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Abstract-Several aspects of par1 and current slud~s in ~hc area of immrum \a11 photochcmrsfry arc discussed. 
Invcstigar~nr of olefin-iminium sah photoaddition and photocychzation reactions arc reviewed and conclusrons 
about electron-transfer pathways for lluotcscence quenching and reaction are discussed. The rcwlrs of recent 
studio of adtoM and ether photoaddition lo 2-phenyl-I-pynolinrum salts arc prescnIcd. Thev CC bead foraria 
processes occur in moderate riclds IO produce b-amino alcohol or clhcr products. In addition. akoholr and cthcn 
&c as cUicknt qucnchcrs oi pynolmium sah IIuorcxcncc. Rate conslants for quenching appear IO be depcndcnt 
upon both the oxidation pofcntial of IIK akohok and ethers and IIK availability of C-H bond n to oxygen. This 
data along with dcvtcrium isotope cl?cc~s on quenching combine IO suglcst a common mechanism for both 
fluorescence quenching and photoaddit@n. ti nature of this mechanism is tested using the comparatwc quenching 
cfficwncies of ~hc tertiary akoholr I-bu~yl alcohol and 1.22.trimethyl-I-cyclopropawl. TIM latter alcohol having a 
weak C-C bond adjacent to ~hc hydroxyl function qucncb the lluortsccncc of ?-phcnyl-I-pyrrolium salk at a rate 
IWO orders of magnitude greater than for ~-bu~yl akohd. The observations made are mlerprcfcd In terms of a 
sequential clecfron-proton transfer mccharusm for quenching and photoaddition L+s~ly. the rclattonship of 
iminium sah photochemical studies IO other invcstrgations of electron~transfer phorochemrslry II discussed. 

Several years ago WC initiated exploratory studies of the 
excited state chemistry of systems containing the imin- 

f 
ium salt (>N = C <) grouping. Our interest in this area 
was stimulated by several factors. Firstly. although qual- 
itative aspects of the photochemistry of nitrogen 
hcteroaromatic salts had been investigated in rcasonabk 
detail.’ comparable efforts probing the mechanistic and 
synthetic details of simple iminium salt excited state 
chemistry appeared more scarce. Secondly, we felt that 
the photochemistry of compounds having this chromo- 
phore might bold biochemical relevance.’ Lastly. a sim- 
plihed analysis of the electronic features of the iminium 
salt grouping suggested the possibility of predicting the 
reactive modes of excited state decay. These should 
resemble those available to olefins and include EZ 
isomerization’ and 2 + 2 cycloaddition.’ Importantly. im- 
inium salts are lacking n-n* excited states and. thus. 
should not be prone to follow H atom abstraction path- 
ways as do their iminc counterparts and carbonyl com- 
pounds.’ 

The principal feature of iminium salt excited states 
arises from the presence of the positive charge &lo- 
calized over nitrogen and adjacent carbon. The ground 
states of these systems serve as excellent acceptors in 
one‘ and two* electron transfer processes depicted in 
eqn (I). The excited states of these systems are expected 
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to undergo one ckctron reduction even more readily 
than the corresponding ground statcs.‘o Accordingly. 
caJculations’o taking into account excited state energies 
and reduction potentials of various iminium salts suggest 

that one ekctron transfer to the excited specks should 
occur rapidly from a number of unlikely one electron 
donors such as simpk okfins.““’ aromatic hydrocar- 
bons,” alcohols and ethers.’ Importantly. electron 
transfer in these cases could serve as initial steps in 
pathways leading to quenching (path a, Scheme I),” 
photosensitization (path b. Scheme I)” donor reaction 
(path c. Scheme I),” and donor-iminium salt photoad- 
dition (path d. Scheme I).‘” 

iminium so/t-d& photoadditions. Our initial stu- 
dies were designed to explore the photochemistry of 
okfin-iminium salt systems in order to determine the 
eflicicncy and chemical result of electron transfer for 
a-donors IO the excited iminium salt chromophore. Tk 
free energies and rates of ekctroa transfer to sin&t 
excited states of C-phenyl conjugated iminium salts are 
predicted to be favorabk when okfin donors with u- 
oxidation potentials lower than ca. 2.6eV are used 
(Table I). Consistent with this expectation is the obser- 
vation that several okhns of this type serve as excellent 
quenchers of 2-phenyl-I-pynolinium perchlorate (I) 
fluorescence CTabk I). Rate constants for quenching (kq) 
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were found IO be near the diffusion controlkd limit in 
acetonitrik (co. I x IO’O hr’ . KC-‘). Importantly, 
quenching by an exchange energy transfer mechanism is 
not poss~Me in these cases where okfin sin&t energies 
lie co. lfL20 kcallmol higher than the iminium salts. 

Photochemical observations we have made oiler fur- 
ther support for the operation of ekctron transfer pro- 
cesses in okfln-iminium salt systems. For exrmpk. 2- 
phenyl-1-pyrroliiium perchlorate (1) undergoes addition 
of isobutykne in a high yielding, regiocontrolkd fashion 
yieldinq the adduct 2. Similar pathways are followed in 

I.hv Eord 

reaction of 1 with a number of other ekctron rich okfins, 
including cycbhcxenc, butadiene, methykyclohexene, 
methyl ~,~dimtthylacrykte and isopropenykyclo- 
propane. Importantly. the chemo and r&o sekctivities 
displayed in conversion of I to 2 as well as in related 
photoadditions can be fully understood in terms of ckc- 
Iron transfer mechanisms in which nucleophilic attack on 
the cation radical fragment occurs prior IO C-C bond 
formation (Scheme 2). A qualitative test was employed 
to substantiate this ration&. As summarixed above, the 
efficiency of ekctron transfer and, thus, photoadditions 
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which ensue, should depend upon the oxidation pottn- 
tials of olefinic donors. Indad, rate consents for ekc- 
Iron transfer from okfins known to photoadd to the 
sin&t excited state of 1 are calculated to be near the 
diffusion controlled limit (Tabk 1). However. ckctron 
transfer from the ckctron poor okfins, acrylonitrik. 
methyl acryhte and methyl mcthacrytate should be 
inctficient. Significantly. the typical @-aminoether ad- 
ducts are not produced upon irradiation of 1 in the 
presence of these okfins. Instead. the epimeric spirocy- 
clic amincs 3 are generated through alternate a2+ n2 
arene-oktin cycloaddition 
expansion.“.‘” 

followed by ring 

N-A/lyli~ini~m .%/I Phofocyclizofions. Intramolecular 
counterparts of okhn-iminium salt photoadditions serve 
as useful IllCthOdS for hcterocyclic * 
construction.““~“C Results from investigations of? 
allyliminium salts show that photocycli2atioas occur to 
generate ~py~oli~myl ethers or alcohols in monocyclic. 
and bridged and fused bicyclic struchrral environments. 
Examples demonstrating this aspect are presented in 
Scheme 3. More rcccntly.‘a we have found that O-sub 
stituted eniminium pcrchbrates 5. derived from fi- 
enaminonc precursors 4 umkrgo photocycli2ation 
producing mixtures of epimeric spirocyclic amino&en 
6 when irradiated in methanol. Together these obser- 
vations illustrate the versatility of the process and sug- 
uest its potential in synthetic applications. 
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Ekmn-prom rwufer processes. ObscrvaIbns 
made during the course of invcstigatioas of cyckhcxate 
phot~d~s to the py~~~~ salt 1 &mons~te that 
alternate reaction pathways arc available to cation radi- 
cal pairs generated by ekctron transfer. Spcciflcally, 
formation of the diastereomcrk y&unsaturated amine 
adducts 9 could occur from the cation radical pair 8 via a 
stepwise process in which proton transfer to the amine 
radical nitrogen or solvent leads IO the ally1 radical pair 
10 (Scheme 4). Analogous pathways, i.e. deproto~tion, 
arc commonly seen for cation radicals derived by ekc- 
Iron impact in mass spectra fragmentations of oleflns. 
Coupling in IO leads IO the addition product 9. Alter- 
natively, a concerted, ene-type process (a3s+ 02s + 
w 1s) could transform the cation radical pair directly to 
addition products. it should be mentioned that byd en 
atom akuaction pathwrys open* in Mitiona of ok %s 
to N-acyhmincs ft.@. 11 -, 19,” could ako be rcapotnihk 
for the analogous iminium salt reactions. Conversely, 
sequential ckctron-proton transfers could ensue when 
excited states of ekctron dcfkieat imines interact with 
electron rich okfins. In any event, the possibility that 
sequential electron-proton tmsfen might be at work in 

okfin-iminium salt photochemistry has stimulated 
tJm@ts about the design of other systems with a similar 
potential. Specifically, these initial studies prompted an 
exploration for other photogenerated cation radical pairs 
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capable of further reaction by elimination of an tlec- 
trophik @disposed with respect to I& positively charged 
center (eqa 2). The results of the finI phase of Ihat effort 
arc the subject of the remaining studies descrii below. 
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Alcohols and ethers us clccrm donors. Thus far we 
have surveyed our investigations of iminium salt photo 
chemistry in which electron transfer from okfink A- 
ekctron donors occurs and results in luorescencc 
qucnchiig and photoaddition reactions. Simpk theoreti- 
cal treatments” permit the prediction that other types of 
substances should be capabk of serving as one electron 
reducing agents of iminium salt excited states. Tbesc 
include materials with such common functionality as 
esters. carboxylic acid salts and aromatic systems. In- 
deed, electroa transfu from these moieties to iminium 
salt excited states may be involved in dccarboxylative 
addition~ and benzylation processes’~ observed to occur 
in a number of systems. Moreover, this evaluation sug 
gests that simple alcohols and ethers should act as one 
ekctron donors to singlet excited states of 2-phenyl-l- 
pynotinium perchlorates and related conjugated iminium 
salts. As a result, we directed the next phase of our 
efforts to an investigation of the photochemical behavior 
of imimum salt-alcohol and ether systems. 

At the outset we were aware of prior work conducted 
by others which had uncovered a number of interesting 
observations that appeared to be consistent with our 
thoughts about the types of mechanistic pathway potcn- 
tially operable. For example, Schmid et 01.” had shown 
that mctbanol photoadds to a series of iminium salts 13 
and 15 producing the hydroxy~thyl derivatives. 14 and 
16. An analogous process had been detected by Meyers 
and Gault” in a brief study of the M-dihydropyri- 
dininium salt 18. Similarly. photoadditions of alcohok to 
salts of hcteroaromatic substances have been often 
observed and briefly subjected to mechanistic study.” A 
more thorough study of these processes appeared war- 
ranted. As a result, we have investigated mechanistic 
aspects of fluorescence quenching and photoa~ition 
reactions occtuing between the simple conjugated pyr- 
rolinium salts 1, tb and 21 and a series of alcohols and 
ethers. The data obtained has provided a ckarer picture 
of tbc pathways operating in both pfoctsscs. 
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R~nrccnct quenching. The ftoorescence efticiencies 
and lifetimes of the 2-phenyl-I-pyrrolinium perchlorates, 
1 and 20. the latter material prepared by methylation of 
the parent pyrroline with methyl iodide followed by 
pcrchlorate ion exchange, have been measured in the 
presence and absence of the alcohols and ethers listed in 
Table 2. The data obtained was employed in deriving the 
lluorescencc quenching rate constants shown in Tabk 2. 
All measurements were made on 10% aqueous acetoni- 
trik solutions to minims solvent effects. However, 
guorescence efficiencies and quenching rate constants 
were found to be independent of water. perchloric acid 
and im~nium salt co~ent~tions. Fu~hc~ore, the ad- 
dition of quenchers to the iminium salt solutions does not 
alter the UV spectroscopic properties of these sub 
stances. Thus, the quenching processes can not be attri- 
buted to trivial effects. 

Kinetic isotope effects on fluorescence quenching were 
determined for both OD and OCD substitution by use of 
the alcohol and ether pairs listed in Table 3. When 
duoresccnce measurements were made with OD &belled 
alcohols, 10% deuterium oxide-acttonitrik solutions 
were employed. Dcuterium substitution on nitrogen of 
the NH-py~ti~um salt 1 has no effect on its abso~tion 
of emission spectroscopic properties. 

Phoro~difion rroctions. In order to determine if the 
observed fhrorescencc quenching by these simple alco- 
hols and ethers is associated with excited state reaction 
processes, the photochemistry of the pyrrolinium salts 1. 
26 and 21 was explored. Irradiation of I in tctrahydro- 
furan solution leads to generation of the diastereomeric 
(1.2: I) 2.tctrabydrofuranylpyrrolidinc adducts 22. This 
substance is obtained in a 4296 yield after basic work up 
of tbc mixture followed by mokcular distillation. 
Analogous adducts 23 are formed (tislc) when the COP 
responding I-mcthylpyrrolinium salt 24 is photolyred in 
THF. Importantly, bcnzophtnone sensitized irradiation 
of 1 in THF solution causes etI3citnt disappearance of 
the salt but does not result in production of the adducts 
22 despite the high probability that triglet energy transfer 
is occurring under these conditions.” .’ More conclusive 
information about the nature of the state participating in 
these photoaddition processes arises by simple com- 
parison of the quantum &ciencies for Auorcscenct 
quenching and reaction. In neat THF solution, the mul- 
tiple 4~vHFj equals 8 x IO’. Thus, the efficiency for 
tripkt fo~ation can be maximu~lly 0.001. Accord- 
ingly, tbc measured quantum yield for formation of 22 
from 1 in THF solution of 0.015 is consistent only with a 
reaction pathway initiated from the singlet excited state 
of 1. 

m 

553 
Irradiation of the pyrrolinium salts in methanol results 

in formation of interesting addition products which cor- 
respond to struck of a 2-py~tidinyl moiety at the 
position a to oxygen. For exampk, the &carbiiolamine 
24 is generated (43%. 6 = 0.01 I) from 20 by irradiation in 
methanol with Corex filtered-light followed by basic 
work-up and mokcufar distillation. When the methyl 
group is missing from nitrogen, the initially formed 
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Tabit 2. Rae coasmts for ekcuua transfer k&-d) md OuoreKcnce quenthipo of pymlhium salts 1 md 24 by 
lkohdsandehm 

Qrmccwr t,w' %t b 
b C 

cv vs xc) (kcrl/ql) 
(*?t,.c-l) ("-1': ,w'l) 

CH,OP 3.6 l Zl 1.2 I 10'6 6.5 * 0.3 x 10' 

CH3COP 5.4 *_ 0.3 x 108 

a3a4w 3.5 l lS 5.0 I 10' 2.0 to.1 I lo8 

(CH3)2M 3.2 +a 1.0 ‘ lo5 7.3 * 0.4 I 106 

(or,),CoH 2.5 -9 9.5 I 10' 1.9 t 0.1 x 10' 

p-dfOX&W 2.0 -20 1.4 * 10'0 3.7 * 0.1 x 109 

(CH3C%)20 2.5 -9 9.5 I 10' 1.2 t 0.1 I 109 

THF 1.9 -22 1.4 I 10'0 4.1 to.2 x 109 

2v 2.5 -9 9.5 1 10' 5.1 * 0.3 I log 

2v 3.1 * 0.2 I log 

b) 

Oxfdath potcntlrls clcher taken fra refmcr 23b Or calCul4tcd 

rccordlng to M(ller 16 usfng recorded lcmfrrtlm potcntirls. 236 

CIlCulrtcd by ustng the relrtlmshtps suOpsrtcd by Yeller." md 

the follahg date for 1: Eo.o49 kc4l/ml UUI fi(-)=O.% (CH~CN). 

Pyrrollnlu s4lt cOncmtrations wre 1 I lOa. singlet ltfrtlr 

for 1 fs 16 nsec md 10 is 1 nrec fn 105 quwus uetonftrtlr et 25~. 

s41t 1 

Srlt 20 

Tabk3. lkutcrium i~otopee~cc~sonqueachingn~econs~ts byak&olsmdethenof pyrdlinhmti 1 aada 
uuorexencc 

Ouaulnr System hCWW0 ' tqO(/tpgD' 

1 CH3CWCM3tXl 1.36 to.06 

1 oc3CwCD30H 1.5 t 0.06 

1 oc3gcwcn3Cn200 1.41 

1 K~,),Cm/(C4,)2cnoo 1.25 

1 (CH3)2CM+V(~3)2c 1.12 

1 (oc,~.,cCwK~,),00 1.54 

1 TW/d6-THF 1.20 

1 1.2.2-trlrrthylcyclo- 1.04 
PW~Ol 

20 Qc3Cwa13(H 1.19 0.16 * 

20 l.t.t-trhthylcyclo- 1.0) 
ProprnOl 

a) Rate constants dcterrlned at 25.C In 1Ot eqwous o13ul 



3390 P. s. MAalAtio er al. 

hydroxymethyl adduct 25 is not detected but instead its 
formaldehyde condensation product, 26 is isolated (IS%, 
15 = O.OtMS). It should be noted that a similar oxaxolidine 
adduct 17 was obtained by Schmid by irradiation of an 
indolinium salt 15 in methanol.“” Finally, irradiation of 
methanol solutions of 21 brings about formation of the 
2-hydroxypropyl-1-pyrroline 27 (43%). This product 
results from a conjugate addition pathway similar to that 
operating in transformation of the dihydropyridinium salt 
(18+ 19.” 

Useful information about the nature of the fluores- 

26 27 

cence quenching and photoaddition reaction mechanisms 
for alcohol and ether-iminium salt systems has come 
from study of the interesting tertiary alcohol. 1.2.2~tri- 
methylcyclopropanol (t8). This material was prepared by 
the method of DcPu~.~ Irradiation of 2-phenyl-methyl-l- 
pyrrolinium pcrcNorate (a) in a solution containing28 and 
methanol in a molar ratio of ca. I :40 leads to formation 
of both the methanol adduct 24. described above, and a 
material identified on the basis of spectroscopic data as 
1he 4-pynolidinyl-2-pcntanone 29. The ratio of photoad- 

20 29 

ducts 24 and 29 was found by glc analysis to be I :2.7. 
Thus. based upon the relative quenching rate constants 
for cyclopropanol UI and methanol (Table 2). the relative 
concentrations of each alcohol in the reaction mixture, 
and the product ratio, it is possible to estimate that the 
efficiency for production of 29 is co I8 times greater for 
methanol adduct production. This gives an estimated 
quantum yield of 0.2 for formation of 29 from #) if 
irradiations were conducted in neat 21). 

DI!XUSStDS 

Pydinium solt j?uortsctnct quenching by alcohols 
qnd ethers. The results presented above demonstrate that 
simple alcohols and ether5 serve as reasonably efficient 
quenchers of phenylpyrrolinium salt fluorescence. Based 
upon the outcome of control experiments designed to 
search for trivia) sources of quenching, we can conclude 
that singkt state deactivation can not be attributed to 
effects associated with solvent-salt interactions. 
Specifically. dccrcucs in the f3uoresccncc efficiencies of 
1 and 20 caused by simple alcohols and ethers are not 
due to alterations in absorption or emission properties 
induced by solvent viscosity. ion pairing, degree of 
hydrogen bonding, or solvent polarity. The experimental 
findings suggest that other mechanisms are involved in 

singlet quenching and reaction. A loose correlation exists 
between the estimated free energies (AG.,) and asso- 
ciated rate constants (k.,) for electron transfer and 
measured fluorescence quenching rate constants (lh) for 
a number of alcohol and ether quenchers. It should be 
emphasized that the observed relationship between k., 
and k, is not precise since evaluations of the energetics 
for electron transfer in these systems-arc only qualitative 
due to assumptions inherent in the Weller treatment’” 
and lack of accurate electrochemical data for alcohols 
and ethers. One electron oxidation potentials (E,,d + )) 
for the quenchers are not available in the electrochemical 
literature and thus need to be estimated by use of cor- 
relations between ionization potentials and E,n( + ).I* In 
addition, the uncertain relationship between singlet 
energies derived from O.O&tds ad enthalpy changes 
upon excitation. and the uncertainty in estimating the 
enthalpic component of bG, attributabk to changing 
solvent-salt interactions attending electron transfer in 
charged systems both contribute to inaccuracies in cal- 
culated AG, and k, values. However, it is reasonable to 
expect that the trends noted reflect a dependence of k 
upon oxidation potentials of the quenchers. The 
availability of hydrogens on carbons (I to oxygen ap 
pears to also have a pronounced effect upon fluorescence 
quenching. This is illustrated by the large discrepancy 
between the observed rate constants for quenching by 
t-butyl alcohol and the predicted electron transfer rate. 
Furthermore. the values for kq correlate with rate con- 
stants for H atom abstraction from alcohols and ethers 
by t-butyproxy radicals or bcnzophenone tripkts 
(Table 4).* 

Based upon these trends, two limiting mechanisms can 
be proposed for both fluorescence quenching and pho- 
toaddition. Importantly. both processes occur from the 
same excited state and therefore can be considered 
together under a unified mechanism. The H atom ab- 
straction mechanism presented in Scheme 5 is clearly the 
more simple one of the two in accounting for both 
quenching and reaction processes. Commitment of the 
system to quenching by this pathway occurs at the step 
in which the n-n* singlet iminium salt abslracls a 
hydrogen Q to the alcohol or ether oxygen. Importantly. 
the large difference between the efficiency of singkl 
quenching (e.g. fl, = 0.99 for neat THF solution) and 
photoaddition (0 = 0.01s for 1~ THF) requires that par- 
titioning of the radical pair 3 favors back H-transfer 
(t “) regenerating the ground state salt over coupling h) 
to produce the adduct 39 by approximately two orders of 
magnitude. 

Several factors argue against the operation of the 
H atom abstraction mechanism and in favor of 
the alternate electron-proton transfer sequence outlined 
in Scheme 6. Firstly, both I-butyl alcohol and 1.2.2- 
trimethykyctopropanol serve as reasonably efficient 
quenchers of fluorescence despite the fact that neither 
have readily abstractable a-hydrogens. Secondly. 
quenching through abstraction of non a-hydrogcns in the 
tertiary alcohols appear unlikely since 2.2.4trimethyl- 
pentane does not quench the fluorescence of #) in spite 
of the prediction that it should serve as an excellent 
donor in H-abstraction processes.& Furthermore. no 
photoadducts indicative of alternate H-abstraclion 
modes are produced when Xt was irradiated in t-butyl 
alcohol as solvent. Lastly. the electronic structure of 

n - no singlet states of iminium salts does not appear 
conducive to H atom abstraction.*’ On the other hand. 
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?a 2.9 I 10-5 1 

CVP 1.1 x lo-' 3.8 

(Cnj)$m 1.8 I lo-' 6.2 

THF 8.3 I lo-' 29.6 

(co,),Cwc 5.5 1 10‘5 1.9 

% - THF 3.0 x lo4 10.3 

' krsurrd at 25'C In bmrmr by usln9 (CH,),CO* as rbstrrctfn9 rgcnt. 

84 at 
Scheme 5. 

I- 35 J 
Scheme 6. 

the sequential electron-proton transfer mechanism 
shown in Scheme 6 would be consistent with these 
observations. In this mechanism partitioning of the in- 
itially formed cation radical pair 32 can occur by back 
electron transfer (k,,) to produce the ground state imia- 
ium Sal? or by proton transfer (kH-) yielding the radical 
pair 33. precursor of the adduct. The relative e8Sciencies 
for fluorescence quenching and product formation would 
be controlled at this stage as well as by the relative 
magnitudes of k-H and t. Moreover the mte of prohm 
transfer (kH-) should have a direct effect upon the 
efliciency of duoresceoce quenching only if a patbwry 
exists for regenerating the singlet iminiim salt from 32. 
A back electron transfer step (k-) of this type should 
be available in cases where electron transfer in the 

forward direction is endergonic or only slightly exergonic 
as appears to be the case for the alcohol-iminium salt 
systems. Thus. the relative magnitudes of k,c* and kk, 
compared to kh,. would directly effect quenching 
efficiencies. On the basis of these mechanistic postulates 
t-butyl alcohol is expected 10 serve as a quencher of the 
fluorescence of 1 but with a rate constant reflective of 
the unavailable proton transfer rouk. 

Although distinction between the two fluorescence 
quenching mechanisms presented above cannot be sim- 
ply made. ic is possible to summon evidence which 
supports arguments in favor of the sequential ekctron- 
proton transfer pathway. Ground and excited state 
hydrogen atom abstractions involving alcohols and 
ethers display normal a-CH deuterium isotope effects 
(k&o - 34. Typical are the isotope effects of 3.94, 
3.70 and 2.8-3.3 for hydrogen abstractions by rripkt 
ben+phenone.n* tripkt acetonena and ~-butoxy radi- 
cals.*’ Thus. a normal primary deuterium isotope effect 
is expected for fluorescence quenching if the H atom 
abstraction mechanism were operable. On the otherhand, 
if cleavage of the C-H bond occurs in a step which 
follows electron transfer, a smaller C-D isotope effect is 
anticipated. Furthermore. OD exchange should cause an 
observable u-secondary isotope effect on quenching by 
the sequential mechanism. The observed OD and CD 
isotope effects on alcohol and ether quenching of pyr- 
rolinium salt lluorescence are fully consistent with the 
electron-proton transfer mechanism. The CD isotopes 
effects observed in this system are similar to those 
reported for other electron quenching processes such as 
biacetyl fluorescence by amines, phenols and alcohols.W 
and the more direct1 

Y, 
related paraquat fluorescence 

quenching by alcohols. 
Phorooddirion reactions. Photoadditionsof alcohols with 

a-hydrogens to iminium salts represent a potentially 
interesting class of carbon-carbon bond forming rcac- 
tions. These processes. proceeding most probably via the 
electron-proton transfer mechanism discussed above. 
resell in the production of fl-aminoakohols through 
coup@ of mdkal pair intermediates. Several features 
of tbew additions require further discussion. Firstly, 
forn~tion of the fused bicyclic oxazolidine 24 from I 
requires that formaldehyde be generated under the pho- 
tdytic conditions employed. This can occur by dis- 
proportionation of either the hydroxymethyl radical or 
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methoxyl radical arising by oxygen deprotonation of the zopbcnone tripkts (gIt/flI, - 5)” is no1 operating here. 
methanol radical cation. Likewise, protonated for- Consistent with the rationale tha1 rapid C-C bond 
maldehyde would arise by hydrogen atom loss from cleavage in the cation radical 37 caused efficient quench- 
carbun of the methanol radical cation. All of these pro- ing is the observation that the addition product n is 
cesses should occur with concomitant reduction of the formed efficiently by irradiation of 20 in methanolic 
pyrrolinium salt, a process which has remained un- solutions containing the cyclopropanol UI. Taken 
detected in our systems but which finds precedent in the together, the results presented above appear to support 
work of Schmid.“’ Moreover, methoxy radicals have the sequential electron-proton transfer mechanism for 
been propoxd and detected as intermediates in pho alcohol and ether fluorescence quenching and reaction 
toreduction of the paraquat dication.” with iminium salts. 

Photoaddition of ethers IO the pyrrolinium salts rcsul- 
ling in formation of g-aminoethers follow analogous 
mechanisms. The only other reaction of this type that we 
have uncovered involves addition of telrahydrofuran to 
slyryl-pyridinium salts, a process proposed IO follow an 
cleclron transfer mechanism.” 

EXERI.UE.WAL 

Lastly, the conjugate addition of methanol IO the iso- 
butenylpyrrolinium salt 21 is fully consistent with palh- 
ways having the radical pair 35 as the key intermediate 
leading to adduct 27. The rates of the competitive modes 
of coupling yielding 34. the tautomer of 27. or the un- 
saturated amine 36 should be controlled by FM0 intcr- 
actions. Specifically, the coelfkient a1 C-4 should be 
larger than at C-2 in the aminoallyl radical frontier 
molecular orbital (I),). Thus, addition to the terminal 
carbon should predominate. 

C%~rol. Elemental aoatys-cs were pcrlormcd by GaIbraith 
Laboratories. Knoxville, Ttnncs~cc. NMR spccrra were recorded 
on Varian HA-WI. XL-KM. EM-360 or T60 (proton) and Jcol 
PSI00 (carboaJ spectrometers with TMS as an inrernal stamdard. 
IR spectra were taken by using Beckman 1R-8 or Pcrkin Elmer 
2% spectrometers with polysryrenc as refcrcncc. Solurion-phase 
UV absorption spectra were measured using either a Beckman 
Acla-Jtt or a GCA McPherson EV-7@36 spcctrophoromtr. Gas 
chrcnnatographic anatyscs were pcrformcd on a Varian-WJ 
chromarograph with hmc ionization detection. Preparative gas 
chromarographuz work was done on a Varian-2700 chromato- 
graph. Ruorcsccnce emission and excitation spcc~ra wcrc 
recorded on a Perkin Elmer MPF-44B spectrometer equipped 
with a Perkin Elmer DCSU-I ditTerential corrected spectra unit. 
The sir&t lifetime of 2-phcnytl-pyrrolinium pcrchloratc was 
dcrcrmincd with a single photon counting. nanosecond spcc- 
rroluoromcrer builr from ORTEC componcnrs. The sir&r 
lifetime of I-methyl-2-phcnyl-I-pyrrolinium pc(fhlorate was 
estimated by rhc procedure repocrtd by Turro Mars spcc- 
rromcrric data were recorded ar 70eV on a Dupont 21-390 mass 
spccrromcrcr. High rcsolurion mass spectra were taken on CEC- 
21-I IO double focusing. mass sptclrorrWcr. All preparative 
irradiations uerc performed uith a Hanovia. 45OW. medium 
pressure. mercury lamp m a quanz Immersion well with glass 
frhcrtd-hghr on solutions purged wirh N: bcfort and during 
irradiations. Molecular distillarions wcrt conducted by using a 
Kugclrohr apparatus at reduced pressure. All organic solns were 
dried with Na-SO,. 

34 3 36 

Cycloproponol quenching ond photoaddition. One of 
the intriguing aspects of the mechanisms for quenching 
and reaction of iminium salrs with alcohols and ethers 
concerns the potential link 1ha1 exists between pro1on and 
back electron transfer and quenching efficiencies. Ac- 
cordingly, in the sequential mechanism presented in 
Scheme 6. the cation radical pair can undergo back 
electron transfer to reform the iminium salt excited 
singkt state in competition with decay to ground state 
and proton transfer. Thus, the availability of low energy 
reaction pathways IO the cation radical such as proton 
transfer would cause more efficient quenching. One such 
process could be rupture of weak C-C bonds as are 
found in the cation radical 37 generated by electron 
transfer from the tertiary cyclopropanol t8. The validicy 

rn I r n 1 

i!pEq~;*; r-j-= 
3: 36 

of this hypothesis is corrobcratcd by the observation that Stem-Volmtr method from slop0 (kq 1) of U0& vs IQ1 pbrs 

28 serves as a very eeicicnt quencher of pyrrolinium salt and measured or cakukd sin&r radiative lifetimes (7). flu- 

lluorescence (Tabk 2) despite the lack of a-hydrogcns 
orcsccncc mcasuremcnts for alcohol quenching were made by 

and in comparison to t-butyl alcohol. The small OD 
USA IOR waler acctonilrik s&s. Quenching by Odtuttraled 

deuterium isotope e&t (1.04 2 0.06 for 1 and I .O6 2 0.06 
akohoh was determined by using 10% DIQ rcloniIrik s&s. 

for 20) indicates that a H a1om abstraction mechanism 
Quenching rake consrants were found to be indepcndenr of waler. 

similar to that involved in reaction of 2tl with bcn- 
acid and iminium sah concentrations in rhc ranges comparabk IO 
I~KM used in rhc quenching stud&. No duererium isotope cffccl 

I-Mold-Zplufi~.l-pynolinium pcrcNomrr (24). A mixture of 
2-phcnyl-I-pyrrolinc l4.28g. 0.029 mol). MCI (41.98. 0.29 rot) 
and dicthyl cthcr (20 mL) was healed at relux ror 24 hr. Concen- 
~ra~io~~ in racuo gave a residue which was cluted through a 
perchbrare anion exchange column (Dorex-I) wirh M&H. The 
cluanr was conccntnrcd in racuo and the residue crysrallizcd 
from EIQH yickding 3.67g of 20 M%).‘H NMR (d-acclonc) b 
I.8 (m. ?H). 3.1 (m. 2H). 3.9 Im. 2H). 3.13 (s.3H). 7.1 (m. 5H); 
UV.(McQH) max (0 238nm ~11.200). (Found: C. 30.88; H. 5.61 N. 
~.28;CI.l3.Ul.Cak.forC~,H~~NCH),~C.H).88:H.~.43;N.S.39.CI. 
13.63). 

Roonsrrncc quanfum yirldr and qumching. Ftuorcsccrtcc 
quenching rale consranrs (kp) were dcrcrmincd by using rhc 
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1710.1450, I36Ocm“; m/c (ret intcnsitks) 2S9 (1.1). I72 (1.5). I61 
(13). 160 (100). 158 tn. 118 (4). 91 (4). n f6). 65 (15). 5~ 12): hipb 
&l”Fion mast ;G r& 259.192692 ‘iC,,HaNO r&&s 
UP. 193605). 

Qvantvnt yiefd mt5suMnenfs. QuprFum yields weft measured 
witb a “liocar 0pFkal bench” system quipped witk a high 
prc33ure, 450 w mercury lamp (wmitmFioo hntuurics Model 

CA-2tXJXto3). Fbc output of wlticb was focusal wiFb a quartz 
coBima1or and passed tJuott& a q~&ccd, wattr+ookd. 
three I cm comparFnwnt tutu soltnion cell conFain& separately. 
1.0 M (262&g/L) nickel ¶ulfaFe bex&ydraFe in S% ii?!& 0.8 M 
(2.24.888/L) cobalt sulfate WydraFe in 5% HrSOh and 
0.0001 M (O.O3lS@, bismuth chloride in 10% HCI. The UV 
transmission of this filter was W3lOntn, wiFb a maximum at 
~.~~er~~t~~~a~~w~h 
diverted light 90”. The light not diverted lmssul tltto@ two 
quartx-faced, ws1crXoolcd cells aligned in series. I)wial 
ac~inomc~cr calibration tuns, barb tbr front and but cells were 
filkd w&b O.amM potassium fcrrvoxaMFc. Dttrmg p&to&air 
runs, Fbe front cell contained itn&nt salt sdutiom. T&c back 
cell coatainod potouium ferrioxalatc in order to monitor li#tt not 
absorbed by the substrate. The divcr~cd lit was rtccivcd by a 
silicon 3olaf cell in order to moniFor tbc light OuFpwF. Tbc si@ 
received by the solar cefl was amp&J and fed ~Jtnn@ a 
Raytheon RC-4151 volt~c/fr~u~y convcr~er. Intcfpuion of 
this s$nal wg~ performed by couptin the frequcacy bansmiFFed 
by the converter. 

The amount of light not dive& was dctcrmiped by calibraFioa 
of the solar cell against fer7ioxal&Ff acdflowtry. Ric light a!P 
sorbed by tbc front cell contain@ the potassium furioxalatc 
was determined at several d&rent pcrccnt convusiu~s rang& 
from 0.3 to 1.2% (0.1 mE IO 0.4mE). A plot of mE ocrsw tbc 
number of coua~s obtained from he ekctroaic counter for each 
run gave the followh Tuation as &~crmioed by a kast-squares 
analysis: mE = 2.91 x lo’ x no. of counts t 0.01. Tbc cot&ruz 
factor (r? was 0.998. Tlu Ii&t output for each pbdysis was 

o&aid usiqj this equation 
T~K quantum yield for formation of tbc tctrabydrofuran adduct 

22 was measured by UK of a I x lO*‘M soln of 2-pbmyll- 
py~l~ium pcrcbbratr in anhyd THF. Product analysis was by 
8k (5’~ 118,1.5% FXtlOl on Anasorb G. 160’. 9 mL/min) by using 
triphcnylmcthaod as internal sFandard. d - 0.015 at 0.85% cm- 
version to product. 

T?te quantum yield for formation of the methanol adduct 24 
was measured by UK of a 3 x IO-‘M solution of I-methy)_ 
phmyl-I-pyrrolinium pcrchbrate in anhydrous methuml. 
Product analysis was by 8k (5’~ llg, 5% OVIOI on 10&120 
Chromosorb GHP, lM”mUmin) by ttsmg ~rans-stilbcnc as in- 
ternal standard. d = 0.01 at 89l conversion to pr&cF. 
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