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ABSTRACT: The electron transfer photochemistry of three rigid, bridged allylcyclopropane systems, 3-&xrene (
tricyclo[4.3.1.0-%|dec-3-ene ?) and tricyclo[4.4.1.6%undeca-3,8-diene3}, is shown to take an unprecedented
course: the major products are novel ‘substitution’ products, in which a hydrogen at an allylic cashaf (@&
substrate has been replaced by phreyanophenyl group. Copyright 1999 John Wiley & Sons, Ltd.

INTRODUCTION type, viz. 3-carenel), tricyclo[4.3.1.6-%dec-3-ene %)
and tricyclo[4.4.1.6%undeca-3,8-diene3}, and studied

The structures and reactions of organic radical cationstheir electron transfer photochemistry.

have attracted much attention during the past two

decaded ™3 Because of their dual nature, containing an

unpaired spin as well as a positive charge, radical cations ﬁ Cb Cb
have an exceptional range of diverse reaction pathways 4 /

available, such as rearrangemehtjncluding sigma- ] 2 a
tropic shifts’ nucleophilic captur&:® cycloadditions:®:1° . .
as well as fragmentatiohs and cycloreversion¥’ When photo-induced electron transfer reactions are

Compared with the analogous reactions of the parentcarried out in polar solvents containing a nucleophile
molecules, many radical cation reactions show a dramatic(methanol), the radical cation may be captured in a
decrease in activation barriets>® one of the most  nucleophilic fashion; the position of the alkoxy function
striking aspects of radical cation chemistry. in the products will reveal the site of nucleophilic attack.

We are interested in conjugative and homoconjugative Substrate and 3 contain a tetra-substituted cyclopro-
interactions in substrates containing olefinic moieties and pane bond and a di-substituted double bond; in this case
cyclopropane ringé®**~*®These interactions govern the the cyclopropane function should be the primary electron
structural changes that molecules undergo upon ioniza-donating site and the nucleophile should attack a
tion, determine the distribution of spin and charge in the quaternary cyclopropane carbbf>**° On the other
resulting radical cations, and govern the reactivity pattern hand, the reactivity of may be more complex. Becauke
of these species. Having studied the effects of conjuga-has tri-substituted cyclopropane bonds and an alkene
tion on several vinylcyclopropane derivatives, we function, these moieties may compete as the primary
targeted homoconjugative interactions in substrates€lectron donor function. Therefore, both functions are
containing a cyclopropane ring and an alkene moiety potential targets of nucleophilic attack; radical cation,
linked symmetrically and held rigidly by two GH 1", is more likely to have either a delocalized structure
groups. We selected three substrates of this structureor several structures of comparable energies.

However, the electron transfer photochemistryle8
took an unprecedented course. Although nucleophilic

N capture is not completely suppressed, the major products
*Correspondence toH. D. Roth, Rutgers University, Department of P P y supp Jor p

Chemistry, Wright-Rieman Laboratories, New Brunswick, NJ 08854- fo"_ned from 1__3 are novel ‘substitution’ products, in
8087, USA. which an allylic hydrogen of the substrate has been
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868 D. ZHOU, J.CHOUAND H. D. ROTH

RESULTS

Electron transfer photochemistry of (+)-3-carene
[1, (1S,6S)-3,7,7-trimethyl-bicyclo[4.1.0]hept-3-
ene]

Irradiation of 1,4-dicyanobenzen@®CB), phenanthrene
(Phen), and (1S,6S)-3-carene([o]sgo=18.1°), 1, in
acetonitrile—médtanol gave rise to four products, all
formed with significantretentionof optical activity. A
methanol adduct, 4, resulting from anti-Markovnikov
addition to the C,;—C;-cyclopropane bond (6%,
[¢]580= —25°) and two ‘NOCAS’ products (5—17%,
[¢]546= —13.C°; and 6—7%, [«]sgo=10.2), resulting
from anti-Markovnikov attack on the cyclopropane
function and the olefinic bond, respectively,are un-
exceptionaproductsapparentlyinitiated by nucleophilic
capture.

OCH, “OCH, H

The major product, 2-ende(p-cyanophenyl)-4,7,7-
trimethylbicyclo[41.0]hept-3-ene  (7—][o]s46= 143,
~50% vyield) is formally a ‘substitution’ product, in
which a hydrogen at an allylic carbon (C,) of the
substratehasbeenreplacedby the p-cyanophenybgroup.

7

Electron transfer photochemistry of tricyclo-
[4.3.1.0"]dec-3-ene (2)

Irradiationof DCB, Phenand2 gaveriseto six different
structuretypes. A methanoladduct(8) resulting from
addition to the 4°-4°-cyclopropane bond and the
correspondingaromatic substitution product (9) were
isolatedin yieldsof ~ 30%and~ 5%, respectivelyBoth
productswere expectedon the basisof the generalspin
density distribution establishedby CIDNP results for

severalanalogsof 2.**
Ar
> 4o
H;CO

H,CO
8 9

Products 10 and 11 (~25 and ~15% yield, re-
spectively)ariseformally by replacemenbf a hydrogen
atom by the cyanophenyfgroup. They are accompanied
by two additionalproductg12,13; 15%combinedyield),
of the samecompositionasNOCAS products;however,
the aryl group is attachedin a position without spin

CopyrightO 1999JohnWiley & Sons,Ltd.

or chargein 1'". Although these products could be
rationalizedvia captureof the radical cation by metha-
nol, and hydrogenmigration before the ‘aromatic sub-
stitution’, this mechanismfails to account for the
incorporation of deuterium into adducts12 and 13,
when the reaction is carried out in CHs—OD (see
above).

;bcb

Electron transfer photochemistry of tricyclo-
[4.4.1.0"%lundeca-3,8-diene (3)

Irradiationof DCB, Phenand3 gaveriseto productsof at
leastfour differentstructuretypes.Themajorproduct,14
(12% yield), and severalisomersof the samecomposi-
tion, including 15, formally ariseby replacemenbf an
allylic hydrogenby the cyanophenygroup.

ﬁb Argb
AF
14 15

Several products are formed by incorporating a
methoxyaswell asa p-cyanophenygroup;amongthese,
16 may be a NOCAS product, or a methanoladduct
formedby attackon thevinyl carbonof 15. Adduct17is
probably a secondaryproduct, formed by addition of
methanolto 15.

CH,OCH,
Ar Ar’
16 17

Two products, 18 and 19 (20 and 25% yield,
respectively), contain two aryl functions and one
methoxy group (M* = 380). They can be explainedas
NOCAS derivativesof primary arylation products,such
as15 or its syn-isomer.

CH,0CH;3 Ar CH,0CH;
Ar &
ArV K
Ar
18 19
DISCUSSION

The photo-inducedeactionsof the threesubstrateso be
discussedhere probably proceedvia electron transfer

J. Phys.Org. Chem.12, 867—-874(1999)



ELECTRONTRANSFERIN ALLYLCYCLOPROPANE 869

from the substrateso a photo-excitedacceptor.lrradia-
tion of a sensitizer—co-sensitizepair (such as 1,4-
dicyanobenzene/phenthrene,DCB, Phen)in the pre-
senceof suitabledonors(D, viz. 1-3 and nucleophiles
(5M CH3OH) initiates a well-establisheghotochemical
reactionsequencevith radicalion pairs(D**, DCB' ") as
key intermediategEqn. (1)]. Energeticconsiderations
suggesthatthe electrontransfereactionggeneratinghe
radicalion pairsareexothermicfor all threesubstrates.*
Onetypical reactionof theradicalcationssogenerateds
nucleophiliccapture[Eqn. (2a)]; the resulting methoxy
substitutedfree radicals either form simple methanol
adductgEqn. (3)]**°or generatanorecomplexproducts
by aromatic substitution at the ipso-carbon of the

sensitizeradicalanion[Eqn. (4a)] 8P

Phent DCB + D-Phent+ DCB~ + D+ (1
D* 4+ CHsO H—[D—OCHs| + H*  (2a

D" + B~ —D—(—H) + B—H (2b)

[D—OCH;] —H—D—OCH; (3)
[D—OCH;| + DCB ™ —

p-CN-CgH,—D—OCH; + CN~  (4a)

D—(—H) + DCB~—p-CN-CgHs;—D—(—H) + CN~
(4b)

The detailedreactionsequencdeading to the three-
componentproductsis particularly well-establishedor
olefins; this variant is known as the photo-NOCAS
reaction(for photo-inducechucleophile-olefin-comiba-
tion-aromatic-substittion) 2+

Nucleophilic capture

In the caseof the bridgedallylcylopropanesystems1-3
the nucleophile may attack either the cyclopropane
function or an olefinic group. Our results provide
evidencefor bothtypesof attack.Forexample methanol
adduct,4, andNOCAS product,5, areformedby attack
on the cyclopropaneunctionof 1. On the otherhand,
NOCAS product,6, requiresattackon the alkenemoiey;
the attackat the strainedring is favoredby 2.5:1. This
competition is compatible with the presenceof two

*The free energiesof radical ion pair formation were calculated
accordlngto the Rehm-Wellerequation, —AG? = Ey) — EU‘/
+E — e?/ea, whereE g, is the excitationenergy,E°p /D, and
AA - aretheredoxpotentlalsofdonorandacceptorrespectlveIyand
€’/e a is a Coulombterm accountingfor ion pairing*® The oxidation
potentlalsof 1-3 are estimatedas ~2.0 V in analogyto limonene,
~2.1V,*® and methylcyclohexenex~1.93V.2° Given the excitation
energy [Eoo0=4.3eV] and reduction potentlal of DCB [En/
A) = —1.60 V],10a the oxidation of 1-3 by 'DCB* [Eqn. (1)] is
exergonic,—AGgr=~ 0.5eV.

Copyrightd 1999JohnWiley & Sons,Ltd.

separatedocalized radical cations of similar energy or
with a delocalizedradicalcation, 1.

Nucleophiliccaptureof theradicalcation(s), 1", leads
to two free radicals,A" and B’, both formed by anti-
Markovnikov attack. The NOCAS productsare readily
explainedby aromaticsubstitutionof the freeradicalson
the sensitizerradical anion,DCB' ™ [cf. Eqn. (4a)]. The
final stepin the formationof the methanoladduct,4 [cf.
Eqgn. (3)], may involve oneof two mechanisticvariants,
proceeding either via hydrogen abstraction or via
reduction by the sensitizerradical anion followed by
protonation;both reactionshaveprecedent!

The mechanismgan be differentiatedby the use of
methanol-ODas nucleophile.Under theseconditions,a
methoxygroupis introducedn theprimaryreactionstep.
Subsequenthacetonitrileservesasthesourcegor H atom
abstractionwhereasnethanol-ODservego transferD™
to carbanionintermediate$* Consequentlythe hydro-
gen abstractionmechanismeadsto perprotiomethanol
adductswhereaghereduction—"protonabn’ pathwaygen-
eratesmethanoladductscontainingone D. The electron
transfer photochemistryof 1 using DCB-Phenin aceto-
nitrile—methanol-ODproducedL:1 ratios of 4-dy and4-d,,
and of 5-dy and 5-d;, suggestinga compeition between
hydrogenabstractio andreductionmechanisms.

Ar H
Ar_ .
/ HSCO
5

""OCH, OCH;  HaC'

The other substrategdiscussedchere have a tetrasub-
stituted cyclopropanering and one (2) or two disubsti-
tuted alkenefunctions(3.) The spin densitydistribution
of severalcompoundf this generalstructuretype was
probedby CIDNP studiest’ which identified the most
highly substituted4°—4°) cyclopropaneésond(e.qg.of 3)
astheseatof spinandchargefittle or nospindensitywas
documentedor the olefinic moieties. Accordingly, we
expecteducleophiliccapturemainly atthecyclopropane
ring. Indeed methanobdduct8, andNOCASproduct,9,
are readily explained by attack on the cyclopropane
function of 2'*, giving rise to radical C*; no product

J. Phys.Org. Chem.12, 867—-874(1999)
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suggestsucleophilicattackon the alkenemoieties.

VP o
o+ HsCO .
ya
Ar
o
HCO 4 HCO ¢

Reactions competing with nucleophilic capture

In contrast to the methanol adducts and NOCAS
products, the remaining products require mechanisms
notinvolving nucleophiliccapture.This appliesnot only
to products?7, 10 and 11, or 14 and 15, which lack the
alkoxy substituentltogetherputalsoto productsl2 and
13, or 17-19 Thisis shownquite clearlyfor theisomeric
productsl2 and 13 derivedfrom 2. Although they have
the identical compositionas NOCAS product 9, the
photoreactiorwith methanol-ODasnucleophileresulted
in a 3:2 ratio of dy:d;-containing product; pure dg
isotopomeris expectedfor a NOCAS product as is,
indeed,observedor 9. Clearly,a differentradicalcation
mechanismmustbe responsibldor theseproducts.

H (D)
= —
Are_ Hal,

HDCO 12 ADLCO 13

H (D)

Among the potential reaction types opento radical
cations, we considerhydrogenmigration (sigmatropic
shifts) and deprotonation.Several examplesof [1,3]
sigmatropicshiftshavebeerdocumenteébr cyclopropane
radical cations,leadingto the isomeric propeneradical
cation;for examplesabineneadicalcationis convertedo
p-phellandreneradical cation/ However, this reaction
type cannotexplainthe formationof the major products,
viz. 7 and10, which areformedwith conservatiorof the
three-memberedng and,in the caseof 7, with conserva-
tion of optical activity. The secondreactionconsidered
heredeprotonatiorgppearsobeamorelikely alternative.

Deprotonationsare characteristicreactionsof some
radicalcations convertingthemto neutralradicals These
conversionsare particularly likely in the presenceof
relatively strong bases,such as semiquinoneradical
anions.For example,we found recently, that chloranil
semiquinonedeprotonateghe «- and S-pineneradical
cations;the productsderivedfrom the resulting neutral
radicals demonstratedthe existence of ring-closed
vinylcyclobutaneradical cations?> The radical cations
discussedhere,1' "3, aredeprotonatedt a methylene
group linking the cyclopropaneand alkene moieties.

CopyrightO 1999JohnWiley & Sons,Ltd.

Apparently,deprotonations favoredby thetwo adjacent
functions, which allow the generationof resonance
stabilizedfreeradicals.Subsequerdaromaticsubstitution
of the free radicals on the sensitizer radical anion,

DCB", accountdor the formationof 7, 10 and11

Theformationof 7 from 1 showssignificantregio-and
stereospecificityln principle, the deprotonationof 1+
may give riseto two differentneutralradicals,E" andF .
Species is stabilizedby hyperconjugatiorbetweerthe
methyl group andthe allyl function; a similar stabiliza-
tion is absentin F* because¢he methyl groupis attached
atthenodeof theallyl function. Thesubstantiayield of 7
and the absenceof more than tracesof the isomeric
product show that free radical E* is clearly favored,
establishinghe regiospecificityof deprotonation.

The stereo-aswell asregiospecificityof the aromatic
substitution step is also an interesting facet of this
reaction; the sensitizer anion appearsto approach
exclusivelyfrom the surfaceoppositethe cyclopropane
ring; this can be explained by the significant steric
hindrancedueto the geminaldimethyl substitution.The
significant preferencefor the substitutionrestoringan
allylcyclopropanesystemis lessreadily explained.

Becauseof the symmetryinherentin 2" its deproto-
nationyields only one ‘product’, allyl radical, G". This
intermediatemay undergoaromatic substitutionat C,
C,4, Cg from thefaceof the CH, bridge(exo-)or from the
opposite(endo-)face. The relative yields of 10 and 11
show moderatestereoselectivity Jess pronouncedthan
thatof 1 becausehe stericbulk of the bridge (CH, for
2'") is diminishedrelativeto thatof 1'* [C(CHg),]. The
key to theregioselectivityof aromaticsubstitutionliesin
productsl2 and13; althoughthey havethe composition
of NOCASproductstheyareprobablyformedvia H and
I. As vinylcyclopropanesystemstheseshould undergo
electrontransfermorereadily than2.

£h-gh-cb
cb cb

H;CO Ar' H,CO
12 J 13

J. Phys.Org. Chem.12, 867—-874(1999)



ELECTRONTRANSFERIN ALLYLCYCLOPROPANE 871

The degreeof deuteriumincorporationinto 12 and
13 is rationalizedvia an allyl radical, endo- or exo-J,
generatedrom vinylcyclopropaneradical cations,H
or I'*. The allylic radical should be more readily
reducedthan A or C'. If 12 and 13 areformedvia this
route, the regioselectivity of aromatic substitutionis
approximately 2:1 given by the relative yields of
[10+ 17] vs [12+13].

The reactionsof the third substratefollow similar
principles, yet offer additionalinterestingfeatures.The
key reactionappeargo be deprotonatiorof 3'* to yield
K. This allylic radical can react with the sensitizer
radical anion via endo-couplinggiving rise to allylcy-
clopropanel4 andvinylcyclopropanels.

Although both of thesehave beenisolated, product
15, as a vinylcyclopropane system,is oxidized more
readily than both 3 and 14. It is consideredhe key to
three of the methoxy-substitutegproducts,17 and 18
are readily explainedas methanoladductand NOCAS
product,respectivelyIn contrastto the formationof 12
and13from H andl, productsl7 and 18 areformedby
attack of methanol on the 2° and not the 4°
cyclopropanecarbon. Accordingly, the lateral bond of
15" mustbe involved in delocalizingspin and charge
whereasfor H'" and I'* the internal (4°-4°) bond
servesthis function.

Product16 could be formed by addition of methanol
ontothe vinyl carbonof 15", This type of additionhas
precedentin the electron transfer photochemistryof
vinylcyclopropang®® althoughthe conservationof the
strained ring is unusual. Finally, product 19 is
rationalized as a NOCAS product of the syn-isomer
of 15. Although syn-15 is not isolated,it is mostlikely
formed in low yield and should be quite readily
oxidized.

Ar Ar  CH,OCH,

[+ —

exo15 * 19

The noteworthy result emerging from the electron
transferphotochemistryof the (bridged) allylcyclopro-
panecompounds]-3, is thesignificantyield of products
compatible with deprotonationof the corresponding
radical cations. The deprotonationof 1 -3, evenin
theabsencef strongbasesgoeswell beyondthe degree
previously observedfor other structuretypes’** What

CopyrightO 1999JohnWiley & Sons,Ltd.

causeghis changein reactivity?

& -5 -0
|

Deprotonationof allylcyclopropane radical cations
involvesdoublyactivated"H nucleiandgivesriseto free
radicalswith extendecconjugatedz-systemsE’, G°, and
K"). This suggestghat thermodynamicfactors play a
significant role in determiningthe reactivity of these
radical cations. Thermodynamic‘control’ was noted
previouslyin thenucleophiliccaptureof variousvinyl- or
arylcyclopropaneradical cations. For example, the
radical cationsof sabinenethujeneor 2-careneaswell
as others, capturenucleophilesin such a fashion that
allylic or benzylic radicals are formed. The results
reported here identify anotherradical cation reaction
type for which thermodynamidactorsappearto play a
major role.

CONCLUSION

The electrontransfer photochemistryof three bridged
allylcyclopropanesystems,l —3, givesriseto a seriesof
products compatible with deprotonationof the corre-
sponding radical cations, 1'"=3'". The extent of
deprotonationgvenin the absenceof strongbase,goes
well beyondthe degreepreviously observedfor other
structuretypes’ >33 The deprotonationsf 1" *-3'" have
little or no syntheticutility, becaus®f competingaswell
assecondaryeactionsHowever theresultssuggesthat
appropriate structure types can be designed whose
deprotonationwill lead to significant and useful reac-
tions. We are currently evaluatingthe electrontransfer
induceddeprotonatiorof severalsuchstructuretypes.

STRUCTURE ASSIGNMENTS

Becauseof the importance of the correct structure
assignmentfor themechanisticonclusionsthe spectral
featuregevealingkey featuresof the productsarebriefly
discussedbelow. In addition to *H and °C spectra,

J. Phys.Org. Chem.12, 867—-874(1999)
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extensiveNOE differencespectraelucidatedsubstituent
stereochemistry.

General features

All products containing the methoxy function show
characteristicsinglets (3.0-3.4ppm) and multiplets for
the tertiary alkoxy «-proton (3.0-3.8ppm). The diaster-
eotopic methoxymethylengorotons of products17-19
showpairsof doubletsAll aryl substitutegroductsshow
aromatic signals for the p-cyanophenylgroup (7.10—
7.70ppm).

Products obtained from A3-carene. Products4 and5
have similar NMR spectra except for the tertiary
isopropyl multiplet of 4 (2.10ppm), which is replaced
by aryl resonance$or 5. The stereochemistnpf these
productsrestson NOE experiments.Irradiation of the
geminalmethyl resonance$0.90 and 0.85ppm) caused
strongNOE enhancementf thesinglealkoxy resonances
(8.31ppm).Thereforetheisopropylandmethoxygroups
of bothcompoundsnustbetransto eachother.

For NOCAS product6, two cyclopropanaesonances
(0.92and 0.72ppm) and the absenceof olefinic signals
identify the double bond of 1 as the target of the
nucleophile;the lack of a benzylic resonancendicates
that the aryl substituentis attachedto a quaternary
carbon. The stereochemistryof 6 was deducedby an
NOE experiment:pre-irradiationof the tertiary alkoxy
resonancg3.25ppm) causedenhancememnf the syn-7-
methyl group (1.04ppm) andthe aromaticortho signals
(7.49ppm). Thus, the aryl group must be trans to the
methoxygroupandcis to the cyclopropaneaing.

The spectrum of 7 has one olefinic and two
cyclopropaneprotons (0.60ppm, and ~0.9ppm, over-
lapping one CHs resonance)The regiochemistryof the
aryl group rests on the strong interaction betweena
benzylic allylic (3.33ppm) and one olefinic proton
(5.20ppm; 2D-COSY). The stereochemistryof this
groupwas probedby NOE: pre-irradiationof the allylic
benzylic frequency(3.33ppm) causedstrong enhance-
ment of the syn-7-methyl and the aromatic ortho
frequencieg7.34ppm);thus,thearyl groupmustoccupy
a positiontransto the cyclopropaneing.

Products derived from tricyclo[4.3.1.0"%]dec-3-ene
(2). The spectraof 8 and 9 are similar, exceptfor the
tertiary bridgeheadesonancef 8, which is replacedby
cyanophenylresonancedn the spectrumof 9. Both
productdacktertiary alkoxy signals(DEPT),identifying
a quaternarycyclopropanecarbonasthe point of attack
by the methoxygroup.

The structureof isomersl0 and11is indicatedby the
presencef two cyclopropanetwo olefinic, onebenzylic
allylic, andtwo allylic resonancesthe stereochemistry
rests on NOE evidence. Pre-irradiation of the syn-

CopyrightO 1999JohnWiley & Sons,Ltd.

cyclopropaneresonanceof 10 (0.49ppm) causedNOE
enhancemerf the orthoaryl resonancé7.29ppm)and
oneallylic signal(2.55ppm);thus,thearyl groupof 10is
attachedcis to the cyclopropanering. For 11, pre-
irradiation of the benzylic allylic resonancg3.80ppm)
causedNOE enhancemenbf one (syn-) cyclopropane
signal (0.68ppm), the ortho aryl resonanc&7.19ppm),
andoneolefinic signal(5.68ppm); thus,thearyl groupis
transto the cyclopropaneing.

The spectra of 12 and 13 feature two olefinic
resonancesas well as one allylic benzylic (12
3.77ppm; 13, 3.95ppm) and one allylic bridgehead
signal(~2.75ppm), eachcoupledto oneolefinic proton.
The position of the methoxy group is indicated by a
guarternaryalkoxy) carbonresonancé~76.0ppm).The
stereochemistryof the aryl groups rests on NOE
evidence.For 12, pre-irradiationof one (syn-) bridge
protonfrequency(1.78ppm) causedNOE effectsfor the
orthoaryl, thegeminalbridgeproton(1.99ppm),andthe
bridgeheadsignals; thus, the aryl group of 12 must
occupy the position syn to the methylenebridge. For
product13, irradiating a frequencywherea bridge and
the bridgeheagrotonoverlap(~2.7 ppm) causedstrong
enhancemenfor the allylic benzylic, the other bridge
proton(1.48ppm)andoneolefinic resonancg5.3ppm).
Thus, the aryl groupmustoccupythe anti position. The
NOE effect of the olefinic signal confirmsthe proposed
regiochemistry.

Products derived from tricyclo[4.4.1.0"®lundeca-

3-8-diene. Theisomersl4 and15 haveseveralfeatures
in common,including two cyclopropaneone benzylic
allylic, and four olefinic resonancesBecausel4 has
six allylic protons, the olefinic and cyclopropane
functionsmustbe isolated;since15 hasonly four allylic

protonstwo of its functionalgroupsmustbe conjugated.
One olefinic signal (5.39ppm) is not coupled to an

allylic resonancethis doublebond mustbe conjugated
with the cyclopropanegroup. The aryl groupsof both

isomers are trans to the cyclopropanering. For 14,

pre-irradiationof the allylic benzylic signal (3.59ppm)

causedNOE effects for the syn-cyclopropanesignal
(0.88ppm). For 15, pre-irradiating the cyclopropane
resonance$0.90and 0.95ppm) causedenhancemenbf

the allylic benzylicsignal.

The generalstructuretype of product16 follows from
the presenceof two cyclopropang(0.46 and 0.80ppm),
four allylic (~2.6ppm), and two olefinic protons
(5.5ppm). The stereochemistryof aryl and methoxy
groupsrestson NOE evidence.Pre-irradiationof the
ortho aryl frequency(7.31ppm) causedNOE effectsfor
the3° alkoxy andbenzylicresonancef3.44and2.6 ppm,
respectively). Also, pre-irradiation of the benzylic
resonancecaused enhancementof one cyclopropane
resonancég0.46ppm) andthe ortho aryl signals,placing
the methoxygrouptransto the aryl groupandcis to the
cyclopropaneing.

J. Phys.Org. Chem.12, 867—-874(1999)
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Products18 and 19 have similar spectra;pairs of
stronglydeshieldedloublets(18, 3.21and3.65ppm; 19,
3.38 and 3.56ppm) indicate that the three-membered
ring of 3 hasbeenopenedby attackof methanolon the
2° carbon. The position of the double bonds follows
from the presencef threeolefinic protons(18, 5.56ppm,
s; 5.66 and 5.73ppm, dm, J=12Hz; 19, 5.54ppm, s;
5.61 and 5.69ppm, dm, J=12Hz), suggestingone
bridgeheaddouble bond; one pair of doubly allylic
protons(18, 2.67and2.97ppm,d, J=18.8Hz; 19, 2.74
and 3.0ppm, d, J=20.9Hz) confirmsthis assignment.
The positionof onearyl groupis indicatedby oneallylic
benzylic resonance each (18, 3.56ppm; and 19,
3.48ppm).

Theorientationof thearyl groupsrelativeto eachother
andto the the methoxymethyfunctionis basedon NOE
evidenceForbothproducts pre-irradiationof a benzylic
signal causedenhancementor both setsof aryl ortho
resonancestherefore, the two aryl groups of either
compoundnustbetransto eachother.For 18, irradiation
of the (unusually deshielded) benzylic multiplet
(3.56ppm) causedenhancemendf one methoxymethyl
doublet and the resonanceat 2.15ppm. Therefore,the
aryl functionat Cs is cis to the-CH,OCH; group.For 19,
irradiatingthe benzylicresonanc€3.14ppm; H,) caused
enhancemenfor one set of ortho aryl signals, one
methoxymethytoublet(3.65ppm),andweakeffectsfor
theallylic benzylicsignal(3.56ppm);thusthearyl group
at C, mustbecis to the -CH,OCH; group.

EXPERIMENTAL SECTION

Materials and solvents

3-Carene(1, Aldrich; 95%; [o]sge= 18.1°)** was used
without further purification. Tricyclo[4.3.1.0-%dec-3-
ene(2)* andtricyclo[4.4.1.0+9-undeca-3,8-dien¢3),*®
were preparedaccordingto literature proceduresl,4-
Dicyanobenzene(Aldrich; 98%) and phenanthrene
(Aldrich; 98%) were purified by recrystallization.
Acetonitrile (Fischer) and methanol (Fischer) were
distilled from calcium hydride and stored over 4 A
molecularsieves.

Photosensitized electron transfer reactions

Thereactionsolutionscontainedd.1m of the donorsand
0.05m of 1,4-dicyanobenzenwith 0.02m of phenan-
threne as co-sensitizerin acetonitrile/metharlio (3:1).
They were deoxygenatedby purging with argon for
15min andirradiatedin aRayoneRPR-10Qhotoreactor
equippedwith 16 RPR-3500amps.The progressof the
reactionwasmonitoredby gaschromatographpna GC/
MS system(HP 5890seriesll GCinterfacedwith anHP
5971 mass selective detector), using a 12 mx

Copyrightd 1999JohnWiley & Sons,Ltd.

0.2mm x 0.33pum HP-1 capillary column (crosslinked
methyl silicone on fused silica). Analytical runs were
carriedoutin 4 mmi.d. NMR tubesstopperedvith latex
stoppersand preparativerunsin 30mm i.d. tubeswith

centralcooling fingers(water-cooling).

Isolation of products

Reactiorproductdormedin yields >5%wereisolatedby
aseriesof columnchromatographiproceduresColumns
of 2.50r1.2cmi.d., packedwith ~10-15cm of silicagel

(VWR Scientific, 230-400 mesh), were eluted with

solventgradientsusuallyfrom light petroleumether(b.p.
<65°C) to mixtureswith ethylacetateTypically, several
passesvererequiredto isolatethe products.

Characterization of products

Structureassignment®f isolated productsrest on MS

and NMR data, including DEPT and 2D COSY
experimentsand extensiveNOE difference spectra,to

confirm the proposedstructures.Proton NMR spectra
were recordedon either a Varian XL-400 or a Varian

Gemini-200spectrometer-3C spectrawere recordedon

the Gemini spectrometergperatingat 50.3MHz.
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