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ABSTRACT: Five aryl-substituted phenacetyl radicals (X =p-MeO, p-Me, H, p-Cl, p-CF3) were generated by laser
photolysis of the corresponding dibenzyl ketones inn-hexane and acetonitrile. The decarbonylation reaction was
monitored through the rise in time-resolved absorption of the benzyl radical chromophore at 317 nm. The
decarbonylation rate constants were obtained by a numerical integration procedure, where second-order radical
reactions were explicitly taken into account. Values of (2–3)� 106 sÿ1 in acetonitrile and (6–10)� 106 sÿ1 in n-
hexane revealed a large solvent effect for all derivatives (by a factor of�3). The electronic substituent effect indicates
that both electron-withdrawing and electron-donatingpara substituents accelerate the decarbonylation slightly. The
rate constants followed the order MeO>Me, Cl, CF3> H. The substituent effects are interpreted in terms of the
ability of the para substituent to stabilize the benzyl radical resulting from decarbonylation. Evidence for a polar
effect was not obtained. The underlying reasons for the observed solvent effect are discussed. Copyright 2000 John
Wiley & Sons, Ltd.
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INTRODUCTION

The decarbonylation of acyl radicals in solution has been
extensively examined owing to its importance in
photochemistry, e.g. in the Norrish Type I cleavage,
and in radical chemistry, e.g. for the development of
radical clocks.1–10Photocleavage of dibenzyl ketones, for
example, proceeds through phenacetyl radicals (Scheme

1). Photolysis produces a singlet-excited state with a
lifetime of ca 3 ns,11 which undergoes intersystem
crossing to the triplet state, along with fluorescence and
some cleavage.12 The triplet state cleaves efficiently and
fast (<0.1 ns) to one benzyl and one phenacetyl radical.3

The decarbonylation step is slower (ca 100–500 ns) and
produces a second equivalent of benzyl radicals,4,5which
ultimately undergo radical coupling to produce predomi-

nantly diphenylethane.2 The latter two reactions can be
directly monitored through the time-resolved transient
absorption of the benzyl chromophore.4,5 In the present
work, we employed the photolysis ofpara-substituted

Scheme 1
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dibenzylketonesto generatea seriesof aryl-substituted
phenacetylradicals to evaluate electronic substituent
effects and solvent effects on the decarbonylation
process.

This study complementspreviouswork on geminal
substitutionin phenacetylradicals,5,8 solventeffectson
thedecarbonylationof theparentphenacetylradical4,9,13

and the correspondingactivation energy.4,5,11 It is
noteworthythat a study of aryl substituenteffects has
been initiated previously but the data set, which
containedp-MeO, p-tBu and p-Br as substituentsin
isooctaneas solvent,was consideredtoo small to draw
definite conclusions.8 We selectedp-CF3 and p-Cl as
electron-accepting substituentsandp-Me andp-MeO as
electron donors in two solvents,n-hexaneand aceto-
nitrile. Thischoiceof substituentsis restrictedbut it must
be kept in mind that phenacetylradicals containing
strongly electron-withdrawinggroupssuchas nitro and
cyano cannot be generatedby photolysis of dibenzyl
ketones.1

EXPERIMENTAL

Materials. The substituteddibenzylketones(p-MeO, p-
Me, p-Cl, p-CF3) weresynthesizedaccordingto reported
procedures.14–16 They werepurified by recrystallization
andcharacterizedby melting point, NMR (1H and 13C)
and GC–MS. The parentdibenzyl ketone(Fluka) was
purifiedby sublimation.Thesolventswereobtainedfrom
Scharlau (Switzerland) in the highest quality. All
experimentswereperformedat ambienttemperature(ca
24°C)

Spectroscopic measurements. A XeCl excimer laser
pulse from a Lambda Physics EMG laser (308nm,
FWHM ca 20ns,pulseenergy80–120mJ)wasusedfor
excitationin the laser-flashphotolysisexperiments.The
samples were degassedby three freeze–pump–thaw
cycles in laboratory-madequartz cells. The transient
absorption around 317nm was used to monitor the
decarbonylationof thephenacetylradicalsandthekinetic
traceswereregisteredby meansof a transientdigitizer.
Data accumulationwas not required.The decarbonyla-
tion rateconstantswereextractedfrom the decaytraces
by non-linear fitting using a numerical integration
procedurewith the programProfit 5.1.2(QuantumSoft,
Zürich, Switzerland).

RESULTS

The photochemicalbehavior of dibenzyl ketoneshas
beenthesubjectof numerouspreviousinvestigations.1–9

Thequantumyield for diphenylethaneformationis about
0.6–0.8 for most dibenzyl ketones,1,3,12 except for
derivativeswith strongly electron-withdrawinggroups

(p-CN and p-NO2), which do not undergothis photo-
reactionefficiently (quantumyield<2%).This is known
for thep-CN derivative1 andwasconfirmedin this work
for the p-NO2 derivative;higherenergyexcitation(248
nm) wasalsoemployedin the presentwork, but did not
produce significant yields of the p-CN and p-NO2

substitutedbenzyl radicals.Triplet energytransferfrom
theketonemoietyto thep-CN- or p-NO2-substitutedaryl
groupsappearsto be responsible.1

Upon excitation with a 308nm laser pulse, the
dibenzyl ketone precursorsgave transient absorptions
around317nm, the 22A2  ÿ X2B2 absorptionbandof
the benzyl radical chromophore.6,17 Dissociation of
dibenzylketonetripletsis knownto befast3 andgenerally
occurswithin the durationof the laserpulse,producing
one equivalentof benzyl radical.4,5 This results in an
initial ‘step’ feature in the decay traces(Fig. 1). An
exceptionis thep-Cl derivative,whereafastinitial decay
(ca 20 ns) is observed(Fig. 1). This is tentatively
attributed to the triplet-excited p-Cl dibenzyl ketone,
which may undergothe cleavageprocessmore slowly
thantheotherderivativesandwhichshouldabsorbin this
region,akin to simplealiphaticketones.18,19The stepin
the absorptionis followed by a time-resolvedrise (Fig.
1). This is attributed to the decarbonylationreaction,
which producesanotherequivalentof benzylradicals.4,5

On longer time-scales,the benzyl radical absorption
depleteswith second-orderkinetics,6,9,20whenoxygenis
excluded.11 This reactioncorrespondsto benzyl radical
coupling,2 which is known to be a diffusion-controlled
reaction.6,9,20A cleardependenceof the signal intensity
on the para substituentwasnot recognized(cf. normal-
ized traces in Fig. 1). This is in agreementwith the
observedconstancyof thedecompositionquantumyields
of severalsubstituteddibenzylketones.1

The essentialquantitativeinformationfrom the decay
traces is the decarbonylationrate constant, kCO, in

Figure 1. Substituent effect on the decarbonylation process
of phenacetyl radicals in acetonitrile. The OD scale is linear,
but the traces are normalized to the same intensity, since no
clear substituent effect on the signal intensity was observed
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Scheme2. In limiting cases,whenthedecayof thebenzyl
radicalsis slow and a plateauis reached,this unimol-
ecularrateconstantcanbe directly obtainedby fitting a
monoexponentialrise function to the transientdata.4,5,8–

10 In practice, this limitation requireslow laser pulse
energies.5,8 The resultingtracesareweaker,but display
the desiredplateauregion, since the concentrationof
radicals and, thus, the observed bimolecular rate
constantsaresmall.

Scheme 2

Ideally, thestepandrisefeatureshouldhavethesame
heightwhena plateauis reached,but it turnsout that the
height of the rise is alwayssmaller(typically 10–40%)
thanthestep.This hasbeennotedpreviously.4 Sincethis
discrepancyobtains upon extrapolation to zero time
(centerof laser pulse), the effect must be real. Acetyl
radicals,including phenacetylradicals,display absorp-
tion near320nm10,22andthis mayaccountfor theabove
observation.In addition,somephenacetylradicals,which
are known to undergophotoinduceddecarbonylation,21

and also someexcited dibenzyl ketonemoleculesmay
absorb a second photon within the laser pulse and
undergo‘direct’ decarbonylation,which is known for
aliphaticketones.22

To allow a moreaccuratedataanalysis,second-order
radicalreactionsshouldbeexplicitly takeninto account.
This wasachievedby non-linearfitting of a numerically
integratedsystemof thedifferential functions

d[Bz]
dt
� ÿ2k1�Bz�2ÿ k2�Bz��BzCO� � kCO�BzCO� �1�

d[BzCO]
dt

� ÿ2k3�BzCO�2ÿ k2�Bz��BzCO�
ÿ kCO�BzCO� �2�

to the data. Here, [Bz] is the concentrationof benzyl
radicals which is being monitored and [BzCO] is the
concentrationof the phenacetyl radicals. The initial
concentrationsof thesetwo intermediateswere not set
equalaswasdonein previouswork,11,13in keepingwith
theobserveddifferentheightsof thestepandrisefeatures
(Fig. 1). The rate constantfor radical–radicalcoupling
involving benzylandphenacetylradicals(k1, k2, k3) were
set equal for the fitting, i.e. k1 = k2 = k3, since radical
coupling of carbon-centeredradicals,evencoupling of
two resonance-stabilizedbenzylradicals,is generallyfast
and closeto the diffusion-controlledlimit (subjectto a
spin-statisticalfactor).6,13 Thefitting procedureafforded
the decarbonylation rate constants kCO which are
compiled in Table 1. Excellent fits were obtained,as
illustratedin Fig. 2. Direct monoexponentialfitting (see
above)to thesametracesproducedapparentdecarbonyl-
ationrateconstantswhichwereconsistentlyhigher(upto
50%)thanthoseobtainedfrom thenumericalintegration
procedure.Furthermore,thekineticswasexaminedboth
in n-hexaneand acetonitrile and a significant solvent
effect wasobserved(Table1 andFig. 3).

Table 1. Dependence of the decarbonylation rate constants (kCO) of phenacetyl radicals in n-hexane and acetonitrile on the para
substituent X and polar and radical substituent constants

kCO (106 sÿ1)a

X n-Hexane Acetonitrile spol
b srad

c

p-OMe 9.9 3.1 ÿ0.27 0.24
p-Me 7.3 2.5 ÿ0.17 0.11
H 6.4 2.0 0.00 0.00
p-Cl 7.4 2.4 0.23 0.12
p-CF3 6.8 2.3 0.54 0.08

a Error in datais 10%.
b Polarsubstituentparameterfrom Ref. 23.
c Radicalsubstituentparameterfrom Ref. 25.

Figure 2. Transient absorption decay trace of the parent
dibenzyl ketone in acetonitrile. Shown are the experimental
data points and the corresponding non-linear ®t obtained by
numerical integration of the system of coupled differential
Eqns (1) and (2)
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Our presentratedataaregenerallyin goodagreement
with previousmeasurements.Theytendto belower than
someof theoriginaldata,4,8 whichmaybesystematically
related to the different data analysis.Noteworthy, the
agreementwith anotherstudy on the parentphenacetyl
radical, in which explicit correction for the radical
recombinationreactionswas also made,13 is excellent,
i.e.within theerrorlimit. Our rateconstantfor theparent
phenacetyl radical in n-hexane (6.4� 106 sÿ1) falls
betweenthe previousvalues in alkanesolvents[(5.3–
9.1)� 106 sÿ1].4,5,10,13Thereporteddecarbonylationrate
constantin isooctanefor thep-MeOderivative(15� 106

sÿ1)8 is largerthanourvaluein n-hexane(9.9� 106 sÿ1),
but the literaturedata8 for the p-Br (7.2� 106 sÿ1) and
p-tBu derivatives (10� 106 sÿ1) in isooctaneare the
sameor higherthanour n-hexanevaluesfor the closely
related substituentsp-Cl (7.4� 106 sÿ1) and p-Me
(7.3� 106 sÿ1). With respectto theeffectof thesolvent,
our valuefor theparentphenacetylradicalin acetonitrile
(2.0� 106 sÿ1) liesbetweenthosedeterminedin previous
studies in the same solvent (1.7� 106 and 4.5� 106

sÿ1).10,13 Regardlessof the significant variation of the
absolutedatain acetonitrile,all studiesconfirma slower
reactionin acetonitrilethann-hexane.The decarbonyla-
tion rateconstantwasalsodeterminedin ethanolfor the
p-MeO derivative(7.8� 106 sÿ1). As found previously
for the parent compound, where values of (5.2–
2.5)� 106 sÿ1 were found in alcohols,4,13 the trend of
thesolventeffectontherateconstantfor decarbonylation
is consistentand follows the order alkanes> alcohols
>acetonitrile.

Fluorescenceemissionof the dibenzyl ketoneshas
been described as an experimental complication in
previousmeasurements.4,9,13 Indeed,fluorescenceemis-
sionwasalsoobservedin our experiments,strongestfor
the methoxyderivative.However,complicationsarising
from luminescencedependsensitivelyon the technical
detailsof the experimentalset-up,most importantly the
photomultiplier responseand the focus and also the

pathlengthof the monitoringbeam.In our experiments,
adverseeffects of fluorescencecould be avoided by
focusingthemonitoringbeamaccuratelythroughasmall
iris. Hencefluorescencecausedno major complications
with thedataanalysisin our experiments,andcorrection
for luminescence(which itself mayintroducea systema-
tic error)wasnot required.

DISCUSSION

Substituent effects

Somepara substituentshavealreadybeenexaminedin a
previousstudy,but it was notedthat the datawere too
limited to draw definitive conclusions.8 The previous
measurementswerecarriedoutin thenon-polarisooctane
and a direct monoexponentialfitting was applied.Our
studyaddsthreenew substituentsandincludesthe most
strongly electron-withdrawing substituentexaminedto
date(p-CF3).

The rate constants for decarbonylation (kCO) of
substituted phenacetyl radicals are of the order of
(2–3)� 106 sÿ1 in acetonitrileand (6–10)� 106 sÿ1 in
n-hexane.The dependenceon the substituentX follows
the trend MeO>Me, Cl, CF3> H. We consider the
observedsubstituenteffects significant owing to the
observationin two different solventswith considerably
different rate constantsand owing to the refined data
analysisemployed(numericalintegration).

Thepresentdata(andalsothepreviousmeasurements)8

suggestthatbothelectron-donatingsubstituentssuchasp-
MeO, p-Me, andp-tBu andelectron-withdrawinggroups
suchasp-Cl, p-Br andp-CF3 acceleratethedecarbonyla-
tion.Thisdemonstratesthatapolar effectis notdominant,
cf. Hammett s values23 (spol in Table 1). Rather, the
observeddependenceis diagnosticfor a radical-stabiliz-
ing effect,sincebothelectron-donatingand-withdrawing
para substituents are known to stabilize the benzylic
radicals,24 which arebeing producedby decarbonylation
(Scheme 2). Indeed, the Creary scale for radical
substituenteffects,25 which we have employed in the
quantitativeanalysisof thedeazatizationrateconstantsof
phenylazomethanes(right-handin Scheme3),26 predicts
theselectedaryl substituentsto beradicalstabilizing(cf.
positivesrad valuesin Table1); thep-CF3 groupdisplays
the weakestradical-stabilizing effect.24 A linear correla-
tion of log�kX

CO=k
H
CO�versussrad appliesin both solvents

(n = 5, r > 0.97).

Scheme 3

Figure 3. Solvent effect on the decarbonylation process of
the p-OMe-substituted phenacetyl radical
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The comparisonwith the deazatizationof phenylazo-
methanes26 is instructivesincethe bondsbeing broken
have the samepolarization (Scheme3). Interestingly,
radicaleffectsaredominantin bothreactions,althougha
smallbut significantpolareffectof ca20%wasdetected
in the thermolysisof the phenylazomethanes.Namely,
the ratio of the radical and polar reaction constants
obtainedfrom a two-parameterHammetttreatment,i.e.
rrad/rpol, was3.6.26 This polar effect wasattributedto a
ground-statestabilization,26 which arisesfrom theaction
of thesubstituentson thestrengthof thepolarbond.27,28

A similarpolareffectis expectedfor thedecarbonylation,
but the data set is too small and displays insufficient
variation to separatea potential polar effect from the
larger radical effect. In fact, a two-parameterHammett
treatment26 revealed that the inclusion of a polar
contribution (spol) does not improve the correlation
betweenlog�kX

CO=k
H
CO�andsrad significantly.

The dominance of radical-stabilizing substituent
effects in the decarbonylationof phenacetylradicals
andtheprevious,moregeneralobservation7 of anEvans–
Polanyi relationship in the decarbonylationof acyl
radicals suggeststhat the kinetics of decarbonylation
shouldbe correlatedwith the reactionenthalpy,i.e. the
bond dissociationenthalpy(BDE) of the C—CO bond
being broken. The UHF–AM1 method29 with the
programMacSpartanPlus(Wavefunction)wasemployed
for thecalculationof theBDEsof thephenacetylradicals,
including the necessarycorrectionfor zero-pointvibra-
tional energies. Although the simple AM1 method
producesthe absolutevalue of the BDE of the parent
phenacetyl radical poorly [cf. calculated BDE of
�64kJmolÿ1 versusÿ(6� 2) kJmolÿ1 estimatedother-
wise],7 the relativevalues(DBDE) may neverthelessbe
meaningful.The calculateddata indicate a decreasein
BDE for thesubstitutedphenacetylradicalsrelativeto the
unsubstitutedcase (X = H), namely for X = p-MeO
(DBDE =ÿ1.6kJmolÿ1), p-Me (ÿ0.8), p-Cl (ÿ2.5)
and p-CF3 (ÿ2.2). This supportsqualitatively the idea
that both the electron-accepting and the electron-with-

drawingsubstituentsweakenthebond,in agreementwith
the experimentallyobservedtrend of the rate constants
andthesrad values(Table1).

Solvent effects

A decreasein the decarbonylationrateconstantin polar
solventshasbeennotedpreviously.4,9,13Ourdataconfirm
this solventeffectnot only for theparentcompound,but
also for all substitutedderivatives(with a factor of �3
differencebetweenn-hexaneand acetonitrile,Table 1).
In the detailedstudyon the solventeffect for the parent
phenacetylradical,13 it wasconcludedthatthis reduction
in the rateconstantarisesfrom a dipole momenteffect,
i.e. thereactingphenacetylradicalis morepolar(m = 2.54
D) andstabilizedto a higherdegreeby solventthanthe
essentially non-polar products, the benzyl radical
(m = 0.03D) andcarbonmonoxide(m = 0.05D).

The calculationof the differencesin dipole moments
of the substitutedphenacetylversusthe benzyl radicals
(usingthepreviouslyemployedAM1 method,30 Table2)
revealeda similar decreasein the dipole momentupon
going to most substitutedbenzyl radicalsbut, interest-
ingly, an increasewas predicted for the p-CF3 case,
wherethebenzylradicalhasalargerdipolemoment.This
contrastis, of course,not surprising,sinceattachedaryl
substituentsmay well counterbalancethe dipolar effects
of the carbonyl group. Note that the total molecular
dipole momentpresentsa vectorial combinationof the
individual contributionsfrom the attachedaryl groups.
The calculated increasein dipole moment upon de-
carbonylationof the p-CF3 phenacetylradical (positive
Dm value in Table 2) contrasts the experimentally
observeddecreasein its reactivity in acetonitrile(Table
1). Hence the rationalization of the observedsolvent
effect in termsof calculatedmoleculardipolemoment13

maynot be universal.
We suggesttentativelythatdipolemomenteffectsare

important,but it maybetheresponseof thesolventin the
immediateenvironmentto the bond being broken, i.e.
chargedistributionsor local changesin thebonddipoles,
which are responsiblefor the observedsolvent effect.
This rationalizationshouldapplyfor all derivativessince
the decarbonylationreactionentailsan effective charge
shift from the carbonyl to the benzyl moiety during
reaction(Scheme3). This is corroboratedby the AM1-
calculatedatomic charges,which predict the carbonyl
group(C andOatoms)of thephenacetylradicalto carrya
negativepartialcharge(ÿ0.10� 0.01for all derivatives).
This chargemust be shifted to the benzyl group in the
decarbonylationstep.

CONCLUSIONS

Theelectronicsubstituenteffectson thedecarbonylation

Table 2. Calculated dipole moments of substituted phena-
cetyl radicals and the corresponding benzyl radicals resulting
from decarbonylation

m(D)a

X
Phenacetyl

radicala
Benzyl
radicala Dm(D)b

p-OMe 2.86 1.29 ÿ1.57
p-Me 2.66 0.33 ÿ2.33
H 2.54 0.03 ÿ2.51
p-Cl 2.25 0.12 ÿ2.13
p-CF3 3.16 3.37 0.21

a Calculated with the UHF–AM1 method30 with the program
MacSpartanPlus(Wavefunction).
b Differencein calculateddipole momentbetweenthe benzyl radical
andphenacetylradical.
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of phenacetylradicalsindicate that both electron-with-
drawing and electron-donatingpara substituentsaccel-
eratethereactionslightly. Thekineticsappearsto depend
primarily on theability of thearyl substituentto stabilize
thebenzylradicalresultingfrom decarbonylationandto
weaken the C—CO bond being broken. This is in
accordancewith thepreviouslyobservedEvans–Polanyi
relationship.7 Evidencefor a polareffect in this reaction,
which had been previously detected for the related
deazatizationof phenylazomethanes,26 wasnot obtained.
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