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ABSTRACT

The photosensitized (electron transfer) irradiation of some
phenylated olefins with electron acceptor sensitizérs Such as 1-cyano-
naphthalene; methyl p=cyanobénzoate, 1,4=dicyanobénzéne or 1,4=dicyano-
naphthalene in alcohol-acetonitrile, acetic acid-acetonitrile or aqueous
acetonitrile solution yielded the products (ethers, acetates or alco-
kols) resulting from anti=Markovnikov addition of the nucleophitic
solvent to the olefin.

When the phenyiated olefins were irradiated with the same
electron acceptor sensitizers, but in 252,2-trifluoroethanol-acetoni-
trile solution containing potassium cyanide, the anti-Markovnikov ni-
triles were obtained as the fajor products.

Irradiation of thé phenylated olefins. with.-electron aéceptor
sensitizers in the presence of 2-méthylpropene or 2,3-dimethyl-2-butene
in-acetonitrile gave thé [2+4] cross Cycloadducts in: addition to the
dimers of the phenylated olefins.

Irradiation of B=phenethyl ethers, produced via the EEEi?
Maﬁkavnikov,addfiion of alcohols to 1,1-diphenyléthiylene; in the pres-
-ence of electron-.acceptor sensitizers, ded to cleavage -of the a-carbon-
carbon bond. For example, the photosensitized irradiation of 2,2-
diphenylethyl isopropyl ether in acetonitriie-methaﬁp1 solution..gave
diphenyImethane and the methyl isopropyl acetal of formaldehyde: The
151=diphenylethylene anion wradical was prepared by photosensitization
(electron transfer) using the electron-donor sensitizers 1-methoxynaph-
thaléne,. 1,4-dimethoxynaphthalene or l-methylnaphthalene in acetonitrile

solution. Subsequent reaction of the radical anion with methano?,.
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water or hydrogen cyanide gave the Markovnikov addition products.

Electrochenical and photophysical -evidence was. obtained
which supports thé proposed mechanism. The primary process is an
electron transfer which gives the sensitizer and the substrate (phenyl=
ated o6lefins or ether) radical ions. Fluoréscence quénching studies
indicated that the singlet states of the sensitizers weré quenched by
the substrates (phenylatéed olefifis or ethérs). Triplet-triplet trans-
fer photosensitized experiments Showed that in almost all cases, the
triplét does nOtgbring about veéaction.

A thermodynamic vrelationship invoélving thé reduction or
oxidation potential of the sensitizer, thé -oxidation or reduction
potential of the substrate (phenylated 6lefin or ether) and the avail-
modynamics of the electron transfer process with the experimental

results.
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CHAPTER I
GENERAL INTRODUCTION

A. INTRODUCTION TO THE NATURE AND:BEHAVIOUR OF OLEFIN EXCITED STATES
-AND. T0- THE ELECTRON TRANSFER REACTIONS OF OLEFINS

Thrée types of electronic transitions have béén associated:
with the€=C chromophore. With the exception of the héavily alkylated
ethylenes, for which it is known that the lowest energy electronic
transition is the =, R(Bs),,1 the Towest energy electronic trainsition is
the 7 = w*; this transition involves promotion of an electron from the

- highest occupied w molecular orbital to thé lowest unoccupied:#*

molecular orbital. Simple alkenes absorb ultraviolet 1ight in: the 180 -

200 nm- region 2 This absorption is due to the % + 7~ ,trahsiitign: and

corresponds to an energy val ue ¢f 160 = 140 kcal/mol. TFor -a conjugated L
olefin, the -énergy required for the electronic excitation is less and
the absorption maximum is shifted to much longer wavelengths. The

3 is the o > 7%

highest energy electronic transition of general interest
excitation- and involves promotion of an electron from a bonding o
‘moTecular orbital to the lowest unoccupied w* molecular orbital. The

6 ~ 7% excitation being a high-energy process, requires the 'a,ﬁsbr?ptl on.
of 1 ght of wavelength far lower than 200 .2 It is generally the

T = 7% type of excitation which leads to the plethora of phbtoéh&mi‘ca]
phenomena: involving olefin systems.

The m + m* electronic éxcitation may lead to the first sing-

let excited state (S 6 Sl), or to the first triplet state (S 0. {T];)i.




The So ™ 31,trahsition is highly allowed by selection rules and it is

w
A e okt A e et S O B R b,

observed as the most intense absorption band of the olefin. The SO 4-T1

transition is highly forbidden -and can be observed only in the presence
4

of oxygen at high pressure.’ It appears then as a series of weak
absorption bands :at Tong wavelengths. -Organi¢ photochemists ‘have not,
until v’éc’:éht'i;y,g concerned themselves with eléctronically excited states
of -olefins of higher energy than S; and T;, mainly because of the short
lifetimes of these higher excited states.

In the absorption spectra of ethylene and alkylated ethylenes,
there i5 a series of ¢harp bands superimposed on the broad: @ > m*
absorption band. These bands are the first fiembers -0f a Rydberg séries
which corresponds to promotion -of an éléctron from the w orbital of the
alkene to a large moleciilar orbital with size and shape similar to.
that of a 3s carbon atomic¢ orbital.

Rydberg excited states seem: to play a part in the photochem-
istry of certain olefins; however, the precisé nature of their role has
not been .clarified yet.?

7 While the S]:can be easily obtained upon direct irradiation,
the T1 i$ ;practically inaccessible in. the case of the o]efihs, since
intersystém crossing does not seém to-occur 0 any -appreciable extent
and since, as has already been mentionéd, direct population of therii
i$ highly forbidden. These facts imply that reactions involving the

oléfin triplet :states have to be brought about by the use of a triplet

e A, S YT | AT
| \ R .

sensitizer.

There -are, therefore, two general ways of‘induciﬁg.an olefin
‘photoreaction:

1. Direct irradiation, which generates the olefin singlet




state.

2. Sensitized excitation, involving energy transfer to thé

olefin from the-éxcited sensitizer.

Sensitized excitations up to the présent have been 1imited to:
the use of triplet sensitizers. Recently, the photosensitized election
transfer, a néw mode of photosensitization, is bedinning to appear in
the aréa of olefin photochémistry and 6rganic photochemistry in general.
The effective activation of the substrate is achieved by the use of
electron transfer sensitizers, which are organic compounds capable of

donating or accepting an electron to or from the organic*Subsirate,

There are substantial differénces in reactivity between the S,
and' Ty states cf olefins. These differences stem partly from the fact
that the two:-states differ in energy and partly from the fact that the
triplet-state behaviour bears some resemblance to that of a radical
whereas the singlet state is:.capable of undérgoing ﬁdﬂcertédireactiéhz
as well.

THB‘S]’Stéie of the olefins .commonly has a lifetime of the

order -of 1078 to 1077 sec while the,Ti state is usually much: Tonger

Tived with Tifetime of the order of 107> to 1073 sec.”*® As a result

of the different lifetimes, one would expect that thé'S] would commonly

engage in unimolecuTar'transformations whereas the'fi,couidiparticipate

more -efficiently inAbimolecuiar-type transformations.

‘Contrary to what the 1arg§sarray of olefin:-photoreactions:
studied to date might indicate, there aré sévere limitations in the
scope of the direct and triplet sensitized photoreactions of olefins.

These limitations are the eXistence;of‘a.Cisgtfans‘iSOmerizatiOnrinfboth




singlét and triplet mam‘.foids,gland b. theé short lifetime: of the ﬁ_‘ﬁg‘lét;

due to: fast rates of fluorescence (aryl olefins) and radiationléss
'dé'cay;,j’s in particular, the- free-rotor effect, which is a kind of
radiationless decay proceeding via rotation around the double bond, is B i
responsible for the rapid deactivation of the triplets of acyclic or
large ring eyclic olefins. 10 '
Examplés of olefin reactions initiated by electron transfer
photosensitization aré very féw as yet and this: important photosensiti=
zation procéss has received no attention in recent reviews dealing with
th2 photochemistry of olefinic g’:ompouhds.6 V
A moleculé in the excited state :has .both Tower ionization

potential (IP*) (Eq. 1) and higherelectron affinity (EA*) .(EQ. 2) than
the corresponding quantities for the sare molecule in the ground state.!'®

Ip*

i}
[e)

- A, ay -

EA* = EA + E) | {2)

( AEr

E, o = Zero=zero transition energy)
0, :

Its reactions, therefore, can be oxidative or reductive

-.electron transfer depending upon the-électron .donating or eléectron
accepting properties of the reactant which is not -excited.

Naturally, the oxidation potential (£D/Di+: ) and the reduction
potential :(EA/A"A)_ of -an excited -molecule will have smaller absﬂuté

values- than the ground state molecule, since they are Tinearly related

to jonization potentials and electron affinities, respectively.




The direction of electron transfer is deteimined according to
the inequality 3:11P
E(D/D) + E(D/D7) < E(A/RT) + E(A/K) (3)

This inequality implies that for any compound the sum. of
E(M/M) + E(M/M”), which can be taken as a measure 6f the "molecular
electronegativity® of the compound, determines its electron donating or
accepting properties irrespective of the state of the compound i$ in
(ground -or excited state). With any two compounds, the one with the
-gréater sum always acts as the acceptor.

The above statéments -can ‘bé better perceived with thé aid of
the following simplified molecular orbital scheme (Fig. 1), which

shows the process of électron transfer from the donor to- the acceptor.

A*¥ + D e—===s 'A:DT :—A + D*———~—)-A—D+

Figufg;l; Simplified molécular orbital scheme for the electron
transfer process.
On the left side of the figure, we have the casé where the:
acceptor is excitéd whilé on the right hand side, the -donor is the

-excited species.




We can identify in either molecule thée energy of the highest
bonding orbital with the respective ionization potential (or oxidation
potential) and that of ithe lowest antibonding orbita® with the electron
affinity (or reduction potential).

Investigations by Weller and coworkers'! ‘have showh that

dépending: upon the solvent polarity two different mechanisms of electron

transfer,. involving excited molecules; can be realized. Mechanism. 1

predominates in -highly polar solvents. It leads to the solvated radical

ions and involves the intermediaté formation of a solvated ion pair.

Amr D= Risy * sy !
Mechanism II predominates in less polar solvents and involves the
formation: of an. excited charge=transfer compiex (exiplex) which,

wavelengths than: the primary -excited Species.
A% + D » (ATDE)* 11

Correlations exist between the singlet energy of the primary excited
species (donor or acceptor), the oxidation potential of the -donor :and
the reduction potential of the-.acceptor, and the fluorescence quenching
of the primary excited state. These correlations will be discussed in
the following chapters..

At the beginning of this work, only a few éxamples. of olefin

reactions proceeding via electron transfer (both intra= and interiolecu-

lar), were known;.]2
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In 1971, Hixsdh]za showed that ifradiation of methanoli¢
solution of trans=3-(p=cyanophényl)~I-phenyl-propéné (I}) provided in
addition to 40% of @ mixture of cis= and trans-I; 13% of a mixture of

cis- and trans=-1-(p-cyanophenyl)-2-phenylcyclopropane (II), and 18% of

1-(p-cyanophenyl)=2-methoxy=-3-phenylpropane (IIT) (Reaction 1).

Reaction 1

5-C-H,=CN-p

CH ; '
et 2 64 hvy  AN_A- W CH. CHAY £ HoCNor
(‘IH—,CH o ‘Amcsu(cn-g + cﬁuscﬂzTﬂ,CH,ZGGH,t CN-p.
Cetls. Cotls OCH

(1) iy (111)

The anti-Markovnikov addition of methanol (product ITI) was
rationalized in térms of an interaction involving electron transfer from

the vinyl to-p-cyanophenyl group (Structure IV).

In 1971, Ledwith reperted the photoindiuced cyclodiferization

J12¢

of N-vinylcarbazole (V)sz and Farid- and Sheale: the photochemical
dimerization of indené (VI) -or 1,1=dimethylindene (VIL) in the presence

of electron acceptor sensitizers (Reactions 2 and 3, respectivelyl).




Reaction 2

CH-=CH,

ohy 2

'Sénéitizér'GH30H"

f?H;Aa-cﬂé
AﬁzN

hu:

_ Sensitizer CHyCN or CH3NQ2

()

Both results were explained in térms .of an electron transfer
‘mechanism. The—meéhanism:ptgposed.by—Lédwit'iéb:for the ‘N=vinylcarba-
zole (V) dimerization is showh in Scheme 1.

. The oxygen played a cocatalytic role, éSpecially when long:
waveléngth: dye sensitizers were uséd. Sensitizers capable of formjﬁg
stablé anion radicals functioned well in the absence of -oxygen. The
propagation stép, which involvés electron transfer from the ground state
-olefin to the cyclized radical cation {Z), accounts for the observed:
chain reaction. 7

Farid ahd‘SheaTerTZC have -proposed an-analogous.‘mechanism: for

veaction: 3.




g 1
(sens)® PV, (sens)*singiet or triplet i
N SN g -
JCeCHy + (sens)* > JC=CH, 1" [sens]:
(X) S~ )
0, \'CECH'Z + (Se‘ﬁ§)°
,: - 02
[ c cuz] 0,7 + (sens)®
(Y)
-+
, \ -C-CHz
(X) or (Y) + \,c'acnz > |12
’ / —CéCﬂé
‘ -
(2)-
, i:
B \. <C= CH2 7 o .
(Z) + /&;CHZ i1+ (Xyor (V) (propagation) )
/ ~G=CH,
¥
|
.. =C<CH,
(2) + (e.g-)0y- >~ | | = +0, (termination)
e (I: CHy,

Schemeé 1 The porposed mechanism for the N-vinylcarbazole (V) dimer-

- ization. '2&
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While our work was in progress, séveral -other olefin photo-
reactions proceeding via cation -radicals appeared in the {iterature. 1S

Evans and coworkers 'S8 studied the dimerization of phenyl vinyl ether

(VLIT), in the presence of electron acceptor sensitizers such as di- 7
methyl terephthalate (IX), methyl bénzoate (X) or 9510-dicyanoanthracene (XI):

13b iudied the mixed addition -of 1,1-dimethylindene

Farid and coworkers
(VI1): with phenyl vinyl ether (VIII). The mechanisi-which has been
proposed for these reactions is similar to that depicted in Scheme 1.
‘Asanuma and cdwﬁ‘r:kergja—c ‘have studied the :photodimerization of
styrene (XIT), p-methylstyrene (XIII) and o-methylstyrene (XIV) in the
presence of 1,2,3,4-tetracyancbenzene (XV). The reaction yields 1,2,3,4=
tetrahydronaphthalene derivatives as the main products in addition to
1,2-cis- and 1,2-trans-disbustituted cyclobutanes. An ionic mechanism

d] 3c

was propose involving photoionization of the exciplex of styrene

derivatives with 1,2,3,4=tetracyanobenzene (XV).
Asanuma and ,cqworkgrsj 3d have also shcun that upon irradi"ati’c)n:
of a:solution of phenanthrene: {XVI), a-methylstyrene (XIV), and 1,3-
-dicyanobenzene (XVII) in acetonitrile or acetonitrile-methanol, 1,4-

diméthyl-1=pheny1-1,2,4,5-tetrahydronaphthalene -(XVI1i) -and 1,4-dimethyi=

1-methoxy-1,4-diphenylbutane (XIX) were respectively obtained (Reaction 7

4).
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Reaction 4

C6H5 cﬂ 3
CH3 H
(XVIII)

-CH 3OCCH2 CH—ZCH
Celg  Cgllg
{(XIX)

They proposed: that the products were formed -from the a-methylstyrene
radical: ¢ation, which was in turn formed by “radical -cation transfer"
from the -phenanthrene radical cation to: asmethystyrene (XIV):

The anti-Markovnikov addition of methanol to 1,1-diphenyl-
ethylene (XX), which occurs upon irradiation of -a solution of phenan=
threne (XVI), 1,1-diphenylethylene {(XX). and 1,4-dicyanobenzene (XXL)
13e

proposed: for the a-methylstyrene (XIV) -dimerization. 13d
Finally, the photochemical anti=Markovnikov addition of -acetic

acid to sore phenylalkenes has been interpreted >

in terms of a polar-
ized excited state analogous to that postulated by Hi xson'22 for the
anti-Markovnikov addition of methanol to trans-3-(p-cyanophenyl)-1-
phenylpropené (I).

The characteristic featuré of all the photosensitized Yea'éti'éné’

[ .
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of phenylated: 61efins, described in this work, is that due to back
electron transfer from or -toward the Fadical ion of the sensitizer,
the latter is regenerated.and theréfore behaves as a photocatalyst
Géé echanisi on Scheme: ]I) .

Additionally, it ¢an be said that none of the electron
transfer reactions described here .can be brought about via direct or
triplet-triplet sensitized irradiation. Depending upon the nature of
the photosensitizer, the .phenylated olefins which-are included in this
work can béhave -as potential electron dono.s or potential electron

acceptors.

B. INTRODUCTION TO THE -PHOTOCHEMISTRY OF ETHERS

The photochemistry of ethers includes two main types of
reactions:

1. Direct 1ight=induced or nonsénsitized reactions.

2. Reactions where the ether serves as the coréactant with

another molecule in the-excited state.
Saturated ethérs and acetals absorb light at waveiengths below 200 nm.”’i

of relatively short wavelengths. Few -organic photochemical -experi mentsir
‘havé been conducted using: this region: 0f the ultraviolet spectrum. The
sensitizer fhdyced reactions generally <involve the use of a triplet
sensitizer.
Since ethers possess a potentially reactive C-H bond in the o
15

position to -the -ether linkage ~ cleavage of this bond (i.e. by hydrogen:

abstraction by -an excited ‘state such -as the n -+ 5* state of acetophenone.
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or-benzophenone)- leads to the formation of free radicals of the type
1

2

CHOR

R
in this study; the ethér molecules are effectively activated by the use
of an electron acceptor sensitizer. This represénts an entirely new
class of ether photoreactions.

The geneéralities presented in the previous section, with
regard to- the electron transfer process, can be applied equally well €o
olefin or ether riolecules. Due to their relatively 16w oxidation poten=

tial, the B-phenethyl ethers of this study behaved as electron donors.




CHAPTER I1

THE PHOTOSENSITIZED (ELECTRON TRANSFER) ANTI=MARKOVNIKOV
'ADDITION OF NUCLEOPHILES TO PHENYLATED OLEFINS

A THE PHOTOSENSITIZED (ELECTRON TRANSFER) ANTI-MARKOVNIKOV ADDITION
‘OF OXYGEN CENTERED NUCLEOPHILES TO PHENYLATED:-OLEFINS

a. introduCticﬁ

O0lefinic compounds undergo numerous transformations upon
direct or triplet sensitized irradiation. These transformations include
cis-trans isomérization, cycloaddition, reduction and addition of protic

solvents. The latter, pertinent to our studies, depends on the nature of

the:-double bond; the solvent and the'genSitiZerfz: The behaviour of six=

and: seven-menibered cycloalkenes is the best documented.16‘18;
‘tion-.of -polar -nucleophilic solvents to:styrene derivatives and-phenyl=
-allenés has also been studied and the reactivity has been interpreted
in terms of a reactive excited state (triplet or singlet) displaying a
charge transfer‘gharactef,jza’]3f
Neunteufel andernon]g in their effort. to define the scope
and- limitations of the photocycloaddition of carbonyl compdubgs,to
olefins, found:that when a solution -of methyl p-cyanobenzoate (XXII)
and 1,1-diphenylethylene (XX)- was irradiated in~bEn2éne-d673nd,in aceto-
nitrile-d3runder comparablie conditions; the yield: of formﬁti@neof 2=
‘methoxy-2-(p-cyanophenyl)-3,3-diphenyloxetane (XXITI) decreased slightly
with incréasing;so]vent'pq1arity, whéreas XX was consumed much- faster

in the nitrile solution. The formation of the new product of thé reac-

14
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tion: 1,1,4-triphenyl-1,2,3,4=tetrahydronaphthalene-(XXIV)-was ration-

alized as resulting from electrophilic -attack by the radical cation of

e L e il b o S s | R
Lo ) ) T

1,T-diphenyléethylene (XX) on: the ground state olefin, ring closure,
back electron transfer from: the radical -anion of methyl p-cyanobenzoate
(XXIL) and finally aromiatization. When 1,1-diphenyiethylene (XX) and
methyl ;p-cyanobenzoate (XXII) were irradiated in methanol and 2=propanol
they- found formation of 2,2=diphenylethyl methyl ether (XXV) and 2,2-
diphenylethyl isopropyl ether {(XXVI) respectively occurred, arising from
nucleophilic attack of the .alcohol on the 1,1-diphenylethylere radical
cation. Since it was concluded that oxeiane formation was suppressed in.
polar Solvent, presumably, because of the dissociation of the exciplex,
we decided to Study the synthetically useful anti=Markovnikov: addition
of nuclecphiles to 1,1-diphenylethylene (XX) and other phenylated ole-
fins; Such as T-phenylcycichexene (XXVIL) and 2-phenylnorbornene (XXVIIT);

in acetonitrile.

We found that when: 1,1-diphénylethylene {XX), j=phenylcyclo=

hexene (XXVII), or 2-phenylnorbornene (XXVIII) was irradiated in aceto-
nitrile-alcohol solution in the presence -of an electron acceptor 'sensi=
tizer, such as 1-cyanonaphthalene (XXIX) or methyl p-cyanobenzoate

{XXI1), reasonable yields (between 20.and 50%) of the ethers having the

rg-{l\‘larkovniggv:orienta_ﬁgn' (XXV, XXVI, XXX, XXXI, XXXII, XXXIII)
were obtained (Reactions 5, 6 and 7). -When T,i-diphenylethylene (XX)
and an electron acceptor sensitizer were irradiated in acetonitrile-
water or in acetonitrile-acetic acid Solution fair yields of the 2,2-
diphenylethyl -alcohol (XXXIV) and 2,2=diphenylethyl acetate (XXXV)

respectively were obtained: (Reaction 5).




Reaction 5

6 U f=fu. 4+ poy hv, Sens. R
(CSHS)ZC CHZ + ROH *-7EH§Eﬂf——* (CGHs)ZCHCHzoR

(Xx) (XXV, XXVI, XXX, XXXIV,
XXXV)

Yield IT (%)

XXV -CH., 36
XXVI  -CH(CHy), 49

XXX —C(CH3)3 17

XXXLV ~ -H 25

XXXV 4C0C,H'3 5
Sens: méthyl p-cyanobenzoate (XXII)
Ts;48=dicyanobenzene (XXI)
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1-cyanonaphthalene (XXIX)

Reaction 6
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(xeviny Coxn) (RRXIT)
el (1)
XXXI 8
XXXIT 12

1-cyanonaphthalene (XXIX)




Reacti _q'ﬁj

fiv, Sens.

+ (CHz)5C-O0H CHyON

(XXVIIL) {XXXIII)

Sens: methyl p-cyanobenzoate {XXII)

The mechanism we propose for ‘the photosensitized (electron
transfer) addition of oxyden ceniéred nucleophiles to phéenylatéd-olefins
is summarized in. Scheme II.

In this section of the present work, we report the character-
ization of the products froim the photosensitized ((electron transfer)
addition of oxygen centered:nucleophiles to olefins (XX, XXVIT and
XXVEIL) in acetonitrilé-alcohol (or watér or aceti¢ acid) solutions and
the results of photophysical studies which support the proposéd
mechanism (Scheme II). We .also report the oxidation: potentials. of the
olefins XX, XXVEI and XXVIII in acetonitrile, and discuss the thermody-

namics of the electron transfer step (step 2 in Scheme II).

b. %RéSu1ts

Typical conditions for the photosensitized (electron transfer)

addition of oxygen. centered nucleophiles to phenylated olefins (reac-
tions 5, 6 and 7) invelve drradiatiun 0f a solution .of olefin (0.15 M)

and-sensitizer (0.08 M), in nucleophilic reagent-acetonitrile through
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-encounter complex vadical ion pair Or exciplex
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radical ion pair or éxcipie:.
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S;hémgi{{. The prOposed mechanism for the photosensitized (electron:
transfer) anti-Markovnikov addition of nucleophiles- [Nu(H)]
to phenylated olefins.
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a Pyrex filter (X > 280:nm).
absorbed only by the sensitizer.

Undér identical conditions, but in the absence of the sénsi-
tizer, no reaction occurred upon prolonded irradiation. The sensitizer
was largely recovered. The progress-of thé reaction was followed by
nuclear ‘magnetic resonance spectroscopy (]Hnmr‘), and/or by vapour phase
- -chromatography (vpc). The products were isolated from the reaction
mixture by column chromatography and were further-purifiéd by prépara-
tive vpc. Details can be found in the Experimental Section (Chapter VI).

-~ The structure of the products of reaction.5 (except for the
2,2-diphenyl-tert-butyl ethér (XXX)) rests on direct comparison -of their

infrared (ir) Spéctra with those of authentic samples. 2,2-Diphenyl

methyl -éther (XXV) was prepared as. described by Bonneir and Maﬁgézo and
2,2-diphenyl isopropyl ether (XXVI) was prepared by a multi step Synthe-
sis, and in low overall yield, as -outlined in reaction 8. 2,2=Diphenyl
ethyt acetate (XXXV) was prepared. by acetylation of 2,2-diphenylethyi
alcohol {XXXIV) (reaction 8). '

Reaction 8

CeHe =C_ 77+ m-CICH 0 H e

RY ]) K P B W ) L ,-‘4 . Vj
XXV 5,0 (65H5),2§HCH20H T (CgHg ) oCHCHOD

25"

(CH 3C0)2'0

(CHg) HCHCH,0E0CH

3
(XXXV)




Thé structures and the stereochemistry assigned to the products
from:-reaction 6 and reaction: 7 weré ‘based on-an analysis of their }Hhmr
spectra. An attempt to confirm the Structurés o6f thé products from

reaction 6 via a Williamson synthesis .using the potassium alcoholates of
the corresponding alcohols. and 2,2,2-trifluoroethyl jodide failed to

produceé any 2,2,2=trifluorcethyl ether.

Reaction 6. gave the epimeric ethers XXXI and*XXXII;Z]' The- #
o~ to the 2,2,2-trifluoroethoxy group in cis-(XXXI), being equatorial,
is not cOup]edasignificant]jéz to the axial ‘hydrogens in the 2 and 6
positions; therefore, it appeared as broad singlet at 3.68 ppm. Further-
more, the signal due to the H o- to the 2,2,2-trifluoroethoxy group was
at lower field than the corresponding signal in the trans- isomerg'é
trend found also in the case -of thé:Zephenyi;i-méthoxy—cyciohexanes.23
Surprisingly; the chromatographic behaviour -of this isomeric pair was
not as- one would predict on the basis of the observed empirical i:‘r‘érfld."z4
The cis ether (XXXI), having: the dipolar 2,2,2-trifluoroethoxy. group
in the axial position run slower than the trans ether (XXXIL) upom
elution on a silica-gel columi. In the Vinri spectsum of 2-exo-tert-
butgxy—3—gﬂggfphenthorborn§ﬁe (XXXITI) the -signal -due to the H a- to
the tert-butoxy group (Hz) appeared as a doublet -of doublets at 3.66
ppii. This -band remained unchanged while irradiating H, (6 2.22), and
collapsed to sharp doublet while fnradiating‘H7a‘Csraround 1.35). The

spacing of the doublet was equal to 4.0 Hz. This vAlue is -consistent
with{a'coupTing constant between endo-exo proions;zs' These facts indi-

categzthat,ﬂz,wasrth,sjgniﬁicant]y'foup]ed;io H] but coupled to H?a

through long. range interaction. We conclude, therefore, that H, must

be in the endo position. The signal for H, -appeared- as a broad tribiet

|
, o 1 v . n '
S et oA 0 R S 5 : vl
" " i S




at § 2.98. This band c¢ollapsed to a doublet while irradiating Hy Or Hy
(8 2.22) respectively. An approximate value for 3,4 was éstiméfedvfo
be ca. 4.0 Hz. This is a reasonable value for d; 4 (Hy ex0).% The
latter reveéals that Hy is in the éxo position and it is :coupled té'Ha
as well as to H,.

In order to identify the excited state responsiblée for the-
reaction, we have studied the fluorescence of Jl=cyanonaphthalene -(XXIX)
as a function of the olefin (XX, XXVII and XXVIII) concentration in
acetonitride solution. The quenching rate constants obtained from
these Stern-Volmer plots and the measured fluorescence Tifetimes in. the
absence of -quencher- (7) are -summarizeéd in Table I. The calculated
diffusion Timited raté constant for acetonitrile solution at 20° C is
i70:iw"";"s"‘].ée' Therefore, the fluoréscence

kq~(diffusjon) =1.8x10
quenching:of XXIX by all olefins studied is essentially diffusion-

controlled.

To-obtain some indication: about ths enérgetics :6f the électron

7tfansferi§tepA(step~2), we have studied the electrooxidation and/or
reduction :processes -of our compounds using cyclic voltametry. Half-
wave oxidation and reduction potentials have been ca]gujated from these

-data and -are sumiarized in Table II.

-¢. Discussion

The first step in the proposed mechanism (Scheme II) involves

-excitation--of the sensitizer :(A). This can be achieved by irrddiating
through aiEyteX filter. There was no evidence: in the UV/VIS absorption

spectra, -of charge transfer complex formation:betweéen thé ground-state

, . ) ) .
" ! v L *
" [ \“ by L i ‘" " “‘ . ’ I
R e e e e T AL
ety [T P o L ¥
G T Ty ! N ‘
! ] C N T




Table I. Fluorescence quenching of 1-cyanonaphthalene (XXIX) by

1,1-diphenylethylefie (XX), 2-phénylnorbornene (XXVIIL) and

1-phenylcyclohexene (XXVII) in acetonitrile solution at 20° C.

- a
qua M ]'S 1

_ ,Expeﬁmeht‘aj;;.@aj_Cui;éte‘d)?v,,,,i_:,:_,,‘A

Fluovophor: (11s) XX XXVIIT XXVIL

—_ c -

l-cyanonaphthalene 8.9 1.3 x 100 4.8 x 10

(7.5 - 10°) (1.2 - 10'9 10y

)y (0.8 10

Exciting ‘the fluorophor at 313 nm.

Using the nomograph.on pagé¥267 of referencé 11b.

We consider this value an indication of the order of magnitude of
:Eq;rather than an-accurate value, since vapid polymérizaticn: and
¢ol1oid formation -occurred after distillation: of the purified

sample (XXVIII).




Jable II. Half-wave oxidation and reduction potentials -obtained by

cyclic voltametry.?

Ef‘éd vb'

Compound 1/22

ox yb
Gz V-

1-cyanohaphthalene (XXEX) 2.33 ¢
methyl p-cyanobenzoate (XXIT) 2.10 c
d

d

1.48%
_E,

1,1=diphenylethyiene (XX)
1.07
1.26%

2-phenylnorbornene (XXVIIE)
1-phenylcyclohexene (XXVIT) d

Pt électrode, tetraethylamnonium perchiorate (TEAP, 0.F M) in

acetonitrile solution, vs Ag/0.1 M AgNO.,.

Taken as 0.028 V before the anodic peak potential and 0.029 V

before the cathodic peak potential (R.S. Nicholson and I. Shain,

Anal. Chem., 36, 706 (1964)). |

In these cases the oxidation wave was not observed, i.e., > 2.0 V.

In these cases the -reduction wave was not obsérved, i.e., < 2.2'V.

‘The oxidative process was not reversible, the half=wave potential

was -estimated using the 100 mV/s sweep rate.

As above (e), only the 200 -mV/s sweep rate was used.




-molécuies.

Step 2 is the électron transfer step which may involve the
sequéntial formation of an encounter complex, an exciplex, a radical ion
pair and finally the solvent-separated radical ions. We have little
evidence pertaining to the various stages involved. However, a reason-
able correlation concerning the free-energy change (AG) associated with.
the electron: transfer process can be madée using fluorescence efission
quenching, -oxidation and. reduction potentials, and singlet fenérgy.1q”27f’—28
We have used Eq. (4), first proposed by weﬁer”b: to correlate (experi=
mental and calculated) electron transfer -Guenching, in order to obtain
some indication -about the eneérgetics of step 2.

2
AG(kcal moi']) = 23.06 [E(D/D' v - E(A/AT)v - :—;’;] - BE, (keal 01" )
@

Thé term in brackéts represents the energy required for the
eléctron transfer and it is a function of the oxidation potential -of
the donor i(E(DZD+)f)5,, (in this case the olefin), the reduction potential

of the acceptor (E(A/AT)), {(in this case the sensitizer), and the-Coul-

ombic attraction term. Fig. 2 is a-schematic representation -of the

energy profile for the electron transfer process.' >
Usually ‘half-wave potentials determined by polarography: are

used here; we ‘have chosen cyclic voltametry to cbtain these data.

There -are: advantages and disadvantages to both methods. The main advan-

tages: for cyclic voltametry are: that it is convenient experimentally,

both ‘the -oxidation- and’ reduction potentials -can. be determined under

identical conditions, it is easily seen if the electron transfer process.




electron
transfer 4 A=
8)TT(s)
éBCQunfeﬁ solvated
compiéx jon pair
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Figure 2. Schematic representation of the energy profile for the

electron: transfer pré,cess :Hb :D = Donor;, A = AcCeptor:
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is veversible, and, if thére are reactions foliowing the electron
transfer process; they can, in principle, be studied by this technique.
A major problem:with either polarography or cyclic voltametry is the
inability to obtain thermodynamically significant oxidation or reduction
potentials when the electron transfer process is not révérsiblée. The
values in Table II were taken as 0.028 V before the anodic peak poten-
tial and 0.029 V before the cathodic peak poténtia';l.zg: If the electron-
transfer process were not reversible, the peak potential was a function
of sweep rate. The half-wave was then estimated using the 100 mV/sec
sweep, and these values are therefore less reliable. Rigorously, they
have no thermodynamic significance; nevertheless, meaningful correlations
can be obtained froi the_m.3°‘

The Coulombic attraction term allows for thé energy gained
from the radical ion interaction at the separation distance (o) and is
a function of the solvent dielectric (e); it -has the value .14.39/8_01—;(3’);(6\1}.
In this polar medium (acetonitrile, €o50 = 36.7), when the- Separ‘a—ﬁon is
within the -encounter distance (ca. ,7—'5'?\) this coulombi¢ attraction term is
small (1.3 kcal mole” 1): and‘we believe the radical ions can dissociate
before reaction.

The energy available for the electron transfer procéss is the
lowest singlet:or triplet energy of the -donor or:acceptor. The singlet
energies of thé sensitizers were-obtained from the fluorescence emission
and/or absorption spectra (Figs. 3 .and 4). A diStinct 0,—‘05band was
observed with T=cyanonaphthalene (XXIX). In:thecase of methyl p-cyano-
benzeate (XXII) no--fl ut)lrfesce;nce:—emiss1’on=wa$,—()bse}rvedf,’61 -so the singlét
energy. was ‘estimated from the onset:of the long wavelength absorption

‘band. In the case-of the singlet, the sensitizers (acceptors): have the
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Figure 3. The -absorptior spectrum -of methyl p-cyanobenzoate é(iX,XI?E)'

in acetonitrile.
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Jowest energy and in fact, the fluorescence quenching studies Summarizéd

was involved in the reaction. In Table III are listed the singlet
énergies of the sensitizers, and the calculated AG values for the eleéc-
tron transfer process, derived from-Eq. (4). It can bé seen that in all
casé$ the electron -transfer process is -spontaneous.

We -have used thé nomograph on. page 267 of reference 1ib to
-0btain caiculated values for the fluorescence quenching .process (Table
1).  With XX and XXVII the agreement is fairly good (within a factor
of two) while XXVIII shows a slightly higher than the :¢alculated
-experimental value. (Agreement within.a factor of four.) We believe
the observed quénching rate constant with XXVIII is anomalously high
dué to partial polymerization and subsequent formation of polymer
'suspension in acetonitrile. We consider this agreement bétween the
calculated and experimental quenching rate constants as evidence in
favour -of the eélectron: transfer quenching mechanism. Thi§ iS a reaSon-
able-conclusion. in- view of thé large difference in. thé oxidation and
reduction potentials of the fluorescer and quencher and the high -polari-
ty -of the solvent.

During step 2 of the: proposed mechanism (Scheme II) the
reaction progresses. from an excited-state reaction toa ground state one.
Whéther or-mnot ‘this transition occurs via:an excited-state complex
(exciplex) is an interesting and difficult question. The best way to
‘prove the involvement of -an exciplex is to observe emission from:it.
Exciplex emission, common fin nonpolar solvents, is usually quénched by

the addition of polar solvents due to the--rapid dissociation -of the

‘exciplex to give the radical ions: Although weak exciplex emission -has
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Jable III. cCalculated AG for the electron transfer process (step 2)
using Eq. (4).
Singlet and. Triplet calculated 462°0 keal mo1”!

Energy . siaglet (Triplet)

Sensi tizer ,‘h;kcai,moifl,“»,m XX XXVIIL XXVIL
XXIX 89.4 57.4 -2.8(429.2) =12.3(+19.7) -7.9(+24.1)
XXIL 9.3 72.0% -14.0(+8.3) <23.5(=0.17) -19.2(+4.1)

The energy required for thé eléctron transfer process (step 2b),
-assuming the -encounter disfanCerto:be-7'i and the dielectri¢
constant ofgaceton{triie,(gzso = 36.7).

The singlet and the tripiet énérgy -of the sensitizZer was used, From

the absorption spectra: of the olefins we estimated their singlet

energies to be: Esi;('—xx;); > 97.9 kca¥ ot ! » {XXVIII) > 96.9 kcal

ol b, {XXVII) > 98.6 kcal mol™'. The triplet energies of the -ole-
fins (XX, XXVIII, XXVIL) whil2 ot known are certainly less than ‘the
triplet energies of XXIX and XXII and therefore the electron trans-

fér-process -cannot be moré favourable than: caléulated here.

D.R. Arnold, J.R. Bolton, G.E. Palmer andK.V. Prabhu, Can. J. Chen.
55,2728 (1977).




32
been observed: in. some cases even in .agetonitri 1é”’s{)]'ut1‘on,1]d’28b:1w'é:
were unable to détect it from solutions. of XXIX quenched by high con=
centrations of the olefins (XX; XXVITI, XXVII).

As -can- be seen from thé data in Table III, electron transfer
to the triplet of the sensitizérs is in all casés but one, a non-spon-
taneous process: Furthermore; it is well estab‘i*is.hfed]6 that triplet=
triplet energy transfer would not lead to anti-Markovaikov products.
The triplét of XX will rapidly deactivate due to the free-rotor effact,
while the tripiet of XXVIII and XXVIT would be expected to yield the

162,17

‘Markovnikov addition products. Indeed, 1-pheényléeyclohexene

{XXVIT) irradiated in the presence 6f Y1-acétonaphthone (XXXVI, ET =
‘56.4 kcal mOTf-]?)?g] and 2,2,2-trifluoroethanol in acetonitrile gave a
good yield of 1=phenyl-1-(2,2,2=trifluoroethoxy)cyclohexane (XXXVII)-.
Step- 3 in thé proposed mechanism involves reaction of the
radical cation:-0f the olefin (XX, XXVIII, XXVII) with the oxygen
centered nuclegphile (ROH). Radical cations are highly reactive
Sjpe(:ie;s, and a fast reaction norially -occurs with a:nucleophilic species

-present in solution. 32

Thé low: yield realized in the photosensitized:
{@lectron transfer) addition -of acetic acid (Reaction:5) to 1,T-diphényl-
-ethylene (XX) and the lack of photosensitized (electron transfer) addi-
tion of 2,2,2-trifluoroethanol to: the same molecule: reflect the low
intrinsic nuc;TQQphﬂi,city33 of these -compounds. Attempts to improve. the
chemical yields.of the above two reactions using potassium acetate and.
potassium 2,2,2=trifluorcethoxide respectively -did:not succeed.

In Step 4 of the proposed reaction sequence, the radical:
resulting from the addition of thé -nicleophile is reduced by the radicat

anion of the sensitizer to give the corresponding.anion.

B o ok g 2
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This type of electron transfér process has rec2ived some
attention.3% Particularly relevant is the reduction of alkyl halides
upon- treatment with alkali naphthalenes. The mechanism of this. reaction
has beéen reviewed by J.F. Garst and is sihown, in.abbreviated form, in
34

Schenme III. Step b 1s analogous tc Stéep 4, Scheme III.

Scheme ITT
Naph® + R-X ——s=-Naph + X_ + R"  (electron detachment - di
ive electron attachment)
R- + Naph- —=+ R~ + Naph (electron detachnient - éjéctron'
attachment)
R * [H+?_]§ ——RH (proton: transfer).

R- + Naph: ——s=R Naph~ (radical, radical -anion-complex)

R ‘Naph  + fi[f:-l+]_ ===~ R Naph H (proton: transfer to give -dibdro=

alkyTnaphthaléne).

While it seems reasonable that the electron t7ansfer involved
in-'Step 4 ((Scheme TI) -will occur in the cases reported-here, thé energy
associated with this type of process s difficult to predict in view of
the-.dearth: of quantitative data. for the reduction of Yadi'¢31535 (or for
the::one=electron -oxidation of :anions). In fact, a useful empirical
correlation -of radical reduction poteéntials may result from a study of
the ;proficiency of this step. We expect Step 4 will présent a Timita-
iion to the denerality of reactions 5; 6 and 7, particularly when: the
reaction is .applied to alkylated olefins and the resulting carbanion,
after step 4 is tertiary.

During the rediction of alkyl halides upon treatment with




1

* SR
S
3 § |
alkali naphthalenes, a major competing reaction is. coupling of the 7 o ;773;:;
radical with the radical anion to give, ultimately, dihydroalkylnaphtha- A
Tenes (Step d and & in Schéme III). This type of reaction. may account ﬁ
for the partial consumption of the: Sensitizer during reactions 5, 6 and 71
7. However; since the sensitizers are- largely recovered, Step b must
be- favoured over step d with the diphenyléthyl radical and the sensi=
tizer radical anions we have used in reactions 5, 6 and 7. -
We want to emphasize the fact that becauseé of thé occuvrénce - Vo
of this particular-step (step 4), the photosensitized (electron i;:ransfer{)f T
addition of nucleophiles to phenylated olefins is different from the .
reported electrolytic oxidations of aryl olefins in nucleophilic :" -1
solvents. 36237 ' B ]
Two. pathways aré open to aryl olefins upon electrolytic -
oxidation: in nucléophilic solvents:
a) Oxidative addition: o

\C67+2N; N(I:(IIN + 2e”
=C u- -+ Nu=C=C-Nu + 2e
/N - ‘

b) Oxidative coupling with addition:

Ay 0 - S s oty Se .
. o

N\ 111 -
2 €=C_ + 2Nu > Nu-C-C-C-C-Nu + 2e
/N P -

7c

vRe@gtion49§6a and reactioén 103 are réprésentative exampies.

‘Reaction 9
ey ey _Platinum Arode s e
(Cghlg)yCH=CHy — J0Na, CHON (§6H5)2(IIHCH20CH3

3 .
o ocHy,
(’XX/ > (XXXVFI’I, 3]%)
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When. 1,1=diphenylethylene (XX) was oxidized, under controlled
current conditions, on a piatinum anode, in the presence of Sodium
methoxide in methanol, 1,1-diphenylethylene glycol dimethyl ether

(¥XXVIII) was obtained as thé main product (Reaction ,9))36a

Reaction. 10

AU _Graphite Anode . S AL CHe W
CﬁﬂsCH-CHZ ~CH,O : CGHS?HCHZCHZFFCGHS
OCH;  -OCH,4
{XIT) (XL, 60%)

When styrene (XII) was oxidizéd in methanol using sodium-
methoxide, sodium perchlorate, or sodium:idodide as sipporting electro-
lyte, on a graphite electrode, 1,4-dimethoxy-1,4-diphénylbutane (XL)
was -produced in -60% yiel 37¢ ‘tReaction 10)-

The exact mechanism of the electrolytic oxidation of alkenes
is §ti11 under investigation. However, it is apparently obvious that
per-molecule -of substrate is two. Presumably, the -radical réSutﬁﬁg
from thé addition of the nucleophile to- the radical -cation is further
oxidized to a carbonium jon {ECE mechanism). The Tatter is not possible
in the:'photoSéng%iztized (electron- transfer) reaction, -and as a result of
thé back electron transfer, monoaddition is the only mode of addition
observed. Oxidative coupling with addition is also winlikely in the
photosensitized {electron transfer reaction since the concentration of
the radical cations and/or ‘the vadicals resulting from. the addition of

the: ?nucl eophile is comparatively low.
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Step 5, the protonation of -carbanion, is a well known réaction

which completes the mechanistic sequence.

‘B. THE -PHOTOSENSITIZED (ELECTRON TRANSFER) ANTI=MARKOVNIKOV CYANATION
OF -PHENYLATED OLEFINS.

a. Introduction

‘We ‘have shown in the previous part of this chapter, that the
photosénsitized (electron transfer): addition of oxygen centered -nuc¢leo-
philes to-oléfins can bé a synthetically useful reaction for the prepar-
ation §f'raic0hols, ethers and esters .having the anti-Markovnikov-
orientation. The utility of this type of reaction has been éxtended
to include carbon-carbon bond foriation; we have found conditions where
cyanide ion can serve as the nucleophile.

There are many photochemically: induced nucléophid
38

1

c-aromatic

substitution reactions.”® Several -of these examplés involve:substitu-

tion wWith: cyanide ion. However, the éxamples of photoaddition of nucleo-

phiies to: aromatic hydr‘oéarbons?’g: are rare and this part of Chapter IT

describes. the first examples ‘of the addition of cyanide ion to-olefins.

40 that when. 1;1-diphenyTethylene (XX), 2-phenylnor-

‘We found
,bomene,;,(%}XXVII;If) or 1-phenyicyclohéxene (XXVII), in acetonitrile-2,2,2-
trifl qqrgg'th,aﬂo‘l solution, ‘was irradiatéd in the presence:-of 1=cyanonaph-
thalene (XXIX) or methyl p-cyanobenzoate (XXII), (electron acceptor
sensitizer), and potassium cyanides. (reactions 11, 12 and 14), good
yields, (between 40 and 50%) of the nitriles having the ﬂt__iff'ﬂaickovnikov
'orientaﬁ:on (XLI, XLII, XLILI, XLIV; XLV) were obtained. Products having

the-‘Markovnikov orientation were not -detected.
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Reaction 13

.  RVLSENS ey fufd o 4 e

(CgHg) C=CHy + KON =yg=e e othar ~ (CelsaCHCHCN: + (Celi) HCHCH, L
CH3CN .

{XX) CF 4CH,OH (XLT, 48%) (XtV1, 182)

Sens: l=cyanonaphthalene (XXIX), methyl p=cyanobenzoate (XXI1)

Reaction 14

—~
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" CHgCN
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£XXXI, 1.5%) (XXXII, 1.6%)

Sens: XXIX
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Ethers. resulting from: the anti-Markovnikov addition -of the 2,2,2-tri-
fluorgethanol, present .as a non nucleophilic proton source in: the reacs
tion mixture, were sométimes formed in small yield (< 7%).

The mechanism- we propose for the photosensitized (electron

transfer) cyanation of olefins is similar to that invoked for -the
addition of -0xygen centered nucleophiles, and has been presented in e
.
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Reaction 12

65
(XTI, 29%) (XEIIT, 10%)

3 ' C .H; H : -

CH3’ N

CF 5CH 0t

(XXVIII)

Sens: XXIX

Cetls
(XEVEL, < 5%) (XLVIIL, %)

Reacfionrls

Cglls
(XETX,. 18%) (&, 5%)

$ KCN Pvs_Sen
+ :KC -—Eﬁgﬁﬁr;—

CH300

- e
TXXVITL),

X Sens:  XXIX
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‘Scheme II.

In this part of Chapter II, we report the characterization of
the products from the photosensitized (electron transfer) addition of
-¢yanide ion- to olefins (XX, XXVIII, XXVII) in -acétonitrileé and 2;Z,2-
trifluoroethanol (or methanol=0-d) miXtures and discuss the results of
:photophysical studies which Support the proposéd: méchanism (Scheme: 11).

This reaction is related to, and in fact should complement,
‘controlléd potential -anodic cyanation. In the electrolytic procéss. the
radical resulting: from step 3 would be near the anode and would thus be
oxidized to the corresponding carbonium ion, which subsequently should

yield a dinitrile (ECE process).t!

b. Re SU];tg

The conditions for the photocyanations were similar to. those

-employed <in the addition of oxygen centered nucleophiles. In the case of

1,1-diphenylethylene (XX) thé reaction was more efficient and the: yield
-of nitrile (XLI) ‘higher, when: the 18=crown-6-ether-potassium cyanide
-complex :v&as used..

The structure of the products of reaction 11 rests on direct
-comparison of their infrared (ir) spéctra with those of authentic
samples. The structures and the stereochemistry assignéd to the products

from reaction 12 were based on an analysis of the 1Hnn3r:ﬁspectrum1, in

-conjunction with: the corresponding. deuterated .products. firom reattion 13,

-and were confirmed by independent synthesis as.-outlined: in Scheme TV.

The triplet signal at § 3.52 of XLII indicated the presence

of one -exo=proton: Irradiation of a -solution:of 2-pheny norbornene

(XXVIIL): in methanol-0-d -and acetonitrile, in the presence of XXIX -and
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potassium cyanide (reaction 13) afforded XLIX which is the corres-

ponding monodeuterated nitrile of XLII = and L which is the mono-
deuterated nitrile of XLIIT: (In addition to these products, LI
was obtained-and identifiéd by comparison with an authénticf§amp1e.)42
The Veinar spéctrum of XLIX showed compiéeté 10ss of the triplet at
Thérefore, the

8§ 3.52, which indicates that this triplet is due to Hj.

structure of XLII was 2&?395Cyan0-3;éﬂﬂéephény]norbornane;

Thg'lﬁﬂmr spectrum of XLIII displayed a typical ABX multiplet
_ . ~ . L . _ . n
at § 3.01. This nuitiplet collapsed to a doublet pair (J, 5 = 9 Hz)*

while H,. was irradiated (6 around 1.53). This indicates that both Hy

7a
and H3 are coupled to ”7a through long-range interaction and: i$ consis-
tent with these two protons :being in thé éndo position. Thé signal
assignme6t=fgr H, and H; was consistent with an analysis of the Tinmr
spectrum -of the deuterated nitrile L, which showed a broad singlet at
§ 3.0 attributable to Hy coupled to H_. This indicates th@t:Hz is not
significaﬁtiyecoup1ed'tﬁij;ahd thereférgzmgsﬁ be in thergggg;position.

The structure assigned. then to- XLIII was'ngég;cyano—3-ggg;phényTn0r~

-bornane.

The presence -of -a double bond im thé minor product XLVII was

verified by the presence of a weak absorption: band in the ir spectrum at

143 The mass Spectrum of XLVII showWed a peak (i/e 195)

1570 cm”
assigned to the parent ion. The ‘Hnmr spectrum showed no -6lefinic
‘hydrogens. Therefore, the structure tentatively assigned: fo- XLVII was
2-cyano-3=phenyTnorbornene-2. The structures assigned to- XLII and
XLIII  were -confirmed by the alternative 'synthesis outlined in Scheme

IV. The spectra (ws, ir, Jhnmr) of the intermediates LIIs. LIII .and

LIV are consistent with ‘the structural assignments and are summarized

51




in detail in the Experimental Section.
An expected minor product which resulted from the competing
addition of 2,2,2-triflucroethoxide anion was XLVIII. Its structure

and stéreochemistry wereé established by analysis of its Ynmr spectrum

in a manner similar to: that described for XLII above.

Reaction 14 gave the epiméric nitriles XLIV and XLV and
also thé epiméric ethers XXXI and XXXII. Both nitriles gave the
equilibrium mixture, -upon treatment with base. In .accord with confor=

mational -energy considerations, the trans- (XLV) was slightly favoured

(58:42) cver the cis- (XLIV).** Additional support for the assigned

stereochemistry of the nitriles comes from their Variir Spectra. The H

a~ to- the cyano group- in cis- (XLIV):, being equatorial, is coupled to

the axial ‘hydrogens in the 2 and 6 positions, to a lesser extent tham

is the corresponding axial hydrogen in- XLV. Furtheriiore, the chroma-
tographic behaviour of this isomerié pair is as one would prédigt%bﬁ

the basis of the observed trend.?? The nitrile XLIV, having the dipolar
cyano:-group axial, runs faster than nitrile XLV upon elution :on-a

silica -gé) column.

The identificaticn and the -assignment of the stereochemistry
of the-ethers XXXI -and- XXXII was based on analdgous reasoning: and
has been discussed already in the first part of this chapter.

The data (fluorescence quenching studies -and-electrochémical
results) pertinent to the identification of the excited state -have

been sumarized in the first part .of this chapter (Tables I and IT).

¢, Discussion

The proposed-mechanism for the photosensitized (electron




use of 18=Crown-6-ether;

-Cyanide in the presencé of aromatic hydrdcarbons.

transfer) -cyanation is similar to that proposed for the photosensitized

{electron transfer) addition of 6xygen centeréd nucleophiles toé phenyl=

ated olefins (see part A of this chapter, Scheme IL). The first two

steps are identical.

Step 3 in-the proposed- mechanism: involves. reaction of the
radical cation of the olefin (XX, XXVIII, XXVII) with the nucleophile
{CN"). The advantage of 2,2,2=trifluoroethanol as -a solvent of low
intrinsit:ﬁucleOphiiigity,33a*b—gocd jonizing 3511?1345 and" acceptably
Tow acidity46 (ﬁKaH'O = 12.37), which can also $érve as a proton source

. . 12V ]
Tater on in the reaction, is -évident upon comparing: the yields -of

nitriles, XLIT (LI) and XLIII (L) versus that of the ethers XLVIII and

LI. The low acidity permits. the dissociation of -hydrogen cyanide
f(pKaHQ0 = 9.71) and also prevents possiblé protonation of the o6lefins
to give the Markovnikov products via a ground state reaction. -We have
tried to. increase the .concentration of cyanide ion: in solution- by the
38b this resulted in-higher yields -of nitriles
for reaction 11 but lower yields and longer irradiatior times.for reac-
tions 12 and 14. Theé inability to improve the reaction -geneérally with |
18-crown=-6=ether probably results from the rapid development 6f coloured.
side products which prevent thé further efficient irradiation .of the
solution. It has beéen shown that the 18-¢rown-6-ether (and other poly-
cyclic ethers) undergo transformations when irradiated without potassium-
38p: The approach of
the nucleophile during this step:- is to the less hindered side and forma-

tion y/“ihe more stable radical requires the addition in the anti-

:Markovnikov: -orientation.

An alternative mechanisa can be -considered: for this step.

!
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This would involve -an électron: transfer from theé cyanide ion to ‘the ' L

singlet of the sensitizér with the concomitant fovmation of cyano
radical. Subsequent addition of the cyano radical to the olefin would
similarly lead to the formation of thé move stable radical. ‘However,
fluorescence quenching-studiés indicated that the fluorescence of XXIX
is not quenched by cyanide ion (_[KCN]’ = 10'2 M), under conditions
similar to those employed for the synthetic work.

In step 4 o0f the proposed reaction sequence, the radical
resulting from the addition o6f cyanide ion is reduced by the radical
anion of the Sensitizer to give the corresponding anion. While this
type of electron transfer has received. some attention, -particularly
in the reduction of alkyl halides upon. treatment with alkali naphtha-
1enes;34 it is difficult to predict the energy associated with 1t (see:
&lso part A of this chapter, discussion). Nevertheless, considering
the Tack of any products resulting from coupling of the radicals, and
the fact that the sensitizer is largdely recovered, thé:r:electronr transter
involved in step 4 (Scheme II) seems reasonatle. As a consequence of
this. step, the photochémical (electron transfer) addition of cyanide
ion {(and other .potential nucléophiles) takes -a completely different {
course than that of the anodi¢ addition processés commoniy occurri ngan '
by an: ECE mechanism and: resuld{ing in the oxidative addition of two ’
nuclegphilic groups. -A further oxi dation of the intermediate radical }
to--give a carbonium ion is inconceivable here since the radical is not
subjectzd to the oxidative environment :0f the .anode, and protonation
foTlowing back electron: transfer results in the formation of monoaddi=
tion. .products:

The: final step in the reaction sequence (step-5) deserves

[T RO PR P




some- attention. It has been observed with the oxygen nucleophiles
(this chapter, part A, Ref. 42), that the proton source approaches the
norbornyl anion from the less hindered side yielding exclusively the
endé-pheny1-exo-substituted norbornanes, while the ratio of isomers
from: 1-phénylcyclohexene (XXVII) indicates comparablée rates of proton=
ation from either side of the carbanion intermediate. U4e were intriguéd
by the fact that among the products of reaction 12, a considérable
amount (10%),O?LZ-géngyanﬁ=3=gzgfphenyJhorbornane*(XLIII) was present
implying that some endo-protonation (i.e., trans addition) took place.
Control experiments indicatéd that XLIL did not isomerize to XLIII
under the basic conditions .of the irradiation and XLIII was. therefore
a primary product. In ordér to determine the factérs responsible for
the -unexpected: formation of this product XLIII, wé Studied reaction 14.
Thé observed. product ratfc'fgi§;§r§g§?520:19) indicates no preference
for- trans addition.

Finally, we wish to emphasizeé: the fact that these vesults
greatly enhance the synthetic utility of this type-of reaction which
previously (Part A of this chapter) was. demonstrated only with- oxygen
centered nucleophiles (watér, alcohols and carboxy@ddc acids). With the
exception of XLVI procuctss XLPI = LIV-dre new compounds. Successful
attempts to extend further the reaction in other diréctions (usé of

olefins in the place of the fiucleophiles) are presented in the following:

chapter (Chapter III).

131}




CHAPTER II1

THE PHOTOSENSITIZED (ELECTRON TRANSFER) CROSS CYCLOADDITION-
OF ALKYLATED OEEFINS TO SOME PHENYLATED OLEFINS

a. Introduction

The traditional photocyloaddition of olefins via direct Frra-
diation or triplet-triplet transfer sensitization has innumerable

47,48

examples. Recentlys -a new mode of olefin photocyclodimerization:

via cation radicals -has -béén -éxtensively Studied.12’]3’19
Contrary to the traditional photocycloadditiéns, which almost

exclusively procééd to.-give the [2+2] cycloaddition prOduct§,49350'this

novel mode of cycloaddition (electron transfer) results, in the case of
styrene (XII), substituted styrenes, or 1,1-diphenylethylene (XX) in
products derived from what might be -considered as a formal [2+4] cyclo-

addition mode. 3¢>d>19

When. Neurteufel and Arnold!®

irradiated a solution-of 1;1=
diphenylethylene (XX) -and-methyl p-cyanobenzoate {XXII) in acetonitriie,
a good yield «{70%) of 1;1,4-triphenyl-1,2,3,4-tetrahydronaphthaleiie
(XX1V) was isolated.

C.H, C.H

65 65
~ v Fepy. ohvs Sens
(Ceis) oMy —tmem ©‘
C6H5 H
(Xx): (XXIV, 70%)
The reaction. of styrene derivatives in the presence of 1,2,4,5-tetra=

13c

cyanobenzene ' ~~ or in the presence of phenanthrene (XVI) .and: 1,3=dicyano-

5s




benzene (XVII)]gd in acetonitrile proceded similarly to give the corres-
ponding tetrahydroniphthalene derivatives..

There are only a few-examples :of cross photocycloadditions
(cycloaddition of unlike species) involving two unactivated olefins and

50b,¢ This chapter

all of them proceed via a [2+2] cycloaddition mode.
describes the first examples -of a formal [2+4] cross cycloaddition involv-
ing two unactivated olefins via elactron transfer photosensitization.
It also describes the results of those prel:iminary experiments where it
was found that, in the case of thé 2-phenylnorbornene (XXVIII) - 2-
methylpropene (XXXIX) cycloaddition, the same [2+4] cycloaddition
product was obtained upon triplet sensitization in significantly lower
yields. The latter might be the first triplet sensitized cross cyclo-
dimerization which Teads to the formation of a six membered ring
([2+4] cycloaddition).

When 1,1-diphenylethyiene (XX} or 2=phenylnorbornene (XXVIII)

and 2-methylpropene (XXXIX) were irradiated in--acetonitrile solution in

the presence of methyl p-cyanobenzoate (XXIL) -or T,4=dicyanobenzene (XXI),

(electron acceptor sensitizers), :(reactions 15 and 16), yields between
12 and 45% of the cross cycloadducts LV and:LVI having the tetrahydro-
naphthalene skeleton were obtained.

When 1,1-diphenylethylene (XX) and 2,3=dimethyl-2-butene (LVII)
were irradiated in acetonitrile solution in the présence of 1,4=dicyano-
benzene (XXI) (electron acceptor sénsitizer), (reaction 17), a yield of
15% of 1,1,2,2-tetramethy1-4-phenyT-1,2,3,4-tetrahydronaphthalene (LVIII)

was obtained.
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The reaction gave also 1,1,4-triphenyl=1,2,3,4-tetrahydronaphthalene
(XXLV), small amounts of the [2+2] product 1,1,2,2-tetramethyl-3,3=
diphenylcyclobutane (LIX),. 2,3-dimethyl~5,5-diphenyi=2=hexene (LX)} and
2.3% of a 4:1 mixture of 2,3,6,7-tetramethylocta-2,6-diene (LXI) and
2,3,3,4,4,5=héxamethy1+1;5‘dfene (LXIT). The sensitizer was largeély
consumed to give 2,3=dimethyl-1-(4-cyanophenyl)-2~butene (LXIFT)} and
2,3-dimethyl=3-(4-cyanophenylj-T-butene (LXIV}. The mechanism we
propose for the photosensitized (electron transfer) cross. cycloaddifion
of phenylated olefins.withialkylated olefins is summarized in Scheme V.

The first step involves the excitation of the sensitizer (A)
which is a potential eléctron acceptor. The next step (step 2}, which
may occur in several stagés, léads ultimately to the solvent separated
radical ions. Step 3 involves electrophilic attack by the radical cation
on the ground state alkylated olefin. Step 4 is ring closure to forma
nonstrained six -memberéd ring and step 5 is back electron transfer from
the radical anion-of thé sensitizer: The last step (step 6) is aromati=
zation via a 1,3 hydrogen shift.

In this chater; we report the characterization of the products
from the photosensitized: (electron transfer) cross cycloaddition :of
phenylated olefins to. &lkylated olefins. We also present the résults of
the preliminary studies on the triplet-triplet sensitized addition :of 2-

methyipropene (XXXTX)- to- 2-phenyinorbornene (XXVIII).

b. Resu]t;

Typical -conditions for all the photoreactions in this study
involve irradiation of -a solution of phenylated olefin (0.3 M), -alkyl-

ated olefin (1.4 M) and sensitizer in acetonitrile through pyrex.
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Scheéme V. The proposed mechanism for the photosensitized (electron

transfer) cross cycloaddition of olefins.




The structures of the products of reactions 15 and 17 rest

upon analysis of their spectra (ir, ]Hnmr, ms) and: on their elemental
analysis. The assignment of the Structure of the product from reaction
16- was based in addition to: the abéve (spectra and analysis) on the

analysis of its 13

Cnmy- spectrum.
The triplet signal at 4.13 ppm in the THnmr spectrum of 1,1-
diméthyl=4=pheny1-1,2,3;4-tetrahydronaphthalene (LV, reaction 15)
‘colapsed to a singlet when irradiating H3 (8§ 2,40 - ca. 1.8 ppm) it is
therefore due to H, of LV. Jhe Tinmr spectrum of 1,1,2,2-tetramethyl -
1,253,4-tetrahydronaphthalene (LVIIT, reaction 17) exhibited a typical
AMX pattern. The Hy (% part of the AMX system) appeared as pair of
dsublets at 4.12 ppm. Upon irradiation at the M part of the system
ST).

Yihen the H,

(6 1..66 ppm) it collapsed to- a doublet (Ipy = 11.5 Hz i

was: irvadiated (X part of the AMX system) the AM part coilapsed to a

52.

doublet pair (J,, = 12.5:Hz°). The structures of the byproducts

AM
1,%,2,2=tetramethy1-3, 3-diphenyicyclobutane (LIX) and 2,3=dimethyl-
5,5=diphenyl=2-hexene (LX) were consistent with their $pectra. 2,3,657=
Tetramethylocta-2 ,6-diene (LXI) and 2,3,3,4,4,5-hexamethyl-1,5-diene
(XEL) were identifiedVOn,thé;basis of their répdﬁtedijﬂnmr spectrum.53
The major hydrocarbon byproduct of reaction 17, kd,4=triphenyl-1,2,3,4=
tetrahydronaphthalene (XXIV3): was identified by comparison of its ir
spectrum with that of -an -authentic sample prepared.as described in
reference 19:

The only practical information offerred by the 1Hnmr'spec,trwn

wizth- respect to the structure of 1,2,3,4,4au,9,10;10aa-octahydro-9,9=

-dimethy¥-183,48-methanophenantrene (LVI, reaction 16) is the ratio of

the integration of the aromatic and the aliphatic ‘hydrogens. Convincing:




13

evidence for its Sstructure came from analysis of its “Cnmr spectrum.

The assignmént shows.-clearly six carbons in the region expected for sp2:
hybridized carbon. Two of the sp2 hybridized carbons were Guarternary
(147.2 and 7138.5 ppm) and the remaining four tertiary (727.8 = 123:4 ppm).
The rémaining eleven carbons viere sp3 hybridized. The signals at 29.8

54

and 29.5 ppm were assigned to the Cs and 6 nuclei. It was noted

that those shieldings were approximately the same as those for the

corrésponding:,nuc]ei—Qf,nOY;borfnaneS4 (29.7 ppm). Since it was known
that the presence of -endo ‘methyl substituénts in the 2 and 3 -positions

of the norbornané system:-Caused considerable shielding of :the Cs and

e shieﬁdings,sarwg concluded that the junction with the norbornané

system in the cross cycloadduct (LVI) was exo-exo.

The structurés-of the photosubstitution products 2, 3-dimethyl-T-
(4-cyancphenyl)-2=butene (LXIIT) and 2, 3-dimethyl-3-(4-cyanophenyl)=1~
butene (LXIV) weré consistént with their spectra.

In order to examiné the possible involvement of the triple+

of the phenylated:-olefins. in the photocycloaddition, we attempted. to:

(LXV) and xanthone (LXVE) in acetonitrile. The yield of 1,2,3,4,48059%,~
10,10aa—octahydro~9¢9edimeihyj;ls,QBrmethonophenanthrene'(vajrwgg

Tess than 4% under -comparableé: ifrradiation conditions after equa¥ -or
larger irradiation: times than those for the electron transfer -experiments.
We have had some success with. triplet sensitization in benzéne. Mhen
2-phenyTnorbornene {(XXVILT) and 2-methylpropene (XXXIX), in: berzene,

were irradiated in the presence of p-methoxy acetophenone (LXV); smalt
yield (8%) of 1,2,3,4,4ax,9,10,10ac-octahydro-9,9-dimethyT-18,48-

methanophenanthrene (LEVI). was -obtained.




¢, Discussion

The proposed mechanism for the cross photocycloaddition
reaction is basically similar to- that proposed for the photosensitized
(electron transfer) dimerization 6f 1,1-diphenylethylene (ﬁXX)..‘9 The
first step is ‘the excitation of the sensitizer and the second step
leads ultimately to the solvent separated radical ions. We calculated
the free-energy -change (4G) associated with the electren transfer
process-, using Eq. 4. Since we were unable to find the oxidation poten-

tials of thea1ky1atedo]efinswenuéed'theavai1ab]e53jonizatﬁon poteatials

to calculaté them by the use of Eq. 5.9
EOX . A . 7 ey
E/p 0:827 IP = 5.40 V {5)

The oxidation potentials of the olefins and the reduction potentials.
of the Sensitizers usedare summarized in: Table IV¥. The calculated
free-engrgy changes (AG): for eTéectron transfer are summarized in Table
V.

It can ‘be seen from Table V that elec¢tronm transfer to the
-electron acceptor sensitizers is. $pontaneous for both of the phenylated
olefins (XX and XXVIII) and also. for 2,3+d1methy]>2=buteng,1LVII)5' The
significance of this fact is that we are unable to exclude- the possibil-
ity of formation of the 2,3-dimethyl-2-butene radical cation; consequént-
ly, theé.alternative of ‘having the latter radical cation attacking -elec-
trophilically a ground state 1,t=diphenylethylene (XX) mol--cule must be

seriously considered. However, the same mechanism, depicted in Scheme V,

can account, with only minor changes, for that portion of the reaction




Table IV. Half-wave oxidation and reduction -potentials .and ionization

potentials.

Conpaund LRy S .
methyl p=cyanobenzoate (XXII) 2.0
1,4=d1icyanobenzene (XXI) 2.00:
1,1-diphenyiethylene (XX) 1.48°
2-phenyinorbornene (XXVIII) 1.07¢
2-methylpropene (XXLIX) 9.3% 2.3¢
2,3-dinethyl-2-butene (LVII) 8.59 1.6 ©

a. Cyclic voltammetry on Pt electrode, tetraethylammonium perchiorate
(TEAP, 0.1 M): in acetonitrile solution, vs Ag/0.1:M Ag’N03,

b. Taken as ‘0.028.V -before the anodic peak potential and 0.029 V before
the -cathodic :peak mpotential (R.S. Nicholson and T. Shain, Anal. Chem.,
36, 706 (1964)):.

c. The oxidative process was not reversible, the half-wave potential
was estimated using the 100 mV/s sweep rate.

d. From reference 53.

e. Obtained from the IP by the use of Eq. & ,(E?f/(é = 0827 IP = 5.40 V,

W.C. Neikams.G:R. Dimeler and M.i. Desmond, .J. ‘Efectrochicm. Soc.

11, 190 £7964)).




Table V. Calculated: AG for the eléctron transfer process using ‘Equation

(4.

Singlet and Triplet calculated 46,22 keal moT ™!

Energy ... Singlet (Triplet).

1

Sensitizer __ keal mol.

RS ¢ R Y

XXII 85.3  72.0%

=14.0-  <23.5 +4.7 -10.5
(+#8:3)  (=0.17) (¥27.96) (+12.74)
XxI 97:6 70.1 =18.7  =28.1 0.0 -15.2

(+8.8) (=0.6) (#27.5 ) (+12.3 )

Thé énergy requiréed for the electron transfer process (step 2b),
assuming- thé encounter distance to be 7 A and thé dielectric -constant
of acetonitrile; €507 36.7..

The singlet and the triplet energy of the sensitizer was used. The
singlet energies of the olefins were éstimated to be higher than.

thoseé Qf the sensitizers. The triplet energiés of the olefing

XX, XXVIITY): while not known, areé €ertainly less than the triplet -
energtes of the sensitizérs XXIT and XXI and therefore the électron
transfer procéss cannot be more favourable than calculated-hére. The
triplet energies of the -olefins. XXXIX and:LVLI -are much higher than

the triplet energies of the Sensitizers and therefore -cannot be
obtained by triplet-triplet energy transfer.

D.R. -Arnold, J.R. Boltons; G.E. Palmer and K.V. Prabhu, Can._J. Chem.;
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which comes about via the formation of 2,3-dimethyl-2=butene radical
cation.
An evidence for the formation of the radical cation -of

2,3=dimethyl=2=butene (LVII) in the course of the reaction is the

formation of the photosubstitution products. These products are
presumably formed by the -coupling-of the 2,3-dimethyl-2-butene vadical
cation with the radi¢al anion of the sensitizer after proton transfer
and subSequent rearomatization by -€limination of ‘hydrogen cyanide, in
analogy with known Similar case556?57 (Scheme VI)..

‘As can be séen from the -data in Table V, electron transfer
to the iriplet of the sensitizérs i in all casés but two a non=
spontanecus process. Furthermove; separate control experiments

showed that triplet=triplet energy. transfer fromfgjmethbxyaCetophenone

(LXV) to T,1-diphenylethylene (XX) :doés not lead to the products;
upon: prolonged irradiation, the -0léfin. remains -almost intact. In
the case of 2-phenylnorbornene (XXVIII) however, the triplet=triplet
sensitization experiments using p=miethoxyacetophencne (LXV). and
xanthone (LXVI) showed that a smald amount (up to 4%) of the [2+4]
cross. -cycloadduct was produced. We feel that the Tow chemical yie !

°8 (acetonitrile), in--connection

of the triplet reaction in this medium
with the quenching: of the fluorescence of the sensitizers by 2=phenyl-
norbornene (XXVIII) at the diffusion controlled rate, supports an
electron transfer mechanism for'thg:reactfon'unqev our conditions.
Step 3 in the proposed-mechanism involves electrophidic
attack by the radical cation of the- phenylated :0lefin on a ground-

13¢c,d,19

state -olefin. As -expected, some of the radical cations attack

ground: state phenytated olefins with concomitant formation of dimers
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as by=products. The possibility of the 2,3-dimethyl=2-butene radical
cation attacking a ground state phenylated olefin is in principle
possible and couid account for part of the reaction.

In step 45 the newly formed radical cation: cyclizes to -give
the more stable six membered ring.

Step 5 is the back electron. transfer. During this step, an
electron: is transferred from the radical anion of the sensitizer to
the cyclized (Scheme V) or open chain cation radical (Scheme VII)-
Back éleétron transfér to the cyclized radical cation gives the tet-
rahydronaphthalene-typé -¢ross cycloadducts, whilé back electron
transfer to the open chain radical cation gives the -cyclobutane
adduct;59' The latter-was observed only in the case of 1,1-diphenyl=

ethylene (XX) addition to 2,3-dimethyl-2-butene (LVEII).

‘Scheme VII

C.H

6 5
Cells
'CHB "TW‘LCH3
CH3, 'CHZP?
(LIX)

Step 6 is the rearomatization step. The triene, formed
during step 5, can rearomatize via a 1,3 hydrogen shift completing
the mechanistic sequence. This 1,3-hydrogen shift .can, in principle,
be a concerted processy it could proceed suprafacﬁaiﬁy,,if it is
induced by 1ight, or antarafacially in a thermal process. Alternative-

Ty, it could be an acid catalyzed reaction. We have no evidencefor any




of the above mechanistic possibilities. The minor product 2,3-
dimethyl-5,5-diphenyl-2-hexene (LX, reaction 17} most likely results
from the coupling.of the two radicals produced by hydrogen: atom
abstraction by the 1,1-diphenylethylena triplet from 2,3-dimethyl-2-

butene (LVII). Hydrogen abstraction by the T,1-diphenylathylene
0

7 + 7% triplet has been previously demonstrated.6




CHAPTER 1V

THE PHOTOSENSITIZED (ELECTRON TRANSFER)
-CLEAVAGE -OF BETA-PHENETHYL ETHERS

a: Introduction

In Chapter II of this viork, we described the photosensitized
(electron: transfer) -addition of alcohols to 1,T=diphenylethylene (XX},
reaction 5.. This reaction, which yields the ethers (XXV, XXVI; XXX)
expected from anti-Markovnikov addition, -has been studied in -detaii;
and, when the minor products vere isolated and characterizéd diphenyl=
-methane (LXVIT) was found among them. In fact, under some conditions,
LXVIT was formed in -quite significant amounts (> 15%). Diphenylmethane
‘was not an:expected product, the mechanism of its formation under
these conditions was not obvious, and, since this reaction -could
represent an important limitation of the synthesis -of ethers by reac=
tion 5,iWQ=&eC1ded:vafOCUS attention on it.

We found: that diphenylmethane (LXVII) was a secondary photo=
1ysis product which results from the photosensitized (electron transfer)
decomposition of the initialidy formed ether (reaction 18). The other
product of this reaction was the acetal of formaldehyde (EXVEII). In
fact, by either prolonged irradiation starting with the olefin (XX),.
-or by starting with: the ether (XXV, XXVI, XXX), yields between 40 - 60%

of LXVIT and LXVIIL can be realized.




Reaction 18

hv, Sens.

_CH = nt - -t t_0=C ={}~
(CSHS)ZCH—CHZ OR + R'-=CH CH3CN5 S)ZCHZ + R O,CHZ 0-R

XXV, XXVL, %XX) (LXVIT) (LXVIII)

a=R=R =CH3

b=R=CH(CH R'=CH

3023
c=R=R'=CH(CH3),

3

d=R=R*=C{CHs) 5

XXI1, XXI, 1,4=dicyanonaphthalene (LXIX)

{XXIX was not effective)

The -mechanism we propose for veaction 18 is summarized in
Scheme VIII. The first step involves excitation of the sensitizer
which is potentially an electron acceptor (A). Step 2 may occur in
'several stages but leads ultimately to the solvent separated:radical
ions. The ether radical cation cleaves (step 3) in the direction which.
yields the most stable fragments, in this case the diphenylnethyl
vadical and the q=oxycarbonium ion. The radical is then reduced to
the anion by the radical anion of the sensitizer (step 4) and: protonated
{step 5). Step 6 represents the reaction of the a-oxycarbonium jon
wi:th alcohol present in £he solvent, which gives the formaldehyde
acetal.

In this chapter, we report the characterization of the
products from: the photosensitized (electron transfer) cleavdge of the

-ethers (XXV, XXVI) in methyl and isopropyl alcohol; and, the results
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of photophysical and electrochemical studies which support the pro-
posed mechanism. Ve have §0uﬁd sensitizers which are effective in
bringing about reaction 5, which will not induce reaction 18 so that
secondary photolysis does not necessarily present an important limit-
ation for the preparation of ethers. We point out that these exampies
of reaction 18 are the first-of this type. If this reaction is general,
it will have important synthetic applications, particularly since it

5 can be used to remove photochemically a protécting group for the

hydroxyl function under mild, neutral conditions.

b. ResuI;s

I
, The ethers XXV and XXVI used in this study, were prepared
I by the photosensitized (electron transfer) addition of methangl and
isopropanol to- 1,1-diphenylethylene (XX) (reaction 5) (see also:chapter
IT, part A). Sensitizers effective for this réaction are methyl p-
cyanobenzoate (XXII), 1.4-dicyanobenzene {XXI); and 1-cyanonaphthalene
(XXI1X).

Typical conditions for reaction 18 involve irradiation of a
solution ofether (0.2 M), alcohol (4.0 M), and the sensitizer (0.12M) in

acetonitrile, through a Pyrex filter. The ultraviolet absorption

(XLVI, the reasons for choosing this model -compound will be discussed
later), in acetonitrile solution, are shown:-in Fig. 6. The absorption

-and fluorescence emission spectra of the sénsitizers XXI and LXIX,

I

I

I

I

I

I

[

I

I

:; spectra of the-ether XXVI, -and the model compound, 1,1-diphénylethane
I

I

[

|

I

: also in acetonitrile solution, are shown in Figs. 7 and 8.
I

involvement of the sensitizer was easily confirmed; upon irradiation




canlk P ————— CHCH-OCH(CH., ).
500} Y (CgHg ), CHCH,0CH(CH ),

1
1
: b (CgHg) ,CHCH;
a0}

300}

200F

Molar Extinction Coefficient (g)

—
=]
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Wavelength (nm)

:Fj‘gqggij. The ultraviolet absorption spectra of 2,2-di pheny;1’gi;fhy,1—
isopropyl ether (XXVI, =--), and 1,1-diphenylethane (XEVI,

~—) in acetonitrile.
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Figure 8. The absorption and fTuorescén@eremission spectra of 1,4-

dieyanonaphthalene (LXIX) in acetonitrile.
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undér identical -conditions but in the absénce -of a sensitizer, no

reaCtii,o;i -occurred.

The progress of thé rveaction was foliowed by nuclear -magnetic
resonance spectroscopy !(fj‘H,rimf?})', and/or by vapour phase chromatography:
{vpc). The pairs. of ‘methyléné protons. in- the products LXVIT and
LXVIIT (a-and'b) and the ABZ pattern from the coupled protons of the
starting ethér (XXV and XXVI). ¢an bé seéen in the reaétion mixture.

When the starting ether was consumed, thé yield-of acetal (LXVIIT) was
-determined from the integrated 1—Hnmr‘ $pectrum. after the addition of an
intérnal standard :(triphénylmethane). The peak dué to the methylene
protons -of LEXVIT was. oo close té those due to. the solvént to allow.

use ‘of thig method; s6 the yield of LXVII was determined by gquantitative
VpC uSing the same internal standard.

Diphenylmethane (LXVIT) was isolatéd from the réaction mixture
by preparative vpc (10% SE=30 -column):. The structure was establishéed
by -comparison of the infrared:(ir) spectrum with that of an -authentic
sample. The acetal LXVITib; from the irkadiation -of XXV in isopropyl
r’a%i?cphozi— and: from: the irradiation of XXVI in methyl alcohol, was distiTled
from: the reaction.mixture along with the solvent -upon bulb=to=bulb
distitlation at reduced pressure (70:mm Hg). The initial indication of
structire came from the THamr spectrum of this soTution. ATl of the
proton signals. of thé prodict were superimposable upon those from an
authentic sample of LXVIIIb added to the solution. The vpc retention
time, on several columns, was also identical with. that of the -authentic
sample. Furtherwore., when the distillate from the reaction: m’ixt:,ure‘was,

added to 2;4-dinitrophenylhydrazine in.-dilute aqueous sulfuric acid, the

- hydrazone -of formaldehyde (identical ir, undepressed:mixed mp): -precipi=




tated-

The authentic sample of LXVITIb, necessary for comparison

-purposes, was prepared by the acid catalyzed exchange starting with

paraformaldehyde, methanol, and isopropyl aléohol (reaction 19):. The

resulting acetals were Separated by distidlation and vpc and were

characterized by ir and 'Hamr spectroscopy.

Most of the sénsitizer always remainéd after the ether was

-consumed; however, in somé cases the sensitizer was partially -consumeéd.

Thé products incorporating the sensitizer viére not identified.

(cH3),

CHOH + CH,OH + 1 2 72

to- irradiation using XXIX as a potential sensitizer.

Réactfﬁn7]9

> CHy0~CH,,~0=CH,
CHy LXVIIIa

+

TC€H ), CH=0-CH tO:GH§:

3)p
LXVITIb

2

+

-0-CH(CH,,

i(CH3)2CH-O-CH 3)2

2
LXVIIic

As part of :our study of the sensitizers effective for reaction
5, we noticed that; while 1-cyanonaphthalené (XXIX) did cause ether for-
mation, no diphenylmethane (LXVII) was detected when this sensitizer

was used. In a separate experiment the ether XXV was found to be -stable

Prolonged {i¥radia-
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tion did result in some consumption of XXIX but no:LXVII was detected.

In an -attempt to determine the nature of the -excited state
responsible for reaction 18; we have studied the fluorescence of the
sensitizers (XX, LXI'X and XXIX)G] as a function of the ether (XXVI)
concentration in acetonitrile solution. The fludrescence intensity of
LXIX and XXI decreased upon addition of the ether XXVI. In contrast,
the fluorescence intensity of XXIX was not affected by added XXVI. These
results are illustrated with Stern-VYolmer plots shown in Figs. 9, 10 and
11. The quenching rate constants, gleaned from these plots, and the
measured fluorescence lifetime in the absence of quencher (7), are
summarized in Table VI:

The calculated diffusion Timited rate constant for acetonitrile
solution at 20° is kq (diffusion) = 1.8 x 1OjO*M7isec'].26 Therefore,
the fiuorescence of 1,4-dicyancbenzene is quenchéd -by both- XXVI and by
XLVI at essentially the diffusion-controlled rate. Since the addition
of XXVI (2 %107 3{1M'): and XLVI (1 x 1072 M) did not decrease the fluores-
cence intensity (éxperimental error ca. 2%) of J-cyanonaphthalene, the
upper Timi:t of these quenching rate constants ‘has been calculated.

An: indication of the energet%cs'of'thefeiectrOh'transfer step
(step 2) :can-be -obtained from knowledge of the -oxidation potential of the
ether (XXV, XXVI and XXX) and the reduction potential of the sensitizers.
For this. reason, we -have studied the electro-oxidation and/or reduction
processes -0of these compounds, on a platinum electrode, in acetonitrile
solution, by -cyclic voltametry. The resulis are presented in Table XIT
(experimental):. Half-wave oxidation and reduction potentials have

been calculated: from these data and are summarized in Table VII.

‘Polarographic data were,avaiTabIe,Tn;ihe Titerature for some
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Figure 10. Stem=Volmer plots for the fluorescence quenching of 1,4=

dicyanobenzene: (XXI) by a) 2,2-diphenylethyl isopropyl
-ether (XXVL, & ), b) ¥,1-diphenylethane (XLVL, @7).







Figure 11. Stern=Volmer plots. for the fluorescence quenching of 1=

cyanonaphthalene (XXIX) by, a) 2,2-diphenylethyl isopropyl
éther- (XXVI, &) b): T,1=diphenylethane (X:VI, @)
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Table VI. Fluorescence quenching :of the sensitizers studied by 2,2=
diphenylethyl isopropyt ether (XXVI) and 1,1=diphenylethané

(XLVI) in acetonitrile solution at 20°.

‘Measured
Fluorescence
Lifetimes XXVI

F]ggrophor __z (nsec) ,kq(sec']H;T)

_ , 3
1,4-di cyanobenzene (XXE) 9.7 1.3 x 10'0

gt
d

Ts4=dicyanonaphthalene (LXIX) 10.1 5.4 x 10

i-cyanonaphthalene (XXIX) 8.9 <1.9 x 16°

‘Exciting the fluorophorat: a) 280; b) 289; <) 311; d) 313 nm.




Table VII. Half=wave oxidation and reduction potentials (Pt electrode,

TEAP: {0:1 M) in acetonitrile solution,; vs. Ag/0.1T M AgN03).

-0X
Compound E1/2“(V)

methyl p=cyandbenzoate (XXIT) b

1,4-dicyanoberizene (XXI)
1-cyanonaphthalene (XXIX)
1,4-dicyanonaphthalené (LXIX)
2,2-diphenylethyl isopropyl ether (XXVI)
1,1=diphenyliethane (XLVI)
1,1adipheny1éthy1ené {Xx)

The oxidative process was not revérsible, the half-wave potential
was estimated using the 100 mV/sec sweep rate.
In these cases, the oxidation wave was not observed, i.e. > 2.0 V.

In: these cases, the reduction wave was not -observed, i.e. < 2.2 V.




of the compounds stidied: here; however, since variations can result

from differences in solvent, electrode material, electrolyte, reference
electrodé, etc., thé data in Table XII (experimental) were -obtained

under standardized conditions, so they arve internaliy consistent.

c. Discussion

The first step in the proposed mechanism (Scheme VITI) for
reaction 18 involves -excitation of the sensitizer (A). The ultraviolet
absorption spectra.-of the ether XXVI and the sensitizers are shown in
Figs. 6, 7 and 8. The ultraviolet absorption spectra of mixtures of the

2

ether and sensitizers (XXVI, 1.44 x 107 M and XXI, 3.0T x 1074 Ms

XXV, 1.83 x 102 M and LXIX, 1.15 x 10°7

M) in acetonitrile, were the
composite of the individual spectra; there was no evidenceé of compliex
formation bétween the ground state molecules. Step Z véprésents the
overall process during which an electron is transferred from. the ether
molecule to the exciited state of the sensitizér. This Step:is completely
analogous to: the stép-2 of the mechanism invo1yedfin:fhééphoioéensi—
tized (electren transfér) addition of oxygen centered nucleophileés to
phenylated olefins, andhas been to some extent:preseﬁiéggiheﬁérCGhapter
IT). We have uséd Eq. 4 in order to calculate the freé-energy change
(AG) associated-with: the electron transfer precess which .occurs within
an encounter complex (step 2b).

‘Half-wave- potentials were determined by cyciic voltametry and
the singlet—energies~af the sensitizers were -obtained- from:the fluores-

cence emission and/or absorption spectra (Figs. 7 .and :8). A distinct

0-0 band- was -observed with 1,4-dicyanonaphthalene (LXIX). i point of
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interséction of the absorption and emission spectra was taken as the
singlet energy of 1.4=dicyanobénzeng (XXI). In the casa of Jmethyl p-
cyanobenzoate no- fluorescéence emission was observéd, so the singlet
-energy- was estimated from the onset of the long wavelength absorption
band. In Table VIII are listéd the singlet energie: of thé sensitizers
and the calculatéd values of AG for the donors XXVI arnd XLVI, using Eq. 4.
Thé alectréon transfer process (step 2) is spontaneous whern thé donor is

the isopropyl -ether (XXVI) oy 1,1=diphenylethane (XLVI) and the sensi=

tizer is 1,4=dicyanobenzene (XXI), meéthyl p-cyanobenzoate (XXII), and
1s4-dicyendonaphthalene (LXIX); and, it is not -spontaneous when 1-
cyanonaphthalene {XXIX) is the sensitizer. This is in completé agreé=
ment with the observed ability of these sensitizers to bring about
réaction 18. Furthernore, the sensitizer fluorescence quenching results
are qualitatively consistent; XXVI and XLVI quench the flucrescence of
XXT and LXIX, but do not quench ‘the fluorescence of XXIX..
Helier has developed an empirical approach for estimating
the flduorescence-quenching rate .constants if the electron transfer
process pertains. This approach, -using Eqs. 6 and 7, while not rigor-
ously dérived, mevertheless did provide calculated quenching rate
constants in agreement with experimental values (within a factor of
two). for a larde number of .donor=acceptor systems having a variation in

AG between =60 and: + € kcal mgf?111ﬂb

26 = B2 + (e (0°1V7 + BE (6)

20 % 10° wlsec™t (7)

ka: =

o7
T+ 0. zsgtexp(%% )+ exp(%i)l




Table VIIia The -comparison of calculated and cbserved fluorescence

-quenching rate censtants.

Calcutated
iG> ¢ Quenching
Singlet (kcal mo}‘T) Rate Constants

Energy for kg x 10'_]0

Fluorophor  (kealmol™)  XAVI and XLVI Obs. (Calcd)©>9

XXVI XLVI
(XXII) 95.3° - 6.4 : -
(XXL) 97.6 21101 1.3 1.9 (1.3)
(XXIX): 89.4 + 4.80 .2 0.0 (0.0)
(LXIX) 86.4 - 7.42 - (1:00)

Estimated from the -absorption spectrum; no fluorescénce was Observed
from- XXII.

The -energy vequired for the electron transfer procéss (step 2b)
assuming the distance- to be 7 R,anjdi the dielectric constant of
acetondtrile (g-., = 36.7).

Using Eq. -4, these values are the same for XXVI and XLVI -since they
have the same oxidation potential..

Using.Egs. 6 and 7 (see Ref. 11b).
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The activation energy,(AGfL is obtained from Eq. 6. AG#(Ol~represents the:

activation energy when the electron transfer process is isoenergetic and
was determined experimentally (AG#(—D})’ = 2.4 kcal mo’Te—], acetonitrile
stﬂut—'ion),.]nJ

le. have used Eqs. 6 and 7 to obtain calculated values for the
fluovescence -quenching process. The agreémeént with the observed values,
summarized in Table VIIT, can be taken as prima facia evidence for the
electron transfer mechanism (step 2b).

Other méthods for calculating fluorescenée quenching rate cons=
tants; baséd on ionization botential and electron affinity, have récently
been—,deve;l,oped.ﬂ’z& It is apparent that factors in addition to oxidation
and reduction potential {e.g. steric effects, molecular orbital overlap and
symmétry) must be important in someé cases. The utility of the approach
used- here, which emphasizes the eléctron transfer aspects :of the quenching
process, may be limited to very polar solvents and to systems where there
is - large differencé in the oxidation potentials and reduction potentials
of the fluorescer and quencher. The differeénce bétween the donor XXVI (or
XLVI) and acceptor reduction potentials (ED/D’ - EA/AT) i5 < & V(Table VIEI).

| =Diphenylethane (XLVI): was chosen as a model -¢compound: to
determine what part of the ether molecule was important for the électron
transfer process (step 2h). This was particularly important in order to
gain: some idea of the scope -of reaction 18; that is, will the reaction
occur with aliphatic ethers or possibly with other -types of B=phenethyl
compounds. The oxidation: potential of the ether XXVI is tonsideérably
Jower than: that of -aliphatic ethers, which.suggests the donor site is
largely, if not exclusively, the phenyl rings. Support for this argu-
ment comes from the observation that the oxidation potential of XEVI

(Table VIL) s essentially identical with that of the ether XXVI. The




conclusion that the ether oxygen atom in XXVI plays -a minor r6le in the

photosensitized electron transfer process (step 2) is confirmed by the
result that XLVI is able to quench the fluorescence -emission of 1,4=dicy=
anobenzene {(XXI') with a rate constant comparable to. that of the ether XXVI.
Similarly, the fluorescence emission inténsity of l=cyanonaphthalene (XXIX)
is. not affected by the addition of XLVI. Thése results lead us to predict
that a-cleavage (step 3) of other B-phenethyl compounds will ocCur.62
During step 2 of the proposed mechanism (Scheme VIIT) the
reaction progresses from an excited state reaction to one of ground
state intermédiates. When this transition occurs is an interesting and
difficult question. In particular, is an excited state complex (exci=
plex) involved as an intermediate preceding the complete electron trans-

fer? The best way to prove the involvement of an -exciplex is to study

Ye- have been unable to detect any emission from an excipliex
in- the cases studied here in acetonitrile solution. The lack of
observable emission: is not unéxpected in -view of the large dixfference
in the dondr and acceptor properties of the sensitizers, and the ethers
and XLVI, and high dielectric constant of acetoniiﬁi1e.]1a

The question of the possible involvement of the sensitizer
triplet in-reaction 18 is interesting. There is evidence in other
systems that triplet -excited states are capable of -electron transfer

112,63 4 indication of the

-processes .and triplét exciplex Tormation.
ability of the triplet state of the sensitizer to -participate in the
‘electron: transfer process (step 2) can be -obtained by substituting the
corresponding sensitizer triplet energy in Eq. 4. The triplet energies
of the sensitizers, XXLI, XXI, XXIX, were -obtained: from the phosphor-

escence emission specira in ethanol-methdanol (4:T%):-glass at 77° K. In:




the. case -of 1,4-dicyanonaphthalene (LXIX) in the mixed aicohol
solvent, the phosphorescence -emission intensity was too weak to measure
with our instrument; strong fludrescence emission was observed. The
phosphorescence emission spectrum of LXIX was easily obtained when

ethyl i6dide was added to the solution (4 parts mixed atcohol solution:

1 part ethyl iodide).sa’ The -phosphorescence emission spectrum of XXIX

was. essentially the same shapé and was shifted only slightly in the
mixed alcohel solution with and without ethyl iodide; therefore, we
concludé that the addition of the ethyl iodide has 1ittle effect on the
triplét enérgy.

The triplet energies-of thesénsitizers and the free enerqy change
(aG) forthe electron transfer process with XXVI, calculated using Eq. 4,
are given in Table IX. In all cases; AG is significantly positive.
Nevertheless, we have made an attempt to triplet sensi:tizé reaction 18,
with Ts4-=dicyanobenzene (XXI) as ithe electron transfer sensitizer and
XXVT as fthe donor. The ¢hoice of XXI as the electron- transfer sensiti-
zer -was- made upon consideration: 6f its triplet energy .(which is well
below that of XXVI and yet relatively high) and of the -caiculated AG
for thé -electron transfer processs with XXI this process is -nonspon-
taneous. by a relatively sma¥ll -amount (AG = + 16.5 kcal: ‘moié';'ji);. The
choicé of a triplet sensitizer to produce the triplet of XXI was more
difficult. Some of the characteristics required -of the triplet sensi-
tizer are: (1) the triplet energy of the triplet sensitizer must be
above that of XXI, i.e., > 70.7 kcal mo'l"]; (2) the triplet sensitizer
must have ultraviolet absorption:.extending to long enough wavelength to
a¥lovi-exclusive excitation in solutions containing XXIj {3) the triplet

sensitizer should have an efficient .and rapid intersystem crossing
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Table IX. Triplet energies of the sensitizers and calculated AG
values, using Eq. 4, for the -electron transfer -process

involving the triplet of the sénsitizer and XXVI.

Se n'_sj‘c——i;z'en{(Accgpi_:qr); —ET (keal mD'T;]:') AG—,,(:'éc:a—l; mo'l—])

T,4=dicyanobenzene (XXI') 70.12 16.5

+

+

methyl p-Cyanobenzoate {(XXIL) 72.0° 15.7

1-cyanonaphthalene (XXIX) 57.4%, 57.2 36.8

o+

1, 4=dicyanonaphthatene. (LXIX) 5.5

+

23.5

a:= -ethanod:metnanol (4:1) at 77° K.

b. The mixed alcoho} solution: ethyl iodide (4:1) at 77° K «1.J.

Graham=Bryce and J.M. Corkili, Nature, 186, 965 (1960)).




process; (4) the triplet of the triplet sensitizer should be unreactive;
{5) the triplet of the triplet sensitizer should not be self-quenched
at the concentrations which will allow exclusive excitation; {6) the
oxidation and reduction potentials of the triplet sensiiizer must be
such as to make 1t unlikely that competitive electron transfer processes
involving it wil¥ occur, 99-66

Acetophenone (LXX), p=methoxyacetophenone (LXV), and p-methyl=
-acetophenone (LXXD) satisfy these criteria to varying degrees. The
triplet énergies of LXX, LXV and LXXI are all above that of XXI (Table
x. However, the triplet energies of LXV and LXXI are se close to-

that of XXI that revérsible triplet transfer is probable. This problem

is minimized with LXX where the triplet transfer is favoured by ca. 4

kéal mol"]. 2} Ihie carbonyl n = =% transicion of LXX, -LXV and LXXI

-extends to long-enough wavelengths to al ow selective excitation in
solutions containing XXI. 3) All three ketones have an efficient
intersystem crossing process; the quantum yields for phosphorescence ave:
0.74 (LXX), 0.68 (LXV) and 0.61 (LXXL) and fluorescencé has not been

67774)—Aiphotochemical%héaCijon, Tikely fo:-occur with these

observed.
ketones, is hydrogen atom abstraction, probably from- the benzylic
position of the :ether. The rate -constant for hydrogen: atom abstraction
by the triplet of the ketones will -decrease in the order LXX, LXXI,
:EXV.67’68 However, even with LX)} the rate constant will be ca. 106,
which is three powers of ten less than the rate constant Tor exothemic

69 With this large difference in rate constant

triplet energy transfer.
the concentration: of the triplet -quencher (in this case XXI) can be
adjusted, relative to the potehtﬁairhydrogenratOmadﬁnor'(ether), SO-

that hydrogen atom abstraction wil:l not be an important competing




process. 5) None of these ketones should suffer from self-quenching.

at the concentrations required to assure exclusive excftation.66’7&

6) In order to consider competitive electron transfer processes

involving. the ketones, wé require their oxidation and reduction poter=
tials. The réduction potentials for LXX, LXY and LXXI ‘have been
71

reported”’ But the oxidation potentials were not available; in fact,

the electrolytic oxidation of ketoneshas received very little attention.72
Thé results of our study, using cyclic voltametry, of LXX, LXV and LXXI
are summarized in Tablé ¥IT {experimeni~]) and the oxidation and reduc=
tion potentials obtained from these data are listed in Table X.

The electron transfer process where the ketone excited state
(singlet or triplet) acts as the accepior and XXVI as the donor can
easily ‘be ruled out in View of the relatively large magnitude {negative)

of the réduction potential of the ketones. For all three ketones,

using Eq: 4, we calculate AG > + 20 kcai mo1_] for this process.

Electron: transfer wheré the triplet 0f XXI accepts an electron from
the ground state ketone is not so easily dismissed; particularly with
LXV where the oxidation potential is in fact below that of XXVI. The
AG for this process is + 11.65 kcak,moﬂ;] for this «case.

The triplet -sénsitizer experiments were carried out by irra-
diation of an acetonitrile solution of XXVI (0.2 M); XXI (0.12 M), and
the triplet sensitizers LXX, LXV and 1 XXI (0.62 M) and methanol (4'M),
for prolonged periods through a filter solution which -allowed excitation
of the triplet sensitizer only. No reaction was observed, under these
conditions. These results, while complicated by the factors discussed
above, are consistent witth the prediction based on Eq. 4, that the

electron transfer between XXVI and. the triplet of ¥XI will not be




TJable X. Characteristics of the triplet sensitizers used.

E :red- ox

T 72 Fiy2 &
lg;QT mO]f])a GyQP (y)d (kc?JTmoif])c
acetophenoné -(LXX) 74.1 2.9 2.34 + 28.7
p=methoxyacetophenone (LXV) 71.7 2.68 1.690 + 11.6
p-methylacetophenone (LXXI) 72.8 2.60 2.12 ¥23.%

a. Taken from D.R. Arnold, Adv. in Photochem., 6, 301 (1968). The max

of the 0-0 band in EtOH:MeOH (4:1) at 77° K.
b. R.0. Loutfy and R.0. Loutfy; Tetrahedron,gga,2251 (1973).. Using
a dropping:mercury electrode and Ag/AgCT veéference electrode. The
values -given -have been converted to Ag/AgNOs, We weré unable to
observe a- réeduction wave with the Pt eTegtréde (Hi.e. E{?gf< = 2.2V).
¢. Calculated using Eq. 4 and considering the kétone as the -donor and
the triplet of XXI as the acceptor.

d. The oxidative process was not reversible, the half-wave potential

was estimated using the 100 mV/sec sweep rate.
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spontaneous.

Before leaving the discussion of the electron: transfer
process (step 2) we mention that it is at this point that selectivity
between reaction 5 and reaction 18 can be obtained. The oxidation -poten-
tial -of 1,1=diphénylethylene (XX) 1is considerabiy Jower than thaf of
the ether XXVI; 1.48 and 1.81 V respectively {Table VEil . The oxidation
potential of XX is low enough so that the electron transfer process,
according to Eq. 4, should bé spontanedus with T=cyanenaphthalene
(XXIX) as the sensitizer (electron transfer). This calcuiation i$ in
good agreement with the experimental results; the fluorescence emission
of XXIX is quenched by XX, and XXIX is an effective sensitizer for
reaction 5. Thus. by taking advantage of the lower oxidation potential
of the olefin, relative to the ether, a sensitizer may be chosen which
will bring about reaction 5 (anti=Markovnikov addition of alcohol) with-
out causing reaction 18 (ether cleavage).

We envision step 3 as a cleavage of the ether radical cation
into the more stable fragments; in this case, the diﬁhény] """
and the g-oxycarbonium ion. This type of fragmentation: is -commonly:
observed when the radical cation is produced. in the -mass. -spectrometer
and accounts for the usual absence of a parent-<peak in the mass spectrum
of ethers,73

The mass spectra of the ethers XXV, XXVI and XXX are shown in
Fig. 12. The parent-peaks are not observed. Furthermoré; the major
fragments, leading to the base peaks, in all three cases are those
resulting from the cleavage of the same carbon=carhon. bond: as that

which is involved in step 3; however, the positive -charge is. associated

with the diphenylmethyl fragment. Cleavage of the -wradical -cation to-
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give the diphenylmethyl radical and the a=oxycarbonium ion is not a
dominant procéss in the mass spectrd -of XXV, XXVI or XXX. 1In contrast,
neither diphenyimethyl methyl ether nor diphenylmethyl isopropyl -ether
were detected (vpc and ~lHnmr) asnproﬁucts,frOm reaction 18 carried -out
in the preésence of methanol or isopropanol.

The Tack of correspondence between these two fragmentation
processes, while interesting, is perhaps not surprising in view of the
vastly different conditions that prevail. The éxplenation may be that
the more -highly delocalized cation .(diphenylmethyl carbonium ion) is
moré stable in the gas phase, but in solution solvation serves to
stabiTize: the more localized w=oxycarbonium jon.

Another fragmentation process of the radical cation in the
mass spéctrometer is alkyl-oxygen fission. As expected, this process
becomes. more prominent in the seriés XXV < XXVI < XXX, which veflects
the increasing stability of the carboaium ion. This process apparently
does not Geeur in competition with: the cleavage illustrated in: step 3.
For-example, we were unable to detect IlHnmr and vpc) isopropyl methyl
ether (an- authentic sample of this ether was prepared in fhe;cfuﬁe
reaction mixture of reaction 18 -with XXVI in acetonitrile-methanol
solution. We conclude therefore that knowledge of the favourgd modes
of radical cation fragmeantation gleaned from mass spectroscopy will
:not aﬂébw¥predictions of products. upon:-photochemical generatibnlof the
‘same. Species in. solution.

In: step 4 of the proposed reaction sequence, the diphenyimethyl
radical’ is reduced by the radical -anion :0f the sensitizer to -give the

diphenylmethyl anion. This type -of electron transfer process has been

discussed in some detail in:-Chapter I1 (discussion sectiond:.
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Steg- 5 (protonation of the diphenylmethyl anion) and step 6
{the reaction of the a=oxycarbonium ion with alcohol to6 give the

acetal) are, or course, well known reactions.




CHAPTER V

THE -PHOTOSENSITIZED (ELECTRON TRANSFER) MARKOVNIKOV

-

ADDITION OF NUCLEOPHILES TO 1,1<DIPHENYLETHYLENE

a. Introduction

In thé previous chapters (IT to IV), we have focused our

attention on the reactions of radical cations gererated by photosensiti-
zation (electron transfer). The reason for the -extra emphasis which

has been placed upon the stcudy of the radical cation lies in the fact

< rowt

that we get, -upon addition of nucleophiles, products having the anti-
Markovnikov orientation. Naturally, at some later point of our Fesearch
anions generated by photosensitization (electron transfer).

Photoaddition of protic solvents tc olefinic compournds depends
upon the nature of the double bond, the solvent -and the sensitiggn(zv When
$ix~- and seven=membered cycloalkenes are irradiated directly or in the
‘presence of -a triplet sensitizer in an alcoholic (acidic) solution,
ethers, arising from the Markovnikov addition of the alcohol to the

-double bond, are obtained. The veaction is thought to involve the

twisted triplet olefin or a highly-strained §r§g§3ground state of ole-

fin.16’17’ Cyclocctenes, being also able to isomerize to the Tess
strained trans cyclooctenes, upon irradiation, undergo this polar

addition with less efficiency. 62>¢170:74

: In the acyclic series., 2,3~dimethyl-2-butene (LVIIL) -gave

‘upon direct irradiation in hydroxyTic medium, both hydrocarbon and ether

R = S




products. These results were interpreted in terms of nucleophilié
trapping of the Rydberg excited state or thé radical cation intermedi=
—at’e.]6b

HWe found that when 1,1-diphenylethylene (XX) was irradiated
in acetonitrile-alcohol solution in the presence of an electron dona=
ting sensitizér Such as 1-méthoxynaphthalene (LXXII), 1,4-diméthoxy=

naphthalene (LXXIII), or 1-methylnaphthalene (LXXIV) good yields {between

50 and 90%) of the ethers havitig the Markovnikov-orientation (LXXV and
LXXVI) wéré obtained. (Reaction 20) When T,T-diphenylethylene (XX) -and
an electron donor sensitizer were irradiated in acetonitrile-water
solution, a -good yield (68%) of 1,1-diphenyiethyi -aTcohol (LXXVIL) was
obtained (reaétion 20). Irradiation of 1,1=diphénylethylene (XX) and
potassium cyanide in acetonitrile-2,2,2-trifluoroethanol solution with
an electron donor sénsitizer vesulted in 10% vield of the 2,2-diphenyl-

propanonitrile (LXXVIII) (reaction 21).
Re§§ﬁ§Oﬁ,20

I R - D _ ,,hU,, SenS. £ r i (e

2 CH 3CN
. OR
{XX)
R Yie]d (%)
LXXV GH%@ 88
LXXVI  CFjCH,- 64
LXXVIT  H- 68

Sens: 1-methoxynaphthalene (LXXII), 1,4-dimethoxynaphthalene

(LXXILI), T-methylnaphthalene (LXXIV).
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Reaéijﬁn 21

(Clig) ,C=CH, + CFyCH OH + KCN—D!éﬁi%%§—+ (c6H5)2%-CH3
o
xx) (LXXVELI)
Yield (%)
10

Sens: T-methoxynaphthalene (LXXII), 1,4-dimethoxynaphthalene

(LXXITT)

The- mechanism we propose for the photosensitizéd (electron
transfer) Markovnikov addition of nucleophiles to 1,1-diphenylethyiene
(XX) is summarized in Scheme IX.

In this chapter, we report the characterization 6f the prodicts
from the photosensitized (electron transfer) Markovnikov addition of
oxygen centered nucleophiles and cyanide jon to 1,1-diphenylethylene
(XX) in acetonitrite-alcohol solutions and thé results -of :photophysical

studies which support the proposed-mechanism (Scheme IX).

bs Resul@s

Typical conditions employed for the photosensitized (electron

transfer) Markovnikov-type addition--of oxygen nucleophiles to 1,1-

diphenylethylene (XX) (reaction 20) involve irradiation of a solution
of olefin (0.15 M), sensitizer (0.08 M) and nucleophilic solvent (15 M)

in acetonitride through a Pyrex filter. For the Markovnikov cyanation

(reaction 21} a solution-of olefin (0.15 M), sensitizer (0.08 M),




Scheme IX. The mechanism proposed for the photosensitized (electron:

transfer) Markéviikov -addition. of nucleophiles to 1,1-

diphenylethylene (XX).




-encounter compléex
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2,2,2-trifluoroethanol (0.15 M) and potassium cyanide (0.3 M) in
acetonitrile was irradiated through Pyréx. The absorption and fluores-
cence emission spectra of the sensitizers (LXXII, LXXIII and LXXIV), are
shown in Figs. 13, 14 and 15.

The structuré of the products from reaction 20 except for
1,1=diphenyl 2,2,2-trifluoroethyl ethér (LXXVI) rests on comparison of
their infrared (ir) and nuclear magnetic re§0nance'(]Hnmr) spectra with
those of authentic Samples. The structure of 1,1=diphenyl 2,2,2-tri-
fluoroethyl ether (LXXVI) was deduced from its spectra and its precise
mass.

2,2-Diphenylpropanonitrile (LXXVIII), from reaction 21, was
identified by comparison of its infrared (ir) spectrum with that of an
authentic sample prepared as describéed by ‘M. Makosza and B. Serafﬁn.75

Yhén reaction: 20 was -carried out using methanol-0-d, after
ca. 50% conversion, analysis of the nuclearmagnetic résonance (]Hnmr)
and mass spectrum (ms) of the starting matérial indicated incorporation
of deuterium (29% DT’ 14 QZ) in. the vinyl position. Deuterium (81% Dys
13% D,, 0.1% Dy) was also incorporated: in the methyl position of 1,1-
diphenylethyl methyl ether (LXXV).

In order to identify the excited state responsible for the
reaction, we have studied the fluorescehce -of the sensitizers as a
function of the 1,1-diphenylethylene (XX) concentration. The quenching
rate constants obtained from these Stern-Yolmer plots (Figs. 16, 17 and

18) and the measured fluorescenceé 1ifetimés in the absence of quencher

(t) are summarized in Table X..
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Figure 18. Stern=Volmer plot for the fluorescence quenching of 1-

methylnaphthalene (LXXIV) by 1,1-diphenyléthylene (XX).
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c. Discussion

The méchanism of the photosensitized (electron transfer)
reaction of I,1-diphenylethylene (XX} with nucleophiles in the presence
of an electron..donor sensitizer is similar to- the mechanism described
for those -cases ‘where an electron acceptor sensitizer is used. The
only significant difference is that the electron transfer steps are
reversed.

The first step in the proposed mechanism (Scheme IX)
involves excitation of the sensitizer. Ue had ho-evidence of charge
transfer complex formation between the ground=siate molecules. Step 2
is the electron transfer step. It may involve, as in the case of the
electron acceptor sensitizers, the sequential formation of an encounter
compiex, an. exciplex, a radical jon pair and finaTly the soivent-
separated radical ions.

Pn-estimate of the free-energy associated with the electron
transfer siep can-be obtained using Eq. 4.

The singlet energies of the sensitizers were obtained from
the fluorescence emission spectra (Figs. 13, 14 and 15). 1-Methoxy-
naphthaleneé (EXXEL) and 1-methyInaphthalene {LXXIV) exhibited a
distinct 0-0 :band. The point of intersection .of the emission and
absorption spectra was taken as the singlet energy of 1,4-dimethoxy-
naphthalene -(EXXIT1).

Table X includes T-cyanonaphthalene {XXIX) which is an
electron acceptor sensitizer. It is worth noting that the calculated
AG values.-are consistent with the observed reactivity toward addition

to thero]efﬁm:tanﬁiéMarkovnikov and ‘Markovnikov).. 1-Cyanonaphthalene

(XXIX) s -an-effective electron acceptor and. Eq. 4 indicates that the




110

electron transfer step should be spontaneous. Indeed, its fluorescence
was quenched by 1,1-diphenylethylene (XX) and the anti-Markovnikov-
-addition product was formed upon irradiation with this sensitizer via
the 1,1-diphenylethylene radical cation. MWith 1-methoxynaphthaléne
(LXXI1), 1,4-dimethoxynaphthalene (LXXITT) and 1-methylnaphthalene
{LXXIV), Eq. & indicates that the electron transfer siep should be
spontaneous with 1,1=diphenylethylene (XX) as the acceptor. In
agreement with this, the fluorescence of 1-methoxynaphthalene (LXXII),
Ts4=dimethoxynapnthalene (LXXIII) and 1-methylnaphthalene (LXXIV) was
-quenched by 1,1-diphenylethylene (XX), and the Markovnikov addition
product was obtained wizth these sensitizers:

The fluorescence quenching rate constants do not correlate
with the calculated AG values (Table XI), a fact which illustrates the
importance of factors -other than electron transfer for the fluorescence
eQUenching'process.zg&

The fluorescence quenching studies (summarized in Table XI) are
indicative of the involvement of the singlet excited state of thézr
Sensi tizers (LXXIT, LXXITT or LXXIV).

The possibidity that the triplet -excited state of 1,1-diphenyl-
ethylene (XX) is responsible for the observed reaction is ruled .out by
ithe observation that l=benzoylnaphthalene (LXXIX) or benzophenone LLEXXX)
failed to sensitize the reaction. Besides, the triplet of 1,T-diphenyl-
ethylene (XX) is relatively rapidly deactivated by the free-rotor
effect. 1V

Step 3 is. the protonation of the anion radical. It proceeds
in such a manner as to give the more stable wradical. When methanol-0-d

‘was used as the proton: source the product incorporated deuterium in




the methyl position (81% Dy, 13% Dy 0.1% D3).

Step 4 is the oxidation of the T,1-diphenylethyl radical by
the radical cation of the sensitizer to give the corresponding carbonium
ion. Deprotonztion of this carbonium ion should be competitive with
reaction with nucleophile (step 5) and accounts for the -deuterium incor-
poration in the viny¥ position of the starting material.

Step 5, the reaction of the 1,1-diphenylethyl carbonium ion
with the nucleophile, is a well known reaction. In the case of the
cyanation reaction (Feaction 21) thé viriue of 2.,2,2-trifluoroethanol
as a non=nucleophilic proton sOurcégBa;b'was evident: a reTatively
simall amount of the 1,1-diphenylethyl 2.2,2-trifluoroethyl ether
(LXXV1) was formed, in competition with the nitrile (LXXVIIT), upon
irradiation of 1,1-diphenylethylene (XX} with either 1-methoxynaphtha-
lene (LXXIT) or 1,4-dimethoxynaphthalene (LXXIII): AlSo, in the cyana-
tion reaction, a major portion of the sensitizers was Consumed. When
T1-,4-dimethoxynaphthalene (LXXIIT) was the sensitizer, l-cyario-4-
-methoxynaphthalene {LXXXT) was found amongst the Products of the
reaction. This photochemical nucleophilic substiitution is a known

382,76 The -mechanism we postulate -as occurring under our

process.
conditions is depicted in- Scheme X.

Steps. 1 and 2 are the excitation of the sensitizer and the
electron transfer step. They<have been discussed earlier. Step 3 is
attack of the radical cation -of 1,4-dimethoxynaphthalene by cyanide Jon
and:- it i$ analogous to step 3 of the cyanation scheme presented: in part
B of Chapter II.

Step- 4, the back electron transfer, which gives a carbanion

next to -a methoxy group, should not be a particularly favourable process.




OCH3
encounter complex

ocH, +

OCHj3 0\(3H3

encounter complex radical don pair or exciplex

o T
OGH3 ;




Sthgﬁe X. The proposed mechanism for the formation of 1-cyano-4-

methoxynaphthalene {(LXXXT).




The inefficiency of this step could provide a rationale for the

low yield of the photosubstitution. Step 5 is rearomatization. The .
‘methoxide jon, being a better leaving group than -cyanide ion, prefer-
entially leaves. .

We expect this type of reaction will bé general for aryl

-0lefins (at least) and other nucleophiles and that the mild non-

acidic conditions may -offer considerable synthetic utility.




CHAPTER VI

REACTIONS OF RADLCAL IONS -GENERATED BY
PHOTOSENSITIZATION (ELECTRON TRANSFER).
EXPERIMENTAL.

Genevral

Acetonitrile (Aldrich Gecld LabeY) was refluxed over calcium
‘hydride under dry nitrogen atmosphere and fractionated. Methanol
(Fisher; Spectro), methanol-0-d (Aldrich, 99.5% +) and isopropyl alco-
hoi (Fisher Spectro) vere used without further purification. tert- 1
Butyl alcohol was distilled over calcium hydride. 2,2,2-Trifluoro=
-ethanol (Aldrich:- Gold Label) was used after distillation. Acetic acid
{glacial). was first distiiled from anhydrous copper sulfate and then:
fractionally distilled. Pyridine (Eastman Spectro) was distilled from
barium oxide. J-Cyanonaphthalene was sublimed under vacuum, once for
the study of the photoreactions and threée times for the quenching
experiments. I,4-Dicyanobenzené (Aldrich) was recrystallized from
ethangt four times. 1,4-Dicyanonaphthalene was prépared by the reaction
of 1,4-dibromonaphthalefie with cuprous cyanide and was purified by
sublimation under vacuum--(two times) and recrystallization from ethanoi.
Methyl: p=cyanobenzoate was prepared by acid catalyzed esterification of
p-cyanobenzoic acid and:purified by recrystallization from ethanol
(four times). 71-Methoxynaphthalene was prepared via a WilTliamson
synthesis using 1-naphthol and dimethyl squate777and was purified by

distiHlation under vacuum. 1,4-Dimethoxynaphthalene was similarly
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prepared from 1,4-naphthalenediol and was purified first by column

chromatography ow neutral alumina and then: by recrystallization from
ethanol. Acetophenone, p-methylacetophenone, and p-methoxyacetophenone
were purified by distillation and column chromatography on silica gel
until only -one peak was observed upon vpec. Xanthone was purified: by
recrystallization from ethanol. 1-Benzoylnaphthalene was préparéd by
Friedel-Crafts benzoylation of naphthalene and was purified by recrys-
tallization: from ethanol. 1;1-Diphenylethylené (Eastman Kodak Co.),
2~phenylnorbornene (Aldrich) .and 1=phenylcyclohexene (Aldrich) were
purified by distillation undér vacuum; further purification for the
quenching éxperimenis and for the measurement of their oxidation
potentials was carried out by preparative vpc (10% DEGS, ChrW,

Non ‘Acid Washed, 60/80 mesh) and subsequent bu]b;to;bulb distilTation
prior to their use. 2-Methylpropens (Matheson Research Grade, 99.8%)
and .2,3=dimethyl=2-butene {(Aldrichs; 98%) were used without purification.
1,1-Diphenylethane was obtained by -catalytic hydrogenation (Pt on: C) of
1,1?diphenylethyiene. 2,2-Diphenylethyl acetate was. prepared by
acetylation of 2,2-diphenylethyl alcohol with acetic anhydride. 2,2-
Diphenylethyl alcohol was prepared by reduction of 2,2-diphenylacetalde-
hyde: with sodium:-borohydride. 2,2=Diphenylacetaldehyde was prepared

by -acid catalyzed opening and rearvrangement of trans stiibene oxide,

which was. in turn prepared from t¥éns stilbene by epoxidation with m-

chloroperbenzoi¢ acid. 3,3-Diphenylpropanonitrile was prepared as

79 5 2-Diphenyl-

described by A.D. Grebenyuk and I.P. Tsukervanik.
propanonitrile was prepared by alkylation of Z,2-diphenylacetonitrile

with. methyl chloride in: 50% aqueous. sodium hydroxide, in the presence
75

of catalytic amounts -of benzyltriethylammonium chloride.

1,1,4-




Triphenyl=1,2,3,4-tetrahydronaphthalene was made as described by
19

R.A: Neunteufel and D.R. Arnold. 18-Crown=6-cther was prepared and

80

purified as described by G.W. Gokel and coworkers. The dipotassium

salt of azodicarboxylic acid (PADA) was prepared and purified as

described by B.M. Trost.8}

Tétraethylammonium perchloraté (Eastman
Kodak Co.) was recrystallized from-water four times and dried under
vacuum at 65° C. Sikver nitrate, for the reference electrode, was
purified py recrystallization fromwater. A1l irradiations were
carried out using a General Electric Co: 1 kw medium=pressure mercury
vapour lamp, through a Pyrex filter, at 10°-C. Al1l the sampies,

except for those in Chapter II1, wére purged with argon for 20 minutes;
pridér to their irradiaiion. The progress of the reaction was foilowed
byfiHnmr and/or vpc. Thrmr spectra were obtained in deutérochloroform-
solution with tetraméthylsilane (TMS) as internal standard, using a
Varian ‘HA-100 spectrometer. Iv spectra were recorded -on a Beckman IR-
5A spectrometer and/ov on a Péerkin- Elmer 621 grating spectrometer.
Caiibration-of the ir spectra-was .done wusing the ]60‘!—,.Escﬁf_1 absorption
band of polystyrene. Theé combustion analyses were performed -by Chemal= .
ytics, Inc:, Tempe, Arizona. AlT veported yields are based on isolated

products except if it is otherwise stated.

Spectroscopic studies. -Fluorescence spectra were measuréd on: a conven=

tiona¥ 90° two=monochromator spectrofluorimeter or on a Perkin-ETlmer
Fluorescence Spectrophotometer (MPF-4). at room temperature. *“Quenching"”
values -were obtained, with the same instruments; from thé spéctra. The

Stern=¥Yolmer slopes were found by using the least squares method-.

The correlation coefficients were -always > 0.99: Fluorescence decay




measurements were made on a time-correlated single photon -counting
82,83,84

instrument, details of which have been described elsewhere.
The excitation source was a Photochemical Research Associates nano-
second fiash lamp System. The decay curvés were deconvoluted by
iterative convolutibn.82584 A1l measurements were done at room
temperature. In all cases (transient and steady-state measurements)
the solutions were degassed on. a meércury-free vacuum line.

Thé phosphorescence spectra were obtained-on a spectrometer
comprised of a Hanovia 150-W xenon. Source, the light from which was
passed through a Bausch.and Lomb 0.25 m monochromator and focused onto
the sample by a quartz lens. The sample was in a quartz Dewar kept at

Tiquid nitrogen temperature. The -emission at right angles from the

sample ‘was passed through a Jarrel=Ash spectrophotometer into an: EML

9558 QD photomultiplier (S-29 response), cooled with dry ice-methanol.
The output from the photomultiplier-was fed, via a timing amplifier
(Ortec Model 454) -and a fast discriminator (Ortec Model 417), t6 a
multichannel analyzer (Geos iodel 7010) with 1024 channels. The
$ignal-was displayed on--an oscilloscope and then recorded on an: Info-

tronic stepping recorder-.

Oxidation and Reduction:-Potential Measuremeénts. Cyclic voltametric

data were obtained using a three-electrode celd with a Princeton
AppHed Research Electrochemistry System Model 170. The working
-electrode was a platinum sphere sealed into glass and the counter

electrode was a platinum wire. A*Ag/Ag#'(O.ErM) électrode was

used as: a reference electrode and 0.1 M tetraethylammonium perchlor=




ate was the cupporting electrolyte (0.1 M)-

The solutions were purged with nitrogen prior to each measure-
ment and a nitrogen atmosphere was maintained throughout the experiment.

Half-wave oxidation: -potentials vére taken as 0.028 V before
the anodic peak potential and ha¥f-wave reduction potentials 0.029 V
before the cathodic peak'potentfal;zgr If the electron transfer process
vere not reversible, the peak potential was a function of sweep rate;
the half-wave was then estimated using the 100 mV/sec sweep and these
values vere theréfore less réliable.

The results are summarizZed in Table XII.

Irradiation of ],I-Diphenylethxléne,in;ACétpnitfiigeAlcohc1 Solution

with a Photosensitizer (E]ec;an;Tf§p§fer}~ A solution of 1,1=diphenyl-
ethylene (XX, 360 mg, 2 mmole)., photosensitizer (electron transfer, 0.8
miolé) in alcohol (40 mmol) and acétonitrile (12 ml) was purged with
argon for 30 minutes and irradiated thvough:-a Pyrex filter with a 1 kw
medium-pressure mercury vapour Tamp, &t 10°. The progress of the
reaction was foT1owedby]HnmftdisapP83E§ﬁée”of the signal -due to the
vinyl protons and/or vpc). After approximately 60 h of irvadiation
(depending upon the alcohol used}, the solvent was evaporated and the
residue was chromatographed on a silica :gel (60-200 mesh) column,

using solvents of varying polarity. In addition to the major products,
alkyl 2,2-diphenylethyl ethers, a large :portion of the sensitizer (ca.
80%) was usually recovered. -According to the above general procedure,

the following ethers were prepared.

2,2-Diphenylathyl Methyl Ether (XXV).. In- addition to XXV (36.1%,
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T

ble XII. Cyclic voltametric data using platinum electrode, tetra-

ethylammonium perchlorate (TEAP) 0.1 M, in acetonitrile

solution: vs. Ag/0.1 M AgNO

3.
Anodic Ep, Cathodic Ep.
Sweep rate Anodic Cathodic ip/VJ/z V vs ;’%g-/Ag+ V vs Ag/Ag”
mv/sec ip, wA _ip, wA_ A sec/2/v'7Z (0.1m)  _ (0.1M)

1-cyanonaphthalene (XXIX) 1.0 mM

50 2.8° 2.8 12.5 2.28 2.36
100 2.9% 2.9 9.2 2.28 2.36
500 9:62 8.4 1.9 2.28 2.36

2,2§dipheny1etby1,isopropy] ether (XXVI) 0.88 mM

20 7.2 - 51.1 1.80 -
50 11.0 - 49.3 1.82 =
100 15.0 - 47.5 1.84 =
200 21..2 - &47.4& 1.85 -

1,3-diphénylethane (XLVE) 1.72 aM

50: 40.0 - 179.4 1.82 -
100: 57.0 - 180.4 1.84 -
200 82.0 - 183.4 1.87 -

1,1-diphenylethylene (XX) 1.0 mM

100- 6.3 - 19.9 1:48 =
200:

r~
(4]
]

19.0 T.50 -




Table X[f (Continued)

5000 16.5 - 7.4 - 1.52

2=phenyTnorboynene (XXVITI)

200 - = - 1.10

1-phenyl ¢yclohexene (XXVIT)

100 = = = 1.29

1,4=dicyanobenzene (XXI) 1.03 mM

20 3.6 3.6 25.5 1.96
50 5.4 5.6 24 % 1.9
100 7.6 7.6 24.0 1.96

1,4-dicyanonaphthalene (LXIX) 0.95 mi

20 2.7 2.3 149 1.63
50 3.3 3.3 14.7 1.63
100 4.6 4.6 14.6 1.63

methyl p-cyanobenzoate (XXII) 1.0 mM

20- 3.3 3.7 26.2 2.02
50 4.7° 5.2 23.2 2.02
100 6.6% 7.0 22.2 2.01

p-methylacetophenone (LXXI) 2.18 mM

20 13.0 = 91.9 2.10

2.
2.

AU N

~N

03
03

.03

.70
.70
.70

.10
.09
.08
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Table XII (Continued)

50
100
200

20
50
100
200

20
50

100
200

a. Calculated using the semiempirical procedure reported by R.S.

18.0
23.9
31.3

13.5
18 5
25.5
33.5

20.0
27.1

34.5
a5.0

= 75.6
= 70.0

‘p-methoxyacetophenone

2.12
2.15
2.16

(LXVY 0.95 mM

- 95.5
- 82.7
- 80.6
- 74.9

acetophenone (LXX) 1.01 mM

- 141.4
- 121.2
- 109.1
- 100.6

2.33
2.33
2.37
2.38

Nicholson, Anal. 'Chem.: 38, 1406-(1966).




coiourless 1liquid), 1,1=diphenylethyl methyl ether (9.1%), and 1,1-
diphenylethane (1.6%) were -obtained. The sensitizer for this irra-
diatic~ was methyl p=cyanobenzoate (XXIL). The structure proof for
these products rests upon direct comparison (ir, ]Hnmr),with authen-
tic samples prepared by established procedures (XXV has been described

,previousﬂy).zo

2,2-Diph?ny]ethy3;Isopropxj;Ether (XXVI). 2,2-Diphenylethyl isopropyl
-ether {XXVI) was obtained by the above procedure in 48.5% yield; methyl
p-cysnobenzoate (XXII) was the sensitizer. In addition, diphenyl-
methane (LXVII, 7.2%) was isolated. A sample of XXVI {colourless

Tiquid} was purified by vpe (103 SE=30 on Chromosorb W).

Ir (neat) v 1610, 1500, 1370, 1140, 1090, 700 cn™ .
Tnme 5%3?3 7.42 (broad singlet, ArH); the benzylic and

methylene protons appeared as an ABzzpatterni,part A -4.24, part B 3.93,
Jag = 7-5 Hz; 3.57 (heptet; methy]?éfs, J = 6.5 Hz), 1.12 (doublet,
methine H).

Mass spectrum (70 eV), m/e (rel. intensity) 240 (1, '),
168 {15), 167 (100), 165 (21), 73 (13), 43 (28) (shown in Fig. 12).

Anal. Cald. for XXVI (C 0): C, 84.95; H, 8.39. Eound:

1720
C, 85.23; H, 8.44.

Alternative Synthesis of 2,2-Diphenylethyl Isopropyl Ether (XXVI).

Trans-stilbene oxide was prepared by epoxidation of trans-stilbene with

meta-chloroperbenzoic acid85 and the -epoxide was isomerized to 2,2-
86

diphenylacetaldehyde, using boron trifluoride etherate.. The aldehyde

was reduced to 2,2-diphenylethanol with sodium borohydride. The




potassium alcoholate was. treated with isopropyl iodide to give 2,2-

diphenylethyl isopropyl ether (XXVI). The yield of the last step was
3.5%. The spectra (JHnmr', ir) of the ether obtained in this synthesis
were idéntical with those of the ether (XXVI) obtained from the phuto=

reaction (reaction 5.

2,2-Diphenylethyl tert=butyT ether (XXX). The general procedure for

rveaction 5, using methyl p-cyanobenzoate (XXIT) as the sensitizer
(electron transfer) and teri-butanol as the alcohol, gave XXX (17%)

and- diphenylmethane {(LXVIL, 35%). A sample of XXX {colourless iiquid),
for spectral characterization and analysiss was purified by vpc {coTumn,
10%; SE=30 on Chromesorb W).

1

Ir (neat) v___ 1604, 1495, 1374, 1197, 1080, 695 cm .

miax
1 cne

“Hnmr- STMSTS 7.40 (broad singlet, ArH); the benziylic.and

-methylene protons appeared -as an AEZ pattern; part A 4.18; part B 3.87,
Jdpg = 7-5 Hz, 1.15 {singlet, tert-buty¥ H's).
7 Mass spectrum (70:-eV), mfe (rel. intensity) 168 {42},
167 (100), 165 {14), 57 (42) (sShown in Fig. 12).
Anai. Cald. for XXX ,,CC]SHQZO;:),: ¢, 84.99; H, 8.72. Found:
C, 85.03; H, 8.74.

Irradiation of 1.7-Diphenylethylene in. Acetonitrile-Water Solution with

Methyl p-Cyanobenzoate {ETlectron Transfer Photosensitizer). A solution

of 1,1-diphenylethylene (XX, 1.8 g, 10 mmol) and methyl p-cyanobenzoate
(XXII, 0.8 g, 5 mmol) in acetonitrile (30 ml) and water (4.5 -ml) was
irradiated for 70 h. The solvent was evapurated from the resultant

solution and the residue was extracted with ether. Evaporation of the




dried: ethereal extracts led to an oily residue which upon chromatogra-

phy on:silica gel (60-200 mesh), using solvents of varying polarity,
gave the following products: diphenylmethane (LXVII, 322 mg; 19%),
1,1=diphenylethane {XLVI, 86 mg, 5%), 2,2-diphénylethyl alcohol (XXXIV,
487 .mg, 25%) and sensitizer (XXII, 458 mg, 57% recovery). The structure
proof for these products rests upon direct comparison (ir andfor 1Hnmr)

with .authentic samples prepared by established procedures.

Irradjitﬁon of 1,pripheny1ethyigpe:in Acetonitrile=Acetic Agid,Solution

with Méthyl p-Cyanobenzoate (Electron Transfer Photosensitizer). A

solution of 1,1-dipheriylethylene (XX, 360 mg, 2 mmol) and methyl p-
cyanobenzoate (XXIL, 128 mg, 0.8 mmol) in acetonitrile (12 ml) and
glacial acetic acid (2.4 ml) was irradiated for 350 h. Thé soivent
was evaporated from- the resultant yellow solution and the residue upon
chromatography on & silica gel column (60-200 mésh), using solvents of
varying polarity, dave the following compounds: unreacted -olefin (XX,
40 mg,. ‘89% conversion), 1,1-diphenylethane (XLVI, 20 mg, 6%), 1,1,4-
triphenyl=1,2,3,4=tetrahydronaphtinalene (XXIV, 137 mg, 43%) and methyl
2,2=diphenylethyl acetate (XXXV, 171 mg, 5%). AT the sensitizer was

consumed.

Irradiation of 1-Phenylcyclohexene in Acetonitrile-2,2,2-Trifluoro-

ethaan:So]utionrwiih 1-Cyanonaphthalene (Electron Transfer Photosensi=

tige%i; A solution of 1-phenylcyclohexene (XXVII, 79 mg, 0.5 -mmol) and:
1-cyanonaphthalene- (XXIX, 31 mg, ‘0.2 mmol) in acetonitrile (2 ml) and

2,2,2-trifluoroethanol (1.6 ml) was irradiated for 4 h. The solvent was

evaporated from thé vesultant solution and theé residue was chromato-




-graphéd on a silica gel column (60=200 mesh) using solvents of varying

polarity. The following compounds were obtained: trans-2-phenyl-1=
{2,2,2-trifluoroethoxy}=cycichexane (XXXII, 16 mgs; 12%), ¢is-2=phenyl-
1-(2,2,2=tri fluoroéthoxy)-cyclohexane (XXXI, 10 wg, 8%) and 1-cyanonaph-
thalene (XXIX, 9 mg, 29% recovery].

trans-2-Pheny1=1-(2,2,2-tri fluoroethoxy) -cyclohexane (XXXEL). Ir

{neat) Vinax 2940, 2862, 1446, 1277, 1162, 1147, 1106, 970, 761; 698 cm_].

]Hnmr 6%3213 7.36 (broad singlet, ArH), 3.35 (quartet,

'O—CHE—CFga J = 9.0 HZ), 2.24 = 0.72 (multiplet, aliphatic hydrogens

F,H
of the cyclohexane ring).

Mass. spectrum (70 eV), m/e (rel. intensity) 258 (62, #'), 215
(100), 158 (21), 115 (40), 9% (24).

Anal. cald. for XXXII (Cq H;F,0): C, 65.10; H; 6.63.
Found: €, 65:37; H, 6.62.

cis=2-Phényl-1-(2,2,2-trifluoroethoxy)-cyclohexane (XXXI). Ir (neat)

v, 2940, 2867, 1284; 116¥F, 970, 700 cm—l;
max

Tunmr 620C12 7,25, (broad singlet, ArH), 3.68 (broad singlet,
H]34,3.29 {quartet, 0=GH2-CE3, JF,H = 9.0 Hz), 2.66 {broad doublet, HZ’

J = 12 Hz), 2.50 = 0.70: (multiplet, aliphatic hydrogens of the cyclo-
hexane ring).

Mass spectrum (70-eV)., /e {rel. intensity) 258 (87, M ), 130
(77) . 129 (51), 137 (700), 104 (72), 91 (87).

Anal. cald. for XXXI @C]4H17F3033 C, 65.10; H;, 6.63.

Found; C, 65.18; H, 6.42.




Irradiation of 2-<Phenylnorbornene in Acetonitrité-tert-Butyl Alcohol

Solution with Methyl p-Cyanobenzoate (Electron Transfer Photosensitizer).

A solution of ZephenyTnoﬁborﬁene~(XXVILI, 0.7 g, 4 mmol) and methyl p-
-cyanobenzoate (XXII, 256 -mg, 1.6-mmol) in acetonitriie (24 ml) and
tert-butyl alcohol (80 m1) was irradiatéd for 55 h. Aftér removal

of the solvents from the resultant solution, vpc analysis of a small
portion: of the reaction mixture showed that it contained: starting
matérial (76 mg, 89% conversion); 2=phenylinorbornanes (68 mg, 11%),
f-gégzggzgfbutoxy=3aggggjpheny1norbornane (XXXITI, 212 mg, 24%), 2-éxo0-
cyanomethyl=3-endo-phenyinorbornane (LXXXII, 147 mg, 19%) and essen=
tially all of the photosensitizer. The major pértion of the reaction
mixture was -chromatégraphed on silica gel (60-200 mesh) using sdlvents
of varying polarity. The compounds isolated in this manner were
further purified by vpc (10% DEGS, chromosorb W, NAW, 60/80:-mesh) in

order to obtain analytical samples and/or their specira-

2—éXo—tgfteButoxy—3+endg—phenyinorbbrnane (XXXTII). Ir (KBv disc)

Vnax 3076, 2038, 3970, 2883, 1602, 1394, 1363, 1198, 1116, 1059, 1018,

767, 757, 738, 708 cm .
Tnmr 65DC712 7,44 - 7.00 (multiplet, Ark), 3.66 (doublet of
doublets, 52, qé’3r; 3.5, g%97a;= 1.5 Hz), 2.98 (triplet, H3, 03’4,=

4.0 Hz), 2.22 (Gmultiplet, H3,7H4), 1.93 (broad doublet, H7$)’ T.74 -
0.85 (multiplet, Hos Hgs H?a)'

Mass. spectrum (70 eV} m/e (vel. intensity) 244 (2, M*), 188
(33), 170 (19),. 93 (21), 92 (68), 53 (100).

Anal. Cald. for XXXFH (617H240): C, 83.55; H, 9.90. Found:

€, 83.56; H, 10.22,




2-exo-Cyanomethyl-3=endo~-phenyinorbornane (LXXXII). Ir (neat) v

3067, 3037, 2959, 2882, 2252, 1605, 1501, 743, 703 cm‘}.

max

1 CDC1,

Hnme 85501 7.50 - 7.08 (multiplet, ArH), 2.74 (triplet,
ex0 Hyy J = 4.5 Hz).
7 Mass spectrum (70 eV) m/e (rel. intensity) 211 (27, M+), 170
(59), 143 (54), 115 (90), 92 (100), 67 (100); 65 (50).
Anal. Cald. for LXXXII (C15H17N): C, 85.26; H, 8.11.
Found: €, 85.55; H, 8.26.

eradiatiqn of 1,1éDipheny]éthyjené;Pot&Ssiu& Cyanide anq;18i£rownr

6=Ether in -Acetonitrile = 2,2,2=Trif1uor0ethano1‘So]ntion,with 1=

annoﬁaphtha16neAjE1ectroniTran$fer Photosensitizer). A solution of
1,1-diphenylethylene (%X, 450 mg, 2.5 mmo1), potassium cyanide (650 mg,
10 mmol), 12-crown=6-ether (2.64 g, 10 mmol), and 1-cyanonaphthalene
EXXIX, 382 mg, 2.5 mmol) in 2,2,2=trifluoroethanol (1.5.m1) = acéto-
nitrile (20.0:ml) was irradiated for 90: h. Aftéer irradiation, the
nixture was pouved into water and the organic products extracted with
diethyl ether: Column chromatography of the etheral extracts on:-silica
-gel £60-200 mesh), using solvents of varying polarity gave the
products® 3;3=diphenylpropanonitrile (XLI, 48%) and T,l=diphenyjeth§ne
(XLVE, 18%). The structure proof for these compounds résts -upon direct
-comparison (dr, tHnmr} with authentic samples prepared by estab¥ished

procedures.

1rra@iati0n70f 25Phehy1nohbotnene;andfgotassium'Cyanide:in,ﬁmetpnitrilea

2,2,2-Trifluoroethanol Solution with T-Cyananaphthalene {(ETectron

Iransfeﬁ:Pﬁdipsensitjaer)i A solution -of 2-phenylnorbornens (XXVIIL,
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680 mg; 4 mmol), potassium cyanide (650 mg, 10 mmol) and 1-Cyanonaphtha-
igne (XXIX; 308 mg, 2 mmol) in 2,2,2=trifluoroethanol (16 ml) - .aceto=
nitrite (20 ml): was irradiated. After 2.5 h of irradiation, the
solvent was evaporated and the residue was extracted with a benZene-
pentane mixture. Thé mixture obtained, upon chromatography on a
silica gel (60-200 mesh): column using solvents of varying polarity,
gave the following products: é—gzgfqyano-Beggggfphenyinorbornane
(ALI1,- 29%), 2-exo0-cyano-3-exo=phenyinorbornarne (XLIIL, 10%), 2=éxc-
C?,Z,ZrtrifluorOethoxy);B—ggggfpheny]porbOrnane (XLVIIT, 7%), and a
small amount (< 5%) of an iwpure product which we believe is 2-g&yano=
3-phenylnorbornéne (XLVII). Further purification of the products
XLIT, XLIEI and XLVIIT by vpc (10% DEGS, Chri, NAW, 60780 mesh) and/or
column ch¥omatography was carried out in order to obtain samplies for
-andlysis and sSpectra.

:g;gég;cyano-3i§ndO;phenyJnOrbornane (ALEL). TIr (rzat) v 2980, 2890,

max
2250, 1620, 1510, 1465, 745, 710 cia .
Thnmir 6ShC12 7.67 - 7.25 (multiplet, ArH), 3.52 (triplet,

gngBJ,j2;84 - 2;52(muitipietgH1,Hz,Ha),1496¢broaddoub1etH7s),1.7¢=

.14 {multiplet, Ho, H

5 Hgo Hzg)- )
Mass. spectrum (70 eV); m/e (rel. intensity) 197 (100, M ),
131 «{71), 91 (95).
Anal. Cald. for XEII (C14H35N}: C, 85.23; H, 7.663 N, 7.10.
Found: C, 85.31; H, 7:40; N, 7.35.

Q-QEQnyano—3%gxoepheny1noﬁbornane'CXLTIf). Ir (neat) Vndx 2930, 2900,

2260, 1508, 1468, 1312, 740, 710 cn .
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Yinmr 6%&513 7.33-7.08 (multiplet, ArH), 3.10 = 2.84 (multiplet,
Hys Has Jp 3= 95 dp 70 = 1582 0 . = 2.0 H2), 2.75 = 2.59 (muitiplet,
HF,Hh),Z.OS (muTtip]etcenter,H7s),,Tt77§1.18 (mu]tiplet,,Hsj HG’ H7é).

Mass spectrum (70 eV), w/e (rel. intensity) 197 (100, M+),
131 (52), 91 (62).

Anal. Cald. for XLIIT (CqgHy5M): C, 85.23; H, 7.66; N, 7.10.
Found: C, 85.14; H, 7.62; N, 7.26.

Zigigﬁz,z,ZaTrifiuOroethcny—3=eﬁdozphenyJnOfbﬁrnane (XLVFLI). Ir

(neat) v__ 2980, 1295, 1175, 1130, 980, 750, 710 oY,
Tynme 6%3?1% 7.66 - 7.22 (multiplet, ArH), 3.19 (triplet; H,,
42,3 = 3.5, J3’47= 4.0 Hz), 3.86 (quartet, methylene JFiH = 8.5 Hz), 3.5

(multiplet, H,, dJ = 1.5 Hz), 2.46 - 2.41 (muitiplet, Hy, H,), 1.91

2,7a
(broad dOublet,,H7S),,1,7 = 0;93’(mu1tiglet;,H5, H6’ HZa)'

‘Mass spectrum (70 eV) m/e (rel. intensity) 270 f100,7M+),
139:(45), 117 (65).

Anal; Cald. for XLVIIT (C-‘ 5H}l 7F30:)': C, 66.665 H, 6.34.
Found: C, 66.77;H,6.18

Irﬁadtgtion;ofJZéEhéqylhoébogﬁege and: Potassium Cyanide in A;etonftrf]ef

HMethano1=0-d Sé]utianwjthrT?Cygnonapﬁtha1§ne,1ETectrqn Tyaq;fgr %ho;o;

;ensitizér)1 A salution of 2-phenylnorbornene (XXVIIL, 25 mg, 1.5
wmol1), potassium cyanide {243 mg, 3.75 mmol}) and' 1-cyanonaphthalene
(XXIX, 115 mg, 0.75-mmo1) in-methanol-0=d (10 mT) - acetonitrile (13
ml), ‘was irradiated for 2 h.. After irvadiation, the solvent was
-evaporated and the residue extracted with diethyl ether. Column

chromatography: of the -etheral extract, using silica gel (60-200 mesh)




and solvents of varying polarity, gave the following products: 2-exo-=

cyano-3-éxo-deutero-3-endo-phenyinorbornane (XLIX, 18%)- 2-exo-cyano-3-
gg_@_adeutero-3'—§iq=-pheny1nof:bbrnane {L, 5%} and 2-exo-methoxy-=3-exo=
deutero-3-endo-phenylnorbornane (LI, 54%). Further purification of
sampies for sp'ec,tfz'ai characterization was carried out using vpé¢ (103

DEGS, Chrll, NAW, 60/80 mesh).

2-ex0-Cyano-3=exo=deutero-3=éndc-phényinorbornane (XLIX). Ir (neat)

v 2998, 2910, 2262, 1515, 1465, 750, 712 cn .

Ynmr 6C0C12 7,66 - 7.26 Guultiplet, AM), 2.84 - 2.58
(multiplet, Hys Hys H4), 1.97 (multiplet center, H7s), 1.75 - 1.10
(multiplet, He» HB’ H?a)‘

Mass spectrum (70 eV) m/e {rel. intensity) 198 (100, :M+),

132 (90), 92 (99)-

2;ex()nyah0-3:gr"@ﬁ_,-'deutet033;exo;p’ﬁény1 norbornane (L). Ir (neat)

THnme 5%31513 760 - 7.22 (multiplet, ArH), 3.00 (broad

singlet, EH;z), 2:80. = 2.66- (multiplet, Hys H?4;f);, 2.71 (multiplet center,

2-exo-Hethoxy-3-exo-deutero-3-endo=phenyinorbornane (LI). Lr (neat)
v . 2960, 2880, 1500, 1455, 1126, 1105, 740, 700 s

1 CDC1 4
Hnmy ‘SiTMS

= 1.5 Hz), 3.36 (singlet, methoxy H), 2.54 = 2.36 (multiplet,.

7.60 - 7.30. (multiplet, ArH), 3.5 (sharp doublet,.

2> 93,72

H1, H4')i, 1.82 (broad doublet, H 1.7 - 0.9 {(multiplet, HS?" HG’ HZa,)'.

7 s,') :

Mass spectrum (70 eV) m/e (rel. intensity) 203 (100, %M"'"), 17%




(58), 118 (43), 92 (69), 71 (97).

‘Preparation of 2-exo-Cyano-3=endo=Phenyinorbornene (LII) and 2-endo-

‘Cyano=3-exo-PhényInorbornene (LIII) (Diels Alder Reaction). A solution

of trans-cinnamonitrile (1.3 g, 0:01 mo1) and freshly distilled cyclo-
pentadiene (0.66 g, 0.0% mmoT) in 5 ml toluene was heated in a sealed
glass. tube at 154° for 65 h. The resultant mixture contained unreacted
‘starting materials and a one to one ratio of the products LIT and

LIIT (conversion 50%). ‘Repeated chromatography on silica gel {60-200
mesh) using solvent of varying polarity gave 2=ex0-cyano=3-endo=phenyl-
norbornene (LII) and 2-éndo=cCyano-3-éxo-phenylnorbornene (LII1). Further
purification of the adducts was carried out using vpc (10% DEGS, Chvld,

NAW, 60/80 mesh) in ordér to obtain their spectra.

2-ex0-Cyano-3=endo=phenyinorbornene (LII). Ir (neat) Voax 3062, 3030,

2980, 2944, 2875, 2232, 2200, 1600, 1620, 1495, 1450, 1336, 19196, 1080,

1030, 905, 868, 745, 720, 698 cm’ .

Vinmr 5%?3 7.40 - 7.00 (muitiplet, ArH), 6.24, 6.01

(multiplet center, olefinic H, I ¢
J2,3,= 5.0 Hz, J354,= 3.2 Hz), 3.28 (broad:singiet,iH1,,H4),:2.40

= 6.0 Hz), 3.68 (doublet;pair,rH3,

(doubTet pair, HZ"JZ,Ya = 2 Hz), 1.96 - 1.56 (multipiet, Hoao H7S).
Mass spectrum (70 -eV) m/e (rel. intensity) 195 (7,2M+),,130
(60), 67 (21), 66 :(100).
Exact mass cald. for LTI CC]4HT3N): 195.3048; found. (ms)=

195-.1044-.

2-endo-Cyano-3-exo-Phenylnorbornene (LIIT). Ir (neat) Viax 30655 30305




2980; 2880, 2238, 2200, 1500, 1450, 1340, 1160, 1035, 850, 792, 750,

728, 700 cm™ ).

Tunme 60C15 7.58 - 7.04 (multiplet, ArH), 6.56, 6.36 (multi-

plet center, olefinic H, J = 6.0 Hz), 3.31 {(broad singlet; H]),,3.15

5,6

{broad singlet, H4), 3:03 (broad: dcublet, -coupied to 7_, H

a 3° J2,3 = 5.0

Hz)s 2.85 (doublet pair, HZ), 1.6 {multiplet center, Hoo HZS)'

Mass spéctrum (70 eV) m/e (rel. dintensity) 195:(3,7H+)5 130
(19), 129 (22), 66 (100).

Exact mass cald. for LIII:(C]4H33N)2 195.1048; fouad (ms):

195.1045.

Preparation of 2-ex0=Cyano-3-endo-Phenylinorbornane (XLI1) (Diimide

Reduction ofiEII); 25 mg {0.13 mmol) of the dipotassium salt of

azodicarboxylic acid (PADA) and 10 mg (0.05 mmol) -of 2=exo-cyano=3-
gggg;phenylnorbornene (LIT) were stirred in 0.4 mi -of pyridine under
nitrogen atmosphéve. :0.1 g (0.1 ml) of glacial acétic acid in 0.2 mT
of pyridine was added dropwise over .a period of 30 min. The mixture
was. stirred: at room temperature for 6 h. This mixture was poured into
water and extracted with ether. The ether layers were-washed with
dilute aqueous hydrochloric acid and then saturated aguéous -sodium
bicarbonate. After drying, evaporation -gave 10 mg {100% yield) of a:
colourless Tiquid with ir and ]Hnmr'spectra identical to those -cbtained

for the photoproduct XLIL.

Preparation:-of 2-endo-Cyano-3-=éxo-Phenyinorbornane (LIV) (Diimide

Reduction,df LIL%)J The procedure -outlined above was used- also for the

reduction of LLEI to-LIV. The product was further purified using




column: chromatography on silica gel (60-200 mesh) in order to obtain

its spectra.

2=endo-=Cyano-3-exo-phenylinorbor-ane (LIV). Ir (neat) Voax 3060, 3030,
2963, 2882, 2238, 1600, 1493, 1478, 1450, 1300, 1181, 1080, 1032,

752, 730, 700 cm L.

Vinmr 6S0C1% 7.26 (singlet, AH), 2.96 (broad doublet, H,),
2.80 = 2.47 (multiplet, Hy, Hy, Hy), 1.90 - 1.34 (multiplets Hy, H, Hy).

Mass spectrum (70 eV) m/e {rel. intensity) 197 (3%, ¥ ), 131
(53), 115 (34), 91 (100).

Exact mass cald. for LIV (CT4H]5N): 197.7204; found (ms):

197.7202.

{XLTIL): to 2-endo-Cyano-3-exo-PhenyInorbornane (LIV). 6 mg of 2-exo=

cyanOéizgzg;phenylnorbornane (XLIET) were dissolved in 1 ml -of fert-
‘butyl: a¥cohol under nitrogen atmosphere and trace of potassium metal
was. added: After 3 h stirring -at room temperature, the reaction
mixtuve was poured in water and.extracted with ether. After drying,
evaporation gave 4 mg of product whose ir spectrum was identical to

that «of LIV.

InrqgfaiiQh of I—Phenyjcyclohexgnéiaﬂg Potassium Cyanide in. Acetonitrile-

2}252:Tr{fiqoroethano1 Solutioﬁnwiihi1nyanowaphtha1ene {Eiggﬁrbn

Eransfer Photosensitizer). -A solution of T-phenylcyclohexeng (XXVII,

790 mg, 5 mmol1), potassium cyanide (650 mg, 10 mmol) and 1-cyanonapn-

thalene GXXIX, 308 r13, 2 mmol) in 2,2,2-trifluorcethanol (16-ml) -
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acetonitrile (20 ml) was. irradiated. After 80 h or irradiation, the
solution -was. poured in water and th’e,organic part extracted with diethyil
ether. Column-chromatography of tha étheral extract, using $ilica gel
{60-200 -mesh) and solvents of varying polarity, gave the foliowing
products: ﬁ'—]—c_yano=2-phenyf1'cyci’dhexane (XLIV, 20%), trans=l-cyano-
2=phenylcyclohexane (XLV, 19%), _c_ﬁ—%phenyl -1-{2,2,2-tri fluoroéthoxy}=
cyciohexane (XXXI, 1.5%), and trans-2-phenyl-1-(2,2,2-trifluoroethoxy)-
cyGlohexane (XXXII, 1.6%). Furthér purification of the above products
was -carried- out using vpc (10% DEGS, Chrii, NAH, 60/80 mesh) and/or
column -chromatography, in order to--cbtain analytical samples and

spectra-..

€is=1-=Cyano-2-phenylcyclohexane (XLIV). Ir (neat) Vmax 2949, 2874, 2237,
1497, 1449, 893, 855, 772, 745, 697 cm_]_

Yamr 6%5%13 7.32 (singlet, ArH), 3.08 (broad singlet, H a-
to-CN group), 2.9 = 2.6 (multiplet, benzylic H), 2.3 - 1.2 (multiplet,
methylene H).

Mass spectrum (70 eV), m/e (rel. intensity) 185 (48, M), 117
(100) 5 91 (97).

Anal. cald. for XLIV r(c31;3g115p17):: C, 84.28; H, 8.16; N, 7.56.
Found: €, 84.32; H, 7.93; N, 7.74,

trans=1=Cyano-2-phenylcyclohexane (XtV). Ir (neat) v 2920, 2850,

max
2230, 1486, 1440, 1062, 1013, 750, 692 cm .
Tanmr 5‘{3?3 7.46 - 7.1 (multiplet, AH), 2.82 - 1.7

(muTtiplet, aliphatic H).

Mass spectrum (70 eV), mfe (rel. intensity) 185 (47, ,M“F:)'—,




117 (100), 91 {98).

Anal. caid. for XLV 6613H]5N)1 C, 84.28; H, 8.16, N, 7.56.

Found: C, 84.57; H, 8.11; N, 7.48.

Irradiation of 1,1-Diphienylethylene and 2=Methylpropene in Acetonitrile

with Methyl p=Cyanobenzoate (Electron Transfer Photosensitizer). A

solution of 1,l=diphenylethylene (XX, 72 mg, 0.4 mmol) and methyl p-
cyanobenzoate (XXIT, 32-mg, 0.2 mmol) in acetoritrile (1.25 ml) was
purged with 2=methylpropene {XXXIX) until saturation (ca. 100 mg, 1.8
mmol} and 'ir‘r;xdiated for 28 h. The solvent was evaporated from the
resuliant yellow solution and the residue upon chromatography on a
silica: gel (60-200 mesh) solumn, using solvents of varying polarity
gave 1,1-dimethyl-4-pheny1-1,2,3,4-tetrahydronaphthalene (LV, 11 mg,
12%). The sensitizer was largely recovéred. Further purification of
the adduct was -carried .out using vpc (10% DEGS, -Chromosorb W, MAW,

60/80 mesh) in order to-obtain Samples for analysis and spectra.

1,1-Dimethyl-4-phenyl=1,2,3,4=tetrahydronaphthalene (LV). Ir (neat)

\)max 3064, 3029, 2964, 2936, 2865, 1602, 1492, 1452, 1386, 1363, 759,
738, 700 cm;T.,

1. CDCT:5-
Himr §oyc

benzylic H, J = 7.5 Hz); 2.40 = ca. 1.8 (multiplet, 3CH'25)',, ca. 1.8 -

7.50 - 6.75 (multiplet, ArH), 4.13 (triplet,.

1.56 (multiplet, 2CH?')3 1.37 and: 1.34 (singlet, methyl H's).
Mass spectrum (70 eV) (rel. intensity) 236 (26, M'), 180
(43)513; 143 (85), 128 (45), 115 €31), 91 (100).

Anal. cald. for LV (CyqH C, 91.473 H, 8.53. Found:

20l

C, 91.80; H, 8.71.
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Irradiation: of 1,1-Diphenylethyléne .and 2-Méthylpropene ip Acetopitri]e

wifh31,4é0i£yan0bén2ene (E]eétron Transfer Photosensitizer). A solution
of 1,1=diphenylethylene (XX, 720-mg, 4 mmol:) and T,4-dicyanobenzene (XXI,
200 mg, 1.6 mmo1) in acetonitrile (12.5 ml) was purged with 2-methyl-
propene (XXXIX) until saturation (ca. 1 g, 18 mmol) and irradiated for
66 h. The solvent was evaporated from the resultant yellow solution

and. the residue was subseguently treated with ether. The separated
colourless crystals of the sensitizer wére recovered (184 mg, 92%
recovery) by filtration. The ether-was removed from the filtrate and
the oily residue upon chromatography., as described above, gave unreacted
‘starting material (XX, 371 mg, 48% conversion) and 1,1-dimethyl-4-

pheny1-1,2,3,4~tetrahydronaphthalene (LY, 142 mg, 24%).

Irradiation of 1,1-Diphenylethyléne and: 2,3=Dimethyl-2-Butene in Aceto-

solution of 1,1-diphenylethylene (XX, 720 ma, 4 mmol), 2,3-dimethyi-2-
butene (LVIT, 840 mg, 10 nmol) and 1,4-dicyanobenzene (¥XI, 200 mg,
1.6 -mmoT) in acetonitrile (12.5 ml) was irradiated for 40 h. The
solvent was evaporated from the resultant yellow solution. and the resi=
due was subsequently treated-with ether. The -separated cclourless
crystals of the sensitizer were recovered (59 mg, 30% recovery) by
filtration. The ether was removed from the filtrate and the oily
residue upon chromatography -on silica gel {60-200 ‘mesh), using solvents
-of varying polarity, gave a variety:of products in the following: order
of elution: & 4:1 mixture of 2,3,6,7-tetramethyiocta=2,6-diene and:
2,3,3,4,4,5-hexamethylhexa-1,5-diene (LXI, 1XI1, 20 mg, 2.3%, based on

the amount of 2,3-dimethyl-2-butene); their identification was based

|
. . )
} VP L S R



on- the comparison of ]Hnmr spectrum of the mixture with the ]Hnmr'

spectra reported for thesecompounds;ﬁ53

unreacted starting materizl

(XX, 277 mg,. 61% conversion), 2,3-dimethyl-5,5-diphenyl-2=hexene (LX,
29 mg, 4%), 1,1,2,2-tetramethyl-3,3-diphenylcyclobutane (LIX, 38 mg,
6%), 1.1,2,2=tetramethyl-4-phenyl=1,2,3,4-tetrahydronaphthalene (LVIII,
15 mg, 15%), i,1,4=triphenyl-1,2,3,4-tetrahydronaphthalene (XXIV, 84 mg,
19%), 2,3-dimethyl=1-(4-cyanophenyl)=2-butene (LXILI, 70 mg, 34%, based
on the amount of consumed 1,4-dicyanobenzene), and 2,3-dimethyl-3-(4=
c¢yanophenyl)-1-butene (LXIV, 44 mg, 22%). Further purification of the
products by vpc (10% DEGS; Chromosorb W, NAY, 60/80 mesh) was carried

out in order to obtain samples for analysis and spectra.

2,3-Dimethy1=5,5-diphenyl=2-hexene (LX). Ir (neat) Voox 3090, 3060,

3030, 2975, 2920, 2865, 1598, 1493, 1442, 1320, 1028, 769, 752, 696~cmil.

T CDCl,
Hame: S50

1.61 (singlet, -6H, gem methyl H's), 1.54 (broad singlet, 3- CH3)

7.04 (singlet, ArH), 3.00 (broad singiet, CHZ)’

{broad singlet, methyT H"s).
Mass spectrum (70 eV) (rel. intensity) 264 (5,5M+I? 182 (64),
181 (100).. 166 (65), 165 (66);, 103 {69)., 77 (64).

Exact mass cald. for LX (€ 264.1878. Found (m3s):

20 24’
264:1881.

1,1,2,2-Tetramethyl-3,3-diphenylcyclobutane (LIX). Ir (neat) Vnax
3086, 3058, 2965, 2868, 1592, 1488, 1443, ?61,,74b, 703, 690 cm~ ].

Tomr sgﬁg“ 7.46 - 6.92 (rultiplet, ArH), 2.75 (singlet,

CHéQ, 1.44 singlet, 2-CHy's), 0.88 (singlet, }—CHE)’

Mass spectrum (70 -eV) (vel. intensity) 264 (1, M'), 181 (31),
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180. (100) , 165 (45), 85 (88), 70 {71).
Exact mass -caid. for LLX (CZOH24): 264.1878. Found (ms):
264.1876.

1,1,2,2-Tetramethyl=4-pheny1-1,2,3,4=tetrahydronaphthalene (LVEII). Ir

(neat) Vinax 3069, 3033, 2978; 2878, 1601, 1498, 1381, 773, 751, 702

L

1 CDC14
™S

attributed to the protons at the 4 and 3 positions; 4.12 (doublet pair,

Homr 7.52 - 6.71 (multiplet, ArH); an AMX system was

= 11.5 Hz, J,,, = 7.0 Hz), 2.00: (doublet pair, H

benzylic H,. ;HX, e

Inx MX
JAM = 12.5 Hz), 1.66 (doublet pair, HfM)’ 1.37, 1.31 {singlet, :I:-"-CH3f),
]02 (singlet, 2——CH3's) .

Mass speczfrum (70 eV) (wvel. intensity) 264 (32, J~1+), 193 (100),
180 (42), 178 (47), 105 (46), 91 (77), 77 (33).

Anal. cald. for LVIII {C C, 90.85; H, 9.15. Found:

20M24)"
C, 90.91; H, 9.31.

2;3-Dimethyl-1=(4=cyanophenyl)-2-butene (LXIII). Ir {neat) Vax 2994,
2922, 2864, 2232, 1606, 1504, 844, 815 cin !. B

15Hnmr' 6%2?3 BB quartet, centered at 7.40 (ArH), 3.44 (broad
singlet, CH,), 1.74 (broad singlet, gem iGH3‘S)', 1.56 (broad singlet,
2=CH 37"’§3) .

‘Mass spectrum {70 -eV) (rel. intensity) 185 (51, EM+')i, 171 (13),
170 (100), 143 (16), 142 (34), 16 (17).

Anal. cald. for LXIII (C],§H15N;): €, 84.28; H, 8.16. Found:

C, 84.03; H, 8.34.




-

2,3-Dimethy1-+3-(4-cyanopheny1)-1-butene (LXIV). Lr (neat) Vnax 2977

2233, 1607, 1502, 1095, 900, 843 cm .

Thnme 6E0CT2 AB quartet, centered at 7.49 (Art), 4.95 (multi-

plet, Hx AB part of an-ABX3 system, which collapses to a pair of

doublets, upon irradiation at the 2-CH = 1.4 HZ, J,, = 0=7, d

35 Ipp AX BX =

1.4 Hz), 1.48 (doublet pair, 2-CH3 ), 1.40 (singlet, gem CH3LS).
‘Mass spectrum (70 eV) (rel. intensity) 185 (43, M%), 170 (100),
144 (22), 142 (33); 116 (40).

Anal. cald. for LXIV {C C, 84.28; H, 8.16. Found:

13150
C, 84.08; H, 8.31.

benzenie (Electron IransferrPhotpéen§itizer). A solution of 2;3-dimethyl-

2-buténe (LVIT, 420 mg, 5 mmol) and 1,4-dicyanobenzene {XXI. 100 mg,
0.8 mmol) in acetonitrile (6.25 ml) was irradiated for 42 h. The
solvent was .evaporated: on a rotary evaporator and the oily residue
obtained was divided %n two parts; .one -part was used for the determina-

tionVOf'ihe,yiestfusingfvpc (16% DEGS, Chromosovb W, NAW, 60780 esh,

internal standard iripheny1:methanej,,éndzthe other for the isolation

of the products by semipreparative vpc. The crude reaction wmixture was
found: thus to contain: recovered sensitizer {XXI, 12 mg, 88% conver=
sion)., 2,3-dimethyl-1=(4=cyanophenyl)-2-butene (LXFII, 12 .mg, 10%) and
2,3-dimethyl-3=(4-cyanophenyl)-1-butene (LXIV, 24 mg, 19%). The spectra
1

(ir, "Hnmr of the products were identical -with those obtained for the

corresponding compounds in the previous reaction.




Irradiationrdf’Z;PhenyTnoﬁborneneﬁand:Z—Methy}propene in_Acetonitrile

with Methyl p=Cyanobenzoate (Electron Transfer Photosensitizer). A

solution of 2-phenylnorbornene (XXVIII, 680 mg, 4 mmol) and methyl p-
cyancbénzoate (XXI1, 320 mg, 2 mmol). in acetonitrile (12.5ml) was
purged--with 2-methylpropene {XXXIX) until saturation (ca. 1 g, 18 mmol)
and irradiated for 140 h. The solvent was evaporaved from the result-
ant yellow solution and the residue upon chromatography on a silica gel
cotumn: (60<200: mesh), vsing solvents of varying polarity, gave the
following products: 1,2,3,4,4an,9,10,10ac-0ctahydro-9,9-dimethy1-18,48-
methanophenanthreéne (LVI; 368 mg, 45%) and 2-phenylnorbornene dimérs
(95 mg, 15%). The laiter were characterized as such on the basis of
their mass spectrum and by comparison of their 1Hnmr spectrumwith the
corresponding spectrum of the products obtained upon irradiation of 2=
phenyinorbornene (XXVIIT) with methyl p-cyanobenzoate (XXIT). 2-
Phenyincrbornene (XXVIIL, 61 mg, 91% conversion) and méthyl p=cyanoben-
zoate (XXI1, 315 mg, 98% recovery) were also isciated from: the reaction
mixture. Further purification of 1,2,3,4,4a0,9,10,10ac-0ctahydro-9,9-
dimethyl-18,48-methanophenanthrene was carried-out using vpc {10% DEGS,
Chromosorb W, NAW, 60/80-mesh) in order to -obtain a pure sample for

analysis .and -spectra.

1,2,3,4,4230,9,10,10au-0ctahydro-9,9-dimethyl-18,48-me tharophenanthrene

(LVI). Ir (neat) Vinax
]:

735, 709-cm .

1, CDC1s
Hnmr 6TMS

Tet,fH])g 2.62 (biroad doublet,'Hz, Jz,srca,

@nuktipTet,'H3), 1.96 .broad sing?et,iH4)q 1.84 - 0.88 (multiplet, rest

3062, 3030, 2957, 2872, 1487, 1363, 1054, 760

7.40 - 6.96 (multiplet, ArH), 2.68 (Broad sing-
7.0 Hz), 2.28 - 2.02




of the aliphatic H's), 1.35, 1.10 (sfng]ets,,GH3's).

13 CDC1 54
™S

12546, 125.2, 123.4 remaining aromatic nuclei. 29.8; 29.5, Csrand C6

Cnmr 8 147.2, 138 quarternary aromatic nuclei, 127.8,
(not necessarily in this order), 29.3 and 28.7 methyl carbons, 44.8,
43.4, 42.6, 42.3, 40.3, 33.4, 33.3 vemaining of aliphatic carbons.

Mass spectrum (70 -eV) (rel. intensity) 226 (41, M+), 211 (36),
143 (100), 128 (39), 87 (48), 74 (71).

Anal. cald. for LVI (617H C, 90.20; H, 9.80. Found:

22)
C. 90.24; H, 10.18.

Irr@diationrof 2=Pheny1norboﬁnene aﬁd 2-Methylpropene in Ben?ene with

p=Méthoxy acetophenone (Triplet PhotosensitiZer). 2-Phenylinorbornene

(XXVIII, 680 mg, 4 mmol) and p-methoxy acetophénone (LXV, 300 mg, 2 mmoi)
in benzene (12.5 m1) was purged with 2-methylpropene (XXXIX) until
saturation (ca. 1.1 g, 20 ml). and ivrradiated for 98 h. The solvent was
evaporated from thegresultaﬁt yellow solution and the residué -upon
chromatography on a silica gel column (606-200° mesh) using solvents of
varying polarity gave 1,2,3,4;4ac,9,10,10ac~octahydro=9,9-dimethyl=18,48-
methanophenanthrene -(LVI, 61 mg, 8%, based on the amount of consumed
olefin) and 26 mg of an unidentified product. The sensitizer was 7

completely irecovered.

thgqiatiqugf 2,2§Dipheny]éihyl Isépropy]5§fhér in the Presence of

1.4-Dicyanobenzerie: (Electron Transfer Photosensitizer) and MethanoT in

Aqeipnitrijélsolutipg. A solution of 2,2-diphenylethyl isopropyl cther

(XXVI, 24 mg, 0.1 mmole), },4-dicyanobenzene (electron acceptor sensiti-

zer), (XXL, 8 mg, 0.06 mmo¥e), in 80 ul (2.0 mmoles) methyl -alcohol and




400 pl1 acetonitrile was irradiated for 21 h. After the end of the

irradiation, a known amount of an interrul standard {triphenylmethane)
was added and the yield of methyl isopropyl acetal of formaldehyde
(LXVIIIb, 67%) was determined by integration of the methylene proton
vs the proton of the internal standard. The yield of the diphenylmeth-
ane (LXVIL, 29%) was determined by vpc using the internal standard
technique. In other experiments the irradiation mixture was distilled
under reduced pressure and the distillate, trapped using a dry-ice
acetone bath, was treated with a solution of 2,4-'din1'tr"ophenyhyd\r‘azingg.87
The 2,4-=dinitrophenylhydiaZzone was identified as the 2,4-dinitrophenyli-
hydrazoneé of formaldehyde by comparison (ir spéctrum, mixed mp) with an
authentic sample. The characterization of thé mixed acetal was doné by
comparing the chemical shifts of thé various protons, with those of an
authentic sample., preparéd in a method analogeous with that described
by H. HWuyts and P. 'Docquier,ga and also by comparison -of the vpc reten-
tion times -using several columns (poropac Q, 10% SE-30:-on Chromosorb M,
and Apiezon M). The characterization of diphenylmethane was done by
isolating it from the reaction mixture by vpc {(10% SE=30 on -Chromosorb
V- column) ;and comparing ¥ts *r spectrum with an authentic one. Similar
expériments were carried-out using methyl p-cyanobenzoate (XXIT) as ithe
sensitizer with similar results; 1-cyanonaphthalene (XXIX), under the
same conditions, did not lead to reaction. Control experiments showed

that in the absence of the sensitizer the reaction does not -occur.

Iir}radiai::fipn of 2:32—'-Diph¢hy1eth¥ji7Methy7:15:,—Ethef0 in the'iPresencig;cof 1.4-

Dicyario benzene and Isc‘)piljopy] A"]z@OhO] in Acetonitril eﬁ,Sio;] ution. A

solution-:«of 2,2-diphenylethyl methyl ether (XXV, 21 mg, 0.1 -imole),




1,4~dicyanobenzene (XXT, 1 mg, 0.06 mmole), in 55 yl (2.0 mmole) iso-

propyl alcohol and 400 111 acetonitrile, was irradiated and wovked up as
described above. The yield of methyl isopropyl acetal of formaldehyde
(EXVITIb) was 17% and the yield of diphenylmethane (LXVII) 35%.

Attempted Tripiet,Sensi;ization,of,Reac;ion!lsr(Ether Cleavage). A solu=
tion of 2,2-diphenylethyl isopropyl ether (XXVI, 12 mg, -0.05 mmole),
1,4-dicyanobénZene (XXI, 4 mg, 0.03 mmole) and ketone (triplet sensiti-
zér, 0.156: mmole), in 40 u¥ (1.0 mmole) methyl alcohol and 200 ul aceto-
nitridle was purged with argon and was irradiated through a filter solu-
tion consisting of sodium bremide (120°-g) and lead nitrate (0.75 g) in
250 ml water, which absorbed wavéléngths < 330 nm (75% transmission .at
360 nm). No reaction occurred even after prolonged irradiation (1 day).
When acetophenone (LXX) was used under the same conditions as above,
éxcept in: the absence of },4-dicyanobenzene (XXI), ‘both the-ether XXVI

and the acetophenone (LXX) were consumed.

irradjatiOn of 1,3—Digheny1ethy1ené iﬁ:Aceionftrile:Meﬁhangi,quutibn

:withAi—Mgthoxynaghthgjénee(E]gctrqn Transfer Photosensitizer). A solu-

tion: of 1,1-diphenylethyléene (XX, 90 mg, 0.5 mmol1) and:1-methoxynaptha-
Tene (LXXII, 31 wg, 0.2 mmol) in -acetoniirile {2 ml) and methancl (1.6
ml) was irradiated for 30-h. The solvent was evaporated from the resul-
ant yellow solution and the residue ubon chromatography on- a silica gel
column (60-20C mesh);s using s6lvents of varying polarity, gave the
folTowing compounds: 1,1-diphenylethyl methyl ether (LXXV, 43 mg, 45%)

and- l-methoxynaphthalene (unreacted sensitizer, LXXII, 20 mg, 64%

recovery). The ether was identified by comparison: of its ir spectrum
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viith that of an authentic sample, prepared by acid catalyzed addition

6f methanol to 1,1-diphenylethylene (XX).

Lrradiation of 1,1-Diphenylethylene in_Acétonitrile-Methanol-0-d

Solution with 1-Methoxynaphthalene (EJectron:Transfer Photosensitizer).

A solution of 1;1=diphenylethylene (XX, 90 mg, 0.5 mmol) and 1-methoxy-
naphthalene (LXXII, 31 mg, 0.2 mmol) in acetonitrile (2 ml) and methanol=
0-d (1.6 ml1) was irradiated for 18 h. The solvent was evaporated from
the resultant yellow s0lution and the residue upon chromatography on a
silica gel column (60-200 mesh), using solvents of varying polarity,
gave the following compounds: 1,1-diphenylethylene {XX, 14 mg, 62%
-conversion), T-methoxynaphthalene {LXXII, 23 mg, 74% recovery) and 1,1-
diphenylethyl methyl ether (LXXV, 27 mg, 30%). Analysis of the ]Hnmr
and the mass spectra of the starting material indicated incorporation
of deuterium (29% Dy» 1% D2) in the vinyl position. Deuterium (81% 1°
13% D,, 0-1% D3) was also incorporated in the methyl position of 1;1-
diphenylethyl methyl ether (LXXV).

irradiaﬁion of 1,1-Diphenylethylene in Acetonitrile-Methanol Solution

with 1,4-Dimethoxynaphthalene (Electron Transfer Rh@iosensjtize[f. A

solution -of T,J»diphéhylethyiene (XX, 90 mg, 0.5 -mmol) and: T,3-dimeth-
-Oxynaphthalene (LXXIIL; 38 mg, 0.2 mmol) in acetonitrile (2 mi) and
-methanol (1.6 ml) was irradiated for4 h. The solvent was evaporated
from the resultant yellow solution and the residue was divided into
two portions. -From the first portion, a pure sample of the product,

1,1-diphenylethyl methyi ether (LXXV) was isolated, using vpc (10%

SE-30, Chromosorb W, NAW, 60/-80 mesh) and was identified by -comparison
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of its ir spectrum with that of an authentic sample prepared by acid
catalyzed addition of methanol to 1,1-diphenylethylene (XX). 1In

the second portion, a known amount of triphenylmethane was added, as
internal standard, and the yield of the product was détermined using
vpc (10% SE-30, Chromosorb W, NAW, 60780 mesh). Thus, the reaction
mixXture was found to contain ¥,1-diphenylethyl methyl ether (LXXV, 88%)

and unreacted sensitizer (LXXTII, 63%).

Ifradiatiop of j,]—Dipheny1ethy1ene,iﬂ Acetanitri]e;Z,Z,Zfirif]uoroa

ethanol Solution. with 144—Dim¢thoxyn@phtha1ehe (Eiepﬁron Transfer

Photosensitizerﬂ. A solution of 1,1-diphenylethylene (XX, 260 mg, 2

mmol) and 1,4-dimethoxynaphthalene (LXXIII, 152 mg, 0.8 mmol) in
acetonitrile (8 ml1) and 2,2,2-=trifluoroethanol (6.4 ml) was irradiated
for 12 ‘h. The solvent was evaporated from the resultant slightly
yellow solution and the residue was divided: into two portions. -From
the first portion, pure samples of the products, 1,1-diphenyiethyl
2,2,2-trifluoroethyl ether (EXXVI) and 1,1=diphenylethyl alcohot
(LXXVIIiiwere isolated -using. vpc (10% DEGS,. -Chromosorb W, NAW, 60780
mesh). The alcohol was identified by comparison of its ir spectrum
with that of am authentic sample, and resulted in from the -addition of
water present in acetonitrile and/or 2,2,2-trifluoroethanal via the
‘photosensitized (electron transfer) route. 1In the sSecond portion, a
known amount of triphenylmethane was added, as internal standard, and
the yieTds of the products were determined -using vpc (10% DEGS,
‘Chromosorb, W, NAW, 60/80 mesh).. Thus, the reaction--mixture was -found

to contain 1,1-diphenylethyl 2,2,2-trifluoroethyl ether CLXXVI. 359 mg,

64%), ¥,1-diphenylethyl alcohol (LXXVII, 139 mg, 35%) and 1,4-dimethoxy=




naphthalene (LXXILI, 150-mg, 99% recovery).

1, T-Diphenylethy1-1-2,2.,2-trifluoroethyl ether (LXXVI). Ir (neat)wv

max
3088, 3062, 3029, 2984, 2940, 1600, 1493, 1447, 1372, 1276, 1164, 1112,
1053, 970, 897, 711, 758, 700 cu ).
Ynmr 6SIC127.52 - 6.96 (multiplet, ArH) , 3.54 (quartet, 0-C,~CF,
Je = 9 HZ), 1.8 (singlet, methyl H's).

F5H
‘Mass spectrum (70 eV) w/e {rel. intensity) 280 (1%, M?), 265
(100), 203 (30), 181 {(20), 165 (19), 105 (35), 77 (26).

Exact mass cald. for LXXVI (C F,0): 280.1075. Found (ms):

16135
580.1078.

Lnradiation;of j,l;DiphenyTethyJéne in Acetonitri]eﬁwgter Solutfion with

1?Methoxynaphtha1ene (E]ectron ifansfer Photosensitizer). A solution of
1,1-diphenylethylene (¥X, 90 mg, 0.5 mmol) and 1-methoxynaphthalene
CEXXIT, 31 mg, 0.2 mmol) in acétonitrile {2 mi} and water (0.3 ml) was
jrradiated for 10 h. The solvent was partially evaporated from. the
resultant yellow solution and in the residue a known amount of triphenyl-
methane was added, as internal standard for the determination of the
yields by the use of vpc (105 SE-30, Chrdomosorb W, NAW, 60/80 mesh).

The reaction mixture was found thus to contain unreacted starting
material (XX, 47 mg, 48% conversion), 1,V-diphenylethyl aicohol (LXXVIL,
28 mg, 68%) and 1-methoxynaphthalene (LXXEL, 28 mg, 90% recovery). The
characterization of the alcohol was done by comparing the chemical

shifts of the protons with those of an authentic sample, and-also by

comparison-of its vpc retention time with that of -an authentic sample.
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Irradiation of k,]—Dipheny]ethy]eperanq'Potassiﬂm Cyanide in Aceto=

nitri]e&Z,Z,Z-TrifluoroethanoiﬁsclutiOn with 1,4-Dimethoxynaphthalene

(Electron Transfer Photosensitizer). A solution of 1,1=diphenylethy-

Tene (XX, 900 mg, 5 sinol), potassium cyanide (650 mg, 10 mmol) and
1,4=dimethoxynaphthalene (LXXIII, 380 mg, 2 mmol) in acetonitrile (20
ml) and 2,2,2-trifluoroethanol (16 m1) was irradiated for 114 h. The
solvent was evaporated from the vesultant solution and the residue

upon chromatography on a silica gel (60-200 mesh) column, using solvents
of varying polarity, gave the following compounds Tisted in their
respective -order of elution: unreacted starting material (XX, 13 mg,
99% conversion), 1,1-diphenylethane (XLVI, 26 mg, 3%), 1,1-diphenylethyl
2,2,2-trifluorcethyl ether (LXXVi, 303 mg, 22%), unreacted Sensitizer
(LXXITT, 95 mg; 25% recovery), 2,2-diphenylpropanonitrile (LXXVHI,

103 mg; 10%) and 1=cyano-4-methoxynaphthalene (LXXXI. 65 mg, 18%). -All

producits were identified by -comparison of their spéctra (ir andfor

]Hnmf}'witﬁ:thOSe of authentic samples.
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