.65 (295), +0.028 (237).
Anal. Calcd for C,.H,,05: C; 56.07, H; 6.59 '

Found: C; 56.13, H; 6.70.
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(~) -3-Oxocyclopentaneacetic Acid (44) via (-)-Methyl 3-Oxocyclo-

pentaneacetate (45).

The ester 43 (579 mg, 2.7 mmol) was mixed with conc. hydrochloric
acid (130 mL) and refluxed for 5 hr. Removal of hydrochloric acid by
repeated azeotropic distillation with benzene under reduced pressure gave
a brown oil of 44 (400 mg); [alggg -116.5°‘c 6.99, chloroform). Crude
acid 44 was mixed with methanol (50 ml) containing 1 ml.of conc. hydro-
chloric acid and refluxed overnight. The reaction mixturé wés worked up
in the usual way to give 333 mg of a colorless oil, which was chromato-
graphed on silica gel (30 g) with benzéne-ether (10:1, 30 mle-fraction).
Fraction 6-10 gaﬁe 304 mg of 45 in 72% yield from the ketone 43.

Vacuﬁm distillation afforded 268 mg of a colorless oil.
(-)-45: [alzo. -115.4° (¢ 1.13, methanol)
[aléga ~121.0° (c 1.47, chloroform)
IR (neat) 1740 cm !
NMR  1.40-2.80 (9H, m), 3.73 (3H, s, OCH,) »
UV (methanol) A . nm 286.5 (€ 23.0), 205 sh (99.2)
CD (methanol)  Ae (nm) -1.82 (291), -0.022 (207.5).
Anal. Calcd for C8H1203: C; 61.59, H; 7.75
Found: C; 61.80, H; 7.84.

A solution of (-)-45 (122 mg, 0.783>mmol) in methanol (5 ml) and
water (1 ml) with potassium hydroxide (100 mg) was allowed to stand for
3 hr and diluted with water (20 mL). After washing with ether, agqguous
layer was acidified with conc. hydrochloric acid (5 mL) and extracted five
times with ether. After usual workup, solvent removal gave 72 mg of the
acid 44. ‘

(-)-44: [01Z3; -111.5° (c 1.42, chloroform)
IR (neat) . 3400-2400, 1740 cm L

NMR 1:.00-3.00 (9H, m), 10.96 (1H, s, COOH).

(1R, 2R, 5R)=-(+)-Bicyclo{3.3.0]loct=-7-en-2-0l (37).

A solution of (+)-37'a (3.0 g, 9.86 mmol) in ethanol (150 mL) was mixed
with a solution of potassium hydroxide (1.5 g) in water (20 mL) and
refluxed for 1.5 hr. After usual workup, the reaction product was

chromatographed on silica gel (10 g) with benzene-ether (2:1) to give a
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colorless oil of 37 (1.14 g, 92.7%).

(+)=37:

bp 50 °C at 3 mmHg

(0120, +210.6° (c 0.729, methanol)
IR (neat) 3350, 3045 cmt

NMR  1.00-3.50 (9H, m), 4.23 (lH, m, -CH-0), 5.78 (2H,

m, olefinic)

UV (methanol) € 4300 (197 nm) %
CD (methanol) Ae +11.4 (195 nm)(shorﬁest wave length reached)
Anal. Calcd for C8H120: C; 77.37, H; 9.74
Found: c; 77.00, H; 9.85.
(LR, 5R)=(+)-Bicvclo[3.3.0]loct-7=-en-2=-one (3).
A solution of (+)-37 (0.3 g, 2.41 mmol) in methylene chloride (10 ml,
dried over molecular sieve 5A) was added in one portion to a solution of
chromium tribee (1.45 g, 14.5 mmol) iﬁ dry pyridine (2.3 g, 29 mmol) and
methylene chloride (40 mL) cooled with an ice—éalt bath. The mixture was
stirred for 130 min at room temperature and decanted. The residue was PY
washed with ether and the cqmbinéd organic layer was washed successively o
with 5% sodium hydroxima,S%ﬁydrochloric acid, dilute sodium bicarbonate
and saturated brine. After drying over sodium sulfate; soivent removal
gave colorless oil of 3 (0.17g, 57.3% yield, TLC pure).
(+)-3: [alggg +619° (c 0.67, isooctane)
[0]23, +720° (c 0.0461, methanol)
bp 100 °C (bath temperature) at 25 mmHg
IR (neat) 3086, 1740 cm '
NMR 1.7-3.5 (8H, m, methylenes and methines), 5.7‘(2H, m, .
olefinic) e
UV and CD Figure 33 and Table 19-
Anal. Célcd for CSHIOO: C; 78.65, H; 8.25
Found: .c, 78.50, H; 8;30
(1R, SR)-(+)=-8-Methylenebicyclo[3.3.0]oct~7~ene (14).
A solution of (+)j§ (120 mg, 0.98 mmol) in spectroscopically pure
n-pentane (10 mL) was added to a solution of methylénetriphenylphosphbrane
(preparedjfrom 1.7 g of triphenylmethyiphosphonium bromide and 2.5 mL of Py
: -
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15% n-butyllithium in n-pentane 30 nl) at room temperature under nitrogen
atomosphere. The mixture was stirred for 3 h at 0 °C, washed with water,
and dried over magnesium sulfate. The solution was passed through silica
gel (20 mL) and concentrated. Column chromatography over silica gel
.(10 g) eluting with spectroscopically pure n—pentane (2 mL-fraction) gaVe
the diene 14 in fraction 4 and 5.
(+)-14: IR (CCl4 solution); 3050, 1660, 1615
NMR (CC14) 1.5-3.0 (7H, m, methylenes and methine) ,
3.5 (1H, m, aliylic methine), 4.75 (2H, m, .
exo~-methylene), 5.48 (2H, s, endo-olefinic).

UV and CD Figura 32 and Table 16.

(1R, 2R,5R) - (+) =2-Tos yloxybicyclo[3.3.0]oct-7-ene (48) .

To a solution of (+)—§1_(3é7.65 mg, 3.12 mmol) in dry pyridine (3 mL)
was added a solution of tosyl chloride (1.0 g, 5.24 mmol) in pyridine (3
mL) at 0 °C. The solution was allowed to stir overnight at room temperature
and poured onto ice-water (80 mlL). The mixture was extracted with ether
(3 x 50 mL), washed successively with 1N hydrochloric acid (2 x 50 mL) ,
sodium bicarbonate solution, and saturated brine; After drying over magne-
sium sulfate, solvent removal gave a colorless oil which was chromatographed
on silica gel (20 g). Elution with n-hexane-benzene (10:1, 400 mL) gave
the excess tosyl chloride and benzene-eluate (300 mL) gave a colorless oil
of 48(822.5 mg, 94.6 %).
(+)-48: 123, +520° (c 0.088, cCl,)
IR (neat) 3050, 1600, 1189, 1176 cm‘1
NMR (CD¢13) 1.2-3.0 (8H, m, methine and methylenes), 2.45
(3H, bs, methyl), 3.25 (1H, m, allylic methine),
4.88 (lH, m, -CH-0),  5.3-5.9 (2H, m, olefinic),
7.33, 7.80 (2H each, AA'BB' pattern, aromatic) .
Anal. Calcd for C,.H,,0,5: C; 64.64, H; 6.51, S; 11.51

1571873
Found: ' C; 65.04, H; 6.55, S5; 11.12

(1R, 5R) = (+) -Bicyclo[3.3.0]oct-2-ene (13) .

A mixture of lithium aluminum hydride (800 mg) and absolute ether was

stirred for 1 h at room temperature and a solution of (+)-48 (747 mg, 2.68
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mmol) in ether (20 mL) was added dropwise. The mixture was stirred over-
night at room temperature and water (4 mL) was added cautiously. The resul-
tant slurry white solution was filtered and tﬁé solid washed with ethef.
The filtrate and washing were combined and the ether was substituted by
pentane using Vigreux column. The pentane solution was concentratea to
2 mlL and the residue chromatographed on silica gel (5 g). The first eluate
(5 mL) was concentrated and chromatographed -again. Evaporation of solvent
and vacuum distillation gave colorless oil of 13 (68.65 mg, 23.7 %) .
(+)-13: bp 80 °C (bath temperature) at 35 mmHg‘
[X123, +88.0° (c 0.104, iscoctane)
IR (cCl,) 3070, 1620 em™t
NMR (CDC13) 1.0-2.3 (7H, m, methine and methylenes), 2.4-
3.0 (2H, m, allylic methylene), 3.17 (1€, m,
allylic methine), 5.55 (2H, m, olefinic).
UV and CD Figure 31 and Table 16
Anal. Calcd for CgHy,: C; 88.82, H; 11.18

12
Found: C; 88.85, H; 11.49

(lR,ZS,SR)—(-)-2-Camphanyloxybicyqlo[3.3.0]octane (49) .

A mixture of (=)-37'b (3.9 g, 12.6 mmol) and platinum dioxide (100 mg)
in methanol (150 mL) was vigorously étirred'under hydrogen atmosphere for
1.5 h. Filtration and evaporation of solvent gave a colorless oil (4.07.g),
which was chromatographed on silica gel (40'g) eluting with benzene-ethyl
acetate (20:1, 200 mL) and crystallized fromvmethanol to give colorless
crystals (3.03 g, 85.5 %).

(-)-49: mp 69.4-69.9 °C
ki]ggg —22;4° (c 1.691, ethanol)
IR (KBr) 1785, 1737 cm © B
NMR (CDC13) 0.97, 1.06, 1.10 (3H each, s each, methyl),
1.20-2.80 (16H, m, methine and methylenes),
5.23 (1H, q, J = 6 Hz, -CH-0).
‘BAnal. Calcd for CjgHyO,: Ci 70.56, H; 8.55
Found: c; 70.52, H; 8.60
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(1R,2S,5R) =(~)-Bicyclo[3.3.0]octan-2-01 (50).

A mixture of (-)-49 (3.0 g, 9.79 mmol) in ethanol (40 mL) and potassium
hydroxide (1.7 g, 30 mmol) in water (10 mL) was heated at reflux for 1 h
and allowed to stand overnight at room temperafure. The solution was con-
centrated to 30 mL, poured onto ice-water (80 mL) and extracted with
ether (3 x 50 mL). The ether extracts were washed with saturated brine
(50 mL), dried over magnesium sulfate and filtered. Evaporation of solvent
and vacuum distillation gave 943.4 mg of 50 (76.4 %).

(=)=-50: bp 110 °C at 41 mmig : !
(@121, -30.6° (c 1.09, ethanol)

0.0955 M) 3630, 3495, 3340 em ™t

1

IR (cCl,,
(ccl,, 0.00955 M) 3630 em
MR (cDCl,)  0.9-2.0 (10H, m, methylenes), 2.37 (2H, m,
methines), 2.78 (1H, s, OH), 4.05 (iH, m, CH-0) .
Anal. Calcd for CgH,,0: C; 76.14, H; 11.18

Found: C; 76.07, H; 11.35

(lR,SR)-(—)—Bicyclo[3.3.0]octan—2—one (11).

Jones' reagent (2.06 mL) was added rapidly to a solution of (-)-50
(900 mg, 7.13 mmol) in acetone (15 mL) cooled with an ice-salt bath .and the
mixturelwas stirred for 5 min at =10 °C. Pentan¢ (100 mL) was added, and
the reaction ﬁixture was passed through celite column (Wako 545, 10 g).
Solvent removal and vacuum distillation gave a colorless oil of 1l (689.9
mg, 5.556 mmol).
(—)—i;: bp 103 °C at 43 mmHg »
[a128, -176° (c 3.29, isooctane)
IR (neat) 1742 em™t
NMR (CDCl;) 1.0-3.2 {(m)
UV and CD Figure 29 and Table 15
Anal. Calcd for C_H,.,O:  C; 77.37, H; 9.74

8712
Found: c; 77.56, H; 9.89

(+) ~endo-cis-2- (Tetrahydropyranyloxy)bicyclo[3.3.0]oct-2-ene (51).

To a mixture of (%)-37 (40.0 g, 0.322 mol) and dihydropyrane (33 g,

0.392 mol) cooled with an ice~bath was added a catalytic amount of phospho-
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rousoxychloride (1.0 g) and the solution was stirred for 2 h at room tem-
perature. The Y€3ction mixtufe was then cooled with an ice bath and 5 %
agueous potassium=hydroxide solution (100 mL) added. The mixture was
extracted three times with ether (500 mL), washed with saturated brine
and dried over magnesium sulfate. Evaporation of solvent gave 70.8 g of
reddish brown oil, which was chromatographed over alumina (600 g) with
n-hexane to give 62.6 g of 51 (93.3 %). Analytical sample was further
purified by column chromatography over silica gel with n-hexane-ether (20:
li and vacuum distilled to yield pure il.b
(£)-51: bp 89.0-89.5 °C
IR (neat) 3050
HPLC (Merck SI-100, 8 @ x 500 mm, n-hexane-ethyl acetate
50:1) RT 15.2 min. and 16.8 min. (intensity 1:1)
Anal. Calcd for C13H2002: C; 74.96, H; 9.68

Found: C; 74.84, H; 9.79

(+)-Epoxide of éndo-cis—Z—(Tetrahydropyranyloxy)bicyclo[3.3.0]oct¥

2-ene (52).

To ‘a mixture of ()-51 (55.0 g, 0.264 mol) in methylene chloride (3 L)
and 0.5 M aqueous sodium bicarbonate solution (1.2 L) was added m~chloro-
perbenzoic acid (65.0 g, 0.264 mol as 70 % content) and the mixture was
allowed to stir for 26 h. The organic layer was separated, washed with
1IN sodium hydroxide and water successively, and dried over magnesium sulfate.
Filtration and solvent removal gave 64.9 g of crude product,.whidh was
chromatographed over alumina (600 g) with benzene to yield 53.0 g of 52
(89.6 %). \

(£)-52: bp 137-138 °C at 5 mmHg
IR (neat) 3025 — B
Anal. Calcd for C13H2003: C; 69.61, H; 8.99

Found: C; 69.43, H; 9.08

(+) ~endo-cis-8-(Tetrahydropyranyloxy)bicyclo[3.3.0]octan-2— and

3-ol (53).
To a solution of lithium aluminum hydride (35 g, 0.922 mol) in dry

ether (1.7 L) was added dropwise a solution of ()-52 (49 g, 0.218 mol)
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in ether (300 mL). The mixture was refluxed for 28 h and cooled with an
ice-bath. & solution of ethyl acetate (100 mL) in ether (200 mL) was
added and then water (160 mL) added cautiously. After stirring overight,
the white precipitates formed were filtered off. The filtrate and the
ether washing were combined and dried over sodium sulfate, 'Evaporation
of solvent gave (i)-éi (49.8 g, quantitative yield), which showed four
spots on silica gel TLC with benzene-ethyl acetate (10:1). This mixture
was further oxidized without anyl separation and purification. .

(£)-53: IR (neat) 3410 —

(i)—endo—cis-8—(Tetrahydropyranyloxy)bicyclo[3.3.0]octan—2— and
3-one (54) . ‘ '

To a mixture of dry pyridine (20 mL) and dry methylene chloriae
(300 mL) cooled with an ice-salt bath was added chromium trioxide (14 g,
0.14 mol) and the mixture was stirred for 3 h at room temperature. A
solution of (#)-53 (3.4 g, 15 mmol) in methylene chloride (50 mL) was added
at o °C and allowed to stir for 1 h at o °c. The dark brown organic layer '
was decanted and the residual black harz washed with ether (300 mL). The
combined organic layer was washed with water (200 mL), 5 % sodium hydroxide
solution (3 x 200 mL) and saturated brine successively, and dried over
magnesium sulfate.‘ After removal of solvent, the crude product was chro-
A‘matographed over alumina (100 g) eluting with hexane (300 miL), benzene
(500 mL) and benzene-ether (50:1, 500 mL), successively. - Benzene and
benzene—-cther eluate gave 3.3 g of 54 in guantitative yield. )

(+)-54: bp 129-132 °C at 3 mmHg
IR (neat) 1740 cm"1

Anal. Calcd for C C; 69.61, H; 8.99

13%2093¢
Found: - C; 69.87, H; 9.16

(+)-endo-cis-7—- and 8—Methylene—2—(tetrahydropyranYloxy)bicyclo[3.3.

0loctane (55).

Commercially available n-butyllithium in hexane (6.3 mL, 10.08 mmol)
was added to a mixture of triphenylmethylphosphonium bromide (4.0 g, 11.16
mmol) in dry benzene (100 mL) under nitrogen atmosphere. After 2 h-stir-

ring, a solution of (+#)-54(1.0g, 4.5 mmol) in dry benzene (20 mL) was
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added dropwise at 10 °C and allowed to stir for 21 h at room temperature.
Water (0.5 mL) and pentane (50 mL) wés added, and the filtered organic
layer was washed With water (50 mL), dried over magnesium sulfate and
concentrated. The residual oil (1.3 g) was tﬁiturated with n-hexane to
filter off triphenylphosphin oxide. Yellow oil thus obtained (1.0 g) was
chromatograéhed over alumina (20 g). n-Hexane eluted the reaction products
and benzene eluted the recovered ketone (305 mg). n-Hexane eluate was
chromatographed again on silica gel (10 g) eluting with benzene to give
55 (310 mg, 52 % yield by considering the recovery) .
(i)~55: bp 100 °C (bath temperature} at 3 mmig
IR (neat) 3070, 1652 em ™t

NMR (CDC13) 1.1-2.05 (16H, m, cyclic methylenes), 2.05-

3.1 (4H, m,-éllylic methylene and bridgehead),

3.2-4.0 (2H, m, o-cnz), 4.2 (1H, m, THP-O-CH-),

4,77 (ZH,.m, olefinic and O0-CH-0), 4.96 (1H,

m, olefinec).
HPLC (Merck SI-100, 8 ¥ x 500 mm, n-hexane-ethyl acetate
' 50:1) 2 peaks (intensity ratio 7.2)

Anal. Calcd for C C; 75.63, H; 9,97

1492292 |
Found: C; 75.96, H; 10.14

() -—endo-cis-7- and 8-Methylenebicyclo[3.3.0]octan-2-ol (57 and 56).

To a mixture of (%)-55 (2.65 g, 11.9 mmol), methanol (25 mL) and

water (1 mL) was added concentrated hydrochloric acid (0.2 mL) at 0 °C

and the mixturé was allowéd to stir overnight at room temperature under
argon atmosphere. Ether (50 mL), water (50 mL) and potassium carbonate

(4 g) were added and the reaction mixture was stirred for 0.5 h. The organic
' layer was separated and the agueous layer extracted twice with ether (50

ml x 2). The combined organic layer was washed with saturated brine and
dried over magnesium sulfate. Filtration, evaporation 6f solvent and
column chromatography on silica gel (40 g) eluting with pentane-ether (10:1)
gave 56 (1.0 g, 7.6 mmol) and 57 (270 mg, 2.0vmmol), successively. Analy-
tical samples were vacuum distilled for purification.
(¢)-56: bp 90 °C (bath temperature) at 35 mmHg

1

IR (CCl, 0.2 M) 3571, 3068, 1647 cm

1

4

(cci, 0.02 M) 3571, 3068 cm

4
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NMR (CDC13) 1.3-2.1 (6H, m, cyclic methylenes), 1.92 (1H,
s, OH), 2.34 (2H, m, allylic methylene), 2.65
(1H, m, bridgehead), 2.98 (1H, br t, J = 8.0
Hz, allylic bridgehead), 4.18 (1lH, m, CH-0) ,
4,86, 5.14 (1H each, m each, olefinjc).

Anal. Calcd for C9H 0: C; 78.21, H; 10.21

14
Found: c; 77.83, H; 10.32
(£)-57: bp 125 °C (bath temperature) at 35 mmig
IR (CCl, 0.2 M) 3630, 3600sh, 3480, 3070, 1660 cm T
(ccl, 0.02 M) 3630, 3600sh et

NMR (CDCl3) 1.2-2.8 (10H, m, cyclic methylenes, bridge-
head and allylic methylene), 1.42 (1H, s, OH),

4,22 (1H, m, CH-0), 4.79 (2H, m, olefinic).

(1R, 2R,58)~(=)- and (1S,2S,5R) - (+) =2—-Camphnyloxy-8-methylenebicyclo-

{3.3.0)octane (56'a and 56'b). Optical Resolution of 56.

A mixture of (:)-56 (350 mg, 2.53 mmol), (-)-camphanyl chloride (2.0 g,
9.23 mmol) and dry pyridiné (10 mL) was allowed to stir overnight at room
temperature. Crashed ice (100 g) was added, and the mixture was extracted
with ether (80.mL x 2), washed with 1 N hydrochloric acid ( 2 x 100 mL)
and saturated brine. Drying over magnesium sulfate and evaporation of
solvent gave the diastereomeric mixture of camphanates (0.9 g).
1.0 g of the mixture was chromatographed on silica gel (30 g) eluting
with benzene-ethyl acetate (200:1) to give the less polar part (540 mg)
and the more polar part (380 mg). HPLC (Merck SI-100, 8 § x 500 mm, n-
hexane-ethyl acetate 10:1) of the less polar part showed two peaks in the
ratio 3:1. Recrystallization twice from methanol gave diastereomerically
pure (+)-56'b (275 mg).
(+)~56'b: mp 94.5-95.5 °C .
(0122, +86.7° (c 0.987, ethanol)
IR (KBr)
NMR (CDC13) 0.95, 1.04, 1.09 (3H each, s each, methyls),
1.2-2.2 (6H, m, methylenes), 3.14 (1H, m,
allylic bridgehead), 2.3 (2H, t, allylic

methylene), 2.6 (1H, m, bridgehead), 4.75
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4.93 (1H each, m each, olefinic), 5.5 (1H,
m, -CH-O).
Anal. Calcd for C19H2604{ C; 71.67, H; 8.23
Found: C; 71.62, H; 8.29
HPLC of the more polar part showed two peaks in the ratio of 1:5.
Recrystallization twice from methanol gave the pure (T)-56‘a.
(-)-56'a: mp 122—124 °C
[alggg -99.4° (¢ 0.5794, ethanol)
IR (KBr) '
NMR (CDC13) 0.95, 1.03, 1.09 (3H each, s each, methyls),
1.2—2.2 (64, m, methylenes), 2.3 (2H, m,
_allylic methylenes), 2.7 (1H, m, bridgehead),
3.15 (1H, mt, allylic bridgehead), 4.77,
4.92 (1H each, m each, olefinic), 5.52 (1H,
m, —-CH=-0).
Anal. Calcd for C19H2604: C; 71.67, H; 8.23

Found: C; 71.40, H; 8.31

(lS,ZS,SR)—(+)—8-MethylenebicYclo[3.3.0]0ctan-2-ol (56) .

A mixture of (+)-56'b (265 mg, 0.83 mmol) in ethanol (10 mL) and 1N
potassium hydroxide solution (3 mL) was heated at reflux for 3 h and poured
onto ice-water (30 mL). The mixture was extracted with ether (3 x 15 mlL),
washed with saturated brine, and dried over sodium sulfate. Solvent
removal and column chromatography on silica gel eluting with pentane-ether
(3:l)lgave a colorless oil of 56 (101.5 mg, 88 %).

(+)-56: IR and NMR were identical with those of racemate.

[alggg +103.9° (c 1.015, pentane)

(1S,ZS,5R)-(+)—8-Methylene—2-tosyloxybicyclo[3.3;0]octane (58) .-

To a solution of (+)-56 (14.2 mg, 0.103 mmol) in dry pyridine (1 mL)
was added tosyl chloride (24.42 mg) at 0 °C and the mixture was stirred
for 3 days at room temperature. Ether (20 mL) was added and the mixture
washed successively with water (2 x 5 mL), 1N hydrochloric acid (10 mL),
saturated sodium bicarbonate solution (5 mL) and water (5 mL) . After

drying over sodium sulfate and solvent removal, the residual oil (mixture

166



of 58 and the recovered 56) was chromatographed on silica gel_eluting
with benzene gave a colorless oil df 58 (14.86 mg).
(+)=-58: Bi];gg +97.6° (c 1.486, carbon tetrachloride)
NMR (CDC13) 1.2-2.8 (9H, m, methine and methylene), 2.44
(3, s, methyl), 2.97 (1H, bt, allylic methine),
4.65 (1H, bs, =-CH-0), 4.? (2H, m, olefinic),

7.30, 7.77 (2H each, AA'BB' pattern, aromatic).

(lR,5R)-(-)—2—Methy1enebicyclo[3.3.0]octane (12).

A. From (-)-11. To a phosphorane solution (prepared from 2.7 g of

triphenylmethylphosphonium bromide and 4.4 mL of 15 % n-butyllithium in

30 mL of spectroscopically pure pentane} was added a solution of (-)-11

(360 mg, 2.9 mmol) in pentane (10 mL) at 5 °C under nitrogen atmosphere.

The mixture was stirred overnight, washed with water (2 x 10 mL) and pésSed

through alumina column (12 g). The eluate was concentrated with Vigreux

column to 3 mL and the residue chromatographed on silica gel (10 g).

Solvent removal gave 40 mg of 12 which contained some n-pentane by NMR

examination (ca. 0.3 mole fraction).
(-)-12: IR (cCl,) 3070, 1658 om -

NMR (CDC13) 1.0-3.0 (12H, m, methine and methylenes),

4.75 (2H, m, olefinic).

UV and CD Figure 30 and Table 16

B. From (+)-58. To a mixture of lithium aluminum hydride (30 mg)

in anhydrous ether (5 mL) was added a solution of (+)-58 (14 mg) in ether
(2 mL) and the mixture was allowed to stir overnight at room temperature.
Water (0.3 mL) was added énd the mixture was stirred until the grayish |
solution became white. Pentane (10 mL) was adéed and the filtered solution
was passed through the column of sodium sulfate (5 g) ‘and silica gel (1 g)
to give the solution with dextro rotation, which was concentrated under
reduced pressure (50 mmHg) and chromatographed on silica gel (1 g) eluting
with pentane (3 ﬁL fréction). Fraction 1 was TLC pure ahd UV and CD were
measured without isolation.

(+)-12: UV identical pattern with that of 12 in é

CD antipodal to that of 12 in A |
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(1S, 5R) - (+) -8-Methylenebicyclo[3.3.0}octan~2~-one (4).

To a mixture of pyridinium chlorochromate (200 mg) and sodium aéetate
(80 mg) in dry methylene chloride (1.5 mL) was added a solution of (+)~-
56 (77.2 mg, 0.56mmol) in methylene chloride (2 mL) and the mixture was
stirred for 3.5 h at room temperature (29 °C). Ether (10 mL) was added
and decanted. The residue was washed with ether (2 x 20 mL). The combined
brown ether layer was passed through the column of siiica gel (1 g) and
sodium sulfate (3 g) to give a light yellow solution, which was washed
successively with 1 % sodium bicarbonate solution (2 x 5 mL) and saturated
brine (3 x 5 mL) and dried over sodium sulfate. Filtration énd solvent
removal gave a light yellow oil, which was passed through silica gel column
(2 g) eluting with benzene (20 mL), and distilled to afford a colorless oil
of 4 (20.3 mg, 27 %).
(+#)-4: bp 90 °C (bath temperature) at 35 mmig

[4]23, +80.3° (c 0.685, isooctane)

IR (cCl,) 3080, 1750, 1652 cm '
NMR (CC14) 1.2-2.5 (8H, m, methylenes), 2.98 (2H, m, methine),

4.94, 5.10 (2H each, m each, olefinic).

UV and CD Figure 34 and Table 18
Anal. Calcd for C.H..,O0: C; 79.37, H; 8.88

9712
Found: "C; 79.26, H; 9.03

(1S,5R) ~8~Methylbicyclo[3.3.0]octan-2-one (60).

'A methanolic solution of (+)-4 (2 mL, 0.50 x 1072

mol/1l) with
Fmﬂadium—charcoal (10 mg) was stirred overnight at hydrogen atmosphere.

The solution was filtered and the cata%ysf was washed with methanol (2 x

1 mL). The filtrate and the washings were combinea and diluted with methanol
to 5 mL, and the solution was directly sﬁbjectéé to CD measurement,

(-)-60: CD Figure 35

() -8-Methyl-cis-bicyclo{3.3.0Joct-7-en-2-one (59).

A solution of (+)-4 (66 mg) in pentane was adsorbed on alumina (20 g)

and, after 1 h, was eluted with ether to give a colorless oil (55 mg) of 53.

(+)-59: IR (neat) 1710, 1660 cm ©

UV (n-hexane) Amax (e) 366(20), 350(27), 335(31), 322(30),
248(5400).
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General Procedure for Kinetic Resolution.

To a stirred solution of optically active alcohol (ca. 30 mg, = mmol)'
was added (*)=-anhydride (about double the molar quantity; y mmol) and the
mixture was stirred for'several hours. Water (lmL) was added and the
solution was stirred for 1 h to decompose the unreacted anhydride, and
benzene (10 mL) and water (10 mL) were added. After stirring for several
times, the produced acid was determined by titration with 1/10 N sodium
hydroxide solution by phenolphthalein as an indicator (titration volume; z mL).

The esterification yield (Y %) is given

Y=__2_Lx:__z_.x]_00 (%)

This equation can be used only for the case that the hydrolysis of unreacted
anhydride was complete and that the anhydride used for the reaction was
pure and not contaminated by free acid.

0.5 mL of 1/10 N sodium hydroxide was added and the organic layér
separated. _The aqueous layer was extracted with benzene ( 2 x 10 mL) and
the combined organic layer washed with Qater (3 x 10 mL). The washings
(30 mL) were extracted with benzene (10 mL) and benzene layeres were combined
‘and dried over sodium sulfate. Column chroﬁatography of this solution gave
‘the recovered alcohol from which the esterification yield was easily cal-
culated in cases when the yield was not given by titration method.

The combined aqueous layer (40 mL) was acidified with 1 N hydrochloric
acid (pH < 1.0) and extracted with benzene (3 x 15 mL). The benzene layer
was washed Qith water (10 mL) and dried over sodium sulfate. Filtration
and solvent removal gave the acid which was dissolved in benzene (10 mL) .

The optical rotation was measured in 10 cm-cell.

The weight of the acid produced by the reaction (G g), the concentration

of the benzené solution (C g/iOO mL) , and the opEical yield of the reaction

(e.e. %) are given

Y xM _ YaM 100 YaM

G = —1o0 "Tooo " - ~Tooooo (¥ ¢=-15 "¢~

10 —Tooo (9/100 mL)

1000000000

YaxeMla] (%)

c.e. = {(100-%)/[a]}-1oo =

where M is the molecular weight of the acid, o is the observed rotation,

and [o] is the absolute rotation of the acid.
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Appendix

1. Physical constants

The values of important physical constants used in the calculations are

taken from the tabulation of R. Birge, Rev. Modern Phys., 13, 233 (1l94l).

Velocity~of ii§ﬁ£ c=2.9976 x 1010 cm-sec-l
Charge of electron e=4.8025 x 10_10 abs. e.s.u.
- pPlank's constant h=6.6242 x 10727 efg.sec.
Mass of electron | m=9.107 x 10728 9m-
Avogadro's number ‘ N=6.0228 x 1023 mol~1

Bohr radius (h2/4ﬂ2me2) a0==0.5292 b4 10-8 cm

2. Coordinates systems

a. Polar coordinates

X = rsinbeosy y = rsinbsiny z = rcosb
dt = rlsinedrdedy
0 £r <o 0£8=% T 0 £ ¢ £ 27

(y measured from xz plane)

X
x = &/ (u2-1) (1-v?)cos ¥
y = a/(u?-1) (1-v})siny

2z = duv

1 _
W= g ()
—> 7
-1 -
V=g (rg - T
r, = (u + v)d.
r., = (n -v)d
v b

d3(u2 -vz)dudvdw

a
A
]

FPigure 1. ‘
1Su<o =13v31 052y s2m
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3. Some special integrals

.2
fOZTrszn xdx = fcz)“coszxdx = T

fgsinmxdx = 2fg/2sinmxdx

T/2 . 1-3-5--(m~1) Ll
fo sin"zdr = A6 * 5 {m : even)

= i:‘;:g::fngl) (m : odd)
® n_-ak n!
fO de = Th il n> -1, a>2>0

a

® n_-azx nte”® B gk
f dx = ) = Aj(a)
1 n+l koo k! n
[LaPe™@ g = (-1)™*tay(~a) - Ap(a) = B (av)
-1 - n n = n

when a is zero,

2

—iTi— (n H even)

f_ll "dx =

fgsinzipcoszwdtp = —]4:-“

4. Integrals between two atomic orbitals

Five types of atomic orbitals x: (t = 1ls, 2s, 2pm, 2py, and ZPz) R
considered in this paper, are chosen as Slater functions which, in the local

coordinate system with its origin at atomic nucleus A) are represented by

a 1 (qa) 3/2

a
X exp(-g-r.)
1ls e 1 17 a

a 1 ., .a,5/2 a

Xogo = (q.) r_exp(-g,r,)
2s /T 2 a a
)('a . (qa)S/zx exp(—qara)
2px JT 2 a 2

a S ( a)5/2 exp (~q3r.)
szy = q, Y expl-q2r,
X3 - (qa)s/zz exp(—qar )
2pz ST 2 a *27a
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a
o
with ¢% = L
ng ntao
. . . a . «
t orbitals, ajy is Bohr radlus’and _Znt are effective nuclear charges in

2
, where n, are effective principal quantum numbers of

atom A in case of the effective principal quantum number ng.
Here we will consistently use right handed cartesian coordinate systems.
For the integrals between two atomic orbitals xi and XZ with the

operator T and ;xV, the following relationships are available,
a b b a
<thmlxu> = i-<xu|mlxt> (1)

where m are components of operator 3, ;xﬁ and aR, and signs are minus for
¥ and fx?, and plus for af. Equation (1) can be proved mathematically as
follows.

For the operator 7%? , we find

fff:mxz(jgr xi)dxdydz = fffm[xzxﬁ]::f:dydz - fffijz(j%;x:)dxdydz

Since xaxb vanishes at infinity, the first integral on the right is zero,

hence,
a; 9 b, _ _.by 3 a
<Xt|3xlxu> —<Xu|3xlxt>

The same proof holds for every component of V and rxV. From the character

of operator oB, equation (1) for oB is apparently confirmed without further
demonstration.
a. Integrals between the atomic orbitals x: and xz on one nucleus A.

In the present case, xa and xb belong to the same atom A. Therefore,

both local co-cordinate systems coincide with each other, such as

ra=rb=r
xa = xb = X
Yo =¥, =Y
za=-zb=z
a _ b
q. =9,
a _ b
Xt Xt

In Table 1 are shown all possible combinations of two atomic orbitals and

components which give non-zero integrals from the symmetry.
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respectively, differs from zero.

a a a a
Xls X2S Xpr X2py X2pz
@ - - e, - e - e -
X1s x’ v’ 2z’
2 - - e, — e - e -
XZS <! yr z!
a
—_ —_ —_ — - m
X2px Cx’ Cxr o |y, ry
a
XZPY eyl - eyl - I mz - - mx
a .
Xsz ezl - ezl - - my — mx -

Table 1. Non-zero components in integrals <x, |m|X > (m=$, ?Xﬁ,as).
t u

e, and m, show that a—component of integrals <it|§|xu> and <xt|?X$|xu>,

Non-zero integrals of the components

of Q are omitted since m_, my, and m,  are inevitably accompanied by

P Qe and Qxy, respectively.

In addition to the relationship (1), next equality holds from symmetry.

1}
]

a a a a a a
<X2pxl$lxls>m <X2py|—v)lxls>y <Xsz|$lxls>z

a a a a a a
<Xprl—v"X25>x <X2py'§lx25>y <X2pz|_vP!X25>z

a | a _ _.a a _ a = a
Xopx| BV 150y 2 = Kopy Y X5p,75 = S EL Do

X5 px ¥ X5 5y

Hence only four types of integrals <x;px|leis>, <X;Px|$|x:s>, <X;pxlzxle;py>

and <x:px|xy|x;py> are worth calculation.

as follows.
Nppx V1%7s
Nppy! V1A3s
NppzVIX1s>
<x§px|$|xgs>
<x§pyl$[x§s>

a a
<x2pzl§|X2$>

]

= Gy l¥21X5p,”

a <> a
=<X161VIXopx”
-<x3 1V x50y

~<x3s1VIX3,2>

-<X3 V1 X3px”
~<x5 1V IX5py”

-<stlle§Pz>

173

n

"

The results of calculation are

_ a a
- <x2pz‘zx‘X29x>

a ] a
<X29x|55|xls> L

a {9 a
<X29xl§Eles>
a ] a
<X2pzlszlxls>
a 9 a
<x29x|§§|X25>
a 9 a
<XZPY|§§|XZS>

a 9 a
<XZle§5|X25>

1.

-

e

e

=



a + 2 a - __.a = a a 9 _, 0, a :
<X2pxlrx$IX2py> - <X2py|rxv|XZPx> <X2px!x§g y§E|X2Py> k

a > a ! > a _ a 9 _ . 9 a .
<X2pylrx§|X2pz> = <szz|rxv|xzpy> = ‘<szylxw yEEIX2pz> i
a > a _ ___ a > a - a 3 _., 9.2 .
<Xszlr)ﬁl)(sz> - <Xprl"‘:x_v»lx2pz> - <)(szlxw. yﬁlX2px> L

where 1., j and k are unit vectors of x, y and z directions, respectively, and

8 av a,5/2 ) a . ®
Ko lazlxe> = - -—-—————(qlqz)4 3 Neelx3 > = - *2
px'aox s (qi+q:) 2px'dx ' *2s 2/3

a 9 ] a _
<X2px|x§g vy§§]X2Py> =1

a a a
X5 pxd T 1 X5py” = Xapy 192 1X5 5,7 = X3, 132135,

. |
<x§py|$ylxsz> = <X3pz V2 1X55,> = X5y |27 1%5,,>

-2

3 a
S (qy)

b. Integrals between the atomic orbitals X: and xz on two atomic nuclei

A and B.
It is convenient for calculation to express the orbitals xa and xb o
in one coordinate system with its origin at the midpoint between the nuclei
A and B, and with the z-axis pointing from A toward B, parallel to thé
local axes 7, and Zp. Xa and x), axes are aiso set parallel to the new
X axis. PFigure 2 shows this relation by assuming that the disﬁance between
A and B is 2d.
The 1ocai coordinate systems
are transformed into general
ones in the‘following way. < o
N °
X, =X =X E Xy
Y, =¥, =Y _ ___/i _____ Zh _y,
z, =z + d /A(-4,0,0)/ B(+d4,0,0)
z, =z -4 ¥y
r, = /}? +y2+ (z+d)2
r, = /x2 +y2 + (z-c‘i)2
) Figure 2. General and local
. coordinate systems.
®
L
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As in the case of section a, non-zero integrals are listed in Table 2.

xis ng .X}‘Z)px Xgpy X12)pz
Xis ez,' - ez',' - e s my ey, m.ooe,, -
x;s ez,' - ez,' - e My e,r mooe,, -
x;px eyr M, e, my ez,‘ - —,m, e, m
X;py eyr M, e, M~ WM e, = e m_
szz e,r — e,, — e my e, m. e, =

Table 2. Non-zero components in integrals <xi|m|xﬁ> (m=§, _f><$,

aB). Symbols e, and mg are the same as those in Table 1.

Next relations can be utilized in addition to equation (1).

oG ) Imhgay )> = sexd (@b ) Imxdad,)> (2)
Wl ThE>y = x5, 171Xy (3)
<x;px|;xv|xz>y = -<X;Py|§x$|xg>x , (4)
Gl ez lxer = <Gy vzl | (5)
K 512 = Xy 19911502 ®

where xb are xb and xb orbitals. Equation (2) can be proved as shown below.
w 1s 2s

From equation (1),
a, a b, b — b, b a, a
K lag ) Imlxglag 0> = £<x,(ay ) Imixgla, )> (7)
With respect to the coordinate transformation from z to -z, we find
a, a b, a
Xe(dp ) > #xe(ay)
b, b a, b
xu(qnu) > txu(qnu)
where plus sign is for t, u = ls, 2s, 2px and 2py, and minus for t, u = 2pz,

and we also find,

m + im
where plus for m = 2,2 x—a—- 2 'a: and minus for m = 2 Ys— = Bx—
P 3c’ 3y’ Tay Yaz' *Y 3z’ Y93z !
2

Za—x"'xsz—, LB, Y&y
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and we find,
o -0 ©
[0 s > [-ds = [7 s
By the use of these transformations, equation (7) becomes
<xg(ag,) Im{xj(aB )> = £<x3(ay ) [m]XR(ag )> (2)
and the signs will be determined individually.

This equation is applied for the calculation of <X:(q2 )|m|Xg(qg ) >
t

and qi .

when <xa(qa )Imlxb(qb )> are given as functions of q?
u nu t nt n t

u

Equations (3), (4), (5), and (6) are easily convinced from symmetry

considerations.

The results of calculations are shown below with the abbreviation

p = d(g® + q°)
b
. q® - g
@ +q
1e”P B oK
A=A (p) = = y B
n n pn+l k=ok!
=R = (_1yR+l _
B, = B (pt) = (-1)"""A (-pt) = A (pt) (t #0)
=0 : (£ = 0, n; odd)
- 2 .
= <31 (t # 0, n; even),
ol 1F1xE > = —283 @) 323/ (a,-a,) B+ (B,-B)A, ) k
a b, _ _ 2 14 ab5/2. _ _ ) _
X5 lVIxge> = = 4% (q53y) >/ “1(B,-By) By +(B3=B1 ) Ay +(By=Rg) B+ (Ay-A) ) By } Kk

L]

<x§Px|$lx§s> —d4(q§q?)5/2{(A3-Al)(BO-BZ)+(A2-AO)(Bl-B3)} i

a 1. b a b .
Koy | 71X e> = X IV 22 8

a b = oad aby5/2
<x2pzlv|xls> = =-2d" (g,9;) (A3B,+A,B5-A B -AB,) k

2,4 a b 5/2 : ’
347 (@59, > TI{(B,~B) A+ (B5=B) ) A, + (B, =R ) B+ (A3-A, ) By }

b
<3 1V x5 >

-dqg{(B2—BO)A3+(BZ-B4)A1-(A2-A0)B3-(Az-A4)Bl}] K
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ab

1.4
—a(a3q;

/3

b 5/2 _ _ _ _
<X§Px|$|x23> )2/ “1{(a3-R]) (By=B,) +(A,-B)) (B, -B;)}

~dqh{(a,-2,) (By=B,) - (A,=Ay) (B,=B,) }] i

b a b .
<X2py|le25> <X29x'§IX2$>x D

b,5/2 b y
<x§pzl3lx§s> = j%§4(9;qz? /2 [ (B4B,+A,By-ABy~A;B) ~dqy { (A, +Bq)By= (B, +Bg) A, }] Kk
s b . _ _25,.2,5/2, b 1/2 _ _ . 2B +B
<X:pxl§|x2px> = -a%(q5) 7/ “(qy) (A m28,4R ) (B -By) + (A -A;) (B,-2B, o)} Kk

a . b a b
Kapy ¥ 1Xapy X5px! ¥ 1 Xopx” .

a b a b ,
<X2pxlle2pz> <X2px|$‘x2px>z t

a 2. b a b .
<X2py|v|x2pz> <X2px|$|x29x>z I

2d4(q§qg)5/2[(A B.-A.B.+A.B.~A B

3By "R By+A,B,-RB,)

>, b
<x§pz|V|xzpz>
-dqg{(A4—A2)B3+(AO—AZ)B1+(B4—B2)A3+(B0—B2)Al}] k

a + > b . a F.b .
<X29xlrxlels> - d<X29x|v|Xls>xIl

a - b ..a b .
<x2py|rx3|xls> —d<xzpyl_V’|Xls>x i

a + >, b a 2> b .
Napx | TV Xae> = ENppylVIXzg>, B

a > b a Z1.b .
<X2pylrx$lxzs>' = —d<X2pYIVIXZS>.’L‘L

a > > b e —ev@ b
Xapy | TV Xzpx” = Xapy|X2py”> K

- _d5(ngg)5/2{(a4_A2)(BO_BZ)-(AZ—AO)(BZ-B4)}k

a > 2> b P! b S a 2z b .
<X2px|rxv[X29z> { <X2py|X2py> + d<XZPx|v|X29x>Z}B

a - b a 4.b _ a = b .
Napy 1BV [¥5p2> = {X3py1Xapy> = G<X5,, [VXppy7 s} 1

it

a b a b
<X2px|'7"zlxls> <X2py|yzlxls>

= 8@ Y2 (ag-n,) (B-B;) ~(By-R)) (B4-Bg))

a b a b
,<szx‘lexzs> <X2py|yzlxzs>-

= @Gy A agRy) (BB3) +(8y-,) (By-By)
3

-(Asz3)(32-34)-(A3-Al)(34-36)L
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a b 1 .7, ab5/2 _ —2B_+B
Nppx | 7Y 1 X5py> = § A7 (@) 7 " L(Rg=2R,¥A,) (B, =28, o)

- (B,=2A,+R) (B -2B,+B,) }

a b a b
Kapx T2 X505, X3py 173 1X5p,>

7 3.0y 5/2 _ _ _
a’ (5,57 “l(ag-Ay) (By=B,) +(Ay-A;) (B3-Bg)

-(Ag-B3) (B,-By) ~(A,-A,) (B,-B)}

5. Table of effective nuclear charges in Slater orbitals

1ls 2s,2p
H 1.00 -
c 5.70 3.25
0 7.70 4.55
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