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Abstract

Previous investigations involving the behaviour of cis-
4a,5,8,8a-tetrahydro-1,4-naphthoquinone and its derivatives in
solution under UV irradiation raised the qﬁestion of what role, if
any, the ground state conformations of fhese moleéules play in a) the
type of photochemical behaviour the substrate exhibits and b) the
ﬁroduct distribution in cases where more than one product is formed.
In addition, it has never been established experimentally just what
the geometric requirements for the various reactions encountered in
this series ére. Such requirements usually pro§ide insights into the
geometry of the transition state itself. 1In the solid state, the
initial conformation of molecules of any given substrate can be
" accurately determined by single crystal X-ray diffraction methods.
‘furthermore, since thé crystal lattice usually resists any gross
changes in cbnformatioﬁ during the course of a reaction, it follows
that most reactions in the crystalline state will occur from the
ground state conformatioﬁ of the substrate. By studying these
reactions in the solid state and correlating the results with the

X-ray data, it was hoped that the questions raised as well as others

e.g. concentration effects could be answered.
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Eleven substrates were chosen for the investigation. They
were all prepared by the Diels Alder addition of a diene to a quinone.
By slow crystallization all substrates with the exception of 6,7-
dimethyl-4aB,5,8,8aB-tetrahydro~1,4-naphthoquinone, 2 and
2,3,4aB,5a,8a,8a8—hexamethy1—4aB,5?8,8aB—tetrahydro—1,4—naphthoquinone,
10, gave crystals suitable for single crystal X-ray structure
determination.

Relevant X-ray data of nine of these substrates and five of
the solid state photoproducts are repofted.

In the solid staée, 5a,8a-dimethyl-4ag,5,8,8af-tetrahydro- -
'1,4—naphthoquinone, 1, 6,7-dimethyl-4ag,5,8,8aB-tetrahydro-1,4-
naphthoquinone, 2, and the parent compound 4aB,5,8,8aB-tetrahydro-

1, 4-naphthoquinone, 3, did not undergo the photochemical intramolecular
hydrogen abstraction they undergo in solution. Instead, they

dimerized stereospecifically to their respective centrosymmetric

dimers when irradiated with UV light below their respective eutectic
temperatures. This is rationalized in terms of a parallel alignment

of the C(2), C(3) double bonds of adjacent monomers and short
intermolecular centre-to-centre separation (fﬁ.OAOKj of these double
bonds.

Five of the substrates, namely, 6,7-diphenyl-4aB,5,8,8aB-
tetrahydro-1,4-naphthoquinone, 4, 2,3-dimethyl-1,4-4aB,9apg-tetrahydro-
9,10-anthraquinone, 6, 4aB,8ap-dicyano-6,7-dimethyl-4ag,5,8,8aB-
tetrahydro-1,4-naphthoquinone, Zg 2,3,4aBp,6,7,8aB~hexamethyl-

' 4aB,5,8,8ap-tetrahydro-1,4-naphthoquinone, 9 and 2,3,4aB,58,88,8aB-
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hexamethyl-4aB,5,8,8aB-tetrahydro-1,4-naphthoquinone, 11 have
intermolecular double bond contacts exceeding 4.1X and did not

undergo dimerization in_the solid state. Instead, upon UV irradiatioﬁ,
they formed tricyclic enone alcohols derived from iﬁtfamolecular abstraction
by oxygen of the C(8) hydrogen which lies in the plane of tﬁe c(1)=0(1)
carbonyl group. Substrates 9 and 11, in addition, each gave a
tricyclic diketone resulting from the abstraction of one of the C5
hydrogens by C2. The geometric requirements, the geometries of the
transition states and intermediates and the factors governing the
modes of closure of the biradical intermediates in both of these
hydrogen abstraction reactions and their implications for other
hydrogen abstractions such as the Norrish Type II are discussed.

One substrate, namely, 4aB,8aB-dicyano-50,8c-dimethyl-
4a8,5,8,8&é—tetrahydro—1,4—naphthoquinone, 8, which lacks short
intérmolecular double bond contacts and has ité C(8) hydrogen out of
plane and far removed from the C(1)=0(1) group neither dimerized nor
gave hydrogen abstraction prbducts when irradiated in the solid state.
Instead, it gave an oxetane fesulting %rom an intramolecular [“24-n2]
addition of C(1)=0(1) to the C(6)=C(7X double bond. ' The intermolecular
double bond contact here was 3.202.

Lastly, 2,3,6,7-tetramethyl-4aB,5,8,8aB-tetrahydro-1,4-
naphthoquinone, 5, and 2,3,4aB;50,8a,8aR-hexamethyl-4ag,5,8,8aB-
tetrahydro—134—naphthoqhinone, lé, failed to react when irradiated in
the solid state.

| The reason for this is not clear but the possibility of deexci-

tation via excimer formation and subsequent dissociation is raised.
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“Introduction

General -

Organic solidé, being generally low melting'and complex
as compared to métals, are.more prone to crystal imperfections
than the latter. It is, therefore, not surprising that the Journal of
Solid State Chemistry is exclusively inorganic. While this attitude of.
soiid state chemists and physicists is, perhaps, understandable, the
aloofness of organic chemists themselves from this area of research
is surprising since most organic compounds are solids. For, although
it is true that limited diffusion of reactants in the solid state places
restrictions on the type of reactions which can occur, it is, nevertheless,
also true that many unimolecular and polymerization reactions occur via
mechanisms which require no assistance'from solvents. The elimination
of the use of solvents from such syétems is not only beneficial in
terms of cost but also in minimizing secondary reactions and in
reducing the number of factors which need toibe considered in broposing
mechanisms.

Organic solid state reactions have occasionally appeared in
the literature since 1880 but tﬁe correlation of reactivity with structure

of organic compounds became possible only after improved methods in



X~-ray crystallography became available.

X-ray Diffraction Methodsl

.Wheﬁ X~rays are'passed through matter, some of the rays are
scattered or diffracted, some are absorbed. X-ray crystal strﬁcture
analysis relies on the recording and analyses of accurate values of the
infensities of the diffracted rays. The intensity determinations
can be made on a single crystal of on a fine powder coﬁposed of small
grains. The powder method has serious drawbacks the gréatest of which
is the inherent lack of resolving power which causes reflections
originating from different points in the crystal and which are not
symmetrically related to fall together or coincide as a single spot.
This makes the interpretation of intensity data from this method more
difficult. Powder diffraction methods are, therefore, unsuitable for
crystals having large cells and are hardly ever used for complex
structure analyses. Organic crystals are invariably investigated by
the single-crystal metﬂod. In this method, a single crystal measuring
0.1 - 1.0 mm on a side is mounted on‘a goniometer head and several
photographs are taken at varying angles using Weissenberg and
precession cameras. From these photographs the dimensioﬂs of the unit
cell and also the space group to which the crystal structure belongs are
determined. Next, diffractiqn intensities are recorded‘using an
automatic diffractometer. Using these intensities, the structure factors
are derived and their respective phages determined by statistical'

methods. These latter quantities allow for the calculation of electron



density maps from which the positions and nature of the atoms may be
determined. Because of the uncertainties involved in pinpointing an
atom from electron density maps, the resulting structure is only
approxima;e. This approximate structure is subsequently used to
calculate infensities which are then compared with the observed
intensities. Usually, the structure is deemed satisfactory only when
thé avefage percent difference between the observed and calculated
intensities, the R factor, falls gelow 107%. Otherwise, the structure
is successively refined using a least—squéres refinement method until
the R factor is minimal and satisfactory. All computations involved
in X-ray structure determinations are carried out using a digital computer.
Thus used, this method yields tbe structure, conformation,
stereochemistry, intramolecular bond distances, the packing arrangement in
the crystal as well as the intermolecular geometries and distances.
The next step in establishing structure-reactivity correlations
is to study the reactions or the lack thereof of the crystalline compound.
Sincé,4a11lreal crystals contain imperfections and since defects
in crystals héve been shown to play an important role in chemical

reactivityz, a brief discussion of these defects is desirable.

‘Defects in Crystals and Their Effects on Chemical Reactivity2_16

Imperféqtions in non-metallic solids, of which organic solids
are an example, are complex and diverse and have not been as systematically

and thoroughly studied as those found in metals.- Furthermore, the study



of crystal defects has been the specialty of solid state physicists. The
result has been a mathematical and highly technical treatment of the
subject. Only a qualitative and simplistic discussion of crystal

defects will be attempted in this text.

Possible defects in solids can be classified into four categories:

A. Zero-dimensional or point defects e.g. vacancies and interstitials.

Q000000
0000000
OO0 OO0
0000000

0/0]0]0]0/0]0;
(a) (b

00000
00000
o%goo
~ 00000
O0000
Q0000

Figure 1. (a) Vacancy; (b) Interstitial atom

A vacancy is formed by the absence of an atom from an atomic site while
an interstitial is what results when an atom is present at a non-atomic

site. These two defects are illustrated in Figure 1.

B. One-dimensional or line defects commonly referred to as dislocations.

A dislocation is a boundary bet@een two pérts of a crystal which are
displaced with respect to one anpther. There are two types of dislocations
viz.,edge and screw dislocations. The first type is exemplified in

Figure 2b in whiéh an extra half plane of atoms has been inserted into

the top half of the crystal lattice giving rise to a severe distortion

of the atomic layers in the vicinity’ of the dislocation. An edge

dislocation may begin and end anywhere in the crystal and so may not



Figure 2. Model of a simple cubic lattice; (a) the perfect crystal,
(b) a view of an edge dislocation caused by the insertion
of an extra half plane of atoms, ABCD.

always be perceptible externally. A screw dislocation, on the other
hand, manifests itself on the crystal surface. Figure 2c illustrates a screw

dislocation caused by the displacement of the two faces of the ABCD plane

D

(c) (d)
Figure 2. (c) a screw dislocation; (d) growth spiral on the face of

an n-paraffin (C3gHy4) crystal resulting from a screw
dislocation (reproduced from reference 6).



in the directions shown. When such a slip occurs during crystallizationm,
it usually gives rise to a growth spiral which is not uncommon in long
chain hydrocarbons grown from solution by cooling. Figure 2d is a

photograph of one such crystal reproduced from reference 6.

C. . Two dimensional or éurface defects include boundary dislocations of
one kind or another. We shall concern ourselves with three kinds of
boundary imperfections, viz., defects of sprface atoms, phasé boundary
dislocations and grain boundary dislocations."The atoms in a single
crystal are held together by a cohesive force which may be of the metaliic,
ioﬁic, covalent, or van der Waals type. Regardless of which type of
cohesive force is involved, the atoms on the surface of the crystal
experience oniy a fraction of the total force felt by the atoms in the
interior of the crystal. This, plus the fact that they are exposed to

an environment different from the environment of their interior counter-—
parts, makes surface atoms different from those of the bulk crystal.

They are usually diqurted and have properties unlike those of the

bulk crystal. This &eviation is classified as a defect inasmuch as it
may be the initiator;or inhibitor of a physical or chemical process. The
second type of boundary defect is caused by the preéence of one or

more phases within the crystal e.g. the presence of an impurity ox the
formation of product(s) may give rise to new phases on the surface or

inside of the crystal. The reactant-product interface may then .

serve as a defect site. Lastly, grain boundaries may act as defect



sites. Most solids crystallize out, not as single crystals, but as
aggregates of crystals. Any two grains represent two single crystals

and a misorientation between them constitutes a grain boundary dislocation.
The atoms at such sites are distorted. In addition, such locations

are the sites of other defects such as interstitials and holes.

D. Three-dimensional or volume defects refer to voids and inclusions.
In the perfect lattice, all atoms are in minimum energy positioné and
only vibrational motion about these positions occurs. When the atoms
are displaced.from their minimum energy positions, as 1s the case at

the site of dislocations, then the atoms are subjected to forces that
teﬂd to move them back to their equilibrium positions. The movement of
atoms in the vicinity of the disloc#tion to correct the defect often
results in the formation of clusters of vacancies or voids. These
channels of empty space and vacancies, in general, provide a mechanism of
diffusion .in solids. Eiguré'3 is a diagramatic representation of
movement in the lattice facilitated.by a void.' As can be seen:frOm this
illustration, the departure of the designated atom from an atomic site
to the site of the void leaves sehind a vacancy. This méchanigm of
diffusion, therefore, results in the creétion of a new defect site. The
multiélication‘bf defect sites,'in this fashion, can be an effective
method of propégating reactions permissible only at defect sites. A sgcond
example of volume defect 1s the presence of impurities or inclusions,

in general. An inclusion in the crystal lattice can be an impurity, an

entrappéd molecule of the solvent of crystallization or in the case of
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Figure 3. (a) a void formed from a cluster of vacancies; (b) the
diffusion of an atom () to a new atomic site and the
creation of a vacancy at the original atomic site.

solid state reactions, a product molecule. There are two major effects
of these inclusions namely (i) they, generally, lower the melting

point of the host and (ii) they may initiate or terminate a physical
and/or chemical process within the crystal.

For simplicity in illustrations, only monatomic molecules
have so far been used in defining structural faults. Although, all
of the above discussion applies equally well to polyatomic molecuies
;uch as organic'solids, the sheer bulk and complexity of these molecuies
givé ;ise to other considerations which will now be-discussed.

One of the méjor differences between solids of small moiecules
such as metals énd those of-large organic entities is the rate of
diffusion through the solid. As mentioned earlier, one mechanism of
diffusion in solids entails the movement of an atom from an atomic site

to an empty space (a void or vacancy). The energy required to move a



small atom or ion from one location to another is quite small compared
to that neceésary to effect the movement of a complex molecule such as
an organic one. The calculated coefficient of diffusion in a single
crystal of anthracene is of the order of 10--lO cmzsec-1 at.40°bbelow
its melting point and the activation energy for diffusion is calculated
to be 42 kcal per'mohg. Diffusion in organic solids can therefore be
assumed to be negligible. One manifestation of this, is ﬁhe inability
of radicals formed during decomﬁosition of organic crystals to combine

to products, a phenomenon termed a cage effect6’9

. Not only are moie—
cules confined to the same location in a crystal but other molecular
motions such as tumbling seem to Ee absent as well. Proof of this

comes from the persistence, over periods up to months, of the anisotropy
(electron spin-nuclear spin magnetic interaction) e#emplified by proton
hyperfine spliftings in the electfon spin resonance spectra of various
organic compounds which have been exposed to ionizing radiation6’8.
Resfrictions such as this on molecular movements form the basis of the
topochemical postulate.which will be discussed later.

A second feature of complex molécules sucﬁ as organic
compounds is their potential to crystaliizg out in Pore‘thanque polymorphic.
form. Polymorphism may~be assopiatéd with variétiéns in conformation of
the molecules'éﬁd/or with  the ﬁacking arrangemgnt of molecules in. the
crystal lattice. Polymorphs of the same substance differ not only in

their physical properties but may react differently. Although, this

multiplicity of form is not a defect as such, the contamination of one
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crystal form by the presence of a second form i1s undesirable in the study
of such solids. There are two types of polymorphism namely enantio-
tropic and moqotropic. When each of two polymorphs is stable at a

given temberature rangé énd pressure, then the two are said to be -
eﬁantiotropic. This means that a substance A will exist in poiymorphic
1+ At T;
In the second type of

modification A, at T° and a pressure of P

1 1 and P2, it is

tr;nsformed into polymorphic modification A2.
polymorphism, one of the pair is unstable at all temperatures below the
melting point. Such a pair is said to be monotropic. ‘This latter

form of polymorphism presents less problem in organic reactions than
the>former since the metastéble form can only be prepared by quenching
the melt and is, therefore, unlikely to form during crystallization or
reaction. Enantiotropic forms, on the otherhand, may interfere in
reactions in the following manner: (i) where one form interconverts to
the other during the coufse of a reaction, it becomes difficult to
determine from which modification the reaction is occurring. One such
compound is cis-decahydronaphthalene which undergoes enantiotropic
change at about 14° below its melting pointlo; (ii) when a reaction
sample containing f;edbﬁinantly one polymérph is contaminated b& a
second polymorph. Although, it is possible to check single cryst§l§ﬁ
grown for X-ray crystallographic purposes, the sensitivity of this
method is only about 5%. Furthermore, checking bulk samples used

in organic solid state reactions is impracticalf Fortqnately,,this typé

of contamination can be treated much like defects.. Since there are

very few of the unwanted forms as cémpared'to'the bulk of the crystals,
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the properties and reactivity of the. crystal will approach thaF.of@A B
the pure form.

As mentioned earlier, organic solids are generally lower
melting and more prone to contamination than the inorganic ones. One
consequence of this is that, unless reaction temperatures are chosen so
as to be many degrees belbw the melting point, an apparent solid-phase
reéction may actually be occurring in a molten region of the crystal.
Moreover, as reaction proceeds, product molecules will furtﬁer depress
the melting point of the host sample so that not only should react;on
temperatures be below the melting point oflthe starting material. but
must be below the eutectic temperature of the mixture comprising
reactant and product(s). |

We have so far defined some of the possible defects which can
be present in é crystalline.solid. Experimenfally, the defects most
often implicated in organic solid reactions are dislocations of one
kind or another. To understand their role in such reactions, an examination
of the stages involved in transforming reactant molecules to product
within the crystal lattice of thé reactant will be useful. To be pertinent,
the discussion will behlimited to photochemical transformations in the
solid state.

Let R denote a reactant molecule in the crystal lattice.
Followiﬁg the absorption of light by R, it is promoted to the first
1R*

excited singlet state, . It may then (a) react to give product, P, or

(b) deactivate (i) radiatively (fluoresce) or (ii) non-radiatively to the
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ground state, or (c) intersystem-cross into the excited triplet manifold,
3R*, from which it can (i) react, (ii) transfer its excitation energy to

a secdnd molecule, (iii) deactivate radiatively (phosphoreéce) or
non-radiétively to the ground state or (d) transfer its excitation

energy to another molecﬁle R". This entire sequence of events, schematically

represented in Scheme 1, is crystal structure dependent. The only processes

which may directly or eventually lead to product formation are (a) and (d)

Scheme 1
1
P P

T(a) , T(i) |
1sC (11)

VAAAANAA ANy, SRE 2]y Bpik 4

R hv > 1px
(c)
| R"(d) (b) -hv | (iii)
~hv

]_Rn* + R

from the excited singlet manifold and (c) (i) and (ii) from the excitedr
triplet state. Attention will, therefore, be focused on the effects

of spructural imperfections on these processes., In a reaction in which
the absorption of enéfgy leads directly to reaction i.e. energy transfer
does not occur, molecules situated at or near lattice defects play no
significant role since their concentration is négligible compared to

the concentration of molecules in ordered arrays. The photodimerization

11,12

of trans-cinnamic acid and its deriyvatives affords an example of this



- 13 -

type of reaction. In one such reaction, Cohen and coworkersll irradiated
mixed crystals of p—methoxycinngmic acid and p-methylcinnamic acid witﬁ
both filtered and unfiltered light. With filtered light, only p-methoxy-
cinnamic acid monomers absorbed the light. Analyses of the resulting
products showed them to be the homodimer formed by the combinaiion of

an excited p-methoxycinnamic acid.with a non-excited p-methoxycinnamic
acid together with the heterodimer formed by the reaction of excited
p-methoxycinnamic acid with a non-excited p-methylcinnamic acid.

Hardly any homodimer of p-methylcinnamic acid was formed. When unfiltered
light was used, however, the products comprised both homodimers and also
the heterodimer. These results, summarised in Scheme 2 below, show that
only molecules whicﬁ initially absorb the irradiation react i.e. no

energy transfer occurs in this system. Schmidt and coworker312 have

Scheme 2

For filtered light For unfiltered light
* * *
A —2y A W, B —5 B
* * * .
A+ A —> A, A"+ A—> A, B +B—>B,
* = - % L%
A +B —> AB 4 : A +B— AB B + A— AB

A = p-methoxycinnamic acid; B p—methylcinnamic acid
studied the crystal structures and dimerization reactions of these and

other cinnamic acids and in all caéeq found only the products predicted

¢
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from the orientation of the monomers in the crystal lattice. Thus, the
a-type crystal (Scheme é:below) in which monomer pairs are related by

a centre of symmetry give the centrosymmetric dimer. The second type

of crystal, the B-type, in which monomer pairs are related by simple
translation along a crystallographic axis dimerize to the mirrérsymmetric
dimer. And lastly, the y-type crystal in which the double bonds of

adjacent monomers are offset in such a way that' they do not overlap and

Scheme 3
Ar——"—im * E-——"—Ar edge-on view of carboxylic acid pair
mam = COOH x = centre of symmetry |
a-type. Separatilon'of double bonds = 4A COOH
Ar— = g~ X - —— == —Ar hv Ar
‘A;;; E-L--x- _ — —Ar - qggﬁ

B-type. Separation of double bonds = 3.8-4.14

:I\ Ar

Ar—— — 5. mE———Ar. hv Ar
—_ ! —_— > coon
Ar——-—mw ¥ EF—— —Ar 7 . oom

y-type. Separation of double bonds = 4.8-5.2A

N . .
Ar—=——mmm’y mm—_—_— Ar -—-E’_._) No Reaction
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the distance between them 1s 4.8& or greater are found to be photo-
chemically inert. 1In cohtrast to these photodimérizations which are
topochemically controlled, there are solid state reactions which are

best understood in terms of the geometry of molecules situated at or

near defectivé sites such as dislocations. The opportunity fo? molecules'
at dislocations to control reactivity arises when steric or other factors
maké reaction in the perfect parts of the crystal energetically unfavorablé
and that at dislocations comparatively desirable and a mechanism exists
for excitation energy to reach such defective sites. An example of this
is provided by the photodimerization of 9-substituted anthracenes in

the solid statel3b’16. As in- the cinnamic acids, there are three crystal
forms, a, B and Y. The o type is predicted on the basis of the monomer
arrangements in the crystal to give the centrosymmetric dimer and it does,
Scheme 4; the Y-type is photoinert as expected but the B-type which on

the basis of the crystal structure should give the mirrorsymmetric dimer
reacts to give the centrosymmetric dimer. The formation of this non-
topochemical diﬁer is now fairly well understood. Dimerization here

involves bonding the C9, Cl0 positions of one monomer té the C10, C9

Scheme 4 .

o —

N2

Head-to-tail

centrosymmetric dimer
arrangement
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R

Head~to-tail arrangement
at a defective site
favorable for dimerization

Head-to~head arrangement
in bulk crystal unfavorable
for dimerization

R
QAvp
=
mirrorsymmetric dimer, centrosymmetric dimer,
not formed formed

E
|
T
o

CL R hy
. —> No Reaction
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positions, respectively, of its nearest neighbour. When any of these
positions is substituted, the B-arrangement becomes energetically
unfavourable for dimerizafion'presumably because of steric hindrance.
So that one would expect such crystals to be photoinert. This is found
true for some of the 9—subs£ituted and 9,10-disubstituted anthfacenesl3b’16.
But in others linear defects i.e. dislocations have made possible the
heéd—to—tail approach of two monomers so that reaction begins only at

these defective sites and is propagated through multiplication of the
defect as reaction proceeds. In these anthracene-derived compounds, it

has also been shown that the initial ébsorption of irradiation need

not be by the molecules at these defective sites in order to have the
reaction to occur. Bpth_impurities13 and displaced molecules at defective
sites14 have been shown to act és effective exciton traps in anthracene
crystals. So that energy absorbed by the bulk of 9-substituted anthracene
crystals is passed on from one pair of molecules to the next until it
reaches a defective site where monomer pair arrangements favor. reaction.
The formation of the unexpected dimer in such cases is, therefore, not

a violation of the topochemical postulate since the reactioﬁ is not
occurring within the "perfect” regions of the crystal lattice bﬁt is

due to favorable reaction conditions at dislocations in the crystal as

suggested and shown by Thomas and Williamsls.

Energy Transfer in Organic Solidsl7_-,2l

It will be useful to define the term "exciton" as it is used

in the photochemical literature on organic solids. In solids, excitation
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energy absorbed by a chromophore in a molecule may be immediately

passed on to a neighboring molecule in the same crystal. Thus, the
excitation energy can be thought of as being shared between fhe molecules
within that particular crystal. This delocalized excitation energy

is termed an exciton. The migration of an exéiton from moleculé to

molecule which has been variously described as tunnellingls, a hoplg, a

17,18a by different investigators occurs through long

jurﬁp20 and a random-walk
range Interaction between traps in contrast to the mechanism of triplet-
triplet energy transfer in solution whiéh'occuré largely through molecular
collisions. As mentioned earlier, energy transfer occurs in some systems
and not in others depending on the types and magnitude of the interaction
between the donor and recipient molecules. In cases where the

probability of transfer is large (31011 sec_l) it is estimated that the
jump time, T, for a migrating exciton can be as short as or shorter

than lattice relaxation times2l (10“13

sec) so that in these cases the
excited state molecule S* and its surrounding unexcited molecules

So have the samérgéqmeﬁry.”_. This keeps the probability of transfer
high and proﬁotes exteésive exciton migration. When, on the other hand,
lattice relaxation prepedes the transfer, considerable energy is
expended thermally and exciton migration is curtailed. Examples of
solid systems which have been shown to exhibit substantial exciton

migration are those of benzenel7, naphthalenels, and anthracenezo.

Several important conclusions can be drawn from these works:
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(i) Since the average number of jumps or transfers is T/T where T
is the iifetime of the exciton and T is the time within which a single
transfer occurszoa, and since a triplet exciton 1is longer-lived than a
singlet exciton, it follows that migration of a triplet exciton through
a crystal is more extensive than that of a singlet exciton. Nieman and
Robinson17 estimated that in pure organic crystals, Wloll triplet energy
miératibns are possible per radiative lifetime as compéred to 104 - 106
for the lowest singlet.

(ii) The more extensive wandering of the triplet increases the
probability of its annihilation at defective sites and also through
triplet-triplet quenching. This is borne out by the fact that many
organic crystals having long-lived triplet states do not phosphoresce.

(iii) Structural faults and/or chemicalvimpurities can act as
exciton traps to terminate the transfer process. These energy'sinks
may then become the sites of physical processes éuéh as phosphorescence

and/or the reaction centres within the crystal.

2. Photochemistry of Tetrahydro-1,4-naphthoquinone and Its Derivatives

Diels and Alder22 reported the formation of a’polymefic
material of unknown molecular weight when they exposed érystals of the
pafent compound, 4a,5;8,8a—tetrahydro—1,4—n§phthoquinone, 3, to sunlight.
Over three decades later, Cookson and coworkér823 reinvestigated this
and similar reactions. In both ethyl acetate solution and as crystalliﬁe

material, UV irradiation through Pyréx of compound 3 was reported to
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give mainly tar. Although K their attempts at characterisation met
with little success, they tentatively assigned it the dimeric structure,

11, of unknown stereochemistry, (eq. 1)..

0

“hv

v

l eq.(1)

3 » Ir
More recently, Scheffer and coworkers24 haﬁe shown that selective
irradiation, (A > 340 nm) of 3 and its derivatives in solution gave
tricyclic and tetracyclic products in moderate to quantitative yields.
Their results are summarized in Scheme 5. The type B process has only
recently appeared in the 1iterature25 and formally involves the abstraction
of a hydrogen via a five-membered transition state. On the other hand,
the abstraction of a Y—hydrogen by afcarbonyl oxygen through a six-
membered cyclic transition state is commonplace - and has been widely
referred to as the Ndrrish Type II proce3526. The third reaction type,
deéoted as Yc to differentiate it from the previous Y-process involves
the abstraction of a y-hydrogen by carbon 2 of the ene-dione syétem. This
process is analogous to that reported in the photochemistry pf-some
substituted cyclopentenones and cyciohexénone327. The fourth reaction
type i.e., intramolecular oxetane formation,is formally a 242 cycloaddition
éf a carbonyl group to an olefinic double bond. Such a reaction is well

documented in the literatureza. The Tast reaction type leading to a caged
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structure (Scheme 5 ) is also an intramolecular 2+2 cycloaddition.

This time, however, the addition is between the two olefinic double
bonds. This reaction is also not without precedentzg. There are two
simple mechanisms thch can explain the formation of the various products
arising from hydfogen abstraction. One of these is thé biradiéal
mechanism shown in Scheme . 5 and the other is the charge-transfer or ion

pair mechanism shown in Scheme 6 . The latter mechanism involves the

Scheme 6

Type B |
— N
_ H H | =
R
o
transf@
B-proton charge transfer
tragsfe excited state
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H-

transfer

transfer of an electron from the olefinic m system to the excited ene-
dione chroﬁlophore followed by the abstraction of a proton by the oxygen.
Electron reorganizgt;ion in the resulting dipolar intermediate would then
give rise to the same biradical intermediate formed from the direct
abstraction of a hydrogen atom by- the okygen. The biradical pathway
follows from that generally accepted for the Norrish Type II and related
processes. On the other hand, charge transfer bands have been detected
in the UV absorption spectra of some p-benzoquinone derivatives similar
to those studied by Scheffer and coworker324. For example, compound IV

(Table 1) has an absorption at 307 nm with a higher extinction

Table 1
=228 = UV absorptions, A,p,(€)
Compound m>n*(allowed) charge-transfer 7>1*(forbidden) n>m*
O
255(15,500) - 355(800) - 435 (26)
- IITI -
257 (14,500) 307 (260) 385(520) 448 (50)

pAY
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coefficient than its n,7* absorption. There was no corresponding
absorption in the 300-350 nm region, however, for compound III. Cookson.
and coworkers30 ascribed the 307 nm absorption to a charge-transfer
state arising from overlap of the remote double bond with the carbonyl
of the p-benzoquinone chromophore. This is not unreasonable since
p-quinones are good electron acceptors and may accept an electron from
thé remote double bond if the geometry of the molecule allows for
overlap of the two chromophores. So that, although the biradical
mechanism accounts for the products observed iﬂ the investigations of
Scheffer and coworkersza, the possibility of a charge-transfer mechanism’

neeéds to be explored.

Biradical vs Charge-transfer Mechanisms:

Throughout this discussion it will be important to bear in
mind that both of these mechanistic pathways involve a biradical inter-
mediate. Such an intermediate is necessary to explain the different
products formed in these hydrogen abstraction reactions. So that in
considering these two pathways, one is solely concerned with thé step(s)
leading to thé formation of the biradical.

, .

The first event in the chain is surely the absorption of
light. This prom&tes ﬂuamolecuie from its ground state energy ievel to
an excited state. What is the nature of this excited state? As will be

shown later, like the Norrish Type II reaction, the reactions of these tetra-

" hydronaphthoquinones broceéd,from both. the singlet and._triplet excited states.

- E
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Since deactivation from higher excitation levels is quite rapid in
solution ( k'= 1012—1013sec_l), one assumes that only first excited states
are involved. In the Norrish reaction, it is found that in acyclic
ketones the percentage of singlet reaction depends on the strength of the
YC-H bond - as the bond becomes weaker, the proportion of reaction occufring
from the singlet state increase826a. On the. other hand, ketones with
high intersystem érossing efficiency e.g. aromatic ketones, may be
expected to react mostly from their triﬁlet states. A seéond question

to be settled about the nature of the excited state(s) involved in these
reactions has to do with the fact that in some ketones there are two
low-lying triplet states namely,an,ﬂ* and 3r,n*. Triplet lifetimes
obtained from phosphorescence studies show that, of the two triplets,

the 3n,n* is the shorter lived, its lifetime being generally of the

3 to 10_2 sec.26b. Using these lifetimes it has been

order of 10
established that ketones with low-lying pure n,n* triplets undergo the
Norrish Type II reaétion while those with pure 7 ,7% 1owést triplets
are, generally, unreactive. The reactivities of these two triplets

in intramolecular hydrogen abstraction reactions have been estimated26b
to differ by at least a factor of 106{' This is not surﬁrising,;if,
as is generally assumed, the reaction involves the abstraction of a
hydrogen atom by an electron—-deficient oxygen. Fér the n,m* state has
a configuration in which an electrqn deficiency has been created at

the oxygen due to the promotion of one of:-its non—bonding pair of

electrons into an antibonding (n%*) orbital. The n,n* excited state of
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carbonyl compounds, therefore, closely resembles and acts like an
aikoxy radica126b. The m,7m* state, on the other hand; has an electron-
rich rather than an electron deficient oxygen as depicted in Figure‘é

making it less reactive in Type II reactions. Unfortunately, some °

—0O: )3—‘0 51——'—551.

ground state n,n* state m,m*
Figure 4:
ketones react via excited states which are neither pure 3n,ﬂ* nor 3n,w*,
thus making the above generalization incomplete.' Investigators differ
in their interpretatiopé of results in this area. To assume that only
3n,n*»states undergo the hydrogen abstraction reaction would lead to
the inevitable conclusion that ketones having their m,m* states below
their 3n,n* reacf because (A) there is vibronic mixing of the two
states, thus conferring some n,7* charactér on the exciﬁed state which
reacts or, alternatively, that (B) the w,7* thermally equilibrates
with the n,7* and it is this lattér triplet:which reacts. Since
neither of these two possibilities.shown in Scheme 7 seems satisfactory
in explaining 'all of the available experimental data3l,Athe earlier
view26a that either or both mechanisms may operate in a given ketone
seems the safest‘intefpretationlto date.

Whatever the nature of the excited state in these reactions,

it is ultimately tied in with the question of whether or not the next

-
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Scheme 7261)’31
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event in the sequence ;nvolves the abstraction of a hydrogen atom or
the transfer of an electron because, as mentioned earlier, the electron
density at the oxygén differs markedly for the n,n* and w,n* states.
The charge~transfer (CT) state resembles the w,n* state in its electron
distribution. The oxygen is nucleophilic an& subsequently can.only be
reactive in hydrogen abstraction reactions if the transfer involves

a ﬁroton rather than a hydrogen atom. Porter and Suppan32 have studied
the spectralland photochemical behaviour of a variety of substituted
benzophenones. Their results showed that derivatives having charge-
transfer lowest triplets were even less reactive in hydrogen
abstraction reactions than substrates having pure w,7* lowest triplets.
Thus the order of reactivity of these three excited states is n,r* >
m,m* >CT*., This order reflects the order of electrophilicity .of the

oxygen in these three states thus strongly implying that it is an

electron deficient oxygen which abstracts a hydrogen. This has recently

been borne out by the photochemical behaviour of B-vinyl phenyl
ketones33, The interaction of the Y-8 double bond of ketones‘y'and vI
with the excited carbon§1 chromophore in their photochemical trans-

formations was evidenced by the isomerization about the double bond in VI.

Comparison of their UV spectra with that of valerophenone showed that the

ph” N\& | |
i/ﬁ\/a\
B b Ph ~ Z P
Y .

v o VI VI1I
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interaction is not a ground state phenomenon. Since ketones have triplet
energies which fall below.those of olefins, an energy transfer which
excites the olefin ﬁartner in a Franck-Condon fashion has to be endo-
thermic. Such endothermic energy transfers are now believed to involve

33’34. In V where the potential exists

charge transfer (CT) complexes
for y-hydrogen abstraction, it was found that it competed poorly with
triplet decay via intramolecular quenching by the double bond. The
latter process was favored 100:1 over abstraction. Furthermore, the
total quantum yield of Type II products from compound V was only 1%
of the value reported for compound VII for which the reactive state
was clearly n,m*, These results would seem to indicate that the
abstraction of a y-hydrogen via a charge-transfer excited state occurs
very inefficiently, if at all. |

One example where a charge-transfer mechanism has been suggested
is the photochemical hydrogen abstraction process in small ring

ZSa,b. The

nitrogen heterocycles studied by Padwa anﬂ coworkers
transformation, an example of which is given in equation 2, was found

to have, generally, low quantum yield (<0.02) in spite of the fact that
the n,m* triplet responsible for the transformation was too reéctive to

be quenched efficiently. The usual explanation for such low quantum

yields in certain hydrogen abstraction reactions has been the back

hy

N

eq. (2)
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transfer of the abstracted hydrogen. The kinetic data on this particular
system, however, showed that the abstraction of the hydrogen was
irreversible. A charge—transfer‘mechanism (Scheme 8) as proposed by

25a,b

the authors provides an explanation which is consistent with both

the low quantum efficiency and the high triplet reactivity. The donation

Scheme 8 .
. back  transfer

v o R

k
P _hL’, Ph - T‘_-
Ph Ph | transfer

f

N- HNR
P n/??\ R
| ConPh .

R = tert 'BU ‘
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of an electron by the heteroatom is thought to occur at a rate kl which
exceeds diffusion-controlled rates thus making the triplet unquenchable.
The low quantuﬁ efficiency for product formatioﬁ is explained by
competitive back-transfer of the electron in the radical ion pair °
accompanied by deactivation to the original ketone. This mechanism

in which hydrogen abstraction involves electron transfer followed by
préton transfer has, so far, been convincingly demonstrated only in

amino systems. For example, photoreduction of carbonyl compounds by
amines are well documented and have been shown in a few cases to involve
a charge-transfer (CT) complex formed by the interaction of the electron
donor with the acceptor35. In some cases, such complexes have been
detected by their emission spectra and/or by their e.s.r. spectra.
Nevertheless, the fact that the oxygen analog of amine VIII i.e. compound
IX reacts by a different mechanistSbI(Scheme 9j should caution against the

extension of this mechanism to other related systems. Since the CT

Scheme 9

mechanism relies on both the availability of electrons on the donor

atom or group and the ease of reducing the acceptor, both the ionization

¢
‘.
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potential (IP) and the nature of the excited carbonyl chromophore will
determine whethe£ or not this mechanism is feasible in any given system.
Thus, the difference in the behaviour of substrates VIII and IX, for
examéle, is likely due to the higher IP of the non-bonding electrons

on éxygen relative to those on nitrogen as Padwa and Eisenhardé have
suggestedZSb. In the tetrahydro-1l,4-naphthoquinone series, the possi-
biiity exists for a CT complex formation preceding a biradical inter-
mediate since cyclohexene and its methyl substituted derivatives have IP's

36 which are comparable to the reported IP

ranging from 8.3 to 8.9 eV
values for some primary and secondary aliphatic'amiﬁes37 which are known

to photoreduce carbonyl compounds by a CT mechanism.

Characteristics of the B- and y-Hydrogen Abstraction Reactions in the

Substituent Effects

There are two effects caused by substitution:
(1) in two substrates where both the ene-dione double bond and the
bridgehead positions bear methyl groups, both B- and yc-hydrogen
abstraction.products were isolated, the latter process being-absent in
all other substrates so far studied. The abstraction of a hydrogen by
enone carbon has been reported in the literature as resulting from a
3 27,38 o ,
m,m* state . This leads one to conclude that in the tetrahydro-

naphthoquinone series, only when both the bridgehead positions and the

ene-dione double bond are substituted with alkyl groups does the 7,1%
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triplet energy level become sufficiently lowered to favor reaction from
it. This is a tenable supposition in the light of the findings of
other workers?9 that alkyl substitution on an enone double bond causes
a lowering of the (ﬂ,ﬂ*)3 energy level

(i) tﬁe sécond effect caused‘by substitution seems to involvg.the
modes of closure of the intermediate biradical in the B-hydrogen
abs;raction reactions., As shown in the generalized scheme (Scheme 10)

for such a process, there are four modes of closure open to such a

Scheme 10

: .

R” i
3,6 Q

.——._a
s bonding

R

XII | X1 XV
1,6 4 3,8 bonding
bonding

XIIT ' : XIV
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biradical. The formation of a strained cyclopropane ring in a tricyclic
structure 1s on steric grounds alone unfavorable and so the complete |
absence of product type_gli in the seriés i1s understandable. Product
XIII, formed by bonding C-1 to C-6 is formed by all substrates except

the parent cémpound i.e. R=R'=R"=H. 1In some cases, it is the exclusive
product from a B-hydrogen abstraction process. Scheffer and coworkers24
ha;e explained the product types encountered in thié series by proposing
that the reactions are conformationally controlled. 1In this proposal,
the assumption is made that these tetrahydro—l,4—naphthqguinones exist(

in solution mainly in the twist conformation A, Scheme li,and'thaf the

Scheme 11

R

R”
A hy BQ-I transfer

3,6 bonding ' »6 bonding

e

3,8 bonding

XV o . XIII | XIV



diradical intermédiate_gl, when formed at first has this same confor-
mation. From this conformation, the only feasible form of ring closure

is between carbons 1 and 6. The other possible bonding centres are

either too far apart or would lead to the éteripally unfavored cyclopropyl
derivative. Thus, biradical intermediates which are immobilised, say, By
bulky bridgehead substituents collapse only to enone—alcohol product
XIII. On the other hand, biradicals which are ﬁot restricted to this
conformation can adopt other conformations such as B and C from which

C3 to C8 and C3 to C6 bonding modes are possible giving, ultimately,

products XIV and XV, respectively.

Solvent Effects

The;one general solvent effect observed in this series is
shown in Table II. It would séem, therefore, that ring élosure of
biradical intermediate_Xl'occugs preferentially between carboné 3 and
6 in benzene. In a hydroxylic solvent, it has Bgen suggested243 that
hydrogen bonding between biradical and solvent might lead to localization

of the electrons at carbons 3 and 8 (XIV'), Closure between these centres
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Table II. Product Ratios Obtained in Benzene (unparenthesised) and
tert-Butyl Alcohol

Substrate

(:é None 1 (5) 7 @)
::]:::::I:fi:] 2 (trace) trace (major) 3 (trace)
’/J:::::I:ii:J None ' 3 (7 7 (L)

would then explain the preferential formation of product type XiV in

tert-butyl alcohol. -The alternative structure, XIV", for such a

St RN

H

XIV' . ' XIV"
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solvated specieswould be a 1,3 biradical which can only collapse to the

sterically unfavored cyclopropyl derivative.

Quantum Yield and Quenching Studies24b

The substrate chosen for study was compound 9 which had been

shown to give tricyclic products 9A and 9B in combined yields of 80%248.

< The quantum-yields for appearances of enone-alcohol, 9A and diketone 9B

o T

hy

4
+

were 0.066 and 0.089 respectively24b. These low quantum yields may

reflect, among other possibilities, reaction from an inherently less
reactive state than a pure.n,n* excited state or reversible hydrogen
transfer. Quenching studies24b showed that product 9B arising from
Y-hydrogen abstraction by carbon is formed from a triplet excited state.

The formation of 9A, a g-hydrogen abstraction product, could not be quenched,
however, showing that this process occurs from a very éhoft—liﬁea tripiet

or a éinglet state, a result in accord with the finding of Agbsta and
Cormier25d in the thydrogen abstragtion reactiqn of a—méthylene ketones.

As mentioned earlier, hydrogen abst;action by enone carbon is associated

with a 3w,n* state.
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Stereoelectronic Requirements

Both B- and\F—hydrogen abstraction reactions seem to require
that the hydrogen to be abstracted be trans to the bridgehead hydrogens
or substituents. Thus, compound 11 undergoes both processes while no

- 24b
hydrogen abstraction occurs on irradiating 10° . This is best

10

understood by examining the possible conformations which these substrates

can adopt in solution. These are shown in Scheme 12 where C5 and C8
hydrogens cis to the bridgehead substituents are shown by X and those
trans are represented by Y. It is only in conformations A and B, that

the cis hydrogen (X) comes within less than 3.5 of the oxygen, and

Scheme 12
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it is in these same conformations that the C-H bond to be broken is ortho-
gonal to the adjacent m-system so that the developing radical centre is

243. The abstraction of

denied stabiliéation through delocélization
only hydrogens ih position Y is also in agreement with the observation
made by Turro and coworkers40 that only the y-hydrogen which is in the
plane of the carbonyl group (i.e. the position of the localized half-

vacant n orbital of the n-n* state) is abstracted.

Other Reactions

The preceding discussions have been concerned with only
hydrogen abstraction proﬁesses. Intramolecular cycloaddition reactions
leading to oxetane and cage products have been found to occur only
in substrates which have no abstractable hydrogen which leads one
to conclude that these reactions compete poorly with intramolecular

hydrogen abstraction in tetrahydro-1,4-naphthoquinones.

3. Objectives of Present Research

During the course of the previous discussion the possibility
of the variation in product types being due to the conformational
mobility or the lack thereof of the biradiqal intermediate was raised.
Most important, there seems no doubt as in other hydrogen
abstraction.rea;tions, reactivity ig this series also requires that the
substratesfulfill some geometric requirements. What are these require-
ments? Is the partitioning of the biradical conformationally controlled?

23

In the first published workszz’ on the parent coﬁpound, extensive
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polymerization was observed both in the solid and .in solution. Since
the!later work of Scheffer and coworkers24a was carried out using selective
irradiation, the question of whether the change from intermolecular to iﬁtra-
molecular reactioﬁ was due to the intrinsic properties of two different
excited states néeds to be answered. Djerassi and coworkers,'in a
series of papers4l, have establishea that the Y-hydrogen abstraction
ob;erved in the mass spectrometer when carbonyl compounds are bombarded
with electrons i.e. the McLafferty rearrangement, does not occur if the
"Y-hydrogen is further than 1.82 from the abstracting oxygen. Recent
work by Henion and kingston42 has revealed that, contrary to earlier
calculations43, the hydrogen to be abstracted need not be ih.thetpiane
of the carbonyl group. Specifically they found that, the angle t
between the itinerént hydrogen atom and the plane of the carbonyl group

(Figure ~-5) has an operational limit, namely, 80°> 1°>0°. Although,

Figure 5. Operational Definition of the Angle T.

the Norrish Type II reaction is analogous to the McLafferty rearrangement,
one would not expect it to have the same geometric requirements as

the McLafferty reafrangemgnt because, unlike the latter, the Type II
reaction occurs from electronically-excited states and 'the geometry of
this state need nét be the same as those of ground gtate or vibrationally-

. {
excited molecules. ’
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Not surprisingly, Lewis and coworkersk4 found that compound
XVI, in which the geométry of closest approach of the y-hydrogen to the
oxygen does not allow these two atoms to come any closer than 2.22

(as measured by Dreiding models), still uﬁdergoes the Norrish Type II

H H

- etc.
<~

Ph

reaction. Over what distances can these hydrogen abstractions occur
then? in photochemical hydfogen absfraction, is the hydrogen
required to lie in the plane of the carbonyl group as earlier proposed€3?
As mentioned earlier, most compounds which are conformationally mobile

in fluid media, crystallize out in just one conforﬁation which can be
accurately determined by X-ray diffraction methods. Also obtainable

from the X-ray data arée useful parameters such as bond distances, angles
and intermolecular distances. So,vthe iﬁitial geometry of a starting
material can be_accur;tely determined provided it is crystalline.
Furthermore, due to the restrictions of atomic and molecular movements
imposed by the crystal lattice, most solid reactions are topochemically

controlledlz’45 i

.e. they occur with minimum atomic and molecular move-
ment. This means that a substrate, S, will react within the crystal

lattice without gross changes in conformation. It also means that an
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intermediate such as the one postulated in. the photochemical hydrogen
abstraction reactions of tetrahydro—l,é—naphthoquinones would, most

likely, have the ééﬁéwépnformation as the substrate and close to

product(s) from that conformation.

Thus, the study of these reactions in the solid state, when
used in conjunction with the X-ray structural data, promises to shed
light on the geometric requirements for these reactions. To do this,

eleven compounds were chosen for study. Their structures are shown below.

.

O
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These substrates, taken as a whole, exhibited B, Y, Yc, oxetane, and

cage compound formation reactions in solution24 as the table below shows. .
Table II1

 Reaction Type Observed in Solution

Substrate B Y ¥© Oxetane Cage Compound
1 Yes " No No Né No
2 Yes No No No No
3 No Yes No | No No
4 - - - - -

';i Yes No No K No No
6 Yes No No No No
7 Yes No No  No No
8 No No No Yes‘ No
9 Yes No feé No No

10 No No No | Yes Yes

,ll Yes No ' Yés - No No

Althoqgh compoundsg_and 10 do not undergo hydfogen abstraction reactions, it
was of interest to find out if their cycloaddition reactions also o@cur from
the same conformation as the hydrogen abstraction reactions of the other com
pounds. In particular, it has bgen suggestedZACthat cage compound formation

;

might be occurring from the same conformation as the hydrogeﬁ abstraction
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reactions, since an alternative conformation such as C which brings the
two n—-systems closer together is disfavored by bridgehead methyl

eclipsing.
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Results and Discussion

Preparation of Substrates

Without exception all of the substrates investigated
were made by the Diels-Alder addition of a quinone to a dieme.
Most of the quinones and dienes used were readily available from
commercial sources. Below is a summary‘of the synthetic schemes used

to obtain substrates 1-11.

58,88-Dimethyl-4aB,5,8,8aB~-tetrahydro-1,4-naphthoquinone, 1.

room
temperature

.. ref. 95

1

6 7—D1methyl—4aB 5,8,8ap-tetrahydro-1,4-naphthoquinone, 2

/

A

4aB,5,8,8aB-Tetrahydro-1,4-naphthoquinone, 3.

Ez] 5 . @
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6,7-Diphenyl-4aB,5,8,8aB-tetrahydro-1,4-naphthoquinone, 4.

HC—
C 5% (,(;CéHs - * 2 '\lle *H,0
0 | NH,

|

"
. H
CéHS’(@\ (HZQHS—Z—Q'O->QH5CEC C6H5 4ref. 97a
J

|
NH, NH,

7
SCH;

2CH,SCH,  + 2NaH — 2CH

3

.. ref, 97b

.o }L‘Ef. 97c
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2,3,6,7-Tetramethyl-4ag-5,8,8ap-tetrahydro-1,4-naphthoquinone, 5.

NH3HSO4
__Mno,
: steam disti|| —

EtOH

reflux

>\__<

. ref. 98

2,3-Dimethyl-1,4,4aB,9ap~tetrahydro-9,10-anthraquinone, 6.
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4aB,8aB-Dicyano-6;7-dimethyl-4aB,5,8,8aB-tetrahydro-1,4-naphthoquinone, 7.

- ... ref. 100

0

. ref. 101

4aB,8aB-Dicyano-5a,8u~dimethyl-4aB,5,8,8aB-tetrahydro-1,4-naphthoquinone, 8

. ref. 24b
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2,3,4aB,6,7,8ap-Hexamethyl-4aB,5,8,8aB-tetrahydro-1,4-naphthoquinone, 9.

2,3,4aB,5a,80,8ap-Hexamethyl-4aB,5,8,8ap-tetrahydro-1,4-naphthoquinone, 10

P B
e a——
/
2,3,4a8,58,88,8aB—Hexamethy1—4aB,5,8,8a8—tetrahydro;1,A—naphtﬁoquinone,ll

0 : '
185° ... ref. 24b
+ —_—
/ )
0 ' | :
1

. ref. 24b




- 52 -

All substrates were meticulously purified by two or more recrystalli-
zations before use. The melting points and spectral data of all

were in good agreement with the’liﬁerature values. The NMR spectra of.
these compounds and of the products obtained by irradiating them in

the solid state are given in the Appendix.

Unless otherwise stated, the apparatus for the solid state
reactions was a specially ‘designed photochemical reactor which
allowed for evacuation of the reaction chamber to <0.05 torr. Reaction
temperatures were chosen so as to be bglow the eutectic temperature
of the reaction mixture comprising product(s) and starting material.
The eutectic temperature was determined by differential scanning
calorimetry using varying compositions of crude reaction mixture

and starting material. One such scan is shown in Figure 6.

Uncorrected eutectic
transition

Heat Capacity Increasing

' -

T T 1
320 325 330 335 °K

Figure 6. Uncorrected Endothermic Transition for 1 + 1A Eutectic
Mixture. R '
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Reaction temperatures were maintained within 5;5° by a
circulating coolant from an Ultra Kryomat. The temperature at the
reaction site was monitored by a copper-constantine thermocouple and
read on a digital millivoltmeter. Details on the apparatus and

method of use are given in the Experimental section.
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.l.v Intermolecular [.2 + _2] Dimerization

50,8a-Dimethyl-4aB,5,8,8aB~tetrahydro-1,4-naphthoquinone, 1

1

Large yellow crystals of ;_were.obtained by crystallization
from a s;lvent mixture comprising petroleum ether and diethyl ether.
A large, well-formed crystal of 1 measuring 0.40 x 0.70 x 1.0 mm was
used for X-ray data collection.

The X-ray structure determinations of this and other
compounds discussed in this manuscript were carried out by Dr. James
Trotter and Dr. Simon E.V. Phillips of this department and have been
published as a series of papers in Acta CrystallographicaB. Reference
for the individual structures are given with the crystal data.

Unit cell and intensity data on 1 were measured usihg a
Datex automated G.E. XRD 6 diffractometer with Cu Ko radiation and
the 6 - 26 scan technique; Accurate unit cell constants wererbtéined
by a legst—squares refinement method using 26 vélues of 18 manually
centred reflections. The structure was solved by direct methods46

using intensity data from 1557 independent reflections and refined

by the full-matrix least-squares procedure to an R value of 0.048.
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47a

Crystal Data

C12Hl402’ monoclinic, space group P21/c with a=7.189(1),
b=22.241(4), c=6.843(1) Z, B=106.51° and Z=4. The molecules occur

in pairs related by centres of symmetry, X (Figure 7).

Figure 7. Stereo diagram of an adjacent pair of molecules of 5a,8a-
' dimethyl-4ag,5,8,8aB-tetrahydro-1,4-naphthoquinone, 1, with
507 probability vibration ellipsoids for non-hydrogen atoms.
The centre of symmetry is indicated by X. Ellipsoids are
shaded for one molecule and unshaded for its centre of
symmetry related neighbour for clarity. '
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Irradiation.of crystals of 1 in vacuo at temperatures below
the eutectic temperature (52.5°) through a Corning glass filter
transmitting A > 340 nm gave only one product; ‘The latter crystallized
from a solvent mixture comprising chloroform and hegane as small,
colorless, sparkling plates. -

The product correctly analyzed for the dimer CZ4H2804'

In the infrared, the crystallized and the crude product had identical
spectra. Both had carbonyl absorptions at 5.82 and 5.90 pu. The
nuclear magnetic resonance spectrum had a singlet af 83.47 which was

indicative of cyclobutane ring protons. For comparisbn, the

cyclobutane ring protons of compounds XVII and XVIII have been reported

at -§3.90 and §2.90 respective1y48’49. The lack of coupling between’thg
0 0
H
H
0 0 _
R <:H2C)C%F%
XVl : : xvin -

cyclobutane ring protons is due to tﬁe symmetry of the molecule.

In order to determine the stereochemistry of the dimer,
one of the crystals measuring 0.40 x 0.25 x 0.10 mm was used for X-ray
structure determination. Cell coﬁétants were determined and refined
using 26 values from 17 reflections. Intensity data were collected

as for the monomer from 1458 independent reflections. The R value
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after refinements was 0.050.

Crystal Data47a

C24H2804’ monoclinic, space group P21/c with a=11.393(1), b=8.029(1),
c=10.771(5) K,'B=91.04(1)° and Z=2. The molecule is centrosymmetric

and has a planar four-membered ring (Figure 8).

R SN ST SN 5.t}

Figure 8. Stereo diagram of dimer 1A in an orientation analogous to
that of the monomer 1. ~
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The formation of 5,8,15,18-tetramethylpentacyclo-

[10.8.0.02°11 ¢%+9 (14,19

.0 Jeicosa-6,16-dien-3,10,13,20-tetrone, 1A,
from the monomef 1 formally involves bond. formation between carbons
3 and 2' and betweeﬁ carbons 2 and 3' of adjacent monomer pairs
related by a centre of symmetry. The féaction is depicted

diagrammatically below:

hy
solid state

With the éid of a stereo viewer, it can be seen from the arrangement

of monomer pairs (Figure 7) that the C3, C2 double bond of one partner

is aligned parallel to the C2', C3' double bond of its adjacent |
partner. Such an arrangement coupled with a short centre-to-centre double
bond contact 6f 4.040& between these two m systems allows for good

' overlap of the p orbitals. The sepération, d, between the two double

t
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bonds is within the limit 4.2 > d > 3.5 A established experimentally
12b,61 '

by Schmidt and cowprkers for photodimerizations in the solid
state. As Table IV shows, the chemical yield for the 1 - 1A

conversion was nearly quantitative both at low and high conversions’

of the monomer.

Table IV. Product Yields for the 1 - 1A Conversion

_-Reaction Temperature % Conversion % Yield
Room Temperature (uncontrolled) 17 91
-1.2° to -0.7° 37 87
-1.2° to -0.5° 56 94
-2.0° to -1.3° | 79 96
-1.5° to -1.0° 79 96
-3.0° to -2.0° : 100 89

In contrast to the above solid state dimerization, compound
1 undergoes intramolecular y-hydrogen abstraction when irradiated in‘
solutionzaa. The product of this reaction, 1B, arises from the -
abstractioﬁ of one of the Cé hydrogens by 0(1) followed by bonding
between carbons 3 and 9 and subsequent ketonization. . Although the
nearness of one of the C(9) hydrogens to 0(1l) in the crysfal (He:++0
distance = 2.38 2) makes the abstraction conceivable in the solid

state, the subsequent collapse of the biradical intermediate to 1B is
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not likely to be permissible within the crystal lattice since C3 and

C9 are quite remote from each other. in the crystal of the substrate.

hv

solution

(1)3.2 bonding

(2 )ketonization

1B

6,7-Dimethyl-4ag, 5,8 .8aB — tetrahydro-1,4~naphthoquinone, 2

A second example of photédimerizationjin the solid state
was provided when cryst#ls of compound 2 were irradiated at long
wavelength (A > 340 nm) below the eutectic températuré (109.5°).
The sole product of the reaction, 2A, crystallized from acetonitrile
solution as colorless, sparkling plates. The infrared spect;um of
thesé crystals was identicél to that of the crude product.

Product 2A.correctly anelyzed for the dimer C24H2804' It

had carbonyl absorption at 5.85 u in the infrared. In the nuclear
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hv

: —>
solid state

magnetic resonance spectrum, there were no éignals in the §6.0 - 7.0
region indicating the absence of conjugated vinyl hydrogens. A
singlet sited at §3.64 was assigned to cyclobutane ring protons by
)

analogy to previous cited examples. The positions of all other
protons were comparable to the positions of the corresponding
protons of monomer 2.

The ultimate proof of the assigned,structufe came from
X-ray crystal}structure determination. Data collection was carried
out on a piece of crystal measuring 0.07 x 0.25 x 0.75 mm which was
cut from a larger crystal. Cell parameters were determined and
refined from 10 reflections. The structure was solved as for

compound 1 using intensity data of 1443 independent reflections.

The final R value was 0.065.

Crystal Data47b

C24H2804’ monoclinic, space group P21/c with a=15.247(1),

b=6.2776(6), ¢c=10.1949(7) 3, B=93.19(1)°.and Z=2.
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As the stereo diagram of the dimer shows, Figure 9, this

dimer like 1A has a planar cyclobutane ring and is centrosymmetric.

Figure 9. ' Stereo diagram of 2A. Non-hydrogen atoms are shaded for
: one of the monomer units of the union and open for the
other for clarity.
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As in the case of monomer 1, the 2 -+ 2A conversion is

quantitative both at low and high conversions (Table V).

Table V. Product Yields for the 2 - 2A Conversion

Reaction Temperature % Conversion 4 Yield
Ambient - ” 25 99
Ambient . 40 97
Ambient ’ 61 96

In contrast to its dimerization in the solid state,
compound 2 undergoes intramolecular B-hydrogen abstraction to give
photoproducts 2B, 2C and 2D in solution. The relative yields of

" these products were found to be solvent dépendent24a.

hy

solution

3,6]|bonding

3,§koondk@; .

2D

2c
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The parent compound of this series of tetrahydr671,4—

naphthoquinones, 3, provided a further example of photodimerization

in the solid state.

Irradiation of crystals of 3 at long wavelength,

A > 340 nm,

below the eutectic temperatﬁre (49.4°) afforded photodimer 3A in

quantitative yield (Table VI).

Table VI. Product Yields for the 3 - 3A Conversion

2
i%

hv

4

solid

state

Reaction Temperature

Ambient
Ambient
Ambient

Ambient

7 0:0 - 4.3°

-

7 Yield

% Conversion
16 86
19 80
36 100
77 75
94 92
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Dimer 3A crystallized from chloroform solution as colorless flakes,
the infrared spectrum of which was identical to that of the crude

product and also to that of a photolyzed KBr pellet containing 3.

201200 -

Since the crystals obtained from chloroform were unsuitable -

It correctly analyzed for the dimer C

for X-ray structure determination, the dimeric structure 3A was deduced
from spectroscopicvdata.

In the infrared, cyclobutane ring vibrations are not as well
defined as are those of cyclopropanesso; Derfer and coworker351 reported
that seven substituted cyclobutanes which they investigated absorbed in
the 920-910 cm_1 region. Reid and'Sack52 followed up with a report
tﬁat when all the cyclobutane ring carbons are substituted, the absorp-
tions are shifted to the 888-868 cm_l region. ﬁore recently, Dekker aﬁd
coworke£'s53 reporfed absorptions in the 1000-850 (:m—1 region which they
attributed to the cyclobutane ring vibrations in the 920-850 cm—l
region which may be takeﬁ as indicative of the presence of a four-
membered ring. The carbonyl chromophore absorbed at 5.85u.

In the Raman, cyclobutanes are reportjed50 to h?ve a charac-
teristic C-C stfetch at 933 cm_l. Dimer 3A had an absorpiion at 935 cm_l
in the Raman. ‘

| vThé nuclear magnetic resonance spectrum was informative. A
singlet at 63.64 was assigned to the cyclobutane ring protons. This

is in good agreement with & values of 3.47 and 3.64 for the cyclo-

butane protons of lé_aﬁd 2A respectively. The other assignments
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which are given below compare well with the absorptions of

corresponding protons in the monomer.

d
c a a C
b c a -a ( b
0
3 ' 3A
Absorptions.
Proton type Monomer 3 Dimer 3A
—_— ——= 7 =
a 6.57(s) 3.64(s)
b 5.63(m) 5.70(m)
c £ 3.15(m) © 3.20(m)
d . 2.28(m) 2.30(m)

All the spectroscopic data summarised above and the
elemental analysis led to the identification of the dimer as

2’11.04’9.014’19]eicosa—6,16-dien—3,10,13,20—

pentacyclo[lO.S.Q.O
tetrone, 3A of as yet unassigned stereochemistryi

In attempts to obtain cry;tals of 3A which are suitable
for X-ray structure determination, 3A was crystallized'from a number
of solvents including glacial acetic acid and acetonitrile.

The infrared spectrum of crystals obtained from glacial

acetic acid was identicdl to that-obtained by crystallizing from
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acetonitrile. These crystals are judggd fo be identical and will be
subsequentiy referred to as 3B. As Figure 10 shows the infréred
spectrum of 3B greatly ;esembles'that of the initial dimer 3A.
Nevertheless, the two spectra are not identical.

The aﬁsorption spectra of 3A and §§ crystals in thé Raman
were alsé different. The charactgristiC‘cyclobutane C-C stretch in
3B was at 931 cm_l.

The nuclear magnetic résonaqce spectrum of 3B was however,
identical to that of 3A. fhe 3B c;ystals correctly analyzed for the
dimer C20H2004.

One of the 3B crystals obtained as colorless, sparkling
little rods and measuring 0.50 x 0.30 x 0.30 mm was used for X-ray
structure determination. Accurate cell constants were obtained from
20 values of 15 manuaily centred reflections and refined by the
' least-squares refinement method. Intensity data frém 1488 independent
47b

reflections were collected and treated as described . The R value

after refinements was 0.037.

Crystal Da_ta47b

| C20H2004, monoclinic, space group P21/c with a=11.7302(5),
b=6.4142(2), ¢=10.9331(5) z,'8=114.624(3)° and Z=2. TFigure 11 is a

stereo-diagram of dimer 3B.
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Figure 11. Stereo diagram of the 3B molecule. Non-hydrogen atoms are
shaded for one of the monomer units and open for the other
monomer unit for clarity.

The vital question is whether or not the centrosymmetric
dimer 3B is the orjginal product of the photodimerization of crystals

53’54-of syn+anti isomerizations of cyclo-

of 3.° Becéuse’of reports
butanes and other small rings by acidic reagents such as sulfuric
and phosphoric acids, it was suspected, at first, that 3A and 3B
might be stereoisomers.

If oﬂe allows that no isomerization about the decalin

ring junction occurs during the dimerization, then the number of
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possible stereoisomers of the dimer is only two — one of these, the
"syn" isomer, arises when monomer pairs are oriented in a mirror-

symmetric fashion and the other, the "anti" isomer arises from a

v

ol
5

mirrorsymmetric  pair

o

hy \ \

o ‘ .
O B

centrosymmetric pair

\J
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centrosymmetric pair of monomer units. The assumption made above‘is
justified by the previously described dimerizations (1 +.lé and 2 -+
2A) in which configurations about the decalin bridgeheads are main-
tained during ﬁhe reaction and also because such isomerizations -
proceed via the énolate ions and require basic catalystsss.

Since 3B crystals have been shown by the X-ray structure
to be the "anti" isomer, attempts were made to establish whether or
not the original dimer 3A was the ''syn" isomer. The method of choice
was the jéint uée of infrared and Raman spectroscopy as described
by Ziffer and Levin56 for use in differentiatipg dimers having

centres of symmetry, C from their non-centrosymmetric isomers.

i,
In this scheme, for a given sample, absorptions in the
Raman and infrared which occur at the same frequency, *5 cm_l, are

termed coincidences. For a molecule possessing a C, symmetry element,

i

the infrared and Raman absorptions are mutually exclusive i.e. a

-

vibration which is infrared active is Raman inactive and vice-versa.
So, for a 91 and a non—Ci isomeric pair, there will be, in general,
more coincidences for the non-—Ci member than for the centrosymmetric
isomer. For example, Ziffer and Levin56 found that the head-~to-head
dimer of cyclopentenone which lacks a centre of symmetry had 847 of
its Raman lines coinciding within %5 cm_1 with its infrared lines
while the centfosymmetric head-té—tail dimer had only 25%. As

molecular size increases, however, the number of "accidental"

coincidences also increases so that the differentiation by this method
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becomes less.clear-cut. . For example, the non—-Ci and Ci isomers of
the dimer of 1l-indenone had 67% and 38%, respectively, of their Raman
lines coinciding with their infrared lines. Although, the 297
difference here is not as startling as in the previous example, it
was thought sufficient for a preliminary differentiation if indeed
3A and 3B are mirrorsymmetric aﬁd centrosymmetric, respectively.
Dimer 3A had, by this analysis, 457 of its Raﬁan lines coinciding
with its infrared lines while the centrosymmetric dimer 3B had 397%.
Tﬁe 67 difference'here is really too sméll to ascribe to mirror-
symmetric, centrosymmetric configurational isomers. On the other
hand, if one assumes that dimer 3A is also centrosymmetric, then
one is left to explain the differences in the infrared spectra of
3A and 3B.

Given the supposition that 3A and 3B are identical, the
differences between the two infrared spectra can be due to contamina;
tion of the two samples by different impurities and/or different
intermolecular coupling effect357. The first of these possibilities
is unlikely since different batches“of crystais obtained from the
same solvent from different sources had identical spectra. Furthermore,
the infrared spectra of these crystaliizing solvents revealed that
the crystals were not contaminated by any of them. This leaves one
with the likelihood that the infrared spectral differences merely
reflect different orientations of the indiviaual molecules within

N

the'crystal. There is ample documentation Qf these crystal packing
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effects in the infrared absorption spectra of solid857. To prove
that the absorption differences are due to intermolecular effects,
one would nofmally need to record the infrared spectrum of a
solution or melt where such effects are absent or less pronounced.
Unfortunately, the insolubility of 3A and 3B crystals in addition to
thgir thermal instabilities near their melting points led to the
failure of these methods. Nevertheless, examples of pronounced
intermolecular effects in solid state infrared absorptions make tﬂe
supposition of 3A being identical to 3B a tenable one. For example,
‘the spectra of gaseous and solid benzene (Figure 12) taken from

reference 57 illustrate the sort of differences which can arise from

intermolecular interactions. The gaseous state represents the "free"
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Figure 12. Part of the absorption spectrum of benzene: --- is gas

and — is solid. Ordinates are shifted for clarity.
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state in which the observed absorptions are purely those of the
isolated molecule. For the crystal, there are absorptions arising
from coupling between the vibrations of adjacent molecules in
addition to those due to intramolecular vibrations. The inter-
molecular component of the absorption spectrum depends on the
relative orientations of molecules within the crystal and hence,

such factors as degree of crystallinity will affect the spectrum.

This i1s manifest in the infrared spectra of polymer samples in which
differing degrees of crystallinity can be achieved by crystallization.
The effects of crystallizétion on the spectra of such samples have

been reported57’58. Dows and other359’60

report othef incidences of
differing infrared absorptions in the solid state which illustrate
intermolecular coupling effects. "In . one of such examples, Dows
and coworkerss9 report that ammonium azide-solid obtained by
sublimation represents a disordered crystal which becomes ordered on -
warming. The infrared spectravof the disordered and ordered crystéis
were simiiar but different.

"Crystals.éf 3A and 3B may, therefore, represent different
crystal modificatiqns of the same coﬁbound and the differences in
the infrared spectra of these two crystals dispersed in KBr matrices
may merely be due to different intermolecular interactions within
each of these two crystals. Owing to the negligible solubility of

the dimer in chloroform, it is likely that the crystals formed from

it form quickly and are disordered. This is especially true since
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the infrared spectrum of these crystals is identical to that of the .
crude product and there are indications from the packing diagram of
the monomer (below) that the dimer molecules as they first form are
af best only semi-oriented.

The monomer, 3, crystallized from a solvent mixturé of
petroleum ether and diethyl ether as well-formed, yellow needles.
Owing to the instability of the crystal in the X~ray beam, the
collection of data for the structure determination required two
pieces of crystal measuring 0.80 x 0.30 x 0.20 mm each which had been
cut from larger crystals. The X-ray data47c were obtained and
treaté& as in previous cases. Accurate unit cell constanfs were
obtained by least-squares refinement of 26 values of 16 manually
centered reflections. The intensity data were obtained from 2496
independent reflections and refined by the full-matrix least-squares

procedure. The final R value was 0.060.

Crystal Data47c

C20H2002, monoclinic, épace group P21/c with a=5.266(1),
b=24.267(5), c=14.506(4) A, B=114.50(2)° and Z=8.

The backing diagram of monomer 3 (Figure 135 revealéd two
crystallographically independent types of molecules in the unit cell.
These have been labelled A and B, respectively, in Figure 13.

As can be seen from this diagram,ilayers of the A type alternate with

those of the B type. Molecules of the A type form an axial repeat
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Figure 13. Stereo diagram of the contents of the unit cell for compound
3.

pattern, i.e., each molecule is related to its nearest neighbour

by a cell translation of 5.266 Z.‘ This latter distance, therefore,
also measures the intermolecular distance between the mid-points of
the C2, C3 and C2', C3' dﬁuble bonds. Furthermore, as can be

. seen from the stereo diagram of adjacent molecules of the A type

. (Figure 14), there is no overlap of these two m systems. On the
other hand, molecules of the B type occur in pairs related by a
centre of symmetry denoted by X in Figure 15. 1In this arrangement,
the C3, C2 and C2', C3' double bonds of adjacent molecules are
parallel but offset with the C2 of one molecule directly above the
C2' of the'otﬁer. The C2 to C2' contact is the shortest intermo;ecular

o
distance and measures 3.351 A. The centre-to-centre separation of the
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A

Figure 1l4. Stereo diagram of molecule type A and its nearest nelghbour
related by a simple cell translation.

Figure 15. Stereo diagram of a type B molecule (shaded ellipsoids) and
its nearest neighbour' (unshaded e111p501ds) related by a

centre of symmetry, X.
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two double bonds is 3.755 A in this case. This is also the

" separation between C2 and C3' and between C3 and C2'. With the

aid of a stereo viewer, the overlab-of tﬁe two doubié bonds can be
appreciated. The arrangement of molecules of the B type are
analogous to that found in crystéls of monomer l_whichfaé préviously
shown, dimerized to the centrosymmetric dimer 1A.

| By analogy to the 1 + 1A conversion, the centrosymmetric
dimer 3B results from a topochemically controlled dimerization ini
the B stack with C2, C3 of one monomer linking up with C3', C2',
respectively of its nearest neighbour (Figure 15). The centre-to-
centre separation, d; of the two double bonds involved in this
dimerization is 3.755 A which is shorter than. the corresponding
separation in monomer 1 crystals and should make dimerization in
this stack relatively more facile. Also this distance, d=3.755 Z,
falls within the range.4.2 >d > 3.5 A experimentally established for
similar photodimerizations in thg solid stétele’61.

On th; Basis o£ the 1a£ge sepafation of 5.266 R between
the two double bonds of adjacent pairs of molecules of the A type,
no dimerization 1is expected to occur in this stéck. However, as
shown by monomer conversions in excess of 507 (Table ﬁI) this isﬂnog
the case. Dimerization,-most likely, originates in the B stack
" giving rise to centrosymmetric dimers intercalated into the lattice

of the monomer. The boundaries between the reacted and unreacted

regions of the crystal are akin to dislocation sites since molecules
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here may have different orientations from those located elsewhére,

in the crystal lattice. These boundaries may be sites for further
reaction in the crystal. The lack of fdrmatioﬁ of the mirrorsyﬁmetric
("syn&) dimer when molecules in the A stack eventually react may:
merely refléct an energetically unfavorable process of fbrmiﬁg a
stericallyvcrowded dimer.

As mentioned earlief in the Introduction, Cookson and
coworkers23 reported the formation of a dimer of 3 of unknown stereo-
chemistry during their photolysis of §,' They reported that facile
internal oxidation-reduction occurred when they tried to dehydro;
genate the dimer to the dimer of naphthoquinone. They speculated
that this mightlindicate that the dimer had a syn~configuration about
the cyclobutane ring. Since the authors irradiated ethyl acetate
solutions of 3 rather than the pure crystals, it cannot be said
with ;ny certainty thaf their dimer and the one repbrted in this
work have the same stereochemistry nor is it certain that their

o

'dimer' is not actually a mixture of stereoisomeric dimers of 3

since such dimerizations in solution often produce a mixture of syn-,

and anti-configurated cyclobutanefderivatives62’63.

An attempt was made recently by Dekker and coworkers64 to
assign the stereochemistry about the cyclobutane rings of dimers of 3-
*and 2 by comparing their rates of -cleavage with those of naphthoquinone

dimers of known stereochemistry using zinc and zinc chloride reagent.

Their results were interpreted as indicative of a syn-configuration
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about the cyclobutane ring.for both dimers, buf as the auﬁhors
themselves cautioned, such a conclusion would be risky since 1itt1é
is known about the mechanism of ;he ring cleavage reaction by zinc.
and zinc chloride and about the effects of the aromatic ;ing on o6ne
hand and the olefinic bond on the other. As the X-ray crystal
structure shows (Figure 9) the dimer of monomer 2 is centrosymmetric
and, therefofe, has the anti- and not the syn~configuration about
the cyclobutane ring. This does not rule out fhe possibility of

the syn dimer being formed in the irradigfion of_z in solution and
since it is not clear from Dekker's report whether the dimers were
ﬁrepared by irradiating solutions or crystals of 3 and 2 respectively, .
one cannot say whether the dimers théy isolated were the same as the

ones reported here.

Irradiation of 3 in Solution

In the solution photochemisﬁry of 3, the presence of a
polymeric material in thé reaction mixture was indicatedzéa. This,
no doubt, partially accounted for the ;ow yield of 10%, of the
identified products. It was, therefore of interest to find out if
this unidentified polymeric méterial contained dimer(s) of 3. To
do this, benzene solutions'of 3 were irradiated. The amount of solid
deposited during the reaction varied from run to run but never
exceededf49% of total recovered material. The infrared spectrum
of the crude solid deposit showed both OH and C=0 absorptions. The

presence of the OH group was further confirmed by NMR. Mass spectral
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analysis of the solid showed peaks up to 495 as compared to 324 for
the dimer of 3. These spectral characteristics coupled with the
solubility of the solid in CHCl3 and acetone show that whatever the
structure of this "polymeric" material, it contains very little of the
dimer of 3. Preparative GLC of the benzene soluble portion sf the

' 24a

reaction mixture confirmed earlier results . These are summarised

in the equation below.

g f@ oﬁ |
n > O
solution +
- 3C 3D

major

Reactive State and Mechanism for the Photodimerization Reactions

Although no mechanistic investigations have been carried
out for the photodimerizations of substrates 1, 2 and 3, analogy can

be drawn from numerous examples of such reactions both in the solid

state61 and in solution62'63.

For example, the dimerization of 2-cyclopentenone in

solution has been shown by quenching studies to be triplet derived62.

¢

So are a number of photodimerizations of o,B-unsaturated cyclic

ketone562’63. Nevertheless, a number of photodimerizations both in

the solid state and in solution are known to occur from the singlet
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hy

solution

61’65. The solution photodimerization of coumarin, equations

state
2 and 3 below, has been shown to occur from either the singlet or the

triplet depending on the reaction conditionsss. Very interestingly,
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thymine photodimerizes from the triplet in solution but the equivalent
vsolid state reaction ﬁccurs from the singlet state66. This and -
Schmidt's generalization that the majorit& of solid-state photo-,
dimerizations occﬁrs from the first excited singlet61 would seem to
indicate that éolid state photodimerization proceeds via a réactive
state which is different from that which obtains in solution. Given
ﬁhe narrow energy separation between the n,m* singlet, the n,m*
ahd{the m,m* triplets in some of these a,B-unsaturated ketones, it

might very well be that no generalization can .be made about the nature

of the reactive excited species involved in the photodimerizations

Whatever the nature of the excited species, there is general
agreement that the reaction involves the union of an exéited monomer
and a ground state monomer. This has been experimentally demonstrated
for both solid state6l.and fluid media62 photodimerizations. Although
the two new bonds to be formed in this reaction have been shown to

62,63 1o

occur in a stepwise fasﬁion for dimerizations in solution
concerted [ﬂZS + TT28] mechanism cannof be ruled out for reactions
occurring from the singlet manifold for which no spin pairing process
is necessary before ring cloéure. The stereospecificity of the solid
state reactions of substrates 1, 2 and 3 in no way identifies the
reaction mechanism, however, since the formation of a biradical which

is frozen in the conformation of its monomer units by the crystal

lattice could still give a stereospecific product.
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In conclusion, the topochemical principle has been well
demonstrated by the UV induced dimerization of 4ag,5,8,8ag-tetrahydro-
1,4-naphthoquinone and two of its diméthyl derivatives. The stereo-
chemistry of each of the dimers has been unambiguously determined for

the first time using single crystal X-ray diffraction methodé.
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2. Intramolecular Hydrogen Abstraction

QlJ—Dipheny1—4éB,,5,8;§§B-ftetrahydro—l,4¥naphthoquinone, A

4

Compound 4 crystallized out of a solvent mixture of acetone

and hexane as well-formed yellow needles. One of these crystals

Ph

4

——

measuring 0.47 x 0.43 x 0.70 mm was use& for X-ray structure determination.
The method and data treatments are the same ‘as for previously

reported structure determinatioﬁs. Unit cell parameters were refined

from 26 values of 19 reflections. Intensity data were collected from

3365 independent reflections. The R value after refinements was 0.053.

Crystal Data67: ’

C22H1802’ monoclinic, space group P2/c with a=27.092(4),
b=6.527(2), c=22.112(3) &, B=120.562(9)° and 2=8. The conformation of
the molecule is twisted such that~the>bridgehead hydrogens are
staggered with a torsion angle ofi62°. Bond lengths and angles are
normal; A stereo diagram of the ﬁolecule is shown in Figure 16.

Intermolecular distances moétly correspond to van der Waals

contacts except one notable distance, namely, the distance between 0(2)
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of one unit and the H(3) of the nearest molecule. This distance is

2.39 A compared to a normal van der Waals contact of about 2.6 A 68.

Figure 16. Stereo.diagram-of. compound 4.

Irradiation of 4 both in KBr and as the pure solid in vacuo
below the eutectic temperature (151.3°) gave the enone-alcohol 4A
expected from the abstraction of é B-hydrogen by oxygen (Scheme 13).

As the stereo diagram in Figure 16 shows, one of the oxygens, namely,
0(1) is located near and coplanar with one of the C8 hydrogens, H(8B).

The abstraction most likely involves these two atoms. The interatomic

L
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Scheme 13 o
2.46 A

hy 5
solid state

sy

distance involved in the abstraction is 2.46 A. The diradical 4
resulting from 8-hydrogen abstraction is most likely frozen in the
conformation of its precursor. In that conformation, radical centres

1 and 6 are only 3.51 Z apart as compared to distances of >4 R for Cc3,

C6 and C3, C8 separations, respectively. Closure of biradical 4' between
centres 1 and 6 gives the observed enone alcohol product 4A. The

latter was easily identifiable by‘its infrared and NMR spectra. The
carbonyl absorption of the six-membered ring enone came at 5.97u

(cf. 5.92 and 5.95u for 4). The OH absorbed broadly but moderately at
2.92y. In the NMR of all previously encountered enone alcohols of this

general structure, the Cl0 bridgehead proton absorbed in the range -
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3.24 - 2.87 524. This has become diagnostic for the enone alcohol

structure. In 4A, this methine appeared as a doublet, J=3 Hz, at
3.456. The shift downfield is likely due to the deshielding effect
of the neighbouring aromatic ring. The hydroxyl proton resonated as
a singlet at 2.738 and was easily exchanged for deuterium whén D20
was added.

In experimental runs in which conversion of starting
mgterial to product(s) was carried to >17%, a second product, 4B was
also isolated. That this product arose from a secondary photolysis
of the primary photoproduct was borne out by the following
experimental facts: (i) at low conversions, 4A was the sole product
isolated; (ii) the formation of 4B led to diminished yields of 4A

(Table VII); (iii) during the photolysis of KBr pellets of 4, depletion of 4

Table VII. Product Yields for the ﬁfs) > 4A + 4B Conversion

Reaction Temperature % Conversion % Yields
4 4B
-10.4 to -9.8° 17 67 None
18.5 to 22.0 66 47 8
17.3 to 18.5 >90 33 15

and formation of 4A preceded the appearance of 4B as shown by infrared
spectra recorded at 10 minute intervals during the irraaiation; (iv) 4A

dispersed in KBr or as the pure solid was converted to 4B under
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reaction conditions identical to those used for the 4 - 4A transformation.
Photoproduct 4B correctly analyzed for 022H1802.and was
5,10

characterised as 2,3-diphenyltricyclo[5.3.0.0 ]deca~2~ene-6,9~dione

on the basis of its infrared, NMR and mass spectra.

Ph

4B

It had a carbonyl absorption at 5.73u which is characteristic
of the infrared absorption of compounds of similar structure having
the five-membered ring ketone24. In the NMR spectnm the following
assignments were made: 67.23 - 6.87 (m, 10H, éromatic), 3.23 (m, 2H,
C7 and C10 methines), 3.07 (m, 1H, C5 methine), 2.83 (m, 3H, Cl and

C4 protons), calcd69 69

2.57 (dd, J=20 and 5 Hz 1H, C8 exo), caled
2.20 (dd, J=20 and 1.5 Hz, C8.endo). The assignment of the C8 exo
and endo protdns was based on the disappearance of the{62.57 resonance
upon deuterium exchange in basic deuterium oxide and thé concomitant
collapse of the doublet of doublets at caled. 62.20 to a broad singlet
at 62.21. The facile exchange of this exo hydrogen in bicyclo[2.2.1]-
heptanone systems has been reported in the literature70. The NMR

absorption pattern of compound 4B is very similar to that of the

previously reported24a analog compound 2C (Figures 17a and 17b). For
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residual O;Cl;'

Figure 17a. A 100 MHz PMR Spectrum of 2,3-Diphenyltricyclo[5.3.0.0°*10]-
. deca-2-ene-6,9-dione, 4B.
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Figure 17b. A 100 MHz PMR Spectrum of 2. 3—Dimethy1tr1cyc10[5 3.0. O5 10

deca-2-ene-6,9-dione, 2C.
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example, the exo and endo protons at C8 each resonated as a doublet of
doublets at caled. 62.47 and 2.19 in 2C. In photoproduct 4B these
protons also resenated each 'as a doublet of doubletsat caled. 62.57
and 2.20, respectively.

Since the photochemical behaviour of substrate 4 has,
hitherto, not been studied in solution, photolyses of it in ﬁenzene
were also carried out to ascertain if its reactivity in solution
differed from the solid state photoreactivity. These results are

summarised in equation 4 below.

Ph Ph

P ho

benzene

A\ 4

Table VIII. Product Yields for the 4(golution) > 4A + 4B Conversion

Duration of Irradiation Product Ratios
4AiGE
3.0 hours 3:1
3.1 "o 3:2

3.9 " 1:2
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Unlike the solid state reaction;‘product 4B is formed
concomitantly with 4A as determined by following the reaction at 0.1
hour intervals using inffared spectroscopy: As in the solid state
reaction, photoproduct 4A was again found to be photolabile-as ;hown
by (i) the varying ratio of 4A:4B as the reaction proceeds (iable VIII)}
(i1i) independent photolysis of 4A under the same reaction conditions
as for the 4 > 4A conversion gave 4B and a compound having 5.68 and
5.80 u carbonyl stretches in the infrared. Although this latter
cémpound was not investigated further, it probably has the assigned
structure 4C since previous investigations24 of the photocheﬁistry of:
these tetrahydro—l,A—naphthoquiﬁones in solution have shown that
only photoproducts of this structure absorb at &5.70 and 5.80 u.

Examples of this are given below:

h Ph

5.68, 5.80 ‘ 5.68, 5.80 5.69, 5.81
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The formation of ene-diones 4B and 4C from enone alcohol 4A is not

novel. Scheffer énd coworkers248 reported the conversion of the

4B 4C

dimethyl enone-alcohol 2B to the ene-dione 2C in tert-butyl alcohol
and 2B to 2D in benzene (equation 6 and 7). The conversion of an

. 71
enone-alcohol to both ene-diones in benzene was also later reported

(equation 8).

b o --(6)

| hv

benzene --
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HO | |
h ° + ) - -8
benzene '

50 % " 50%

The photochemical formation of 4B from 4A is formally a disallowed
[3,3] suprafacial—suprafacié;*Sigmatrppic rearrangement72 and is, .
therefore, likely, a non-concerted reaction. On the other hand, the
4A > 4C convérsion is a [1,3] suprafaciél sigmatropic shift which is
photochemically allowed. It can, therefore, but need not be,
concerted. In both the solid state and in solution, photoproduct
4B was photostable under the reaction conditiomns.

Turning now to the primary reaction, namély, the 4 ~ 4A + 4B
reaction in benzene, analogy is drawn to earlier systems studied in
our laboratory in which both product types were formed as primary

product524f7l.

The formation of both of these products can be
explained by postulating the same diradical intermediate 4' which was
used earlier to explain the formation of 4A from 4 iﬁ the solié state.
As can be seen from Scheme 14, photoproducts ﬁé and 4B probébly

arise from different conformers of the biradical intermediate 4'.

The feason behind this stipulation comes from the X-ray data as well
as the solid state results. Photoproduct 4B can only form from

biradical 4' of unspecified conformation if bond formation occurs

between C3 and C8. This is not likely to happen from conformer 4'A
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Scheme 14

hu
H solution

1,6 |bonding

4A 4B

since these centres are greater than 42 apart. On the other hand, Cl
and C6 are only 3.51A apart in .substrate 4.  Assuming that the.
conformation in which the molecules crystallize is also the preferred
conformation in solution, it can be seen that the biradical inter-
mediate may form and close to the enone-alcohol from this conformation
i.e. no gross conformational changes are maﬁdatory for the 4 > 4A
conversion. The 4 + 4B conversion most likely requires a conformational

change. Sinée conformational mobility is possible in fluid media, a
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conformer such as 4'B is possible in solution and not in the solid
state‘and the now nearness of the C3 and C8 centres.would allow
product 4B to be formed. The observation that photoproduct 4B

is the minor product of the primary reaction in solution is . most
likely a-reflection of the conformational change necessary to |

allow for its formation.

2,3-Dimethyl-1,4-4af,9aB~tetrahydro-9,10-anthraquinone, 6

Compound 6 crystallised from acetone solution as colorless

rods. Irradiation of 6 in the solid state below the eutectic

temperature (126.0°) gave enone-alcohol 6A (equation 9) in 60%

hv
- solid state

isolated yield. The structure of 6A follows ultimately from

comparison of its spectral data with those of authentic 6A prepared
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using the procedure of Scheffer and coworker824a. The conversion of

6 to 6A involves the abstraction of a B-hydrogen by one of the
oxygens of an excited carbonyl chromophore followed by C9 to C3
bonding. The transformation is analogous to the 4 » 4A conversion.

A small piece of prystal 6 measuring 1.0 x 0.80 x 0.30 mm
was cut from a larger crystal and used for the determination of the
X-ray structure73. Unit cell constants were refined by least-squares
from the observed 26 values of 17 reflections. Intensity data from
1313 independent reflections were used for the structure determination.

The R value after full-matrix refinements was 0.055.

Crystal Data73

C16H1602’ orthorhombic, space group Pna21 with a;15.643(2),
b=5.160(1), c=15.568(2) A, 8=90° and Z=4. The structure of the
molecule is shown in Figure 18.

The hydrogen abstracted in the 6 > 6A conversion is one
of the Cl1 hydrogenép The interatomic separation between this hydrogen
and the abstracting atom 0(1) is 2.57 R. The abstraction would give
rise to a biradical 6' (Scheme 15). Electron delocalizafion into the
aromatic ring_:is expected to aid the stabilization of 6'. However,
no bond fofmation involving the aromatic ring carbon atoms is
expected since this will result.ig loss of the stabilization enérgy
associated with the aromatic ring. This leaves only two possible

modes of ring closure for biradical 6', namely bonding between C9 and
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Figufe 18. Stereo diagram of compound 6.

Scheme 15
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Cl and between C9 and C3. As already mentioned in the Introduction,
the formation of a cyclopropane ring in these already rigid polycyclic
systems is unlikely and has to date not been observed. Bond formation
between C3 and C9 gives rise to the observed product éé. In substrate
6 the interatomic separation between C3 and C9 is only 3.46 A so
here as in the 4 + 4A transformation, the biradical can form and
collapse to the observed product without any gross changes in
conformation.

Not surprisingly, irradiation of degassed solutions of 6
also gave 6A as the only product because as pointed out, the biradical

intermediate 6' can only close between C3 and C9.

6,7-Dimethyl-4aB,8aB-dicyano-4aB,5,8,8aB-tetrahydro-1,4-naphthoquinone, 7

Large, sparkling yellow crystals of 7 were obtained by
crystallization from a solvent mixture of acetone and light petroleum

ether.

One crystal measuring 0.50 x 0.40 x 0.40 mm was used for
X-ray structure determination. Unit cell constants were obtained by

least-squares refinement of the observed 26 values of 23 reflectioms.
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Intensity data from 2445 independent reflections were used to solve

the structure. .The final R value after refinements was 0.055.

Crystal Data74

C, 48794505, monoclinic, space group P21/c with a=8.717(5),

b=12.464(2), ¢=12.783(5) &, B=117.87(3)°, and Z=4. . A stereo view of

the molecule is given in Figure 19.

Figure 19. Stereo diagram of compound 7.
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Irradiation of 7, either as a solid dispersed in'a KBr
matrix or as the pure solid in vacuo below the eutectic temperature
(118.5°), gave the enone-alcohol 7A in 927 isolated average yield.

cNQ
hv

solid state

CN

Photoprd&uct 7A was conclusively identified by comparing its physical
and spectral characteristics with those of authentic 7A prepared by
the method of Scheffer and coworker324b.

The formation of 7A formally involves the abstraction of
one of the C8 methylene hydrogens, Hg, by 0(1) and collapse of the
resulting biradical through bond formation between carbons 1 and 6.
The Hg+--0(1l) distance in the crystal is 2.58 A. The separation of
Cl and C6 in the crystal is 3.38 A, So here as .in the two previous
examples, the formation of the biradical "intermediate in this reaction
and its subsequent collapse to enone-alcohol does not require any
conformational changes. The only other possible bﬁt unobserved bonding
modes are between C3 and Cé and bétween C3 and C8. 'The separations
between these carbons in the crystal are 3.86 and >4 Z, respectively.

Not only are these distances longer than the Cl, C6 separation in the

crystal but the p—orbitals at these centres are directed away from
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Scheme 16

each other so that overlap between them cannot be achieved.

One.might expect that like many of the substrates in this
series of tetrahydro-1,4-naphthoquinones, substrate 7 in solution
might give the ene;&iones 7B and 7C. Irradiation of degassed benzene
solutions of 7 gave 747 yield of enone-alcohol 7A and 77 yield of a
compound melting at 156 - 158°. The latter compound had the following
spéctral data: 1In the infrared it had cyano stretching frequencies at
4.44 and 4.46 u and a carbonyl stretch at 5.90u. The single C=0
stretch at 5.90u ruled out both ene-diones 7B and 7C. In the nuclear
magnetic resonance spectrum, it had two doublets, J,p=10Hz, éited

at 87.44 and 6.41, respectively, which integrated for 1H each. The
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rest of the spectrum had 82.56 (s,2H), 2.45 (d,J=15 Hz,. 1H), 1.72 (d,
J=15 Hz, 1H), 1.56 (s, 3H) and 1.38‘(3, 3H). Its mass spectrum shoWed.b
a parent peak at m/e=240. - This‘product, 7D is tentatively assigned

the oxetane structure below:

0

The absence of ene-diones 7B and 7C has- been ascribed to the
prevention of conformational changes even in solution as a result of
bridgehead substitution.

As an attempt to see if any similarities exist between the
geometries of a substrate and its solid state photoproduct, the
X-ray structure of enone-alcohol 7A was also determined75. A stereo
view of the molecule is shown in Figure 20. As can be seen from
compariﬁg this diagram with that of the starting crystal 7, the 7 »+ 7A
conversion is attended by the conversion of the favorable half-chair
conformation of the C5-Cl0 ring to a Boat'fqrm. The conformation
of the quinone ring remains essentially the same.

During the X-ray structure determination, there were

indications that enone-alcohol 7A might be optically active. The

molecule itself is chiral, but one would expect that in a biradical
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Figure 20. Stereo diagram of enone-alcohol, 7A.

ring closure, both levorotatory and dextrorotatory molecules should
form in.equal proportidns giving racemic 7A. If crystals of JA
were optically active, it meant that a racemic mixture had been
fqrmed during crystallization, an uncommon occurrence in organic
chemistry. When singlé crystals as well as clusters of crysfals of
7A were used in optical rotation determinations, the results shown

in Table IX were obtained.
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Table IX. Specific Rotation of Solutions of Crystals of 7ZA

25.5°

Description of Crystal ]a]!
Single ‘ +3.0°
Single +2.5°
Single -67.7°
Clusters -14.5°

The fact that some of the single crystais were levorotatory and others dexfro—
rotatory meansthat crystallization féllowed. by mechanical separation had
éffectgd rasolution of the racemic photoproduct. .The fact that the specific
rotation of the levorotatory single crystal is not equal to that of

the dextrorotatory crystal is an‘indication that the resolution is

only partial. Nevertheless, such a spontaneous resolution through
crystallization is rare. The historical example of this phenomenon

was feported by Louis Pasteur76a who allowed a solution of sodium

amﬁonium tartrate fo crystallize by slow evaporation below 27° and

~ was subseﬁuently able to separate the two enantiomers by mechanically
picking them apart. Since fhen, very few examples of_this occurrence

have been reported. Among these are the spontaneous crystallization

of active material from ‘dl solutions of (i) 3,3-diethyl-5-methyl-

2,4"diket0PiPeridine76b, (i1) narcotine’°¢, (ii1) laudanosine’ ©® and

(iv) methyl-ethyl-allyl-anilinium iodide76d.
The crystal packing diagram revealed that compound 7

represents the crossover from inter to intra-molecular reactivity in
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this series of tetrahydro-1,4-naphthoquinones. Figure 21 shows
portions of adjacent molecules within a crystallographic cell. The .
m overlap of the ene-dione double bonds which is necessary for

dimerization 1s not achieved due to a slight tilt of the C2, C3 plane

i
Figure 21. Neiéhbouring ene-dione systems of a pair of molecules of 7
viewed perpendicular to the C(1), C(2), C(3) plane.

of the molecule above the plane of the paper relative to the C2' C3{
plane of the moleculg below it (Figure 21). The intermolecular
contacts are also much longer_than the corresponding distances for
substrates 1, 2 and 3.. For example the C2 to C2' distance is 4.374.
Beééuse of the tilt of the C2? C3 plane of one of the molecules of

the pair mentioned previously, the C2--C2' distance does not represent
the shortest intermolecular contact. The latter turns out to be the
C2 to C3' distance of 4.09& which still exceeds the sum of the van der

Waal's radii68 of the two atoms by_0.69§. The centre-to-centre
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separation of the double bonds is 4.13, and so not only are the
orbitals not-aligned for intermolecular overlap but the limit of
double bond separation necessary for photodimerization in the

12b,61 has also been reached. Consequently, no

crystalline state
photochemical dimerization was observed when crystals of 7 were

irradiated.

2,3,4a8,6,7,8aB-Hexamethyl-4aB,5,8,8ap~tetrahydro-1,4-naphthoquinone, 9

Large, pale yellow crystals of 9 were obtained by crystallizing
from petroleum ether. Smaller but better-formed crystals for
crystallographic purposes were obtained by crystallizing from acetone.

Crystals obtained from either solvent reacted in identical fashion

hv
solid state
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both in KBr and as the pure solid. Thus, one may assume that the
crystal form is not changed as. a result of change of crystalliéing
solvent. UV irradiation of 9 below the eutectic temperature (—i6.0°)
led to the formation of enone-alcohol 9A and the ene—dioné 9B in .
the ratio 2:3. This ratio was invariant below the eutecticiat

varying conversions (Table X) - as one would expect from a reaction in

Table X. Product Ratios and Combined Yields for the 9 > 9A + 9B

Conversion, in the Solid State

Reaction Combined Ratio
Temperature % Conversion 7% Recovery . GLC Yields .9A:9B
-34.3° to -33.5° 41 91 777 2:3
-34.7° to -32.5° 54 94 88% 2:3
-33.5° to -30.3° 68 63 467 2:3
-25.6° to -23.1° 77 71 627 2:3

-25.3° to -23.4° 88 78 75% . 2:3

which both products are primary products. Yields are quite high
provided the recovery of reaction mixtufe from the reactor isAhigh.
The structures of 9A and 9B were confirmed by comparing their physical
‘and spectral data with those of 9A and 9B obtained previously and
reported in the 1iterature24. As mentioned in the Introduction, 9A

and 9B are thought to derive from different excited states, enone



- 109 -

alcohol 9A froﬁ an n,7* singlet and ene-dione 9B from a m,m* triplet.
This being the case, it was of interest to repeat the solution
photochemistry, which has hitherto been done only at ambient
temperature, at temperatures below the eutectic to see if the ratio
of 9A:9B was the same for the solution photolysate as for the

solid state reactionat similar temperatures. Table XI,'
summarizes results of the conversion 9 + 9A + 9B in anhydrous

ether below the eutectic. In terms of percentages, this ratio differs

Table XI. Product Ratios for the 9 - 9A + 9B Conversion in Solution

5 —S5%5> 9+ 98
Reaction Ratio
Temperature % Conversion 9A:9B
-33.0° to -31.5° 21 1:2
-31.5° to -29.0° 25 1:2
-32.5° to -31.5° 52 1:2
-31.5° to -29.5° 63 1:2

from the solid state products ratio by only 7%, a difference too?sméll
to warrant explaining especially in view of the fact that product
ratios in solution may be solveﬁt dependent24.

The X-ray structure of 9 was solved by direct methods as
described77. The crystal dimensions were 0.15 x 0.20 x 0.20 mm. Unit

cell constants were obtained by least-squares refinement of the observed
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26 values of 15 reflections. The intensity data of 2786 independent

reflections were used in the structure determination. The R wvalue

after refinements was 0.088.

Crystal Data77

16129095 monoclinic, space group P21/cAwith a=7.312(3),
b=11.540(4), c=16.674(3) K, 8=92.26(3)° and Z=4. Figure 22 gives a

stereo view of the molecule. -

f

Figure 22.. Stereo diagram of substrate, 9.
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Photoproduct 9A is the enone-alcohol product arising from the
abstraction of Hp, one of the C8 hydrogens, by 0(1) followed by bond

formation befween Cl and C6 radical centres (Scheme 17). The Hg to
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0(1) distance is 2.47A and the Cl to C6 distance is 3.353. The
unobseryed bonding ‘modes of biradical 9'A, namely C3 to C6 and C3 to
C8 were both >4& in the crystal of 9.

The ene~dione product, 9B, formally arises from the
aSStraction of one 6f the C5 hydrogens, namely, Hp, by C2 gi§ing
biradical 9'B which then closes by bonding C3 to C5. The distance
between the abstractable hydrogen and the abstracting carbon, namely
Hp*++C2 is'2.893 in the starting material 9. As in previous cases,
if there are no gross changes in conformation attending the reaction,
one could approximate interatomic separations iﬁ the biradical
intermediate to the corresponding interatomic distances in the
substrate. The C3, C5 separation is thus only 3.174. Not only is
the interatomic separation favorable but the geometry of the molecuie
has the p orbitals at these centres directed towards each other thus
promoting interaction and ultimately bond formation (Scheme 17). As
in the case of biradical 9'A, the unobserved bonding mode in biradical
9'B, namely.C3._to.C7, would have involved.bringing together carbon
centres which are >4& in the crystal of the sﬁbstrate»to closer
proximity, a process which is likely to entail conformational
changes impermiséible by the lattice of the host.

The 3:2 ratio for photoproducts 9B énd 9A doés not reflect the
relative rates for y- vs B-hydrogen abstraction. As the. kinetic scheme-
below suggests, the rates of formation of products 9A and 9B depend

on a number of factors. For example, the relative population of the
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Scheme 18
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1n,n* and 3w,w* states, the rates of decay of these two excited
states and the rates of biradical closure relative to reverse
hydrogen transfer will all be reflected iﬁ the overall rates of
formation of these two products.

One in?ggesting revelation from the c?ysfallographic data
is that the hydrogen which iS'abstracted by enoﬁe carbon is quite
distinct from the hydrogen which is abstractediby oxygen, i.e. the
B-carbon of the enone system and the oxygen do not compete for the
same hydrogen in this reaction,-a fact which is not evident from tﬁe
chemical structure of 9 because of the symmetry of the molecule.

Another interesting point to be noted is that from the X-ray

crystal structure, Hpy can, in principle, be abstracted by either C2
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or C3, being 2.892 from C2 and 2.80A away from C3. Abstraction by C3

would have given biradical 9X which can close to 9C, an unobserved

bondmg ﬁ

photoproduct, by bonding centres, C2 and C5. Such an abstraction

would have proceeded via a five-membered transition state as opposed
to the six-membered transition state that gives rise to the observed
photoproduct 9B. That 9C is not formed may mean that the well-known
order 1,5 > 1,6 >> 1,4 for rates of hydrogen abstraction in acyclic
systems holds for this rigid system as well, the preference here being

a 1,5 over a 1,4 hydrogen abstraction.

2,3,4aB,5B8,8B,8aR-Hexamethyl-4aB,5,8 8aB-tetrahydro-1,4-naphthoquinone, 11

This adduct was studied in spite of the dismal yields (<5%)
of its préparation because it is the only substrate other than 9 which
has been reported to date to undergo y-hydrogen abstraction by enone

. . 24b . X - .
carbon in solution . The study of its structure and reactivity in
the solid state was desirable if for no other reason than to ensure that
the solid state reactivity of 9 was not an isolated case and thus provide

a firmer ground for any conclusions which may be drawn from this reaction.
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Compound 11 was obtained. as pale yellow rods from petroleum
ether as the crystallizing solvent. It reacted in KBr and as the pure
solid below the eutectic temperature (60.5°) to give enone-alcohol 11A

and ene-dione 1l1B in a combined isolated yield of 85%. Of the two

A B
hv
-——'__*
solid state +
1A 1B

et

photoproducts the ene-dione 11B was favored 2:1 over the enone-alcohol
1JA. The 1]A:11B ratio was shown to be invariant at varying conversions
of the starting material (Table XII) which is to be expected in a

reaction in which both products are primary products and are photostable

Table XII. Product Yields and Ratios for the 11 -+ llA-+ 11B Conversion

Reaction Temperature. 7 Conversion Combined Yields 11A:11

11A + 11B
-32.4° to -31.7° - 100% 85% 1:2
-31.6° to -27.3° 100% 86 1:2
-32.1° to -31.5° 56% 817 1:2
~32.0° to -30.9° 57% 95% 1:2

-31.9° to -31.6° 29% 93% 1:2

g
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under the reaction conditions. That these products are photostable
was substantiated by irradiating a KBr pellet containing these two
primary products for onme hour. The recorded infrared spectrum showed
neither new peaks nor changes in peak intensities. Pure crystals of
11A were also irradiated in a KBr matrix for 2 hours. The infrared
spectrum of the irradiated pellet was identical to that of pure 11A.

The structural assignments for tﬁe two products, 1lA and
11B, were méde on the basis of their spectral data which were identical
to those reported'fsr compounds of idenfical structure isolated
from the photolysate of compound 11 in benzene by'Scheffer and
éoworkerSZAb.

The formation of these two products is analogous to the
9 » 9A + 9B conversion discussed earlier. The yields and product
ratios are comparable for the two cases. By analogy to the 9> 9A + 9B
transformation, photoproduct 11A most likely arises from the ln,ﬂ*
state while the ene-dione photoproduct 11B most probably forms from the
3n,n* state. As mentioned in the Infroduction, methyl substitution
on the ene-dione double bond and the bridgehead positions seems to be
required for the observatioﬁ of the 3n,n* derived Y—hydrogen abstraction
by carbon in this series of tetrahydro-1,4-naphthoquinones. It is
understandable thatbthe substitution of electron donating groups such
as alkyl groups on the ene-dione double bond should lower the 3n,ﬂ*

energy level since the promotion of a 7 electron to a 7* level leaves

the carbon(s) of the 7 system electron deficient. It is, however, clear
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that substitution on the ene-dione double bond alone is not sufficient
for the observation of y-hydrogen abstraction by carbon since substrate

5 does not undergo y-hydrogen abstraction by carbon in solution24a. It

12

has not yet been determined whether methyl substitution on the bridge-
head positions alone suffices for the observation of this 3n,n* reaction.
The substrate necessary to decide this is compound 12 which cannot

be obtained by the Diels-Alder addition of 2,3-dimethylbenzoquinone to
2,3—dimetﬁylbutadiene (which gives exclusively 5). Substrate 12 has

not been studied thus far because of this synthetic problem.

Substrate 11 not only has the same substitution pattern as 9
but thg X-ray structure97 also shows that it has the prerequisite
geomegry for both B-hydrogen abstraction by oxygen and y-hydrogen
abstraction by carbon. ‘

The crystal structure was determined using a crystal
measuring 0.30x0.30x 0.70mm. Unit cell and intensity data were
measured én a Datex—automated G.E. XRD 6 diffractometer with Cu Ky
technique. Unit cell parameters ‘were obtained by a least-squares
refinement of the observed 26 values of 16 reflections. The structure
_was'solved using intensity data of 2051 independént‘reflections.

Unlike the previously described X-ray structures, the structure'of 11
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could not be solved by direct methods46. It was solved by a symbolic
addition and tangent refinement procedure79. The final R value was

0.070.

Crystal Data79

C16H2202’ monoclinic, space group C2/c with a=24.930(7),
b=7.795(3), c=14.472(5) A, g = 101.13(3)° and z=8. Like all the
tetrahydro—i,4—naphthoéuinones, the molecule is twisted such that the

bridgehead groups are staggered. Figure 23 is a stereo diagram of

the molecule.

Figure 23. Stereo diagram of substrate 11.
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Scheme 19
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As in previous cases, the enone-alcohol product 1lA arises
from the abstraction of the C(8) hydrogen by 0(1) followed by bond
formation between carbons 1 and 6 (Scheme 19). It can be seen from
the stereo diagram (Figure 23) that the C(8) ﬁydrogen is in the ﬁlane
of the C(15=0(1) group. The H to O separation in the crystal is 2.262
which is a reduction of.O.ZIK over the corresponding distance in
substrate 9. It is, in fact the shortest HB to O distance observed
in this series of tetrahydro-1,4-naphthoquinones. This should
facilitate B-hydrogen abstraction. Furthermore, the C(l) to C(6)
separation is 3.33& which is short enough for a van der Waals inter-
;ction. (The sum of the van der Waal's contact radius for the tﬁo

68.) Thus the

carbons is 3.40A based on fw values compiled by Bondi
biradical intermediate 11'A (Scheme 19) can bond between C(1) and C(6)
to form stable product 1lA without prior conformational changes.

The formation of ene-dione 11B arises from the abstraction
of the C5 hydrogen by carbon 2 followed by ring closure between C3 and
C5. The C5 hydrogen is almost equid;stant from C2 and C3,.being 2.70&
from C2 and 2.664 away from C3. The‘situation is completely
analogous to the case of molecule g_ﬁhere this' hydrogen is 2.89A and
2.80&, respectively from C2 and C3. The relatively shorter hydrogeﬁ to
carbon separations in 11 should result in a comparatively faster
abstraction process. The comparatively shorter irradiation times for

the complete conversion of 11 to products may be a manifestation of

the nearness of both the C(8) hydrogen and the C(5) hydrogen to the
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abstracting atoms. As in the case of substrate 9, the abstraction

of the C(5) hydrogen by C(3) through a five-membered transition state
is not observed. Photoproduct 11B arises from the abstraction of the
C(5) hydrogen by C(2). The résulting biradical 11'B then closes its
radical centres by bonding C(3) to C(5). The C(3) to C(5) separation
"in the crystal is a sho?t 3.17A and so here, as in all previous cases,
the biradical intermediate can close to product from the conformation
in which ithis formed, i.e. no conformational changes are required for

the conversion of substrate 11 to stable photoproducts.

The Geometry of the Tramnsition State for B- and yc—Hydrogen Abstractions

Ever since the publication by McLafferty and coworkersAB, of
the molecular orbital calculations on the transition state geometry
for y-hydrogen abstraction in 2-pentanone, a number of investigators
Ahave probed the geometric requirements not only for the McLafferty
rearrangement but also for the photochemical Norrish Type II reactioz.
In the driginal paper cited, Boer, Shannon and McLafferty examined a
number of conformations for the six-membered cyclic transition state -
including non~-planar ones and found that the energy barrier to
abstraction has a minimum when the abstractable hydrogen is in the
plane of the carbonyl group. They cited two geometries which have this
arrangemeﬁt:- one of these, shown @elow, has all the ring atoms of the

six-membered transition state in the same plane with a favorable HY—O

distance of 1.12 but unfavorable eclipsing of the methylene hydrogens;
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the second geometry, a non-planar one which has all the hydrogens
étaggered, is shown below. 1Its calculated energy was roughly the

same as that of the planar one previously discussed. 1In this latter

conformation all six atoms of the six-membered cyclic transition state

except C, are in the same plane. With normal bond distances and

B
angles assumed, McLafferty and coworkers found the Hy—O distance to
be a considerably longer, 1.813, compared to the 1.1Z for the planar
éonformation. Since the McLafferty rearrangement had earlier been
41,80

’

shown to occur only when the HY—O distance was 1.83 or less

McLafferty and coworkers43 concluded that the transition state geometry
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for y-hydrogen abstraction was most likely planar. What happens,

then, in rigid systems‘where planarity cannot be achieved? Does the
rearrangement still occur? To answer these questions, Henion and -
Kingston42 investigated‘a Bicyclononanone,\two bicyclodecanopes and a
bicycloundécanone. Using Dreiding molecular models, they measured

the distance HY-O and the angle 1 which the approaching hydrogen makes.
with the plane of the carbonyl group at the position of its closest
approach“to;the oxygen. -~ They then investigated their mass spectra.

Their results are summarised in Table XIII.

Table XIII. Effects of Structure on the McLafferty Rearrangement

(-]

Ketone H to O distance, A T° Occurrence of the
_W McLafferty Rearrangement
H
\/!H
' 1.6 80 No
1.6 50 Yes

f)JH
H :
2.0 80 No

1.5 50 Yes
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In the earlier calculations43 the transition state
geometry in which 1=45° has an estimated energy which is 76.3 kcal
above that of the planar transition state geometry. Table XIII clearly
shows that while a planér'sik—membered ring may be the most favorable
geometry energetically for flexible molecules, it is not by any means
a sine qua non for the occurrence of the McLafferty rearrangement.
Turning now to photochemical hydrogen abstractions, it is
important tb note that both the Norrish Type II reaction and the
McLafferty rearrangement require an eleétroﬁ-deficient carbonyl system.
In the McLafferty rearrangement, this is attainea by electron removal
&uring ionization while the photochemical system relies on the pfomotion
of an electron from an n orbitél into an antibonding w* orbital.
The net effect of electron promotion is to leave an electron-
deficienf oxygen. It is, thefefore, not surprising that the photo-
chemical abstraction reactioﬁ has a few characteristics in common with
-the thermal McLafferty rearrangement. For example, for both reactions
»y—hydrogen abstraction is more facile for secondary hydrogens than for
‘primary hydrogens. However; there are some differences worth noting
.when discussing the geometries of the activated complex for these reactionms.
In the ground state, the carbonyl carbon is sp2 hybridized
‘and the C=0 bond length is approxiﬁately 1.28. 1In the excited state,
the carbonyl carbon of formaldehyde and presumably other saturated
ketones and éldehydes is sp3 hybridized and the C=0 bond is longer than

it is in the ground state by about 0.1&813. In addition, the C=0 bond
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of the excited molecule is out of plane of the CH, group by 27° and 35°

2
for the singlet and triplet n,n* states respectivelygla. Overall,
the geometric change is 6ne;of a planar ground state molecule
becoming pyramidal in the excited state. Such is, however: not true
for conjugated carbonyl compounds as revealed by the spectroscopic
studies of a number of investigatorssl. There are two important
consequences ofAcbnjugation. First, it has been established81 that
conjugation.stabilizes the planar geometry relative to the pyramidal
one. For example, the analyses of the ﬁ,n* absorption spectra of
propenal81c and propynal81d have shown that the C-C-~0 angle changes
By only 3° and 5°, respectively, from the ground state values. This
is in sharp contrast to the reported change of 20-27° for formaldehyde81a’e.
The second effect of conjugation is that excitation is no longer

confined to the carbonyl groupsla and both the C=C and C=0 bonds in
propenal undergo bond lengthening although the latter's increase is

ﬁore pronounced. For propenal and propynal the C=0 bond lengthens

by 0.08&819 and 0.0952\81d respectively as a result of n,n* excitation.

In summary, o,B-unsaturated carbonyi chromophbres are expected to retain
their planar configuration ﬁpon n,ﬂ*vexcitatibn in contrast to their
saturated analogs which are planar in fheir ground state but pyramidal

in the excited state. This difference in geometry has to be borne in
mind when discussing transition state geometries for photochemical

hydrogen abstraction reactions. There are indications that although the

Norrish IT reaction and the McLafferty rearrangement both involve the
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abstraction of a y-hydrogen via a six-membered transition state, the
two transition states have different geometries. For example, Lewis
and coworkers44 found tﬁat both endo- and exo—2—benzoy1norbornané
ﬁﬁdergo the Norrish II photoélimination reaction. Their m;lecuiar
models revealed that the abstractable hydrogen, HY, comes within 1.78
of the carbonyl oxygen in the endo isomer. The corresponding

closest approach HY to O distance in the exo isomer was, however, a
relatively long 2.22. Althoggh this grgater HY to O distance was

reflected by the &600 fold difference in the rates of hydrogen abstraction

for the two substrates (equation 10 and 11), the fact that the exo-
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isomer reacted at all shbws that for photochemical hydrogen abstraction
reactions the Hy—O distance is not limited to the 1.8& maximum esta-
blished for the McLafferty rearrangement. Perhaps a better guide for
the HY to 0 distance requireﬁent should be the sum of the Gén defl
Waals radii, T of the two atoms involved, namely, hydrogen and
oxygen. Van der Waals radii differ:widely depending on the method

of their calculation. For instance, the van der Waals radii, Tys
calculated by Péﬁling's approximation for H and O are 1.06 and 1.42 2,
respective1y68. Use of these values would give the maximum H-O
contact distance of 2.5A reported by ﬁinnik and coworkers82. Howevef,
;s pointed out by Bondi68 and Edward83 the "best" values for the van
der Waals radii of various elements which are compatible with X-ray
crystallographic data and are best suited for volume calculations are
those designated ;W. If one depicts the interaction between the two
atoms involved in the abstraction reaction as two colliding spheres of
radii EW(O) and ;W(H) respectively, then the contact distance between
the two‘atoms will be the sum of these two radii; .Using ;W(O) and
;w(H) values from the re;ent calculations of Bondi yields a sum of
2.72R. This value représents an upper limit on the distance require-
ments for the abstraction of a hydrogen by oxygen. 'The lower limit
will be represented by the length of the OH bond itself84. Thus, for
the observation of hydrogen abstraction by oxygen, the H to O separation,
d, must be such that 2.72& >d > 0.96&f This condition is calﬁulated

for ground state atoms but should hold for n,n* state hydrogen
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abstractions by oxygen. The abstraction involves the half-filled n
orbital of oxygen whiéh is included in the ground state atomic radius,
;W. The anélogous distance requirement, d, for hydrogen abstraction
by carbon will be 2.90A > d > 1.074 using the sum of the ;w68 for
C and H‘for the upper limit and the length of the C-H bond84 as the
lower limit.

The sec?nd parameter which has been used to define the

geometry of the tranmsition state is the angle 1 defined as the angle

that the itinerant H makes with the plane of the carbonyl group.

This angle is shown diagramatically below. The H_ to O distances and the 1

B

values for the substrates found to undergo B-hydrogen abstraction are
tabulated in Table XIV below. Also given in this table are the HY to C

.distances -and T'Avalues for the substrates for which y-hydrogen
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abstraction by carbon was observed. For B-hydrogen abstraction, all the

HB’O interatomic separations were below the stipulated maximum

Table XTIV, Interatomic Distances, K, and Approach Angles for Hydrogen

Abstraction

Substrate H. to.0 | B to C T° T

8
»(HB(S) to 0(}~)) 4(HA(5) to C(z))

P ) .
2.46 - 3° -
P 4 -

|
O 2.57 - se | -
5
CN

i CN e
m 2.47 - 2.89 00 | s20

9
w 2.26 2.66 1° | s0°

n

B
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sepération. The distance requirement is, therefore, well met. Also
as the 1 values indicate, in all cases the hydrogen to be abstracted
is also iﬁ the plane of the carbonyl group,. the out of plane angle
being <8° in every case. Subétrate 9 affords the ideal case.witﬁ
1=0° i.e. the hydrogen lies exactly in the plane of the carbonyl group.
Using the X-ray data for this substrate77, some important information
can be glimpsed about the geometry of the transition state.
The.tfansformation leading to.the biradical precursor of
enone-alcohol 9A and all enone-alcohols, in general, most likely .
involves the abstraction of one of the C8 hydrogens by the half—filled
.A-orbital of 0(1). The hydrogen which is abstracted is the one which is
closest to and iﬁ the plane of the C(1)=O(l)'group. This is evident
from the lack of enone-alcohol formation in irradiated crystals of 10
_in which the C(8) hydrogen is remote énd out of plane with the C(1l)=
0(1) group. In substrate 9, atoms 0(1), C(1), C(8a) and the hydrogen
to be abstracted all lie in the same plane. The C(8) atom is
calculated to be only 16° above the plane of these four atoms. The
bond angles (Scheme 20) are_also in excellent agreemegt with the
expected values of 120° and 109.5° for sp2 and sp3 hyﬁridized carbon,
respectively. Since the angle for planar cyclopentane is 108°, there
will be some angle strain at the transition state if, as is expected,
C(1) remains sp2 hybridized. Although, a planar cyclopentane-like
transition state for substrate 9 has undesirable eclipsing of its

C(8a) bridgehead methyl and the unabstracted C(8) hydrogen, it must be
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Scheme 20

n,m™ excited state

transition state

borne in mind that this strain is present in the substrate rather

than introduced.at the transition state. Turning now to the y-hydrogen
abstraction by carbon, the HY’C separation, d, for substrates 9 and 11
'are 2.89 and 2.66 K, respectively. Both distances satisfy the inter-
atomic separation requirement stipulated for this reaction. Unlike

the case of B—hydrogen abstraction, the approach angle 1 deviates
significantly from zero. As Table XIV shows, the hydrogen approaches

the plane of Lhe C2, C3 double bond at angles of 50° and 52° respectively-
for substrates 9 and 11. Intere;tingly, this is the same as the

approach angle, T, estimated from ﬁolecular models by Henion and

'Kingstonaz for the McLafferty rearrangemeht of bicyclo[5.2.1]decan-10-one
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and bicyclo[5.3.1]undecan-1l-one. The only transition state

geometry compatible with the X-ray structure of substrates 9 and 11
turns out to be a boat (Figure 24) not a chair-like cyclohexane riné
as suggested by Wagner and coworkers78 for acyclic substrates. Since

the boat-like conformation is forced on the transition state, no doubt,

Figure 24..'(a)'Gfound state geometry of substrate 9 and (b) the
proposed transition-state geometfy for the 9 » 9B

conversion.

by the decalin ring structure of 9 and 11, the possibility of a chair-
like transition state for mobile systems cannot be ruled out. It

does mean however that the conformation of the transition staté for
these hydrogen abstraction reactions is not required to be a strain-

free chair.
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The abstraction of a Y-H by carbon in substrates 9 and 11
most likely involves the half-filled # orbital 6f C(2). As mentioned
earlier, quenching studies24b have shown the reaction to involve a
triplet excited state, most iikely a 3W,ﬂ*. In contrast to the |
B-hydrogen abstraction discussed earlier, the hydrogen’abstracted does not
liedin théplane of the reactive chromophore, namely the C(2)=C(3) =
system. Ra;her, iﬁ approaches C(2) from above the C(2), C(3) plane
at an angle of 52°. The suggested six-mémbered transition state is in

a boat conformation.
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3. Intramolecular Oxetane Formation

4aB,8aB-Dicyano-5a,80-dimethyl-4aB,5,8,8aB-tetrahydro-1,4~-

naphthoquinone, 8

Well-formed, pale yellow crystals of 8 were obtained by
crystallizing from acetone-hexane. Irradiation of 8 both in a KBr
matrix and as the pure solid below the eutectic temperature (123.5°)

led to the formation of 5,10-dicyano-6,9-dimethyl-ll-oxatetracyclo-
1,705,10

[6.2.1.0. Jundec-2-ene-4-one 8A as the sole product. Irradia-

tion of solutions of 8 also give oxetane 8A as the sole photoproducf24b.

: hv
solid state

qltimate proof of the product structure came from comparing
its spectéa with those of authentic 8A prepared by photolysis of 8 in
benzene. "The X-ray structuré of 8A prepared by this latter method has
been determined.

The 8 -+ 8A conversion is an intramolecular [nzs + TTZS]
addition of a carbonyl functionality to an olefinic moiety. Recent
studies on this type of intramolecular photocyclization show that thg

reaction can occur from the n,7* singlet as well as from the w,n*
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triplet depending on the intersystem crossing éfficiency of the
substratezs. The initial interaction of the excited carbonyl chromo-
phore with the isolated double bond is believed to yield an exciplex
which may eventually yield an oxetane. In order for the carbonyl

group to interact with the olefinic 7 system, the two w sys£ems must.
be close enough and aligned so as to have interaction between their
p-orbitals. Schmidt and Rabinovich85 found, for example, that short
intermolécular C=0:+++C=C contacts of 3.49 and 3.62 A in the two

stacks of 2,5-dimethyl-p-benzoquinone and a parallel arrangement of the
two m-systems favored oxetane formation upon irradiation.

X-ray structure determination was carried out87.on a single
crystal of 8 measuring 0.50 x 0.30 x 0.30 mm. Unit-cell parameters
were refined by least squares from the obsérved 26 values of 14

-reflections. The structure was solved by direct methods46 using
intensity data of 2419 independent reflections. The final R valué was

0.046.

~

Crystal Data87

'Cl4H12N202’ orthorhombic, space group Pbcn with a=l$.915(6),
b=11.525(4), ¢=13.157(5) K, B=90°Iand 7Z=8. A stereo diagram of the
molecule is shown in Figure 25.

The formation of oxetane 8A arises from a [ﬂZ + 1T2] cyclo-
addition between C(1)=0(l) and C(6;=C(7). The centre-to-centre

[-]
separation, d, of these two 7 systems is only 3.20A which is shorter

than the intermolecular C=0 to C=C contacts encountered by Schmidt



Figure 25. Stereo diagram of substrate 8.

and Rabinovich85. But unlike their systems, the intramolecular C=0
and C=C bonds involved in the 8 + 8A conversion are not parallel.

The orientation of ;hese two double bonds can be appreciated by
.viewing Figure 25 through a stereo viewer. Tﬂe direction of the
p-orbitals are'along the normals to the C(1)=0(1) and C(6)=C(7)
planes. The angle between these normals is 99°.. " This near-orthogonal
arrangement of the two 7 systems which is diagrammatically represented

~ below (Figure 26) promotes interaction and ultimately bond formation.

" Figure 26. Approach geometry of the C(1)=0 and C(6)=C(7) 7w bonds.

boad
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The addition involves the bonding of C(1) to C(6) and 0(1) to C(7).
These distances are 3.37 and 3.20 R respectively in the érystal.
Using 1.70 and;1.52 K for the mean van der Waals radii, ;w’ for C and
0 respective1y68, the carboﬁ to carbon van der Waal's contact rédius
is 3.40& and that of carbon to oxygen 3.222. These distances are
almost e#actly thé distances separating the potential bonding
centres in substrate 8. Because of the favorable alignment of the
two double bonds and the short interatomic contacts the 8 - 8A
conversion can occur without major conformational changes. As the

X-ray structure of 8A (Figure 27) shows, the reaction is attended by

‘Figure 27. Stereo diagram of oxetane 8A.
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very little change in the quinone ring and only shifts in the
positions of C(6) and C(7) of the cyclohexene portion of the molecule.

The X-ray data on photoproduct 8A were obtained and treated
as in previous structure determination. The dimensions of’thehcrystal
used in the determination were 0.70 x 0.50 x 0.20 mm. Unit-cell
parameters were obtained by least-squares refinement of the observed
26 values of 15 reflections. The structure was solved from treatment
of intensify data from 1433 independent reflections. The final R

value was 0.048.

.Crystal Data86

C14H12N202, orthorhombic, space group P212121 with
a=18.701(6), b=7.274(2), c=9.005(2) K, B=90° and Z=4. The geometry
of the molecule closely resembles that of its precursor 8. The
oxetane fing is very distorted with all internal torsion angles
greater than 30°.

Intramolecular éxe;ane formation in these tetrahydro-l,4-
naphthoquinones seems to be a less preferred reaction than tﬂe cyclo-
butane forming dimerization and the hydrogen abstraction reactions
 because allgthe substrates studied have roughly the same orientation
) of the C(l)=6(l) and C(6)=C(7) double bonds as does.8 and in addition
have short contacts between these bonds (Table XV) and yet oxetane

formation did not compete with either the dimerization or the hydrogen

abstraction reactions. Arnold88 has noted a similar trend earlier.
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Table XV. Intramolecular Bond Contacts and

Orientation

Intramolecular : Angle between normals to
Substrate C(1)=0(1).---C(6)=C(7) the C=0 and C=C planes
contact, A (centre to (angle between the p
centre) : orbital)
-:U
[:::I::E] 3.37 92.4°
£ g 1 "
)
. , 3.35 (Type A) 90.3° (Type A)
i 3.40 (Type B) 88.5°(Type B)
3 ]
o=
3.45 87.1°
4
3.41 89.5°
3
v
3.39 89.8°
6
3.26 97.3°
7 .
3.20 99.2°
8
3.29 95.1°
9
_ 3.38 91.8°
1
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He finds that, in general, whenever a hydrogen is easily accessible
to an excited carbonyl group, hydrogen abstraction becomes so important
as to exclude oxetane formation.

Substrates 8 and ;;are two substrates which one might expect
to undergo the Norristhype IT reaction since they have abstractable
vy-hydrogens. Substrate 1 did undergo the Type II reaction in
solution but not in the solid state because favorable intermolecular
contacts ie the crystalline state permitted a much preferred dimeriza-
tion to occur. With unfavorable intermolecular contacts; substrate
8 might be expected to undergo the Type II reaction, especially
since the y-hydrogen to oxygen distance is.only 2.41& which compares
favorably with H-0 distances of 2.582 or less for the observance of
hydrogen abstractions discussed earlier. However, in order for a
substrate to give stable products arising from hydrogen abstraction,
it has to be able to not only abstract the hydrogen but also close
its radical centres. For substrate 8 this means forming a bond

~ between carbons 3 and 9 in the Biradical 8'B without gross changes

o .
in conformation. These centres are >4A apart in the crystal of 8.
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Thus, Norrish Type II products cannot form from the conformations
in which these tetrahydro-1,4-naphthoquinones crystallize. The
‘formation of the Type II product 1B during the solution photochemistry

of 1 must then be seen as a manifestation of biradical 1B's ability

hy
solufion

1

1B

to change conformation to one which permits ring closure between
carbon centres 3 and 9. For biradical 8'B the change from its
original conformation to one such as shown below which permits C3

to C9 bonding, requires that the bridgehead cyano groups be moved,

first, towards each other, then be eclipsed and finally past each
other. The final conformation is, probably, as good as the initial

one but the process of attaining it is energetically unfavorable
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because of dipole-dipole repulsion between the cyano groups. So
the difference in reactivity between 1l and 8 in solution is most
likely due to the ability of biradical 1'B and not 8'B to change

conformation.
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4. Unreactive Substrates

2,3,6,7-Tetramethyl-4aB,5,8,8af -tetrahydro-1,4-naphthoquinone, 5

Colorless needles of'this compound were obtained b& crystal-
lizing from petroleum—ether. One of these crystals measuriﬁg
0.25 x 0.10 x 0.10 mm was used for X-ray structure determination.
Unit cell parameters were obtained by least-squares refinement of
the observéd 20 values of 19 reflections. The structure was solved
using intensify data of.2442‘independeﬁt reflections. The final R

value was 0.072,

Crystal Data89

C14H1802’ monoclinic, ‘space group P21/c with a=5.245(2),

b=29.452(7), c=8.278(5) A, B=106.44(4)° and Z=4. A stereo view of

the molecule is shown in Figure 28.

Figure 28. Stereo diagram of substrate 5.
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Irradiation of crystals of 5 either in a KBr matrix or as
the pure solid in vacuo led to no detectable reaction. In solution, .

however, this substrate is reported to give photoproducts 5A and 5B

s

hv N _

solid state O reaction

H
S
@)
1 ho N
solution V
| SA - 5B |

both arising from B-hydrogen abstraction by oxygen.

The X-ray data showed that §_had‘the conformational
requiréments to undergo B-hydrogen abstraction. The 0(1) to HB
distance is 2.42Z and the C(l) to C(6) separation is 3.49&. So,
one would expect O(l) to abstract Hg upon UV .irradiation with
subsequent:bond formation between C(1) and C(6) to give enone—alcdhol
SA. As in previous examples, photoproduct 5B is not expécted to form
in thé irradiation of 5 in the solid state. The inertness of 5 to
irradiation is particularly surprising since compound 4 in which the

"Hg to O(1) distance is 2.464 and the C(1) to C(6) separatidn was
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3.51X did react to give the expected enone-alcohol. These inter-
atomic separations are almost exactly equal to the Hg to 0(1) and
C(1) to C(6) separations in substrate 5. A possible explanation
for gfs inertness resides in the crystal packing. Figure 29 shows

two adjacent molecules within a crystallographic cell. The C(1)=0(1)

L

) . H

! i

Figure 29. Two adjacent'molecules of 5 within a crystallographic cell.

carbonyl group of one molecule lies above the C(4)—0(2)‘carbonyl

group of a second molecule. The angle between the normals to the
planes of the two éarbonyl—groups is only 16.4°. So théy are almost
in a parallel orientation and the tworﬂ systems should interact
provided they are close enough to each other. The centre-to-centre
double bond separation for these two carbonyl gréups is 3.653 which is
certain to promote a strong interaction between these two chromophores.

Of the two carbonyl groups only C(1)=0(1l) is conformationally capable

B
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of B-hydrogen abstraction upon irradiation. From a crystallographic
viewpoint, there are two possible reasons for the photostability of
5 in the solid state but not in solution. The short intermolecular
separation of the two carbonyl groups may be giving rise to (if
exciton migration and self-quenching and/or (ii) an interaction
between an excited molecule and an unexcited neighbour giving rise

to an excimer which subsequently decays and dissociates to two ground
state moleéules. In connection with the first of thése two possibi;
lities, it has already been mentioned in the Introduction that both
singlet and Friplet'migrations are known to occu? in crystals and
-the wandering of the triplet is usually more extensive thén that of
the singlet partly as a result of the longer lifetime of the triplet
state. During migration, the excitation energy is frequently
scattered by lattice vibrations until it decays optically or thermally.
In addition, migraﬁion also promotes the interaction between two
excitons. The interaction c;n be between two singlet excitons or

two triplet excitons, the latter interaction is more frequently
encountered than the former again because the triplef state lives
longer, wanders more extensively and, therefore, has more probability
of interacting with another triplet exciton than the singlet. During
this intermolecular exciton interaction, one member of the pair

comes off with a higher excitation énergy than it initially had and
the other molecule is deexcited to the ground-state. The electronic
energy of the excited partner is usﬁally less than the cémbined

' energies of the two excited states since some of the electronic energy
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is lost to the lattice as heat during the int‘leraction. The process
is known as singlet-singlet annihilation90 when the excitons involved
are singlets and referred to as triplet-triplet annihiiation90 when
two triplets are involved. The 'new' excitons, Si and Tj (Schéme 21_) »
cascade down to the lowest singlet which may continue its migration

Scheme 21
ZSl —_——— Si + S0 + heat (singlet-singlet annihilation)

<10_6sec

S/ — 5o + hy

So + heat
1sc
———>S. + S_ + heat
il o
- . (Triplet-Triplet
2T1 —_— : annihilation)

-’Tj + So+heat

i <10_6sec

] ——— S, + hv

1sC

- 8§ + heat-
o
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till another annihilation sets in or until it thermally or optically

loses its excitation energy. In the quencﬁing of irradiated

crystals of 5, host—sensitizatibnz1 in which the lattice rather

than impurities play the major role of transmitting the excitation

energy from one part of the crystal to another, is most likely to be

the key deactivation pathway. Nevertheless, the possibilities of

dislocations and impurities also playing a role cannot be ruled out.
The second possible major path for deactivation, namely, excimer

or o-bond formation and decay requires an association between one |

excited molecule and one unexcited molecule. The interaction, may dr

may not entail o bond formation between the two partners. In the

case where the interaction does not entail bond formation, the

excited species will resemble an intermolecular exciplex. Since the

intermolecular C(1)=0(1) to C(4)=0(2) distance of 3.654 in 5 is

almost equal to the 3.624 contact of C=0 to C=C which permitted

oxetane formation in 2,S;dimethyl—p—bénzoquinoness, the formation

of a 1;3—dioxetane as a transient intermediate during the irradiation

of crystals of 5 is at least conceivable. To date, no 1,3-dioxetanes

have been reported in the literature. Nonetheless, its formation

as a transient intermediate followed by facile decomposition to two

carbonyl fragments would -closely parallel the behaviour of known

1,2-dioxetanes. So that, whatever the nature of the excimer, (SOSl)*,

it readily decays thermally or photochemiéally to two ground state

molecules. This second mode ofideactivation of excited molecules of
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5 in the solid state is summarised in Scheme 22 where S0 denotes

the substrate 5 in its ground state and S1 denotes 5 in its

first excited state.

Scheme 22

A
. . | / ZSO + hv

] hv 0 *
So T 51 T [508] \“‘u

. excime
xcimer 2S. + heat

0

-2,3,4a8,Sa,8a,8anHexamethyl—4aB,5,8,8a6—tetrahydro—l,4—napﬁtho—

quinone, 10

This adduct crystallized out of hexane as low melting rods
(mp 52-54°). The X~ray structure of this molecule is not yet available.

Nevertheless, its behaviour under UV irradiation in the solid state

. \ b . s
was studied because it was reported to give photolabile oxetane

10A and the caged compound 10B when irradiated in solution. Given

the conformation in which all the tetrahydronaphthoquinones so far

\

Wiasogy,

hg - + sl
solution
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studied crystallize, one does not expect lgg‘to be formed in a
lattice-controlled solid state reaction, but 10A might be expected
to form by analogy to the 8 - 8A "conversion previously describéd.
Irradiation of 10 in a KBr matrix gave no reaction in up to 2 hburs
of irradiation. 1In the infrared spectrum recorded after 6 hours of
‘irradiation, broadening in thé 5.67-5.78 y region was observed.
After 17 hours two new éarbonyl absorptions at 5.70 and 5.76 u
became proﬁinent. These absorptions could be due to the caged
isomer, the carbonyl absorptions of which have been reported24b at
5.68 and 5.75 u. Oxetane 10A could also be present but undetected
—in the infrared since its carbonyl absorption at 6.04p coincides
with the absorption of residual 10 at 6.00u. The long induction
period for the appearance of these prodﬁct(s) and the fact that the
KBr pellet was irradiated at room temperature wifh no provision for
preventing the pellet from heating up strongly suggested that the
reaction was occurring from the melt and not from the solid. To
further substantiate this, pure crystals of 10 were irradiated %n
vacuo at lower and controlled temperatures to ensure that it St;yed
solid. Irradiation at 0.03 torr at temperatures between -9.9° énd
-9.l°'for 14 hours gave 95% of recovered material which was shown by

thin layer chromatography, infrared and NMR to be identical to the

hv

solid state

No reaction
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'starting material 10. Another trial run at 0.03 torr and slightly
higher temperatures (~1.4° to -0.5°) for 13 hours also led to no
reaction.

As mentioned earliér, the 4a,5,8,8a-cis—tetrahydro—1,4;
naphthoquinones which have thus far been studied seem to prefer
cyclobutane ring forming dimerization and hydrogen abstraction to
intramolecular oxetane formation. But as has been shown by the
8 - 8A conversion, when none of these preferred reactions is possible,
oxetane formation can be observed. The formation of oxetane 10A in
solution but not in the so0lid state may mean that excited lg_crystais
have some efficient means of deactivating to ground state which the
molecules in solution do not have. But without the X-ray structure,
it cannot be ascertained whether this is a crystal packing effect as
in the case of substrate 5 or some other conditiéns peculiar to the
crystalline state.

In sumﬁary, the four reaction types encountered during UV ir-
radiation of a number oftetrahydro—l,A—naphthoquiﬁones in the solid
state can be rationalised in terms of the principle of least motion
also known‘as'the topochemical principlelz’As. Cohen13a has recently
elaborated on this principle. He defined a "reapti&n cavity" as
the space occupied by a reactant molecule or molecules as the case
may be. The size and shape of this cavity is determined by the

'structure and geometry of the molecules of the substrate(s). The

topochemical principle is then interpreted to mean that a lattice-

controlled transformation proceeds with minimal distortion of the
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surface of the reaction cavity. Within\this interpretation,
extrusions from the cavity as well_as the creation of voids within
the cavity as a result of a reaction are energetically unfavorable.
Figure 30 is a diagramatic.representation of a favorable and |

unfavorable solid state transformation. As reaction proceeds a point is

Figure 30. The reaction cavity before reaction (full line) and in the
transition state (broken line) for energetically a) favorable
process, b) unfavorable process.

réached when the restrictions imposed on‘the conformation of product
molecules is relaxed and the latter thenlcrystallize out in their

own conformation. But until this stage is reached, pfoducts which

have shapes most resembling those of reactant molecules or alterna-
tively those with readily deformable structures will be easily
accommodated by the host lattice. The ideal solid state transformation
will be one which yields a product which is crystallographically~

isomorphous with the starting material. Such reactions should .
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proceed essentially to completion without any distortion of the
crystal lattice. Wegner and coworkers91 reported one such solid
state reaction.

In the reactions presented in this publication, it has been
shown consistently from the X-ray data of the substrates that the
transition state could be reached with hardly any change in the
conformation of the substrate. Furthermore, it has been shown that
only stable products which can be formed without major changes in the
substrates' conformations do form in tﬁe solid state reactions.

This conformational control has permittéd the estimation
‘of certain useful reaction parameters;-

a) The cyclobutane ring forming'[TTZS + ﬂzs] dimerization
has been shown to occur from a centre-to-centre double bond
separation, d, of 4.044 or less and the two double bonds approach
eaéh other in a parallel orientation which allows for maximum overlap
of their p-orbitals. The situation here is completely analogous to
the dimerization of o-cinnamic acid crystalslz’sg.

b) Intramolecular oxetane formation has been observed at
a centre-to-centre C=0 to C=C separation, d, of 3.203. The approach
of the two double bonds isAsuch that the p—ofbitals are almost at
right angles. This near—orthogoﬁal approach is also a good'geémetry
for overlap. The distance separating the two double bonds is short
compared to the correspondinglseparation in intermolecular oxetane

forming reactions reportedAby Schmidt and coworkersss. The short

o
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contact would tend to promote a stronger interaction and ultimately
ring closure.

c) The abstraction of a hydrogen B to a carbonyl group by

the carbonyl oxygen has beeﬁ shown to occur from a distance ranging
from 2.26& to 2.58A. |

d) The abstraction of a y-hydrogen by the carbon of an
excited enone system occurred from distances of 2.662 and 2.89A
respectiveiy in two substrates. The longer separation between the
abstractable hydrogen and the abstracting atom here as compared to (c)
above is a reflection of the larger van der Waals volume of carbon
‘relative to that of oxygen. In both types of hydrogen abstraction,
the O to H and C to H separations were 1es§ than or equal to the
sum of the van der Waals radii of the two atoms involved in the
abstraction.

The retention of gross conformation during the abstractions
has also made it possible to define the geometry of the transition
state more precisely than has hitherto been.possible. The abstraction
of a hydrogen B8 to.an excited carbonyl group by the carbonyl oxygen
has been shown to'éccur'through a planar five-membered transition
state. The corresponding abstraction of y-hydrogen by carbon of an
excited enone chromophofe has a non-planar six-membered cyclic
transition sta£e which is, however, not in the torsion-free chair
conformation proposed by McLafferty and coworkers43 but rather in a

boat-shaped conformation.
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Overall, intermolecular effects have been found to play an
important role in the photochemical behaviour of crystals of the
tetrahydro-1,4-naphthoquinones studied only when intermolecular
contact between unsaturated centres in adjacent molécules is
59.04&. When this distaﬂce‘is exceeded, intramolecular procesées
predominate.

Lastly; the possibility of dislocations and/or defects
playing a role in some of these systems cannot bé overlooked
especially in the 3 - 3B conversion aqd in explaining the behaviour
of substrates 5 and 10 in the solid state.

After the commencement of the investigations presented here;
a report on gold-catalysed rearrangement of strained small ring
hydrocarbons appeared in the literaturegz. There is no indication,
howevér, that the gold metal surface on which the crystals of 1-11
were studied catalysed any of the reactions observed. This
conclusion is based on the fact that all the reactions studied in
the reactor were also studied in KBr matyices. The reactivity of

each compound by both methods was identical.
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" EXPERIMENTAL

General

Eutectic Temperature

Eutectic temperatures were determined by differential thermal
analyses (DTA) using a Perkin Elmer DSC-1B. In each case, the
following‘mixtures were analysed until a sharp melting transition was
observed: 1) crude reaction mixture, ii) varying cémpositions of crude
reaction mixture and added starting material. Each eutectic mixture
was ground into a fine powder. In certain cases, thorough mixing was
accomplished by dissolving the ﬁixture in acetone or chloroform,
removing the solvent énd drying the sample in vacuo. Sample sizes
used ranged from 5 to 10 milligrams. The sample was placed in an
aluminum planchette and covered with an aluminum 1lid. Both of these
accessories are available as Perkin ﬁlmer Sample Pan Kit No. 219-0041.
The 1id was firmly pressed against the sample without crumpling or
creasing the 1id. Scanning for eutectic transitions above ambient
temperature was carried out at a slope setting of 510, a differential
temperature setting of 485, an avérage temperature setting of 522 and
a scanning rate of 10°/min. Low_ temperature transitioné were aetermined

at slope setting 500, differential temperature setting 491, average
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temperature setting 430 and a scanning rate of 5°/min. A transition
was recorded as the first departure from base line i.e. at the.
beginning of a peak. Low temperature transitions were corrected

using a calibration graph obtained by scanning for the melting
transitions of n-octane (m.p. -56.8°) and ethylene glycol (m.p. -11.5°).
All other temperature read-outs were corrected using a calibration
graph obtained by scanning melting point standard samples. Each
calibration-was carried out at the appropriate instrumental settings

cited above.

Melting point (m.p.)

All melting points except those indicated by asterisk(s)
were taken on a Fischer-Johns hot stage melting apparatus and are

uncorrected.

Melting point* (m.p.¥%)

The melting point of a compound found to melt at about
ambient temperature was determined by sealing the sample in a capillary
tube, then repeatedly freezing it in liquid nitrbgen and thawing it
till the walls of the tube became evenly coated:wiph Fhe solid. The
capillary tube was then immersed in a stirred dry-ice;acetone mixture
which was éoﬁsequentlyvallowed to warm to room fempefature. An alcohol
thermometer which had been calibfated against a copper-constantan
thermocouple in the region 20° to -40° was used to note the temperature
of melting. The reported m.p.* was corrected using the calibration

‘graph.
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Melting point** (m.p.*%*)

The melting points of compounds which decompose durihg
normal melting point determinations were carried out by the DTA
method. Instrumental settings reported for eutectic temperaturé

determinations above ambient temperature were used.

’

Infrared

All‘infrared spectra were recorded on a Perkin-Elmer
457 spectrophotometer. For solids, KBr pellets containing 1-2 mg of
the sample per 250 mg of KBr were made using a Perkin-Elmer Potassium
Bromide Evacuable Die 186-0002 and a Carver Laboratory Press Model B.
The pressing load was generally 20,000 1lbs per square inch.

Infrared spectra of liquids were recorded neat.

Nuclear Magnetic Resonance (NMR)

‘Spettra of starting materials 1-11 and quantitative NMR
analyses were taken on a Varian T-60 instrument by the author. Spectra
of photoproducts 1lA-11B were recorded on either a Varian HA-100 or
XL-100 by the departmental spectroscopists, Mr. W.B. Lee and Dr. O.
Chan. In all cases, tetramethylsilane (TMS) was added as an intermal

standard.

Quantitative NMR Analysis93

This was the method of choice for the determination of the
extent of reaction for compounds which did not come off the GLC columns

tried.
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Aﬁ aliquot, usually 0.3 ﬁl, of a standard solution
containing 228.3 mg of CH3NO2 per 10.0 ml of CDCl3 solution was added ,.
to an accurately weighed reaction mixture using a 2 ml pipette
graduated in 0.01 ml. Samplé sizes used ranged from 32.5 to,lOl;O ﬁg
to ensure gobd signal to noiée ratio. The mixture was shaken well to
dissolve. The solution was transferred into an NMR tube. The sample

vial was washed with a few drops of CDCl, and the washings added to

‘ 3
the contents of the NMR tube. The resonance used in each analysis was
well resolved and removed from other resonances. The chosen resonance
used in each such analysis is indicated in the Experimental. This
éhosen resonance and that of the internal standard were electronically
integrated 4 times.

Since the H signal strength is proportional to the number
of magnetic nucleig3, thg samples chosen resonance strength.x.is

given by

Wg

xaﬂgﬁas

and that of the internal standard's resonance is given by

x .
whence o=
y
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=

-8 .. b,
and w = M w

®
b

milligrams of residual starting material present in

where w
s
the NMR mixture
Mg = molecular weight of starting material
ag = no.- of protons in the integrated~resonance of the
starting material
b = no. of protons in the integrated resonance of -the
internal standard (=3 for CH3N02)

M = molecular weight of the internal standard (=61.04)

w = milligrams of internal standard in the NMR sample
X = average electronic integration of the compound's
resonance

y = average electronic integration of the internal
standard's resonance
W-w

. — . s
The extent of reaction = % conversion = i : ceees (1)

where W = weight of the reaction mixture used in the analysis.
In the case of the reaction of compound 6, where none of

the resonances of the starting material were well resolved from

the product resonances, a well resolved resonance of the product,
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6A, was used instead. In this case, the substitution,

milligrams of product 6A in the NMR sample =‘W—ws

was made into equation (1). This equality was valid in this case

because the consumption of 6 resulted in the production of only 6A.

Mass Spectra

All mass spectra reported in this work are low resolution
spectra obtained on a direct inlet Varian Atlas MAT CH 4-B or AEI MS-9
at 70eV and operated by the departmental analysts, Dr. G. Eigendorf,

Mr. G.D. Gunn and Mr. J. Nip.

Elemental Analyses
Elemental analyses were performed by the departmental

microanalyst, Mr. P. Borda.

Thin Layer Chromatography (TLC)

Thin layer chromatography carried out for analytical
purpbses was done on'strips of aluminum-backed silicavgel 60F-254
(thickness 0.2 to 0.25 mm) available from E. Merck. The developing
solvent used in each instance is indicated in parentheses elsewhere
in the Expérimental. Preparative TLC was carried out on 20x20 cm
glass plates coated with silica gel GF-254 (thickﬁess 0.7 to 0.8 mm)

which had been dried in air and then at 45-50° overnight.
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Column Chromatography

Two types of adsorbents were used: silica gel 60 (particle
size less than 0.063 mm) from E. Merck and Woelm's neutral aluminum

oxide activity grade 1. The adsorbent and eluent used in each instance

are indicated in parentheses.

Gas Liquid Chromatography (GLC)

'GLC separations were carried out on either Varian Aerograph
90-P or a Varian Autoprep A-700 instruments connected to Honeywell
Electronik 15 strip chart recorders. The carrier gas in all cases
was helium. The column size and packing material as well as the column
temperature and helium flow rate through the column are indicated in

parentheses where applicable.

Quantitative GLC Analysis

Peak areas used in calculations represent averages of peak

areas measured for four or more injectionms.

Detector Response Factor, k:

The detéctor response factor, k, for a compound, X, was
determined by analysing a solution containing an accurately weighed
amount of X and an aliquot of a standard stock solution of an internal

standard. Peak areas were calculated using the formula
Area = (peak width at half-height) x(height) .

- The detector response factor is then given by
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>

S

A

2 hf

72}

where w_ = weight of compound x
wg = weight of internal standard
Ag = average peak area of internal standard
Ay = average peak area of compound x

Weight Calculations:

fhe analysis of a reaction mixture consisted of adding an
aliquot of the same internal standard s61ution as that used for the
detector response fac;or determination, to a weigﬁed amount of the
feaction mixture. The resulting solution was then analysed by GLC.

The weight of a component, w.;, in the solution is given by the equation

i,
it
Wi = Wskiz— (2)
s
where wg = weight of the internal standard used

ki = the detector response factor for component i

A; = average peak area for component i

Ag = average peak area for the internal standard

Using equation (2) the weight of residual starting material in a reaction

mixture was calculated. As in the case of the NMR analysis -

W - wg

7% conversion = W

s

where W = weight of the reaction mixture used in the analysis

and wg = weight of residual starting material in the mixture .
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Solvents
All solvents were distilled through a fractionating column.
Unless otherwise indicated, the petroleum ether used was the fraction

boiling >68°.

Optical Rotations, @, for Enone-alcohol 7A were taken on a Perkin-

Elmer 141 Polarimeter operated at the sodium D line (589 nm). Single
crystals for this purpose were grown from acetone-petroleum ether and
checked under a polarizing microscope to determine which crystals
were single and which were twinned or clustered. Crystal sizes
ranged from 2.4 to 8.7 mg. A solution of known concentration was
made up by dissolving a weighted single crystal in distilled acetone
to make 1.0 ml of solution. A one-decimeter cell holding ®0.8 ml
of solution was filled with pure acetone and used to zero the instrument.
The cell was then filled with the sample solution and the rotation,
a, read. For each sample, four readings were made, and the average
reading used in the calculation below. The temperature was also
noted. o was also determined fér a cluster of crystals (11.9 mg).

°

Specific rotations, [a]t s reported were calculated from the equation

below:

where o the observed rotation at A=589 nm and t=25.5é

the cell length in decimeters (=1)

[
il

O
It

the concentration of the solution in grams per ml of

solution.



Figure 31. Apparatus for Irradiations in the Solid State. (a) Part A; (b) Part A being inserted
into Part B.

= 49T =



Figure 31(c).

The Assembled Apparatus for Irradiations in the Solid State.

= 99 =
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The reabtbr consisted bf two main parts, A and B (Figure 31 above).

Part A consisted of a double-walled cylindrical brass drum‘soidered

onto a flat-face half-drum. An inlet and outlet provided for the

circulation of coolant through this unit. At the flat surface.of the

half-drum was a gold-plated circular groove where crystals to be

irradiated were grown. The temperature at the reaction site was

measured by a copper-constantan thermocouple one junction of which:

was solderéd'onto the edge.of the golden groove. An aluminum foil

roof was ﬁositioned over this junction.to shield it from direct‘

radiétion. The second junction of the thermééouple served as a reference

-junction and was kept in an ice-slurry during operafions. Part B was

essentially a brass casing for part A and had the following provisions:

a Pyrex window which allowed for the irradiation of the sample

externally; a groove with an O-ring to make the system air-tight after

Ithe insertion of part A into B; and a vacuum takeoff to an oil-pump

for the evacuation.of the reactor. The rest of .the apparatus consisted

of an Ultra Kryomat K-80 DW for the cooling and circulation of coolant through

the reactor, a digital - microvoltmeter(DMV) the reading of which is

-convertible to °C using a copper-constantan calibration table94, an

air-cobled~glass filter (Corning 7380 for A > 340 nm or Corning 3é50

for A 3_355 nm) poéitioned between the Pyrex window and the lamp and

finally a water-cooled 450-Watt Hanovia lamp connected to a power source.
In a typical run, crystals of the compound to be studied

were weighed and dissolved in 3-5 ml of the‘solvent(é) of crystalli-

zation. Using a disposable pipette, the solution was slowly dropped
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on the groove and allowed to slowly evaporate and crystallize
overnight. A covering of aluminum foil protected the sample from
‘1ight and dust particles during this stage. | o
The Kryomat was set at the temperature choéen for a
reaction. The coolant was 50% (V/V) aqueous ethylene glycol for

temperaturés down to -28°and CHCl, for lower temperatures. While

3
the coolant was Being cooled to the desired temperature, the floor
of the reaéforAwa; lined with filter paper. This served to catch
any solids which might flake off from\the groove during the reaction.
Part A wﬁs then inserted into B and the two were secured together b&
screws. The inlet and outlet leads of part A were secured to the
appropriate leads of the Kryomat. The reference junction of the
thermocouple was inserted into a dewar of ice—slurry and the two
términals connected to the DMV. Therreactor was then evacuated and
held under vacuum for a minimum of 15 minutes before the circulation
of the coolant through the reactor was.begun. After the DMV reading
indicated the desired témperature, a further 15 minutes were allowed
for‘the system to equilibrate and sfabilize. Meanwhile, the filter
and’ lamp were'aligned with the PYrex window. The lamp was
positioned'about 5" from the Pyrex window which, in turn, was about
4" from the sample. Water circulation through the lamp jacket was
begun at this time. A steady jet of air was directed onto the

glass filter to prevent it from overheating and craéking. A reflector

was placed behind the lamp to minimize dissipation of the light to
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the environment, and the lamp was switched on. The bMV reading, the
pressure reading of the McLeod gauge attached to the vacuum 1ine,
and the time of switching on the lamp were recorded. For reactions
lasting 2 hours or less, thé reaction femperature\was recorded.at
10-15 minut? intervals. Temperatures of reactions lasting longer
than 2 hours were recorded at longer time intervals. The entire
temperature range of any run is indicated in the appr;priate sectioﬂ
of the Experimental Section. The vacuum attained is also given.

The longest continuous run was 13.00 hours. Ir;adiations lasting
longer than this were carried out discontinuously over a period

not exceeding 3 days.

At the end of_a run, the cooling was stopped and the
system‘;llowed to reach room temperature before the vacuum was
released to prevent condensation of moisture on the reaction mixture.
Part A was taken out'and laid horizontally. Using disposable

pipettes and either acetone or CHCl the sample was washed off- the

3’
groove. The solvent was removed and the sample dried in vacuo.

The % recovery of material from the reactor is indicated for each

run in the appropriate section of the Experimental.

‘Apparatus and Procedure for Irradiations in Benzene

Photolyses carried out in benzene at room temperature were
done using a conventional external irradiation apparatus. Interposed

between the water—cooled 450-Watt Hanovia lamp and the solution was an



.air-cooled Cornin’g glass filter which was ei;:her No. 7380 transmitting
A > 340 nm or No. 3850.transmittingk A 1'355 nm. All solutions were
thoroughiy deoxygenated for about 0.5 hour prio-r to irradiation‘and
photolysed under Argon of <5 ppm oxygen contenig available .from'

Canadian Liquid Air.

Apparatus and Procedure for Low Temperature Irradiations in Solution

O& Alcohol thermometer

~——————> Syringe (N, outlet)
—1 €———— capplug

\

Dry N

inlet —

wiliaad

2

s didiuad iy

coolant ——/

outlet _ —

Intramedic polyethylene tubing

Samplinge—mun

€é—~— Coolant inlet
outlet )

Stirring bar

Figure 32. Apparatus for Low Temperature Irradiations in Solution.
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The apparatus consisted of a double-walled Pyrex vessel

3

with an inlet and outlet from the outér wall to allow for
circulation of coolant. . The apparatus also had an outlegmwith a .
Téflon stopcock frog its innerwall for easy sampling of thg reaction
mixture at intervals during the course of a reaction.  Solutions |
were deoxygenated and photolysed under L grade high purity nitrogen
which was fifst passed through a fower of Drierite. Gas inlet and
exit into the sblution were through hypodermic needles inserted
through an otherwisefairtight capplug étopper equipped with an alcéhol
thermometer precalibréted against a copperfconsfantan thermocouple. -
"Solutions were magnetically stirred. Moisture condensation and its
subseqﬁent freezing on the‘apparatds were mimimized by directing

a fast current of air over the sides of the reactor. Irradiations
were discontinuous but were completed within two days. As in the
case of all other modes of irradiation, the light source was a
450-Watt Hanovia lamp, and an air—coqled filter (Corning No. 7380

for A > 340 nm and No. 3850\for A > 355 nm) was placed in between

lamp and reactor.

Wavelength of Irradiations

Compounds 1 ‘through 8 and substrate lg_were studied at
X > 340 nm. Compounds 9 and 11 were irradiated at X > 355 nm. These
are the same wavelengths at which these compounds have been studied

. . . . 24
in solution in earlier work .
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Preparation of 5a,8a—Dimethy1—4aB,5,8,SaB-tetrahydro—l,4—naphtho-'

guinonegsz,il

A slurry of 3.04 g (0.028 mole) of p—behzoquinone in .
5.29 g of trans,trans-2,4-hexadiene wés heated under reflux'at 62°
with stirring until all of the quinone had dissolved. Heating was
continued for a further 15 minutes. The mixture was then left
stirring at room temperature for 3 hours. Removal of the excess
diene in vacuo left 5.03 g (942) of a bright yellow solid.
Crystallization twice.from ether-petroleum ether‘gave(yellow rods

.of 1.

Mp  55-56° (lit.>”

58-59.5°).

Ir. (KBr), . 5.92, 5.98 (C=0), 6.24 (conj. C=C) u.

NMR (CC14) 8§, 6.62 (S, 2H, C2 and C3 vinyl), 5.53 (s, 2H, C6 and C7
-vinyl), 3.25 ém, 2H, 4aB and 8aB methines), 2.50 (m, 2H, C5 and C8

methines), 1.12 (d, J=7 Hz, 6H, methyls).

Irradiation of Adduct 1 in KBr

Irradiation of a 0.5% KBr pellet of 1 for 1.5 hours led to
complete disappearance of the»6.24u absorption of l,- The infrared

in addition, showed new C=0 absorptions at 5.82 and 5.90 u.

Irradiation of 1 in the Solid State

- A solution of 114.9 mg of 1 in petroleum ether was slowly

.evaporated on the reactor's groove and left overnight. The



- 173 -

resulting crystals_were irradiated at 0.03 éorr between -2.0° and
-1.5° for 1 hour. The recovery was 98%. The resultiné solid was
washed thfice with petfoleum ;ther and the washings stripped of -
solvent and dried in vacuorto give 43.2 mg of solid which was shown
by TLC, NMR and ir to be residual starting material l} The insoluble
product was dried in vacuo. This gave 67.9 mg (95% yield) of 1A.

The extent.of reaction calculated from weight of unrecovered 1 was’
62%. Yields of 1A at other conversions are tabulated in the text.

An infrared spectrum of the crude proauct was taken. Following this,

“

the crude material was crystallized from CHCl_,-hexane to give

3
sparkling colorless plates suitable for single crystal X-ray structure
determination.

Mp**  265.0° with decomposition.

Ir (KBr) , 5.82 and;5.9Q (C=0) u.

NMR (CDC13) 8§, 5.83 (s, 4H, Vinyls), 3.47 (s, 4H; é&clobutane ring
methines), 3.22 (dd, J=3 and é Hz, 4H, C4, C9, Cl4 and C19 methines),
2.50 (m, 4H, C5, C8, C15 and C18 methines), 1.10 (d, J=7 Hz, 12H,
methyls). N |

Mass spectrum.m/e parent 380

Anal. Calecd. for C,,H,O,: C, 75.76; H, 7.42.

247287°4"
Found : C, 75.48; H, 7.42.

Preparation of 6,7—Dimethy1—4dg5,8,SaG{etrahydro—l,4—naphthoqpinone96,.2

Recrystallized p-benzoquinone (3.14 g, 0.03 mole) was .

suspended in 4.65 g of 2,3-dimethyl-1,3-butadiene and heated at 65°
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under reflux for 2 hours. Removal of excess diene in vacuo gave
2.92 g (93%) of crude 2 which was dissolved in ether and filtered.
Removal of ether followed by crystallizatioh’once from ethanol and

twice from petroleum ether géve pale yellow crystals of 2.
96

{

Mp 115-116° (1it.” 115-117°).

Ir . (KBr), 5.93 (C=0), 6.24‘(cohj. C=C) u.

NMR (CDC13) 8§, 6.58 (s, 2H, C2 and C3 vinyls), 3.10 (ﬁ, 2H, Cha and
C8a me;hinés), 2.20 (m, 4H, C5 and C8 methylenes), 1.63 (s, 6H,

methyis).

Irradiation of Adduct 2 in KBr

A 0.5% KBr pellet of 2 was irradiated (A > 340 nm) and the
reaction monitored by ir. After 5 hours of irradiation, the 6.24p
absorption of 2 was completely gone. In addition, the 5.93u C=0

stretch of 2 had been replaced by a 5.85u C=0 absorption.

Irradiation of 2 in the Solid State -

Crystals of compound 2 (93.0 mg).were irradiéted in a
covered Pyrex petri dish for 0.4 hour. The resulting solid was :
wasﬁed’three times with'chloroform and the washings concentrated
and'anélyzed by TLC (silica gel; chloroform). With the exception of
a base spot, the TLC showed only residual 2. The dry.weight of
recovered 2 was 55.8 mg. The solid product 2A was dried in vacuo.

L

The crude yield was 36.1 mg (97%). The extent of reaction (% conversion)
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calculated from unrecovered 2 was 40%. Yields of 2A from other

runs at v;rying con&ersiéns'are given in the text. The infrared
spectrum of the crude product was recorded. Crystallization from
chioroform afforded tiny, éparkling, colorless plates of 2A.

Mp** © 264.7° with decomposition.

Ir - (KBr), 5.85 (C=0) u. . ' ' ) : S
NMR (CDClB) 8§, 3.64 (s, 4H; cyclobutane ring methines), 3.18 (m, 4H,
C4, €9, Cl4 and C19 methines), 2.22 (m, 8H, methylenes), 1.66 (5, -
.12H, methyls). ‘
Mass spectrum m/e'parént 380.
Anal. Calcd. for C,,H,,0,: C, 75.76; H, 7.42.

247284 "
Found : C, 75.61; H, 7.29.

Notes of 2A Crystal Used for X-ray Structure Determination

The crystals obtained by crystallizing from chloroform were
too small for use in.the X~-ray structure determination. Larger single ,
crystals for this purpose were obtained by crystallizing crude 24
from acetonitrile. The ir of this batch of 2A crystals was identical
in every respect to the ir of crude 2A as well as to the 2A that had

been crystallized from chloroform.

Preparétion of 4a&5,8,8a&$etrahydro—1,4—naphthoquinone55,,1

A solution of 1,4-benzoquinone which had been crystéllized

twice from acetone-petroleum ether was made by dissolving 13.0 g
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(0.12 mole) in 200 ml of benzene in a hydrogénation bottle. The
solution was cooled to 0°, and 18 ml of 1,3-butadiene which had been.-
condensed to liquid using‘dry-ice acetone was added and the bottle
firmly stbppered and replacéd in its shield. The stopper was

secured by screws in a rocker of a»hydfogenation apparatus and the
_solution mechanically récked for 21 days. The resulting yellow
solution was stripped df solvent and excess diene leaving an oil
which solidified on'cboling in ice. It was crystalliéed once from
petroleum ether and twice from‘ether—fetroleum ether. The yield after
the three crystallizations was 617%. )

Mp 53.5-54° (1it.>> 52-54°).

Ir (KBr), 5.97 (C=0), 6.24 (conj. C=C) u.

NMR (CCl4) §, 6.57 (s, 2H, C2 and C3 vinyls), 5.63 (m, 2H, C6 and C7
viﬁyls), 3.15 (m, 2H, 4a,8a methines),’2.28 (m; 4H, C5 and C8

methylenes).

Irradiation of 3 in KBr

A 0.7% KBr pellet of 3 was irradiated.(k > 340 nm) for
3 hours. Ir of the irradiated pellet showed complete disappearance
of the conjugated C=C stretch at 6.24u. The C=0 absorption had also

shifted from 5.97 to 5.88 u.

Irradiation of 3 in the Solid State

Crystals of compound 3 (135.5 mg) were irradiated at 0.01

torr between 4.3° and 0.0° for 1 hour._-The solid was washed off the
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reactor's cavity with acetone and chloroform. Removal of solvents
and drying in vacuo left 124.0 mg of solid (292% recovery). It wés.
redissolved in chloroform and suction filtered. The filtrate was
concentrated and checked by\TLC (silica gel; chloroform). ‘Apart
from a base spot, the only other spot was that of starting material,
3. The chloroform soluble portioﬁ was 8.% mg. The chloroform
iﬂéoluble solid was 117.6 mg (927 yield). Infrared spectra of the ‘
crude solid and also of the recovered starting material were
recorded. The latter was confirmed to be residual 3. The

product was crystallized from refluxing chloroform. The cryst;ls
thus obtained were colorless, sparkling flakes. The i¥ of the
crystallized material was identical to that of the crude product, 3A.
Yields of 3A from other runé‘are given in the text. Compound 3A had
Mp**  280° * 2° with decomposition.

Ir. = (KBr), 5.85 (C=0) u.

NMR (CDCl3) S, 5.70 (m, 4, vinyls), 3.64 (s, 4H, cyclobutane\ring
methines), 3.20 (m, 4H, C4, C9, C4.and C19 bridgehead methines),
2.30 (m, 8H, methylenes); .

Mass spectrum m/e parent 324.

Anal. Caled. for C, H, 0,: C, 74.06; H, 6.22.

207207°4°
Found : C, 73.88; H, 6.15.

Notes on 3B Crystal Used for X-ray Structure Determination

The cfystals of 3A obtained from crystallizing from chloroform
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were too small and tﬁin for single crystal X-ray strﬁcture
determination. Larger crystals for this purpose were obtaine& by
crystallizing from acetonitrile. The infrared spebtrum of this mate-
rial (3B) is discussed in thé text. Its NMR was identical to tﬁat of

3A crystallized from chloroform.

Irradiation of Adduct 3 in Benzene

A solution of 406.0 mg of compound 3 in 200 ml benzene was
degassed and photolysed for 24.2 hours. The resulting milky solution
was filtered and the solid component dried and weighed. Its weight‘
was 165.0 mg. Ir of the crude material showed a broad OH at 2.90u
and a C=0 absorption at 5.87p. The absorptions were generally very
broad especially in the fingerprint region.

NMR ((CD co) 6, 6.80 (s), 5.07 (br,m), 2.51 (br,s, broadens on

3)2
adding D20), 1.53 (m).
Mass spectrum: highest observed m/e = 495.

The filtrate was concentrated and separated by GLC
(' x %" of 20% DEGS.on 60/80 Chromosorb W’at 150° and 150 m}/min).'
Two peaks with retention times of 4 and 6 minutes, respectively
were obtained. They were subsequently identified as 3C and 3D by

comparing their ir's with those of authentic samples. Of the two, 3D,

retention time = 6 minutes, was the major.
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Preparation of 6,7—Diphenyl—4aB,5,8,8a3—tetrahydro—l,4—naphthoquinone97, 4

This was a four-step synthesis comprising

_(a) The preparation of benzil dihydrazone from benzilgza,
(b) the conversion of the benzil dihydrazone to diphenylacétylene97a,'
(c) the conversion of the diphenylacetylene to 2,3-diphenyl-1,3-

97b o

Ebutadiene , and

(@) the Diels-Alder reactipn between the/diene from part (c) and
p-benzoquinone tq’givé §?7c.

(a) A solutibn of 105.1 g (0.5 mole) of benzil and 76.0 g of 85%
.hydrazine hydrate in 325 ml of n-propyl alcohol was refluxed for 61.5
hours. The resulting red solution was first cooled to room temperature
and then cooled in an ice-bath for one hour. The benzil hydrazone
was filtered, washed with a total of 200 ml of ethapol in portions and
then dried.in vacuo for one hour. This gave 100.4 g of benzil hydrazone.

(b) The benzil hydrazone was transferred to a one-litre three-
necked flask fitted with a reflux condenser and a mechanical stirrer
and 480 ml of benzene added. _Yellow HgO (240 g) was added in small |
aﬁounts to the suspended mixture over a period of 1.5 hours with
stirring and gentle heating over a steam bath. After the addition,
the mixture was further stirred for 1.5 hours during which time a
vigorous reaction acéompanied by frothing occurred. It was kept under
control by cooling in an ice bath. The mixture was left at room

temperature overnight and then filtered. The residue was washed with

. 100 ml of benzene and the washings added to the filtrate. The latter

!
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was dried ovér anhydrous Nazso4, filtered ana stripped of solvent.
The residue was distilled at 0.02 torr and 125°. This gave 62.1 g
of pale yellow solid diphenylacetylene.
>Crystallization ffom 95% ethanol gave 53.7 g of diphényl—

acetylene, m.p.-56—58° (lit.97a 60-61°).

(c) A 500 ml three-necked round-bottomed flask was fitted with
a sealed mechanical stirrer, a reflux condenser and a thermometer.
A T—joint.was‘attached to the top of the condenser. fhe remaining
two arms of the T-joint were connected to a source of pﬁre nitrogen °
and a bubbler respectively. The flask was flushed with nitrogen
“and 5 g of dry sodium hydride and 120 ml of anhydrous dimethyl
sulfoxide introduced into the flask. The mixture was heated to 75°
under N2 with stirriné for 40 minutes. The flask was then cooled to
30° using a water-bath. The thermometer was replaced by a dropping
funnel containing 17.8 g (0.1 moie) of diphenylacetylene in 80 ml
of anhydrous dimethyl sulfoxide. This latter solution was added
dropwise to the grey contents of the flask. _Following the addition,
the dropping funnel was replaced by the thermometer and the mixture
heated to and maintained at 70° for 2.5 hours. It was subsequently
cooled to room temperature and theireddish;bfown mixture slowly
poured over ice with stirring and left at room temperature until all
the ice had melted. The crude mixture was extracted five times with

200 ml portions of ether and the.combined ethereal extracts washed

with 300 ml of water and then dried over anhydrous sodium sulfate.
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Removal of tﬁe ether in vacuo left 16.4 g of a reddish-brown oil

which was.divided into two portions. Each portion was chromaéographed
on 200 g columns of neutral aiumina using as eluents benzene-hexane,
(;:7) and then (1:3). The bale yellow fractions were combined.and
stripped of solvents in vacuo to give 12.0 g of impure 2,3-diphenyl-
-1,3-butadiene as an o0il. It was used in the procedure described below
without further purification.

(d) All of the oil from part (c):and 3.0 g (0.03 mole) of p-
benzoquinone were dissolved in 80 ml of benzeneAand refluxed for 18 hours.
The mixtUre was cooled to room temperature and stripped of solvent:
Hexane was added in small portions until precipitation had ceased.

The precipitate was filtered and washed twice with cold hexane. It

was dried in air to give 3.9 g of compound 4 as a greenish-yellow solid
(45% yield based on p—benzoquinone).' It was crystallized twice from

~ acetone-hexane fo give pale yellow needles.

97c 1630y,

Mp  163-164.5° (lit.
Ir (KBr), 5.92 and 5.95.(C=0), 6.24 (conj. C=C) yu.
NMR (CDC1,) 8, 7.10 (s, 10H, aromatic), 6.68 (s, 2H, C2 and C3 vinyls),

3.47 (m, 2H, C4a énd C8a methines), 2.77 (m, 4H, C5 + C8 methylenes).

Irradiation of 4 in KBr .

The irradiation, A > 340 nm, of a 0.4% KBr pellet of 4 for
twenty minutes led to its complete depletion as shown by the disappearance
of a moderately intense peak (v 467 of the absorbance of the C=0 peak)

at 11.52yu. )
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In the carbonyl region, theA5.92‘and'5.95 p absorptions
due to é_had been replaced by a single C=0 absqrption at 5;97u.
in addition, a broad but dfstinct OH absorption at 2.91p was noted.
The ir recorded after further irradiation indicated
a new product formation after a total irradiation time of
0.5 hour. This new product had a 5.72@ C=0. It increased in
;intensity at the expense of the 5.97p C=0 absorption of the primafy-
producé till it eventually became the most intense of the two

carbonyl peaks after 6 hours.

Irradiation of 4 in the Solid State

—

Crystals of compound ﬁ_(S0.0 mg) were irradiatea at
0.05 torr between -10.4° and -9.8° for 15 minutes. 94% of material
was recovered. Preparative TLC (silica gel; 15% ethyl acetate-.
benzene) of the mixture gave 41.3 mg of residual 4 and 5.8 mg of
the product 4A. The extent of reaction; baséd on recovered starting
material, was 17%Z and the yield of produét 677%.

In another run, 136.7 mg of 4 was irradiated at 0.02
torr between 18.5° and 22.0° for 2 hours. Preparative TLC as before
géve 46.4 mg of residual 4, 7.1 mg of 4B-.and 41.2 ﬁg<of 4A. The
yields of 4B and 4A were, thus, 8% and 47% respectively.

| Lastly, irradiation of 83.0 mg of 4 at 0.0l torr between
17.3° and 18.5° for 11 hours followed by.preparative TLC gave 6.2 mg

of residual 4, 11.7 mg of 4B and:25.7 mg of 4A. The yields of these
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two products were, therefore, 15% and 33% respectively; \
| The products 4A and 4B were crystallized from acetone-
hexane; 4A was white, feathery needles.
Mp  189.5°-190.0°.
Ir (KBr), 2.92 (OH), 5.97 (C=0) u.
"NMR (cpCl,) &, 7.17 (m, 10H, phenyls), 6.44 (d, J=10 Hz, 1H, C2
~ vinyl), 6.30 (d, J=3 Hz, 1H, €9 vinyl), 6.01 (dd, J=10 and 2 Hz,
1H, C3 vinyl), 3.45 (d, J=3 Hz, 1H, Cl0 methine), 2.73 (s, 1H,

disappears on adding D,0, OH), 2.65 (m, 2H, C6'methy1enes), 2.13

2
(dd, J=14 and 9 Hz, 1H, C5 methine).

"Mass spectrum m/e parent 314.

Anal. Calecd. for C22Hl802: C, 84.05; H, 5.77.

‘Found : C, 84.06; H, 5.87.
Prqduct 4B crystallized as colorless needles,
Mp 170.5°-171.5°
Ir (KBr), 5.73 (C=0), 6.25 (conj. C=C) u.
NMR (CDC13) 8, ?.23-6.87 (ﬁ, 101, arqmatic), 3.23 (ﬁ, 2H, C7 and
C10 methines), 3.07 (m, 1H, C5 methine), 2.83 (m, 3H, Cl methine and

C4 methylenes), calcd.69 2.49 (dd, J=20 and 5 Hz, 1H, C8 exo),

calcd.69 2,30 (44, J=20 and 1.5 Hz, C8 endo).

Mass spectrum m/e parent 314.

Anal. Calecd. for 022H1802: C, 84.05; H, 5.77.

Found : C, 83.95; H, 5.71.
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Base—Catalyzed Deuterium Exchange of Ene-Dione 4B

Six drops of a 2N solution. of KOH in D20 were added to
the NMR sample of 4B. The tube was periodically shaken. A spectrum
recordéd after 12 hours sho%ed no changes., Howéver, after ‘4.5 days,
the 2.496 resonances attributed to the C8 exo proton had disappeared,'
the doubletﬁbffdoublet resonances due to the C8-endo proton: had
collapsed~to a broad singlet at 2.316 and the small splitting of the

multiplet at 3.236 was no longer present. The remainder of the

spectrum remained unchanged.

“Photolysis of 4 in Benzene

A solution of 214.9 mg of compound 4 in 100 ml of benzene
was degassed and irradiated, for 3.0 hours. The solvent was
removed iﬁ vacuo and the resulting mixture separated by preparative
TLC (silica gel; 15% ethyl acetate-benzene)}\ This gave 31.0 mg
of 4B and 85.2 mg of 4A.(Combined yields = 54%. Ratio of 4A:4B = 3:1.)
In another run, 100.0 mg of ﬁ;iﬁ 100 ml of benzene was
dégassed and photélysed for 3.1 hours. Treatment of this mixture;
as above gave 8.2 mg of‘rgsidual 4, 24.8 mg of 4B and . 34.1 mg of 4A.
(Combined yield of products = 647. Ratio of 4A:4B = 3:2.,) Finally,
photolysis of a solution of 159.7 mg of 4 in 100 ml of benzene for
3.9 hours followed by preparative TLC gave 57.1 mg of 4B and 26.3 mg

of 4A. (Combined yields = 52%. Ratio of 4A:4B = 1:2.)
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The m.p.'s and spectré of products 4A and 4B were identical
to those reported for the solid state photolysis products.
Analytical Run:-‘ A solution of 23.0 mg of adduct 4 in 10.ml -of
benzene was degassed and irradiated. Aliquots were withdrawn at
0.1 hqur intervals, and.uséd for analyses by TLC (silica gel; 15%
ethyl acetate-benzene) and ir. After 0.1 hour of irradiation, a
peak.;t.8.42u ghafactériétic of enone-alcohol pfoduct, 4A, Had begﬁn
“to develop:intthe_ir. The presence of ﬁélwas furtbér confirmed by
TLC. Alsovin this ir, a broadening was observed in the 5.70y
region indicating the presence of the ene—dione,'ﬁg, In the ir
"of the sample ;ithdrawn after 0.2 hour of irradiation, the 2.97u
OH stretch attributable to 4A became apparent. In subsequent
spectra of sampleé withdrawn after 0.3, 0.4 and 0.5 hour of irradia~
tion respectively, peaks due to 4A and'ﬁg_steadily increased. 1In
none of the five samplings was the staffing matefial, 4, depleted.
This was shown by the persistence of the moderately intense peak
at 11.52y due to 4. (Its intensity = 467 the absorbance of the C=0

peak.) This was confirmed by -TLC.

Irradiation of Photoproduct 4A in the-Solid State

Crystals of the enone-alcohol photoproduct, 4A (17.0 mg)
were photolysed at 0.05 torr between 17.5° and 18.2° for 12 hours.

Ir of the residue showed a 5.73u C=0 characteristic of the ene-dione 4B.
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Photolysis of Photoproduct 4A in Benzene

A solution of 24.4 mg of photoproduct 4A in 20 ml of
benzene was degassed and photolysed. The reactién was monitored
by TLC (silica gel; 15% etﬁyl acetate-benzene). /After 0.6 hour of
irradiation,‘tﬁo spots were detected in addition to thaf oﬁ ﬁé,
The reaction wéé stopped after 2.1 hours of total irradiation. Ir
of the crude mixture showed broad C=0 s;retches at 5.65, 5.75 and
5.90 p. The mixture was separated by preparative TLC. The uppermost
spot had 5.68 and 5.80 u C=0 sﬁretches in the ir and was assigned
_structure 4C. The middle spot had a 5.73u C=0 characteristic of
4B, and the lower spot had a 2.92uy OH and a 5.90u C=0 and was

consequently identified as residual 4A.

Irradiation of Photoproduct 4B in KBr

s

‘The irradiation of a 0.47% KBr pellet of 4B was followed
by ir at hourly intervals up to 11.1 hours of total irradiationm.

There was no change in the ir.

Irradiation of Photoproduct 4B in Benzene

A solution of 10.0 mg of ene-dione 4B in 10 ml of benzene
was degassed and irradiated for 2 hours. The ir of the irradiated

sample was identical to that of '4B.
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Preparation of 2,3,6,7—Tétramethyl—4a@5,8,&m%¢étrahydro—l,4-

naphthoquihonegs,li-

(a) 2,3-Dimethyl-1,4-benzoquinone.

s

The procedure is that described‘by 'Ii?ieser98a for the

preparation of quinones. A two-liter flask having a long neck

- was set up for steam distillation. Tbg condenser from this flask
was connected #y'meanSOf an adapter to a two-liter, round—bﬁttomed,
short—ne;ked flask whiéh served as the receiver. This latter

was submerged in a bucket of ice slurry and was equipped with a

. second condenser clamped in a vertical positién. These measures
were taken to prevent loss of the volatile quinone. Watgr was
started running through both condensers and the reaction flask
diséonnected. Dry, well ppwdéred 3-amino-o-xylene sulfate (12.63'g)

was introduced into the reaction flask. Concentrated H2504 (45 ml)

was diluted with 200 ml of H,0, cooled, and added to the contents

2
of the flask. Powdered MnO2 (20.44 g) was added next and the

flask quickly swirled to mix the contents and theh immediately
connected to the rest of the apparatus. The . contents were steam
distilled. Occasionally, the condenser between the reaction flask
and the receiver bécame clogged with the quinone and it became
necessary to temporarily stop the water running through this
condensér to allow the quinone to distill into the receiver. After
1 hour, the distillation was ended. A small amount of the quinone

. lodged in the condenser was washed into the receiver with ether.
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An additional 100 ml of ether was - added to the quiﬁoné and the
resulting ethereal solution dried over anhydrous Na2804-for a few

hours. The ether was removed in vacuo and the o-xyloquinone - so

produced used in the next step without further purificatiom.

. ' : ‘ 98b
(b) 2,3,6,7-Tetramethyl-4a85,8,8ag-tetrahydro-1,4~naphthoquinone Y5y 3

All of the quinone prepared above was dissolved in 10 ml

of ethanol in a 50 ml round-bottomed flask. Three ml of 2,3~
dimethyl-1,3-butadiene was added and the mixture refluxed for 8.5
hours. It was>subséquently stripped of solvent in vacuo and the
"resulting solid crystallized from petroleum ether using Norit to
decolorize. A further recrystallization gave crystals of 5.

98D 405-106.5°).

Mp 104.0-104.5° (1it.
Ir (KBr), 5.95 and 5.98 (C=0), 6.18 tconj. C=C) u.

NMR (CC14) §, 3.07 (m, 2H, C4a and C8a methines), 2;13 (m, 4H, C5
and C8 methylenes), 1.97 (s, 6H, C2 and C3 methyls), 1.63 (s, 6H,

C6 and C7 methyls).

Irradiation of 5 in KBr

A 0.77% KBr pellet of 5 was irradiated discontinuously
for a total of 12 hours. Ir recorded at hourly intervals showed no

new peaks.
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Irradiation of 5 in the Solid State

Crystals of compound 5 (35.8 mg) were irradiated at
0.03 torr Eetween 8.0° and 9.3° for a total of 30.3 hours. The
recovery was 867%. TLC (silica gel; 15% ethyl acetate-benzene) showed
a single spot with an Rf identical to that of é,. The ir and NMR

of the irradiated-sample were also identical to those of 5.

Preparation of 2,3—Dimethy1—l,4ﬁa&Qd}tetrahydro—9,10—anthraquinone99 , 6

A solution of 8.0 g (0.05 mole) of 1,4-naphthoquinone and
8.0 g.(O.l mole) of 2,3—diméthy1—l,3—butadiene in 100 ml of ethyl |
alcohol was refluxed for 5 hours. On cooling to room temperature,
the mixture solidified. It was left in the refrigerator overnight;
The solid was broken up with a spatulé and sucked dry. It was
washed three times with 15 ml portions of cold ethénol and dried
in vacuo for 3 hours. The yield was 10.9 g (91%). It was crystallized
from acetone with Norit to remove colored impurities. This gave
7.7 g of sparkling colorlesg crystals. During a subsequent’
recrystallization from aceténe, tw6 distinct*crystals were formed,
one (the major) was célorless rods of the desired adduct, 6; the
other was b?ight yvellow flates which darkened on exposure fo air
for prolonged periods. The ir qﬁd NMR of this latter compound
suggested it might be 2,3-dimethyl-1,4-dihydro-9,10-anthraquinone
formed by partial air oxidation of 6. Adduct é_had mp . 148.0-

99

148.5° (1it.”” 150.0°).



- 190 -

Ir (KBr), 5.92 (C=0), 6.26 (conj. C=C) u.
NMR (CDCl3) 8§, 8.23-7.56 (m, 4H, phenyl), 3.38 (m, 2H, C4a .and C9a

methines), 2.31 (m, 4H, Cl and C4.meﬁhy1enes), 1.68 (s, 6H, methyls).

Irradiation of 6 in KBr

A 0.4% KBr pellet of 6 was irradiated (A > 340 nm) and
bthe reaction monitored by ir. The ir taken after 26.4 hours of
irradiation showed an OH peak at 2.90u. The C=0 absorption of 6
at 5.92y was unchanged but ﬁhe intensity of the conjugated C=C

absorption at 6.26u was reduced relative to the C=0 absorption.

Irradiation of 6 in the Solid State

Crystals of compound 6 (132.4 mg) were irradiated in.
vacuo (0.02 torr) between 8.3° and 10.0°‘for a totél of 30.8 hogrs.
A pale yellow’soliq (131.9 mg E 1OQZ'recpyery) was obtained. Preparative
TLC ‘(silica gel; 15% ethyl ‘acetate-benzene) . of. the feaétion mixture
gave 58.3 mg of residual 6 and 44.6 mg of product 6A (60% yield).
Small amounts (@SZ each)‘oftfhe quiniol and the dihydro analog of:
6 were also isolated. The product, 6A, was washed with hexane, dried
and sublimed at 103° and 0.03 torr. Subsequent cryséallization from
acetone-benzene gave,éolorless crystals of 6A.

242 1 960-126.5°).

Mp -. 124.5-125.5°, (lit.
Ir (KBr), 2.90 (OH), 5.93 (C=0), 6.23 (conj. C=C) u.

MR (CDC1,) &, 8.00-7.25 (m, 4H, aromatic), 5.74 (m, 1H, C9 vinyl),
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!

3.22 (d, J=3 Hz, 1H, C10 methine), 2.79. (s, 1H, disappears on

adding D0, OH), 2.54 (dd, J=8 and 3 Hz, 1H, C5 methine), 1.83

2 ‘
(d, J=1.5 Hz, 3H, C8 methyl), 1.58 (dd, J=13 and 3 Hz, 1H, C6 endo),
1.34 (dd, J=13 and 3 Hz, 1H, C6 exo), 1.01 (s, 3H, C7 methyl). "

Mass spectrum m/e parent 240. -

Irradiation of ﬁ_in the Solid State. Calculation of Extent of Reaction

Crystaléhqf_gompbund 6 (161.0 mg) Weré;irradiatedwat 0.03 torr
between 8:l°~and 9.5° for 31.5 hours. The émount of @aterial
recovered from the reactor was 149.4 mg (=937 recovery). A portion-
“of this mixture (101.0 mg) was analyzed by NMR using 0.4 ml of a
stock solution of nitromethane containing 228.3 mg of nitromethang
per 10 m} of CDCl3 solution as the internal standard. The NMR
‘integration of the C9 vinyl of the prodﬁct gé_wasvuséd for the analysis.

The calculated extent of reaction was 28.5%. (For method of calcu-

lation see under General in the Experimental Section.)

Photolysis of 6 in Benzene

‘A solution containing 116.6 mg of 6 in 100 ml of benzene
was degassed and irradiated fqr 30.1 hours. Removal‘of solvent in
vacuo, left a fhick yellow 611. PreparatiVebTLC of this material gave
39f3'mg of residual 6 and 49.7 mg (64% yield) of the alcohol, 6A. The
latter was washed with hexane, &ried and sublimed at‘0f04 #orr,and

104°. Subsequent crystallization from acetone-hexane gave colorless
‘ q y : .
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plates of 6A.

Mp . 125.0°-126.0° (1it.2*®

126.0-126.5°).
Ir and NMR were identical to those reported for 6A isolated in
the solid state photolysis of 6.

8

Preparation of 2,3-Dicyano—1,4—benzoquinonelOO

Commercial 2,3-dicyanohydroquinone (8.1 g, 0.05 mole)

was suspeﬁdgd in 50 ml of CCl4 in a 250»m1 flask. Nit;ogen dioxide
(as nitrogen tetroxide) was condensed in a receiving tube cooled

by liquid nitrogen. The condensed liquid was added in small
"portions to the suspension of the'quinoi with stirring. The

addition was continued until brown fumes of nitrogen oxides persistéd
for several minutes. Stirring was continued for a further 1 hour
after which excess 6xidés of nitrogen were removed by a stream of
nitrogen gas. The resulting mixture was filtered. to give a yellow

solid which was crystallized from CHCl_ -benzene to afford 6.9 g (877%

3
yield) of golden crystals of 2,3-dicyano-1,4-benzoquinone.

Mp - 181-182° (1it.t00 178-180°).

Preparation of Aa&BaBADicyano—6,7—dimethy1r4a&§,8)858-tetrahydro—

1,4—naphthoquinonelol;-1

Crystals of 2,3-dicyano-1,4-benzoquinone (4.0 g, 0.025
mole) and 100 ml of a solvent mixture of acetone-benzene (1:1 V/V)

were introduced into a 250 ml three-necked flask equipped with a
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condenser. The mixture was warmed and magnetically stirred until the
quinone dissolved. The solution was cooled to room temperature

and 3.7 g (0.05 mole) of 2,3—dimethy1—l;3—butadiene added. The.
mixture was stirred at room temperature for 22 hours and then
stripped of solvents and excess diene. This left a thick 6i1 which
precipitated up;n addition Qf‘light petroleum (30°-60°). The

-flask was cooled in ice for 30 minutes and the resulting golden
yellow sélid was filtered; washed with petroleum-ether (30°-60°) and
drie&. This gave 5.9 g (98%) of compound 7. It was crystallized
twice from acetone-petroleum ether to give large, sparkling, yellow .
-plates of 7. . | _
Mp  156.5°-157.5° (1it. 9% 157°-158°),

Ir (KBr), 4.44 (C=N), 5.79 and 5.86 (C=Q), 6.24 (conj. C=C) H.
MR (CDC1,) §, 6.88 (s, 2H, C2 and C3 vinyl), 2.71 (s, 4H, C5 and

C8 methylenes), 1.73 (s, 6H, methyls).

Photolysis of 7 in KBr

A 0.47% KBr pellet of 7 was .irradiated. After 0.3 hour
of irradiation? a new broad but inténse peak waslobserved at
2.91ﬁ (OH).- In the carbonyl region, tﬁe 5.79%u peak had decreased
relative to the 5.86u peak. After 0.5 hour of irradiation, a new
absorption began to develop at 5.62u. This peak increased at the
expenseiof the 2;91 and 5.86 p absorptions until it became the more
intense of the two carbonyl peaks after a total of -18 hours of

_dirradiation.
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Irradiation of Compound 7 in the Solid State

Crystals of compound 7 (230.4 mg) were irradiated at
0.01‘torr between 19.3° and 19.7° for 1.5 hours. The reaction
mixture which was retrieved from the reactor weighed 195.2 mg (85%
recovery).

To 22.0 mg_of-tHe reaction mixture, 0.2 ml of a stock
solution of benzophenone (internal standard) in chloroform was
added. GLC analysis of this mixture was carried out on a 5' x %"
10% OV-210 column at 175° and a flow rate of 160 ml/min. The
'detectof response factor for Z_ﬁnder identical conditions was
determined to be 1.34. The calculated % conversion of 7 from the
GLC énaleis"of the reactioﬁ‘mixture was 34%. (For method of calcu-
lation, sée under General in the Experimental Sectién). The rest of
the reaction mixture (172.5 mg) was separated by preparative TLC
(silica gel; 10% acetone-chloroform). This gave 109.2 mg of
residual 7 and 57.3 mg~of'1§;(91% yiéld). The yields from three
other runs were 98%, 94% and 877 at conversions of 197, 30% and 26%
respectively. The product from all the runs was combined and
crystallized from acetone-hexane to give colorless crystals of Zé.‘
Mp  195-196° (repor?edZAP 188-190°).

Ir (KBr), 2.93- (0H), 4.41 andz4.45'(CEN), 5.87 (C=0), 6.15 (conj.
c=C) u.-

NMR (CDC1 —acetone.d6) 6,_7.00 (d, J=10 Hz, 1H, C2 vinyl), 6.22 (d,

3
J=10 Hz, 1H, C3 vinyl), 5.79 (d, J=1.5 Hz, 1H, C9 vinyl), 2.80 (s, 1H,
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-OH, disappears on adding DZO); 2.16 (d, J=13.5 Hz, 1H, one of the C6
methylenes), 1.92 (d, J=13.5 Hz, 1H, the other C6 ﬁethylene), 1.91
(d, J=1.5 Hz, 3H, C8 methyl), 1.21 (s, 3H, C7 methyl).

Mass spectrum m/e parent 240.

Anal. Calcd. for C. H N O.: C, 69.99; H, 5.04; N, 11.66.

147127°272°
Found ¢ C, 69.99; H, 5.00; N, 11.54.

Irradiation of Product 7A in KBr.

The irradiation of a 0.47 KBr peliet of 7A for 2.5 hours
led to new carbonyl absorptions at 5.61 and 5.76 u. After 8.4

-hours, the 5.61p C=0 was the most intense of the three carbonyl peaks.

Irradiation of 7 in Benzene

A solution of 242.0 mg of compound i_in 150 m1 of benzene
was degassed and ﬁhotolysed for 0.5 hour. Preparative TLC (silica
gel; 10% acetonp—chloroform) gave 121.4 mg of residual 7, 89.8 mg
of‘product JA (74% yield) and'8.3 mg of compound 7B (7% yield). The
mp = and spectré of 7A were identical to those of 7A isolated from
theﬂsolid state:photolysis of 7. Compound 7B had m.p. 156-158°.

Ir' (KBr), 4.44 and 4.46 (CN); 5.90 (C=0) y. |

NMR (CDC1,) &, 7.44 (d, J=10 Hz, 1H, C2 vinyl), 6.41 (d, J=10 Hz,
14, C3 vinyl), 2.56 (s, 2H, C6or C9 methylenes), 2.45 (d, J=15 Hz,
1H, one of theC9 or C6 methylenes), 1.72 (d, J=15 Hz, the other C9 or

C6 methylene), 1.56 (s, 3H, C8 methyl), 1.38 (s, 3H, C7 methyl).
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Mass spectrum m/e parent 240.

A possible structure for 7B is discussed in the text.

Preparation of 4aB-8af-Dicyano-5a,8a-dimethyl-4a8,5,8,8a8~tetrahydro-

1,4—naphthoqgiﬁon824b,.§

A solution of 1.5 g (0.009 mole) of 2,3-dicyano-1,4-
benzoquinone was dissolved in 60 ml of benzene—acetone (1:1) and
1.5.gbof trans,trans-2,4-hexadiene added. The mixture was
magnetically stirred at room temperatﬁre for 21 hours. The resulting
yellow solution was'stripped of solvents and residual diene. The
" solid was crystallized from acetone-hexane to give 1.4 g (65% yield)
of sparkling, pale yellow crystals. |

Mp  153°-154° (1it.24b

155°-156°).

Ir . (KBr), 4.45 (C=N), 5.?8 and -5.88 (C=0), 6.24 (conj. C=C) yu.
MMR (CDC1,) 8, 6.94 (s, 2H, C2 and C3 vinyls), 5.62 (s, 2H, C6 and
C7 vinyls), 3.09 (q, J=8 Hz, 2H, C5 and C8 methines), 1.29 (d,

J=8 Hz, 6H, C5 and C6 methyls).

Irradiation of 8 in KBr.

A 0.47 KBr pellet of 8 was irradiated. The ir taken
after 1.3 and 4.3 hours, respectively showed no new peaks. ' However,
after 24 hours of total irradiation, the 5.87u C=0 had grown in

intensity relative to the 5.78u C=0.
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A, Irradiation of Adduct 8 in the Solid State

Crystals of adduct 8 (172.0 mg) were photolysed
discéntinuously at 0.02 torr between 7.2° and 8.3° for a totall
of 35 hours. Recovery of méterial from the reaction stage was
166.1 mg (97%). .Preparative TLC (silica gel, 30% ethyl acetate-
'benzene) gave 130.3 mg of residual 8, and 27.6 mg (75% yield) of a_
thick oil which solidified on standing. The yields from two other
runs were 747% and 657 respectively. FIhe pfoduct from_ail runs
was combined and crystallized twice from ether—petroleﬁm ether with
a féw drops of acetone. The resulting colorless crystals, 8A, had

mp 138-139° (lit.24b

137.5°-139°).

Ir (KBr), 4.45 (C=N), 5.90 (C=0), 6.28 (conj. C=C) u.

NMR (CDCl3) §, 7.54 (4, J=10 Hz, 1H, C2 vinyl), 6.27 (d, J=10 Hz,

1H, C3 vinyl), 4.77 (d, J=3.5 Hz, 1H, C8 methine), 3.18 (d, J=3.5 Hz,
1H, C7 methine), 2.88 (q, J=7 Hz, 1H, C6 or C9 methine), 2.64 (q,

J=8 Hz, 1H, C6 or C9 methine), 1.39 (d, J=7 Hz, 3H, C6 or C9 methyl)
0.94 (d, J=8 Hz, 3H, C6 or C9 methyl).

Mass spectrum‘m/eAparent 240.

B. Irradiation of 8 in the Solid State and Determination of the

Extent of Reaction

Crystals of 8 (147.5 mg) were irradiated discontinuously
as in A above at a\vacuum of 0.03 torr and temperatures between

7.5° and 9.0° for a total of 31 hours. (The reactor was positioned
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- at the séme disiange from the lamp as in A).‘ The recbvery off
material from the reactor waé\94%. A0.3ml éliquot of‘a stéék
solutién of ﬁitéométhané'coﬁﬁaining 228.3 mg of CH3NO2 pér 10 ml of
deuterochloroform solution was added to 32;5 mg of the reagtioﬁ
mixture. This ;ixture was analysed quantitatively by NMR using

the integrations of the C2 and C3 Hs of 8 at 6.946 relative to
vthose of the methyl resonance of nitromethane, the internal
standard;-_Usihg the method oﬁtlined under General in the
Experimental Section, the residual §_in the 32.5 mg of mixturé
was found tq'be 26.0 mg. The extent of reactioﬁ was thus 207.

To check the accuracy of the method, 33.2'mg of authentic

8 and 0.3 ml of the internal standard stock solution were analysed

as above. The amount of 8 as calculated from the NMR analysis was

33.1 mg. The-accuracy of this method was thus >99%.

Irradiation of Adduct ﬁ_in Benzene

N

A solution containing 131.7 mg of compound 8 in 100 ml
of benzene was degassed and photoiysed, discBntinuously for 3 hours.
The reaction was followed by TLC (silica gel; 30% ethyl acetate-
benzene). ’ | ‘

The irradiated solution was concentrated and subjected
to column chrbmatography (silica gel; 307 ethyl acetate-benzene).
Combination of the first six fractions followed by removal of solvents

/

gave 20.0 mg of residual 8. Fractions 7-14 gave 67.8 mg (607 yield)
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:
of a pale yellow oil,.§é) which was crystallized twice frbm ether-
'petroleum ether with a few arops of acetone.

24b

Mp - 141.5°-142.5° (lit. 137.5°-139°).-

Its ir and NMR were identical to those of 'solid state product §éﬁ

Preparation of 2,3;5@&6,7;Sééﬁexamethyl—éa,S,S,8a¥tetrahydro—1,4—

naphthbquinonéloz, 9»

A mixture of 2.0 g (0.024 mole) of 2,3-dimethyl-1,3-
butadiene, 1561 g (0.098‘m91e) of»durdquinone and a few crystals
of hydroquinone were heated in a sealed Pyrex tﬁbé at 197° for 23
"hours. The contents of the tube were washed out with éhloroform.
Subsequent removal of the solvent and excess diéne left a .solid
which was crystallizea thrice from petroleum ether (68°). This gave

1.36 g (56% yield) of large, pale-yellow crystals of 9.

102

Mp  113-114° (1it. 115-117°).

Ir (XBr), 5.97 (C=0), 6.15 (conj. C=C) u.

-

- NMR (cC1,) &, 2.70-1.50 (m, 4H, C5 and C8 methylenes), 1.86 (s, 6H,

4)
C6 and C7 methyls), 1.60 (s, 6H, C2:and C3 methyls), 1.10 (s, 6H,
C9 and C10 methyls).

.

Irradiation of 9 in KBr

A 6.4% KBr pellet of 2_%as irradiated and the reaction
followed by ip. After 3 hours ;f irradiation, the spectrum showed
a neﬁ broad peak at 2.90u indicative of OH and two new carboﬁyl
absorptions at 5.64 and 5.83 u respectively.

L3
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Irradiation of 9 in the Solid State

In a series of reactions, 50-80 mg of 9 were irradiated
at 0.03-0.05 torr between -26° to -23° for periods ranging from
1.5 to 24 hours. The recovéry of material from the reactor. in |
all cases was >78%. All the reaction mixtures were combined and
separated by column chromatogra?hy (silica gel; 8% ethyl aceéate—._
benzene). The order of elution was 9, 9B, and 9A. Compound g_ﬁa;
crystallizéd from petroleum ether and shown by m.p. ir and NMR to be’
residual starting material.  Product 9B was purified by short path
vacuum distillation at 0.0l torr and 65-70° using a Kugelrohr.
.Mp? 24,5-26.0°. -
Ir  (KBr), 5.67, 5.84 (C=0) .
NMR (CCl,) &, 2.44 (q, J=7.5 Hz, 1H, C7 methine), 2.02 (m, 3H, Cl
.methiné and C4 methylenes), 1.68 (m, 6H, vinyltmethyls), 1.21 (s,
3H, methyl), 1.03 (s, 3H, methyl), 1.03 (d, J=7.5 Hz, 3H, C7 methyl),
0.95 (s, 3H, methyl).

Product 9A crystallized from petroleum ether as colorless
crystals., |

242 1061.0-102.0°).

Mp - 101.0-102.0°:(1lit.
Ir (KBr), 2.87 (OH), 6.03 (C=0) u.
NMR (CCl4) 8§, 5.38 (m, 1H, C9 vinyl), 2.24 (s, 1H, disappears on

adding D,0, OH), 1.85 (d, J=2 Hz, 3H, C3 methyl), 1.76 (d, J=13 Hz,

2
1H, one of the C6 methylenes), 1.08 (s, 3H, methyl), 0.97 (d, J=13 Hz,

1H, the other C6 methylene), 0.85 (s, 3H, methyl), 0.80 (s, 3H, methyl).
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The above spectra reported for 9A and 9B were identical

to authentic samples pfepared by photolysis of adduct 9 in benzene.

Authentic Samples of Products 9A and 9B

Samples of 9A and 9B for comparative purposes and for
the determination of the detector response factors (below) were

kindly supplied by Mr. J.P. Louwerens to whom the author is grateful.

Irradiation of 9 in the Solid State. Quantitative GLC Analyses

Analyses were carried out on a 5' x %" column of 20% DEGS
"on 60/80 Chromosorb W operated at 150° and 150 ml/min. Retention
times were 16.4, 19.0 and 22.0 minutes for 9B, 9 and 9A respectively.
The detector response factors for 9B, 9, and 9A were determined\to‘
be 1.5, 1.2 and 1.3 respectively, u;ing a solution. containing
weighed amounts of the three compounds and an aliquot.of a stock
solution of biphenyl as the;interﬁalistandard; (For method of .
calculations, see under Genéyal i# tﬁésExperimental Section).

Crystals of 9 (49.3 mg) were irradiated between -34.0°
and -33:5° for 8 hours.. A 0.5 ml aliquot of the stock solution of
biphenyl (173.2 mg per 10 ml of benzene solution) was added to the

reaction mixture and the mixture analysed by GLC. Results of this

and other runs are tabulated in the text under Results and Discussion.
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Photolysis of 9 in Diethyl Ether Below the Eutectic Temperature.

These reactions were carried out in the apparatus for low
femperature solution reactions described under General in the |
Experimental Section.

A solution éontaining 86.8 mg of 9 in 40 ml of anhydrous
diethyl ether was degassed and photolysed, between -31.5° and f29.0°
for 6.5 hopfs. Thg reactiog mixture was analyzed by GLC using
biphenyl as internal standard. For the results ‘of this.and other-

runs, see text.

"Preparation of 2,3,4aB,50,8c,8aB-Hexamethyl—4aB,5,8,8af-tetrahydro—

l,4—naph’thoquinone24bJ 10

A.mixture of 1.6.g (9.7 milliméle) of duroquinone, 2.0 g
of trans,trans-2,4-hexadiene and a few crystals of hydroquinone were
heated in a sealed Pyrex tube at 143° for 46 hours. After cooliﬁg?
the solid was washed out with aéetone. The mixtufe was{stripped gf
golvent and approximately 100 ml of petroleum ether added. Tﬁe
mikthre was warmed with swifling and then filtered. The off-white
Jéolid portion (0.611 g) was sublimed at 0.03 torr and 150° and
subsequently identified by m;p,, ir and NMR to be durohydro-
quinoﬁe. The filtrate was concentrated and cooled first to room
temperature and then in ice;' Thié gave 250.3 mg of residual duro;‘
quinone. The mother liquor was chromatographed on 30 g of siliCa;gel

(<0.08 mm) using benzene as eluent. Fractions were checked by GLCv

'
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/

1(7' x %" column of 20% DEGS on 60/80 Chromosorb W at 170° and 200 ml/

min.). The fractions containing duroquinone and lg_wefe concentrated
and separated by GLC. This gave 311.3 mg (15% yield) of 10 aé a
pale yellow oil. It was crystallized twice from hexane to give’

4 47500y,

material melting at 52-54° (reported2
Ir - (KBr), 5.91 and 6.00 (CQO), 6.13 (conj. C=0) u.

NMR (CDC13) 6,‘5.44 (s, 2H, C6 and C7 vinyls), 2.02 (q, J=8 Hz,
C5 and C8 methines), 1.91 (s, C2 and C3 methyls); - 1.27 (s, 6H,

Cha and C8a methyls), 1.01 (d, J=8 Hz,A6H, C5 and C8 methyls).

Irradiation of 10 in KBr

A 0.4% KBr pellet of 10 was irradiated. The ir of
the peilet was reéorded at hourly intervals for the first 2 hours
and then at longer intervals up to 17 hours total time of irradiation.
There were no changes in the~spectrum for the first 2 hours. However,
after 6 hours of total irradiation, broadening in the 5.6-5.78 u
region became apparent. The ir recofdedjafter>17 hours of

irradiation showed two new carbonyl stretches at 5.70 and 5.76 u.

Irradiation of 10 in the Solid State

A solution containing 56.6 mg of 10 in acetone-hexane was
slowly evaporated on the reaction stage and left overnight. It was
observed that no crystallization had occurred. The apparatus was

assembled as for a normal run except that the sample was neither
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cooled nor irradiated. It was left under vacuum thus for an hour.
The reaction stage was.subsequently cooled down to -9.5° and the
sample keﬁt under vacuum and~ét this temperature for 6 hours. It -
was- subsequently left under;vacuum overnight. This procedqre.
éllowed 10 to crystallize out on the reaction stage. ’Ihe sample was
irradiated at 0.03 tor; between -9.9° and -9.1° for a totai of 14
hoﬁrs; .The material which was recovered from the réactér weighed
53.4 mg (95% recovery).

The irradiated sample was éhecked bleLC‘(silica gel; -
15% ethyl acetate-benzene), GLC't7' x %" column of 20% DEGS on
'60/80 Chromosorb W, at 170° and 150 ml/min.), ir and NMR., All
analyses shoWéd the presence of only 10.

In a similar procedure 43.2 mg of 10 evaporated from

petroleum ether was irradiated at 0.04 torr and -1.4° to -0.5° for

13 hours. Ahalyses as above again showed no reaction had occurred.

Preparation of 2,3,4a8,58,88,8aB-Hexamethyl-4a,5,8,8a-tetrahydro~-

1,4—naphthoquinone24b2 11

A mixture of 3.20 g (19.5 millimoles) of duroquinoné, 4 g
of trans,trans-2,4-hexadiene and a few crystals of hydroquinone was
heated at 185° in a sealed Pyrgx tube for 22.4 hours. The resulting
dark-brown mixture was washed out with chloroform. An insoluble
solid (1.6 g) was filtered and purified. by sublimation (150°, 0.03

torr). It had mp 228-229° and was identified by infrared, NMR and
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84 233°. The mother

elemental analysis to be durohydroquinone, mp
- liquor was concéntrated and subjected to column chromatography

on 64 g of neutral alumina ;ctivity grade 1 from M. Woelm. It was
eluted first with benzene and approximately 110 ml collected ana
shown by GLC)(S'){QV stainless steel, 20% DEGS on 60/80 Chromosorb
LH 130°; 18Q ml/min) to contain none of the desireé Diels-Aldér
adduct. The eluting solvenﬁ was changed to 157 ethyl écetate—benzeﬁe
and subseqﬁent fractions_checked by GLC. The fractions containing
adduct 11 were combined and stripped of solvents. The resulting

oil solidified on standing ﬁo give 160 mg (3% yield) of compound ll;
It was crystallized twice from petroleum-ether to give pale-yellow

28D 163-104°).

rods of 11 melting at 104—165° (1it.
Ir (KBr) 5.99 (C=0), 6.12 (conj. C=C) u.

NMR (CDC13) 8, 5.42 (s,.2, vinyls), 2.85 (q, J=7 Hz, 2, C5 and C8
methines), 1.97 (s, 6, C2 and.C3 methyls), 1.13 (s, 6, C4a and C8a
methyls), 0.93 (d, J=7 Hz, 6, C5 and Cé methyls).

¢

Irradiation of Compound 11 in KBr

A 0.4% KBr pellet of compound 11 was irradiated (A > 340 nm)
and the reaction monitored byiinfrared; After 0.5 hour, the reaction
was complete as judged by the disappearance of a moderafely intense
peak of 11 at 7.98u. A fairly sharp and intense peak had devéloped
at 2.88u. In additionm, ghére we?e new carbonyl absorptions at 5.67,

5.85 and 6.05 u, respectively. Further irradiation up to 1.5 hours of
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total irradiation time produced no further changes in the spectrum.

A. TIrradiation of Compouhd 11 'in the Solid State

Crystals of compdﬁnd 11 (56.9 mg) were irradiatéd (Xlz_355 nm)
at 0.005 torr and between:-32.4 and -31.7° for 5.6 hours. The
reaction mixtu?e was washed off the reactor's cavity with chloroform?
stripped of solvent and dgied in vacuo. The recoveréd material
weighed 49.2 mg (867 recovery). A small amount of this mixture

(5 mg) was used in GLC analysis (5' x%"

stainless steel column of 207
DEGS on A/W Chromosorb W; 60/80 mesh) at 150° énd 100 ml/min. If showed
two peaks with retention times of approximately 16 and 22 minﬁtes,
respectively. The rest of the reaction mixture (44.2 mg) was
subjected to preparative TLC (silica gel; 8% ethyl acetate-benzene).
This gave 11.6 mg of a white solid (lower band) and 25.9 mg of an oil.
The infraréd and NMR spectra of these two samples showed that'the
solid ﬁas enone-alcohol 11A and the oil ene-diome 11B. The startiqg
material 11 which has the same R¢ (TLC) and the same GLC retention
time as product 11B was found to be absent from the NMR sample of~il§.
The conversion of starting material to photoﬁroduc;s is thus
complete.. The combimed isolated yield of the two products is 85Y%
and the llé;llg_rafio is 1f2.

In another run, 70.4 mg of crystals of adduct 11 were
irradiated at 0.005 torr and between -31.6° and -27.3° for 5 hours.

The recovered material from the reactor weighed 60.8 mg (867 recovery).

/
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3

A portion of this maferial (29.0 mg) was set aside for GLC analysis.
The rest df the reaction mikfure was separated by preparativé TLC
(silica gel; 8% ethyl acetate-benzene) ana shown by NMR to contain only
bhotoproducts 11A and 11B. |

An aliquot (0.2 ml) of a stock solution of internal stan-
dard (173.2 mg of biphenyl in 10 ml of benzene) was added to the
29.0 mg of reaction mixture‘and the resulting solution analyzed by
GLC (5' x%" column of 20% DEGS at 150° and 150 ml/min). The peak
areas for biphenyi,llg and 11A were calculated for each of 4 injectioms.
The relative areas (area of sample peak/area of biphenyl peak) were.
calculated and the average relative area for each of the two peaks
found. The detector response factors for 11B and 11A under identical
GLC conditions were 1.9-and 1.7, respectively. Using these values,
the average relative areas aﬁd the weigh; of internal standard in
the GLC mixture, the weight of each of the two products was calculated
as outlined under General iﬁ the Experimental Section. This analysis
showed that the 29.0 ﬁg sample of reaction mixture contained 8.4 mg
of enoﬁe—alﬁohol 11A and 16.7 mg of ene—dionelllg, The combined
GLC yfeld of the two producté is thus 867% and the llé;;lg_ratio

is 1:2.

B. Low Conversions of Adduct_LiH

Since the starting material 11 and one of its photoproducts,

namély 11B could not be separated by GLC or TLC under the conditions
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tried, the aqalyses éf reaction mixtures containing»ll) 11A and 11B were
.carrigé”dﬁg&;s follows: the reaction mixture'was>first separated
by'TLC into two fractions, one containing solely 1lA and the other
containing product 11B and fesiéual starting material 11. .The‘ll_+

" 11B mixture was then analyzed by quantitative NMR using the
integrated:peak area éf the C2 and C3 methyl resonance of 11 at

61.97 and the peak area of the resonances of added biphenyl as internal
standard. Ihis analysis allowed.for Fhe calculation of the weight

of residual ll_in the reaction mixture. The yield of photoproduct

11B is then easily.found bf subtracting the calculated weight of
residual 11 from the 11 + 11B mixture. Below is one of the low
conversion runs which was analyzed by this method.

" Crystals of compound 11 (53.6 ﬁg) were irradiated at 0.005
torr betweeﬁ -32.1? and —31.5; for 2 hours. The weight of recovered
reaction mixture from the reactor was 4§.1 mg (92% recovery).
Preparative TLC (silica gel; 8% ethyl acetate-benzene) gave 6.4 mg
of enone-alcohol 11A and an upper band material of 29.5 mg.
Crystallized biphenyl (8.4 mg) was added to ﬁhe upper baéd material
to serve as the internal standard. The mixture was dissolved in
chloroform-d an& analyzed quantitatively by NMR. The ten protons of
.biphenyl'integrated.for 39.5 and the six protons of 11 integrated for
26. . Using the formula given unéer General in the Experimental
Section, the residual starting material 11 in the sample was ‘

calculated to be 15.8 mg. The conversion of 11 to products is thus |,

56% and the weight of product 11B is 13.7 mg. The combined yield
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of products 11A and 11B by this analysis is 81% and the 11A:11B ratio
is again 1:2."The results of similar runs are given in the text.
The enone-alcohol product from all the runs was combined_'

and crystallized from petroleum—ether to give colorless rods of 11A

24b

melting at 158-159° (lit.2*P 156.5-157°C).

Ir (KBr) 2.94 (oH), 6.04 (C%O) and 6.15 (conj. C=C) u.

NMR (CDCL,) 6§, 5.92 (m, 1, vinyl), 2.63 (dd, J, .=3 Hz, =3 Hz,

6,7 17,8
1, C7 methine), 2.57 (s, 1, OH, disappears on adding DZO)' 2.23 (m,

1, C6 methine), 1.91 (d, J<2 Hz, 3, C3 methyl), 1.82 (d, J<2 Hz, 3,
C2 methyl), 1.78 (d, J<2 Hz, 3, C9.ﬁethyl), 0.87-(8, 3, C5 methyl), -
'0.77 (s, C10 methyl), 0.75 (d, J=7 ‘Hz, C6 methyl).
Mass spectrum m/e parent 246. |
The above spectra were identical to those of 11A isolated from the
photolysis of adduct 11 in benzene24b

All the uﬁper<band materials from preparativg TLC‘were
combined and photolysed for'b.3 hours to photolyse residual 11. The
fesulting mixture was separated by preparative TLC (8% ethyl acetate-
benzene). The oil (upper bénd material) was assigned the structure
11B based on the following spectra data: |
Ir (Film), 5.64 and 5.83 (C=0) .
| =5.5.Hz, 1, C3 vinyl), 5.59

NMR (CDC13) 8§, 6.04 -(dd, J =10 Hz,

2,3 3,4

! .
(dd, J, ,=10 Hz, =1.5 Hz, 1, C2 vinyl), 2.82 (q, J=7.5 Hz, 1,

2,3 J2,4 ‘
C7 methine), 2.26 (m, 1, C4 methine), 1.15 (s, C8 methyl), 1.15 (d,

J=7.5 Hz, C7 methyl), 1.13 (s, Cl methyl), 1.11 (d, J=7.5 Hz, C&

" methyl), 1.09 (s, methyl), 1.04 (s, methyl).
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Mass.spectrum m/e parent 246.
 The infrared and NMR spectra were identical to those of 11B isolated

from the photolysate of 11 in benzene24b

Irradiation of Enone-Alcohol 11A in KBr

A 0.4% KBr pellet of photoproduct 11A was irradiated (A >
355 nm) continuously for 2 hours. The infrared spectrum of the

irradiated pellet was identical to that of 11A.
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tetrahydro—l,4—ﬂaphthoquinone, 1.

residual CH

*=CDC|3 impurity (see Figure 55)

Figure 33. A 60 MHz PMR Spectrum of Sa,8a—Dimethy1—4aB,5,8,8aB—

Figure 34. Fourier Tranéform 100 MHz PMR Spectrum of 5,8,15,18~-
Tetramethylpentacyclo[10.8.0.02511,04,9,014,19]eicosa-

6,16~d

ien-3,10,13,20-tetrone, 1A.




,_,._w'k.@# ' , A A

I1:!.!Illal||111|1||xi1ll!llllllllll-]l'nl'l

-~ Figure 35,

RN I B R Y ST A R BT RN SR
60 . ] 50 i 30 EX) 2.0 16 o

A 60 MHz PMR Spectrum of 6,7-Dimethyl-4a8,5,8,8a8—
tetrahydro-1,4-naphthoquinone, 2.

*=CDCl, impurity (see Figure 55)

residual  CH[CL

Figure 36.

Fourier Transform 100 MHz PMR Spectrum of 6,7,16,17-
Tetramethylpentacyclo[10.8.0.02’11.O4s9.014=19]eicosa—
6,16-dien-3,10,13,20-tetrone, 2A.
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‘Figure 37. A 60 MHz PMR Spectrum of 4aB,5,8,8aB-Tetrahydro-1,4-
naphthoquinone, 3.
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L ) see Figure 5570
*»=noise spike

2300
. FLay
1000 i % -
4o 0 [ :
o
£ ; ;
3A

residual C }jCl3

L i
0 f

RN IV

Figure 38. FOufier Transfor;n 100 MHz PMR Spectrum of Pentacyclo-
[10.8.0.02,11 04,9,014,19cic0sa-6,16-diene-3,10,13,20-

tetrone, 3A.
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Figure 39. A 60 MHz PMR Spectrum of 6 7—D1pheny1 4aB 5, 8 8aB- ‘

tetrahydro-1 4—naphthoqu1none, 4. .
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Figure 40. A 100 MHz PMR Spectrum of 1-Hydroxy-7,8- dlphenyltrlcyclo—

[5.3.0.02» 10]deca—Z 8-dien-4-one, 4A.
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Figure 41. A 60 MHz PMR Spectrum of 2,3,6,7-Tetramethyl-4aB,5,8,8aB-
tetrahydro-1,4-naphthoquinone, 5.
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‘Figure 42. A 60 MHz PMR Spectrum of 2,3-Dimethyl-1,4,%4aB,9af-
tetrahydro-9,10-anthraquinone, 6. '

4

Figure 43. A 100 MHz PMR Spectrum of l-Hydroxy-2,3-benzo-7,8-
' dimethyltricyclo[5.3.0.07>10]deca~8-ene-4-one, 6A.
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'Figure 44. A 60 MHz PMR Spectrum of 4aB,8aB-Dicyano-6,7-dimethyl-
4ag,5,8,8aB-tetrahydro-1,4-naphthoquinone, 7.
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Figure 45. - A 100 MHz PMR Spectrﬁm of l1-Hydroxy-5,10-dicyano-7,8-
dimethyltricyclo[5.3.0.0°210]deca-2,8-dien-4-one, 7A.
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Figure 46. A 60 MHz PMR Spectrum of 4aB,8aB-Dicyano-5c,8c-dimethyl-
4a8,5,8,8aB—tetrahydro—l,A—naphthoquinone,.§
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Figure 47. A 100 MHz PMR Spectrum of 5,10-Dicyano-6,9-dimethyl-11-
oxatetraéyclo[6.2.l.01s7.05’10]undec—2—ene—4-one, 8A.
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- " Figure 48.

A-60 MHz PMR Sbectrum of 2,3,453,6,7,8aB—Héxamethyl- )
4aB,5,8,8aB-tetrahydro-1,4-naphthoquinone, 9.

Figure- 49/

A 100 MHz PMR Spectrum of l-Hydroxy-2,3,5,7,8,10-
héxamethyltricyclo[S.3.0.05’10]deca—2,8—dien—4-one, 9A.
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A 100 MHz PMR Spectrum of 2,3,5,7,8,10-Hexamethyl-
tricyclo[6.2.0.05:10]deca—2—en—6,9—dione,_gg.

Figure 50.
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Figure 51. A 60 MHz PMR Spectrum of 2,3,4aB,5a,8c,8aB~Hexamethyl-
4aB,5,8,8aB-tetrahydro-1,4-naphthoquinone, 10.
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-Figure 52. A 60 MHz PMR Spectrum of 2,3,4a8,53,8%;8aB—Héxamethy1—»

4aB,5,8,8aB-tetrahydro-1,4-naphthoquinone, 11.

Yoo »n>
l‘: H
m i3
HOD
with DZO —ﬂ—- 4+
ciict3
- — A
j 1 - } ) {

Figure 53. A 100 MHz PMR Spectrum of l-Hydroxy-2,3,5,6,9,10-
hexamethyltricyclo[S.3.0.05’1 }Jdeca-2,8-~dien-4-one, 11A.
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Figure 54. A 100 MHz PMR Sggctrum of 1,4,5,7,8,10-Hexamethyltri-

cyclo[6.2.0.07>» ]deca-2-en-6,9-dione, 11B; (a) 1000 Hz
sweep width; (b) 250 Hz sweep width of the 6.5-5.25 §
region with amplitude magnification of x10; (c) 250 Hz
sweep width of the 3.05-0.8 § region.
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A SAMPLE OF CDCl3

residual CFCl3

*  =impurity
%% =noise spkes

¥

Figure 55.

Fourier Transform 100 MHz PMR Spectrum of CDCl, from
‘Merck Sharp & Dohme Canada Limited, Kirkland, Quebec.
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UV Absorption Spectra of Substrates 1-11

All the tetrahydro-1,4-naphthoquinones which have been studied
in this investigation show two principal absorptions in the UV. The
absorption due to the w,7* transition reminiscent of o, ~unsaturated
ketones occurs in the rangev225 - 280 nm an& is the more intense of
the two bands. The absorption at longer wavelength, >340 nm, is dﬁe
mostly to a forbidden n,n#* transition and its extinction coefficient
for all substrates was <150. The intensity of this latter.absorption
may be enhanced through mixing with the allowed n,ﬁ* transition3

Absorptions for the individual compounds are given in Table XVI.

Table XVI* UV Absorption Spectra of Substrates 1-11

jon

Compound ) Band 1 ‘ Band 11
: A ,nm(e)
1 (benzene) max 371 (68)
2 (MeOH) | 226 (8.7x10°) . 370 (70)
3 (benzene) 280 (7.5x10°) \ 370 (63)
[4 (MeOH) 280 (7.5x10%) 342 (72)
(MeOH) | 225 (9.4x10°) | 330 (115)
4
250 (1.1x10%)
6 (MeOH) 296 (1.9.10% 340 (150)
7 (MeOH) 225 (8.9x10°) 340 (93)
8 (MeOH) 240 (6.2x10°) | 352 (64)
4 " 280-400
MeO .
9 (MeOH) 251 (1.1x10) (€ 34,0=146)
" 10 (benzene) 350 (83)
1 (MeOH) 251 (8.7x10°) 340 (70)

* (Compiled from Reference 24).
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As mentioned in the text, the irradiations of these substfates
in the solid state were carried out at the same wgvelengths as
reported for the irradiationé in solution24, i.e., A > 340 nm. This
has~allowed for a more valid comparison of reactivity differences
in the fwo_phases than would have been possible otherwise. With
regard to eérlier investigations of substrate 3 using sunlight22 and
Pyrex—filtered UV 1ight23, reséectivély, ﬁhe results presented here
would seem to indicate a wavélength dependence for these reactions..
Thus, it is very likely that tar formation as earlier observed22’23.
is promoted by excitation of all the chromophores while a more
selective excitation (mostly n,n*) leads cleanly>to dimer formation

when intermolecular separation and geometry favor it or to

intramolecular processes when the former process is blocked.



