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ALorbTbe tripkt seKquenchia( press of he aliphatic tibydes bu beta iovestipted by irhbihn witb 
diem (ukh# Pto recount the sir&et inkractioa with the diem) and by her dub ~botdysis. The rcsuhs 
obhed for intenyskm crosskg, the seKqueoching proczss and product formation have been ntioratiad. The 
maio ractiviry observed for 1& three Aebydes ir the s.eKquenching process which ocas from both tbc s&k1 
sod tripkt atate. Tbc her flash pholysir experhcnts ahed our with buual how two rbsotpha of a 
transient rt 320 rod 3U nm; no &deoce for two diiIennt s~epccin could be put fonud. Tbe simh &ay of I& 
wo lbsorptioa maxim of the tramic~~. as he conccatntioa of al&by& h haused. would be iodkativc of only 
oocs~rbcorbiprrpcdcrwhicbcouldbec~tbttrpktsutcoftbtlldcbydcorrndial-poirformcdbyI& 
scKqueDchipl process 01 the IJ-biradial resultipI from y-H abstraction. The fact thu both rbc queachipl 
expaimcnts (by dkatl01 by I-merbyl~@.~tkaknc) and the laser hsb musu~~~ents kad IO about the same lifetime 
alwhdiatuodyooe~. 

Tk pbotcxhcmicrl behstiur of aliphtic and aromatic 
aldebydes has been investigated by several groups and 
fnqaentary results were rcpetcd in d&rent cases. 
Thus, it wa.8 observed’ that aliphatic akkhydcs undergo 
pbot&c&oayiatioa by direct irradiation or by scn- 
sitization with aromatic kct0f~. Tbe sensitized reaction 
wa.9 n-invut&al’ and ockavpplt was prop0scd as an 
expbtion for the dccubonyktion. This twtion b in 
good rgc+aWat with the obscfvation’ that uckavag!e of 
alipbntic aI&hydcr or&8tcs from both the sin& uld 
tripkt excited rtatu. A puzling result was later npor- 

tc# for tbc &cubonyhtioo of o-uytaldebydes: The 
chemically induced dynamic nuckar polarization 
f.CIDW& f~~~&@&t ?tatc although M) tripkt . . 

luahmboodkchafa~ 
intImtasc.ItwasnedthattkCIDNPsignalscould 
ariac Wrom a smalkf tripkt-bom radical pak component 
which is un&tected in scave& and quenching 
attempts”. !%mult~~~Ay, the Norrisb type II reaction 

chndrrited for a series of diphtic aldehydes.’ 
zy receatly. was it found that al&by&s m a 
sclfqucoch& proceu from the sin&t st~tc”’ and from 
the tripkt state.” 

The tripkt selfquenching process was chuactcrized 
indcpcndcntly by apin aucku poQrintion and by cbem- 
iaIly i&axl dynamic nucku polarization (CIDNP) in 
the case of et&al,’ propanal” and bcnzaldehydc.” In 
tbt kttcr abe. tbt QH~H mdicrl. formad by ab 
s&action of the aklchydic by-o of a ground state 
Mehyde a&cuk by a tripkt excited knzaldebyde 
mokatk. VU obaerval t0 u&Q0 tbc fouowipg reac- 
tion step (wkrc the asterisk indicrtcs the spin polarim- 
tion): 

(@&iOH)’ + WHO -(ex~o)* t ~&HOH 

Because of the 8ingkt Afquenching procus.‘~ access 

IO the triplet state would decrease and result in a lower 
triplet reaction at hi&r aldchydc concentrations. The 
intersystem crossing process has also been fou0d to 
decreascwiththckq$hoftbcchainofthcaliphatic 
al&hydc from 0.64 for propanal to 0.18 for hcptanal.” 
Our own measurements, using the method of Lamok and 
Hammond,” kad to the values given in Table I. 

Aldchydcs react from their singlet state with d&s to 
form oxetao~s’~ with a rate constant of about one fourth 
that of diflusion control. Thus, this competitive process 

may not k ncglig~%le when tbc concentration of the 
dkat becomes high. 

TEe tripkt lifetime of several aldehydes has been 
measured (35 ns for butanal; 6.2 ns for hexanal)’ but the 
data arc spcci& for a given conccotntion in aldehyde 
because of the triplet selfquench& process which was 
not taken into account for the measurements. The tripkt 
lifetime of butuul was murod independently” and 
the k.,5, value (BMOI.mok-‘1 obtahml in is~~tont 
solutbn is Mcative of a lifetime of cu. 300 as. Lifetimes 
of 22 ns and I4ns were also de&mined“ for 2cthyl- 
butanal and pivaldehydc respectively. Similar values are 
reported for aliphtic metbyIkct0om; for inst8xc. 2- 
pcotnoone has a triplet lifetime of 78 ns” or I6 as” both 
in bentent solution whik a 25Ons lifetime has been 
murured” in hcxane solution. Mush sbortcr values 
were dctcrmiaed for ketones which undergo Norrisb 
type II reaction with scc0nduy y-hydrogen atoms (5 to 
Ions in both 8olveats).” In this paper we e& the 
intersystem aouipr of a&by&s 14, tbc pborphoru- 
ccaceofrcvcralofthcmMdthcphot0chcmistryof2.3 
alMi6withtbeaimofundcfatand&tbcpr0ceMwhich 
axarol tbcir photO&rkal bchvhlr. Tht alulbinrlion 
of laser huh ph0tolysis with tnxtitiod quantum yield 
and qutDchipg experiments bclp chamct&e the 
fug8cbus intarmcdintes. A recent study 011 LSdiaryCI5- 
diketones” indicates that arylketorxs an have ntber 
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T&k I. htmy~t~m -s& quaturn yield rod ntc coasunl of rldchydcs I 10 8 (0.2 mob in penLane schth) 
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long triplet lifetimes (co. 500s) but that the tripkt state 
decays to give Mdiradicols which have lifetimes of about 
tbc same order as the triplet itself. Similar kt~iour had 
been pointed out for the case of polyphcnylviaylketoac. 
where the signal assigned for the biradical is rather 
lor@ivcd.‘” 

CH,(CHACHO (RhCHCHO (CH,hCH(CH,MZHO 

1 n=l 6R=CH, 8 
2 a=2 7 R=CzH, 
3 n=3 
4 n=4 
5 n-5 

hremyslem crossing. Intersystem crossing effickncks 
& were measured at a given concentration (0.2M) of 
the akkhydc using the sensitized Z-, E isomcrization of 
piperykne.” Limitaf conversion (3 to 6%) was used in 
order to minimize tbc reverse isomerization. Enact 
values can only be obtained by knowing the amount of 
tripkt tiehyde quenched by the d&c at the concen- 
t&on (0.11 M) used for the intersystem crossing quan- 
tum yield measurements. The amount of unquenched 
tripkt hu been determined for akkhyder 1. 2.3 and 6 
and found to be I%, I%, 3% and 10% respectively. The 
intersystem crossing qu8ntum yield obuined had to be 
corrected by this factor. Tbc & values were cActited 
by comparison with 4,4dimethykyclohcxanonnont for 
whkb h, hr been found to be 0.93.” For the other 
aldebyrks studied, the amount of triplet quenching has 
not been measraed precisely. 2-Efhyibutanal 7 is bcl- 
kvcd to behave rimil8rly to 6 since ackavage appears 
to be tbt main deactivation pathway for tbc u-alkytatcd 
aliphatic aldchydc 6. On the otbcr hand, haxanal4 and 
bepuarl S were not very d&rent from pentanal 3. 
Consqucotly, only the v&c obtained for 8 would be 
uncorrcctal. TIM values obtained for aklehydcs 1 to 8 
are given in Tab& I. 

Phospphon~ce~ce. The phosphorescence spectra of al- 
dchydes 1 and 4 to 8 at 77K in a methykyclohcxane 
giass are similar to lhOse of aliphatic ketones. The max- 
imum of the emission occurs around 45Onm and the 
vibrational structure observed in several cases puts the 
O-O band at about 375 nm corresponding to co. 
76 kcallmok. 

Producr fomrulion. Since the products result from the 
interaction between two molecules of akkhydc. the 
quantum yield for their formation will fluctuate with the 
concentration of aldehyde. Direct irradiation of the al- 
dehyde RCHO kads to a mixture of at kut six com- 
pounds: the conesponding primary alcohol RCHPH. 
the a-ketol R-CO-CHOH-R, the ketone RXO-R and its 
reduced form R-CHOH-R. the udiketone R-CO-CO-R 
and the adiol R-CHOH-CHOH-R. The latter decor- 
poses on the VPC apparatus to give the ketone R-CO- 
CHrR by way of a pinacol rearrangement. When y-H 
atoms are avail&k. as for 2 and 3, the Norrish type II 
reaction forms photoelimination products as well as a 
cyclobutanol; only the latter has been isolated. In all the 
cases studied. the a-ketol predominates in the d&cl 
irradiation experiments. In the presence of a tripkt 
quencher. the only products characterized are the 
cyclobutanol, the primary alcohol and the u-ketol. The 
formation of these three cornpour& decreases by a 
factor which varies from one product to another. In the 
case of 2. 3 and 6. the quantum yields for product 
formation have been determined for pcntanc solutions 
0.2 molar in tiehyde under 313 nm light irradiation. The 
results given in Table 2 are obtained for about 15% 
conversion; they do Iw)t take into account the /?-ckavage 
reaction which occurs for compounds 2 and 3. Values 
measured by other authors are inch&d in the Tabk. The 
quantum yields resulting from the singlet state have been 
determined by triplet quenching experiments. using 2$- 
dimethyl-2,Cbexadkn or I-mcthylnapbthaknc as 
quencher. 

Loser jfosh p/~rolysis. LaKr llash photolysis expcri- 
ments have been canicd out with a Neodym giass laser 
with frequency quadrupling (265 nm, 30 ns, 20 mJl. Tbt 
absorption spectra of tbc tran8knt hs been oWned 
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from butanal 2 in pcntanc by detection at diaerent 
wavekngths and at diiereat times after the peak of the 
excitation pulse. Tbc spectra, &own in Fig. 1. arc 
chanctcrixed by two absorption maxima. one at 32Onm 
and tbc other at 35Snm. This absorption is slightly 
shifted (by about IS nm) wbcn compared to the tripkt- 
tripkt absorption of aceto@ which sbows only one 
maximum. On the other hand, this spectrum can be 
compared to that of an aromatic ketone as descrii by 
Faurc CI 01.~ and by Scaiano ef a/.,‘* but with a shift of 
a&t 80~1 toward shorter wavckngtbs. According to 
Scaiano, the doubk maxima could bt attributed to the 
tripkt excited state and to a tripkt biradical as found for 
IJ-dipknylpcnta-1.5diooc. for which the two maxima 
are at 405 and 450 run. In the case of butanal, the optical 
density of the transient species decreases with the same 

rate at both wavelengths; 38Ons after tbc laser pulse, 
tbcre still remains a residual transient absorptioo which 
can be atthtai to Ipdicals. 

T?R decrease of the excited specks with initial coo- 
centration c, can be expressed by 

c = Coexp(-t/r) (0 

where I npnseots tbc lifetime of this excited species. 
Siocc the vertical deviation y recorded oo tbc o&lb- 
scope is proportional to C (C = ky) the expression 
becomes 

lny=lny,-t (II) 
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Thus,tbcarrvslny-f(t)willbers~tlintwwitha 
- l/T slope. 

The concentration of the aldebyde must be chosen so 
as to meet two contradictory requirements: small 
enough to minimize the s&quenching process of the 
triplet species but high enough to detect tbt absorption 
of the species. For this reason, only butanal could be 
analyzed at different concentrations, whik the only one 
for which a correct analysis could be performed was 
0.55 M in the case of pentanal. No transient could be 
detected for isobutanal, probably because of its very 
short lifetime (~idc infro). 

The lifetime of the excited species has been measured 
for varhu concentntions in butanal ad the resulting 
values are shown in Tabk.3. The results indicate a ckar 
increase as the concentration of the aldehyde decreases; 
a typical indication of a selfquenching process. 

Quenching rtudic5. The quenching experiments were 
carried out by using 2.5 - dimethyl- 2.4 - bcxadknc as 
the tripkt quencher and taking the rate constant for 
queachirtg as (1.5 20.2) x lO’OM_‘s-l. This value is 
daiuccd from the slope of the usual Stem-Volmer plot 
am! from the lifetime of the specks chuactcrized by 
laser slosh-pbotolysis in pcntane solution. Since dknes 
eP&ntly inhibit the lIuorucenc.c of aldehydcs?” the 
wurl Stern-Volmer relation has to be &an&d to the 
more general expression (III):” 

whtrc 6’ and 4 are the quantum yields for product 
formation in tbc absence and in the presence of tbc 
inhibitor Q; 4: and k,’ are the quantum yield from the 
tripkt state and the rate conxtant of triplet quench& 
reaction by the dienc respectively; 4: and k+’ refer to the 
singlet state; 7: and T: arc the singkt and triplet state 
lifetimes of the al&by& at the given concentration and 
in the absence of the dime. When the concentration of 
the quencher is limited to low values, the curve is a 
str&bt line, the initial slope of which (IV) is deduced 

from the previous expreuion and can be described in the 
followiN fashion. 

initial slope = 16’7: & lq’r: (IV) 
I . 

Intheustofbulrnnl2,pentPnnlJood~bucaoal(. 
the experimental value for the slope is 820% 45 M-‘, 
340 + 25 M-’ and 47 + 5 M-’ respectively. At the given 
concentration in ahiehyde (OZM), the sin&t lifetime 
was found to lx 2.9 ns, 1.5 ns and I.7 ns for 2, 3 and 6; 
this kads to the corresponding values of 12,6 and 7 M”’ 
for cr: respectively. The measurements brued on the 
formation of the primuy alcohol indkatc thut the triplet 
reaction represents 65%,85% oad 70% of the total rcac- 
tion from aldehyde 2. 3 and 6 respectively. Application 
of expressions (III) and (IV) to the measured values 
kads to 1,250, 390 and 57 M-’ respectively for the VT: 
value of Ibe tripkt quenching of the formation of the 
primary alcohol from 2,3 and 6 for a concentration 0.22 
in aldehyde. 

The exact value of the rate constant for quenching the 
triplet excited state by the dkne has been avera@ from 
three quenching experiments of product formation at 
diflerent concentrations in butanal (0.1 I, 0.22 and 
0.33 M). The result obtained with a concentration 0.22 in 
2 has been discussed above: I.250 M-‘. At a concen- 
tration 0. I I M, butanal has a sin&t lifetime of 3.3 ns and 
theinitiPlslopemeoJurdislMOM_‘;tbelifetimeoftbe 
specks, characterized by laser llash photolysis as the 
triplet excited state, is II5 ns for this concentration. 
Application of expression (IV) kads to a true CT: of 
1,800 M-’ and, consequently, to a quenching rate con- 
stant of 1.5 x IO” M-’ s-‘. For a conceatntion 0.33 M in 
butanal (4 = 2.3 ns; r: = 66 ns) tbc experimental tlopc is 
55OM-‘; correction kads to a trt~ value of 84OM-’ and 
thus, to a tripkt quenching rate constant of 1.3x 
IO” M-’ s-‘. Tbc avew of the three measurements is 
tbcn (1.5 2 0.2) x IO” M-’ I-‘. This value is close to that 
measured by Wagner and Kocheva? for valerophcnonc 
in pcntanc solution: 1.32 x 10” M-’ s-‘. 

Qenchinjj experiments of the product formation from 

______________:_________:_______: ________._______:_______i_______: :____._i__-_-_-_...___:__. ,_-_----_--:____________-_. 

i ;;;5 : : 170 115 : ::: ; 12m i IWO i 120 i 8.3 : I 

: 0.17 . 94 : 10.6 : 1 
NTMU 

i 
CQ; : g ll.b : 020 i 12y) i 81 i 12.0 3.9 : 2u) 

; : : 
: 0.1) : 

(2’O)’ 

i 

I 0.44 \______________: i bb ; :::: : l g ;___~_~___:_~______~~~____~____~~~~~~___~ 
___._____‘___.___‘_______-________f-_-_--_’ ____-____-_-_- 

, _ _~_ .^ : “.“S, XI : to 
: XDi woi i 

1 

: 19 25.5 : 1 
: 150: ux): 21 : ::., : 340: 190 : : 1b.7 ! 115 
: 2x): 2bo : :: I 59 : 

_._.__.____....~___‘“-i____~___~~_~___________.__~_____________~___..________.~ : lbo,: 2W: 14,: 71.5 : 1 

: 48: b0: 4: 2x) : 
! 47: II : 1.8: 260 : 15 : 5.5 
: 45: ‘A: 1.b: 
: 42: 10: 3.3: Ez : 

.c aa 7 ._ ..n 



PtKmchcmisrry in solurion-xX 

butanal (0.22 M). using I-metbylnaphthalenc as tk 
qucnckr have to k corrected as tk qucnckr also 
absorbs tk 313 nm light (c = 250 M cm-‘). The slope of 
tk Stern-Volmer plot (corrected from tk light ab 
sorption by I-methylnaphthaknc is 1,040~ 150 W’. The 
qucnchiy rate constant deduced from this experiment 
(I.1 x IO’ M’ ’ s’ ‘) is somewhat lower than that obtained 
with tk dicnc as quencher. 

Triplet sdf-qutnchin~ process. The results from 
CIDNP measurements ’ ckarly indicate that aldchydes 
undergo a selfquenching reaction from tk triplet 
excited state: this was corroborated for butanal by 
Lemaire tf 01.’ Similarly. the investigation of Cerfontain 
cl al.’ with cycloalkane carbaldehydcs pointed out that 
the products of dimeric structure have a triplet origin. 
The variation of tk lifetime of tk species characterized 
by laser bsh photolysis (Table 2, Fig. I) is consistent 
with a selfquenching process which obeys tk following 
expression: 

I I 
-=T+~.JAI 
To 

09 

where 7’ refers to tk lifetime of tk specks for a 
concentration [A] in aldehydc, L, to tk selfquenching 
process rate constant and rz to tk lifetime of tk species 
at infinite dilution. In the case of butanal, extrapolation 
of tk curve to the intercept with tk Y-axis gives a value 
of (l/t3 =4.8 x Itis-’ and consequently a lifetime at 
infinite dilution of 7- = 210 ns. Tk rate constant for tk 
selfquenching process. k, given by tk slope of tk 
curve is 3.1 x IO’1 mole-’ s-‘. 

The triplet of pentanal and isobutanal is too short lived 
to be measured with tk laser gash photolysis equipment 
used. 

Dicncs quench both tk singkt state6.“.M and tk 
triplet state of aldchydes. Tk rate constant for quench- 
ing the singlet state by 2.5 - dimethyl - 2.4 - hexadiek is 
known” to k of tk order of 3.5 x lb hi-’ s-’ from 
Ruonscer~e inhibition measurements. It has ken 
shown. above. that tk rate constant for quenching tk 

b/. 

2: 1 
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Fa. 3. Sclf-q~nching process of: C. pentanal 3; A. isobutanal6. 
Lifetirnc values UC from quenching by dime experiments. 

tripkt state of butanal is about I.5 x lO”M ’ s ‘. The 
usual Stern-Volmcr plot and application of relations (III) 
and (IV) yield tk bipkt lifetime of aldehydes 2.3 and 6; 
this. repeated for various concentrations in aldehydes. 
leads to tk series of values given in Tabk 3. By plotting 
tk inverse of tk lifetime vs tk concentration in al- 
dehyde. linear relations are obtained (Figs. 2 and 3). The 
rate constant for tk tripkt selfquenching process of 
aldehydes 2.3 and 6. deduced from relation (V) is found 
in TaMe 3. 

The lifetime at inftnite dilution I- is deduced from the 
intercept of the curve with tk y-axis; tk following 
values are obtained by this method: 2lOns for butanal 
from tk laser gash photolysis experiments; 250ns for 

I 

F@. 2. ScHqwnchin( process of butanrl2: A, v&don of tbe inverse of tbe lifetime (kk.rmincd from quenching 
by dicnt expcrimenrs) VI lbc concentration in bulunl; 0. variatkm of lbc iware of tbc tramknl (chancterid by 

laser hsb ptmrdysis) vs he concentration in bUtanal. 
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the same compound but using the values measured by 
the quenching in the dkne experiments. In the case of 
pentanal 3 and isobutanal6. the to values obtained are 
170 .*s and 55 no respectively. 

The lifetime of the excited specks, character&d by 
laser flash photolysis for butanal and by quenching by 
the dienes for 2 and 3. is rather long for a carbonyl triplet 
excited state. 4.4Dimethylcyclohexanone has a tripkt 
lifetime of 84ns,” but cannot give the Nonish type II 
reaction; in the same series, the triplet biradical formed 
by a-cleavage has a lifetime of about I gs. As noted 
above, the tri let lifetime of aliphatic ketones varies with 
the P solvent”. * and can be rather long when the Nonish 
type II reaction involves abstraction of primary y-H 
atoms. Also, a lifetime of 52 ns has been attributed to the 
triplet state of I.5 - diphenyl - I.5 - pentanedione in 
benzene soIution;‘p but in the case of polyphenylvinyl- 
ketone, Faurc CI 01.~ have attributed the long-lived 
transient. characterized by laser flash photolysis, to a 
triplet biradical resulting from the Nonish type II reac- 
tion. In that case, the absorption of the transknt also 
shows two maximas as found here for butanal; but then 
the conjugation with the aromatic ring shifts the transient 
absorption to longer wavelength. Two maximas are 
observed with I.5 - diphenyl - I.5 - pentanedione but they 
decrease with a different lifetime.” It has been con- 
cluded that one of the maxima is the result of triplet 
tripkt absorption while the other is due to the absorption 
of the triplet l,Cbiradical formed by y-H abstraction. It 
would be very tempting, by analogy, to attribute the two 
absorption maxima observed for butanal to two specitic 
specks; one being the excited tripkt state and the o&r 
the tripkt radical-pair formed by abstraction of the al- 
dehydic hydrogen of a ground state aldehyde by the 
excited tripkt CO fpoup of another aldehydc molecule: 

(R-CHO*)‘+ RCHO - RdHOH + R-C = 0’ 

nK shift of the absorption toward short wavelengths, 
as compared to aromatic ketones, is plausible since there 
is no extended conjugation. The fact that the two max- 
ima at 320 and 35s nm both decrease with the same rate 
when the concentration in butanal is varied favours a 
sin& absorbing specks. 

The quenching of the aldchyde triplet excited state by 
d&s is expected to be diffusion controlled. Since the 
quenching process is measured by the decrease of the 
quantum yield of butanol formation, any variation in the 
number of excited triplet specks will result in the same 
variation of the number of triplet radical-pairs. An iden- 
tical result would be reached if the dicne quenched the 
triplet radical-pair instead of the triplet excited aldchydc. 
Such a situation would occur if the latter specks was 
rather short lived and, consequently, hardly quenched by 
dknes. Although simple biradicals react very inefhckntly 
with diet&’ a-keto radicals are more reactive. as a 
result of an increased electron-attracting property.m On 
the other hand, the acyl radicals react with moderate 
efflckncy with electrondeficknt double bonds. such as 
o$-unsaturated Ireton&’ or a$-un.5aturated estersW 
leading to ydiketones and y-ketoesters respectively. In 
the presence of dienes. irradiation of aliphatic aldchydcs 
yields oxctants and not products resulting from the 
addition of acyl radicals to the conjugated unsaturated 
system (see for instance ref. 14 and refs cited therein). 

Thus, the chams that dienes chemically quench the acyl 

radical of the triplet radical pair R-CHOH +R& = 0’ 
are rather small. Nevertbekss, if dicnes were only 
quenching the co triplet state and not the triplet radical- 
pair, otk would expect the intensity of tht latter to 
decrease but not its lifetime. Similarly if a selfquenching 
process took place at the kvel of the carbonyl excited 
tripkt state, its lifetime would decrease with an increase 
in ahkhyde concentration. but tlkre would be 110 effect 
on the lifetime of the triplet radical-pair (though its 
intensity should increase with the concentration in al- 
dehyde), unless there is a reaction step which involves 
the interaction between the triplet radical-pair and a 
ground state aldehyde mokcuk. Such a process has been 
observed by ClDNP.(cidc rupm) between an aIdehyde 
mole& and the RCHOH radical. Whether the radical 
is free in solution or still coupkd in the triplet radical- 
pair can only be speculative. 

Surprisingly. the aldehydcs 2 and 3, which can undergo 
the Nonish type II process show a “tripkt” lifetime at 
inftnitc dilution that is rather long. Similar results have 
been reported by Encina and Scaiano” who found that 
the triplet lifetime of pentanal 3 is of the order of 35 ns 
(out no specific concentration of the aldehyde was in- 
dicated) and who observed a second transient with a 
lifetime of 2~s that they attributed to the tripkt biradi- 
cu resulting from y-H abstraction. 

In the case of isobutanal 6, the lifetime obtained by 
quenching the formation of isobutanol by dknes has 
been extrapolated to 5.Sns at infinite dilution. Such a 
small lifetime could be attributed to an &knt Q- 
cleavage reaction forming the isopropyl radical. 

Irradiation of isobutanal in the presence of ethyl 2- 
butenoate forms a mixture of ethyl 3.4 - dimethyl- 
pentanoate and ethyl 3.4 - dimethyl - 2 - isopropyl- 
pentanoate. besides the a-ketol of mostly singkt ~rigin.~ 
The necessary isopropyl radical can be the result of two 
different reactions; either it involves ackavage directly 
from the tripkt state, or a triplet self-quenching process 
which degenerates by decarbonylation of the Me~H-&O 
acyl radical. In the latter case, one would expect 
formation of 2.4 - dimethyl - 3 - pentanol by coupling of 

the isopropyl radical with the )&HOH radical. The 

results obtained (Table 2) disfavour such a mechanism 
and. consequently, would be more in favour of the direct 
u-cleavage from the CO excited triplet state. If so. 
comparison of the lifetime of butanal with that of isobu- 
tanal would give a rough value (co. 2 x IV s-‘1 of the 
rate constant for ackavage of isobutanal. This is not 
very different from what has been found (1.7 x IO’s_‘1 
for the uckavage rate constant of 2,4,4 - trimethyl- 
cyclohexa~)one.” However, if the triplet lifetime of the 
aldehydes was of the order of the ns and that of the 

, 
triplet radical pair R-CHOH t R-C = 0 measured on 
the 100ns scak. one would still have expected to 
observe the absorption (with either one or two maximasl 
build up from isobutanal of the long-lived transient in the 
laser Aash photolysis. Since no absorption could be 
detected 30 ns after excitation of isobutanal by the laser. 
the transient detected in the case of the other two 
akkhydes may be attributed to a long-lived triplet 
excited state of thecarbonyl group rather than to the 
radical-pair. 

This conclusion is in good agreement with recent 
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results observed” by laser ffasb photolysis for aliphatic 
ketones which show a rather long-lived tripkt tratint 
in acetonitrik solution: I I I ns for 2-pcntanonc and 272 ns 
for 2butanone. A lifetime of cu. 4 ps has been attributed 
to the I.+biradical given by the Norrisb type II reaction 
of 5 - methyl - 2 - hexanonc. 

Chain reaction from lht rripler radical pair 

The assumption that Ihe formation of piuacol from 
aromatic ketones was qucochcd by aldchydes by triplet 
energy transfer has been promptly ruled out and cor- 
rected into a cbcmical quenching process. It is known 
also that mixtures of substituted bcnzopheooncs and 
bcnxhydrols give a chain reaction,” the mechanism of 
whib has been rationalixed in terms of a hydrogen atom 
exchange between a ketyl radical and a ground slate 
bcnxopbenonc:” 

(CJi,hC-OH + fC&hC=O - 
GH,kC=O + GD,hC-OH 

Recent CfDNP measurementse” ckarly indicate that 
a similar chain radical process occurs between a ground 
state aldebydc mokcuk and a R-CHOH radical formed 
in the self-quenching photoprocess of aldchydcs R- 
CHO. 

It was of interest to look into the chemical evolution of 
such a radical chain by combining the two different 
reactions. Thus, bcnzophcnone (9 x IO-‘M) has been 
irradiated in the presence of a large excess (0.5 MI of 
butanal in such a way that only Ihc aromatic ketone 
absorbs the light (excitation al 366 nm). The first step of 
the photoreduction of bcnzophcnonc, u&r these con- 
ditions. will be the abstraction of the hydrogen atom 
from the lowest energy C-H bond of the counterpart; 
here. this will be the aldehydic C-H bond, the energy of 
which is co. 86 k&mole:’ 

I 

I(@\ =O)* + Pr-CHO - 
d\ 

d/ 4’ 
--OH t P&O 

(A) 

The two radicals of the formed triplet radical-pair will 
not couple together but first diffuse apart from each 
other. Then. the ketyl radical will undergo the usual 
chain reaction with the carbonyl spccics present in the 
solution that is to say. here, with butanal: 

tripkt state: butanol, hcptan - 4 - one. hcptan - 4 - 01. 
octpac - 4.5 - dionc and octan - 4 - 01 - 5 - oat. The 
observed quantum yields (Table 2) do not ditler futt- 
dameatally from the ones deduced for the triplet state by 
quenching by dknes tbc formation of the products in the 
direct irradiation of butanal (in OK absence of bcn- 
zophcnone). Consequently, the process (B) suggested 
above does readily occur. Yet, tbc values are not always 
reproducible from one set of experiments lo another one 
and the quantum yklds vary up to 40%. This divergence 
is loo large lo be attributed to experimental errors. In 
one particular experiment. for exampk, octane - 4.5 - 
dionc constituted almost half of the products formed 
under identical conditions. Out of all the obtained 
results. one observes a net &crease in the formation of 
heptan - 4 - 01 as compared to the otbcr products (its 
quantum yield, 0.03. does not reach by far the value. 
0.1 I, obtained from the tripkt state under direct irradia- 
tion conditions). 

Considering that the formation of all the compounds. 
butanol excepted, involves two aldehyde molecules, the 
quantum yield for disappearance of butanal is 0.56 
(somewhat lower lo the value 0.74 reached for the triplet 
reaction by direct irradiation of butanal itself in the 
absence of bcnzophenone). 

Thus, the radical H exchange reaction (B) is involved 
in order to reform the bcnzophcnonc molecuk and to 
transform a butanal mokcule into a Pr-CHOH radical. 
As was already pointed out, this chain-like reaction is 
similar to that observed for mixtures of substituted bcn- 
xophcnones and bcnzhydrols,” the mechanism of which 
has been rationalized recently.” If such an exchange 
reaction was the only one IO occur here. then the con- 
centration of bcnzopkenone would not vary very much. 
Yet. this is not actually the case since the quantum yield 
for disappearance of bcnzophenone is higher than unity 
(1.4). bcnzpinacol being formed during the irradiation. 
Since both reactions (formation of bcnxpinacol and of a 
species resulting from a selfquenching type reaction of 
butanal) take place, several radical processes must be 
involved. A possible mechanistic rationale could be 
reaction (D) Mwecn a ground stale bcnzopheoone 
molecule and an active specks such as a propyl radical 
formed by decarbonyktion of the bulyryl radical (rcac- 
lion 0. 

CH,CHrCH&O - CH,CH&H, + C=O 
(0 

’ \.a\H + Pr-CHO - d\=O + PrdH-OH 
d’ d/ d\ 

03) d/ 
C=O + CH,-CHrCH,’ - *\c-o. 

d/I 
CH&H< 

H 

Consequently, the radicals found in the solution will be, 
very rapidly. the same as the ones obtained during the 
selfquenching photoprocess of butanal. The main 
difference will lie with the relative ratio of the various 
products formed since Ihe u-kctol. octan - 4 - 01 - 5 - one. 
and cyclobutanol resulti from direct irradiation have a 
sin&t and a triplet origin while the other dimeric 
products arise from only t& triplet state. For the rcac- 
(ion initiated by benzoph~nonc. only I& products of 
triplet origin will be found as the result of the coupling 
between the R-CHOH, R-&O and R’ radicals. 

Thus, under Ilk above experimental conditions. 
irradiation of bcntophcnone and butanal at 366 nm kads 
to the formation of the products expected from the 

*\ 
’ CH, 

*/C-OH + CH,-CH=CH, 

(D) 

Although this hydrogen transfer would be favorable, 
since five-membered ring transition states are usual in 
radical rcactions,Y we have SKI direct proof that such a 
reaction occurs. 

Ihe fact that the products (R-CHOH-CO-R, R-CO- 
R. R-WC&R) containing the butyryl radical Rda 
form two thirds of ttz compounds originating from 
butanal are imficative of the importance of reaction (A). 
On the other hand, compounds R-CHOHCCLR and 
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R-CHOH-R bring experimental proof of reaction (B). As 
the fontration of bctupinacol constitutes an important 

process (9 = I .4). anotbm reaction IIIUS~ occur which has 
not yet been characterized. b&r rtudics on tbcsc 
radical reactions should be underfaken. 

IR spectra have been obtained with a Perhin Elmer 3S7 model; 
UV spectra have been recorded on a Varian Tech&on 635 model; 
theNMRspectraoftheproductafonaedinthe&fqPcachirl 
process have been obsabed on a Varian EM360 apparatus: 
vapor phase chromatography (vpc) has been c&ad out with a 
Varia*Aaoqraph 9OP4 model for semcprcpal8tivc plmpo8c and 
WithaHI-Rl4wnhMbclfor 1adyliolmelllmmcBll(dulMs 

UC IO feet bm and contain chromosotb W impregnated with 
39% and IS% arbowax respectively). 

Mafrriols. The aldebydes are ah commercially avaikbk. They 
have been carefully dhttikd in the case of prparativc irradia- 
tions. For photcpbysical purpose the ahkhydcs have been Brat 
purified by VPC then distilkd under nitrogen. 

frradiurku-@nerd pnudurt Tbc pboto&emkal SttaJies 
were performed empbyiap a Phihps HPLN 10 medium pressure 
mercury arc in a vycor w1lcrcookd jacket. !hdl SC& aotutions 
in Pyrex t&s were degased by fotu pumpiq and freer& 
cycks on a high vacuum line and se&d. lhcu tubes were used 
for quantum yield measurements with a classical “twerry+o- 
round” apparatus.” lhe 313 nm mercury tine was isolated ac- 
cccding to Ref. 1371. Lugc-scak irradimtions for pepariq tbc 
pmducts of the selfqtknchin# poceu of 3 and 6 were carried 
cutwiththesamelampusirgaUthel@rttnwanittedbyaVycor 
8kss. The akkhyde. 0.5 molar in peotane sdutioo is cont&nlsly 
bubbkd throw with Ns gas for the indistbo period. 

Qaunrum riddJ. Quantum yklds for products fomJtiofl (sin- 
gkt and triplet ori& lmvc ken obtained by simdtaneous 
kradistko of &gassed 0.2 radar peotane solution of the al- 
dcbydes with 4,4dhnethylcycbhexanone taheo as standard;” the 
solns were adjusted to the same optial density. 

The percew of the fornkd pr&cts were deduced from 
tbeilltqratcducuofthecmespoadh\pVPcpaklwittl1 
vahn CDS 101 ckctronic inte@ator; the results were corrected 
inorderto~iPtorccouDltbrd~utDctiprrtponwof~ 
name ioniratioo detection to Ibc various products. 

The quantum yields for products formation from singkt origio 
have been determitwd in de@ssed sdn 0.05 molar in 2J - 
dhnedyi - 2,4 - bcudiw for 2 sod 3 (0.1 I M for 6) or 0.02 molar 
in I4nethylnapbthaknc (fw 2 and 3). 

Rctativc intenystm cross* quantum yields have been 
muwrrdf~rldcbydttIlO8tUiQtJMKmititediromerintion 
of ci+perykne” in pcotane dIrtion. ADllysis were carried out 
on a 3 meter IS% @. fi’oxydipropionhrik on Chromosorb W 
column at mom temp. Exact quantum yields co& be obtained 
for aldehytks 1.2,3 and 6 by measuring the amount of tripkt 
quenched (99%. 9996. 97% and 9096 respoectivcly) u&r the 
experimental condiins: pentans soln 0.2M in ahkbyde and 
0.11 M in cir-piperykne. 4.CDimethylcycJobexne (& - 
0.931’) was tahcn as reference. The &abed values are Liven in 
Tabk I. 

Laser lloJh phordyris. Lucr Bash pbotdysis experiments 
were performed at room temp oo an appantus built by Bert- 
sassoo d a/.* The excitation hash emitted by a neodynium 
doped laser (VD230. Compa& GM& d’Ekctri&) after 
two frcquerky d&&xgs consists of up to IOOmJ of 265 nm 
radiation hsvin6 a b&peak he&t pulse duration of 35 ns. As 
small amount (10%) of this U.V. b&u is deaccted ooto an l-l-T 
diode (P1ooo. rise time 0.S ns) for -mom the output m 
distdayed on a ‘f’ektroonix S# dual beam oscillati~. The same 
osciuorcopc recoded simultarkously. via a Radi&chruque pho 
tomultipfii (I50 UVP. rise time 3 ns), the cbraor in Ibc l mJyz- 
~ti&i&nsity,pass&lLou&theruesbnvusel.causcdby 
the Lucr Bash. The transient l bm1+0 is adyzed with a Xc000 
8asb (3 kV. 225 PI? u&red ia such a way tht its maxinun 
intensity occurs at the lir~ of the laser pulse. The ansly* b&t 
Basbwasresdvedusinp 1~lillgrnonoclromltcn(HU~'25) 

bch cow IIE pbotomtlI@kr. -he Mal*b$lt ioaaity 
vaac.mllalMtowithl%famorrthra2o~somIk~ 
6OO~WlVC!k@lhRn(r.RrfCXtiOOVC.S8dcoarirlCdOf1 

IxIx3colq~aUhlk4witb~~ohdi6n~dwncbdby 
buMtog N,; a hd sample is ud for Ucqpuke. 

Transient optical densities were noem&ed to correct for 
variation in excitation intensity as pointed out already; the 
detection system is abk to measure absortmce as small as 
3 x lo-‘. 

fmrdiorion 01 but&n 2 at 313nrn. Most of the compounds 
formed durin( the indhtion of M at 313nm are well- 
knom;thefRandNMRspectraoftheisdatedproductaare 
ide&ul to that given in ttk Aldrich L&wary (2nd Edn 1975) of 
lR and NMR Spectra: B&H [rat l3C0E and 79D (vol. D]; 
cbeptaod (68H and 87C (vol. I)]; Cheptanone [217B aaf IOBC 
(vol. U)]; cyck&tanol (88B) and coctuonc [ZIEP and IIOA 
(vol. ID]. An autbentk sampk of octm - 4 - 01 - 5 - ooe ku been 
syntbedz.4” ad ox&al by CrO, into octane .4J - diooc for 
compar&o with the sampks separated from the irradiation 
mixture. 

Irmdiorioa of pcn~uad 3 OI 313 nm. a-Penta& [64E and BOA 
(vol. 111. ly~ly~ - S - 01 t69G1 and nonan - 5 - ooe 1219A and I ICC 
ivd. liii ow from‘the imdhtbn of 3 have identical fR and 
NMR s&ctn to t&ml given by the AJdrich Libnry of IR and 
NMR soectn f2nd Edn. 197s). The JR and NMR snectra of 
2-wthykycbb&ol are &&al to that pub&shed by Jti et 
oLnDeaa-5-ol-6-o~~Iraowo”rkrrdyuwrUu~- 
5.6 - dione4 We have vcrifkd that the chromic oridrtbo d the 
a-kcti of photochemical origin pives the same product as the 
is&tad aditctoae. 

Irm&afior 01 isobuanul6 at 313 am. 2.Ncthyl propan - I - d 
(66B). 2.4 - diithyipcamn - 3 - ol m and 918 (vol. D] u well 
as 2.4 - dimcthylpcatra - 3 . OIK [ZISB ard IOdD (vol. ID] are 
desuiMintheAhirichLitcary(2ndEdn.197SJoffRandNNR 
spectra. Tht structure of the other two dim&c peoducta isolated 
in1&pbotocbcmialmixtun.ZJ-dimr(hyIbeun-3-d-+onc 
rod2~-d~chylbcuat-3.4-diorw.hcbbCn~by 
i&pemiaot synthesis: for the a-ketol by acyioin synthesiir” 
from ethyl isotmtynte. and for the adiketone by duo&c oti 
datbo of the a-ketd. 

lrmdia~hr 01 bawphore at 365~1 h ~hr pmmce of 
buhmal2. Sampks (3 ml) of a pentane solo, OJ M in butanal and 
O.C@N in benzopbtnone. were depaased by four pump& and 
freezing cycks and se&d under vacuum. Jr&&ions were 
conducted with a “mcrry-go-rouod” with isolatbn of the 365 run 
mercrny liner Actinornetry was monitored by simtdtansous 
ifrad&oo of w 3 mi samples of bearophenone (0.1 M) 
and benzhydrd (0.2 MI in benzene sotno After hradktion (18% 
cmversbd d chc act&u&r). the mixture is amJyred by vpc u 
&lCII%dlbO~,Whikchcl~tryilMicd~by~tn- 

~tbetitiondtbtUVabxptioodtheZ46mmnuxhum 
Of bcm+bwlooc.~ l-be RI&l &ivul h tk Tab& n we an 
avcra# of at lust four musuXmcots. The quantum yield for 
benrophenone disappunocc in ths irradhted wn- 
xophenone aixtme is determined by the varistioo of the ab 
sorption at 365 om. 
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