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Aryl substituent effects and solvent effects on the
decarbonylation of phenacetyl radicals
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ABSTRACT: Five aryl-substituted phenacetyl radicals (§-#eO, p-Me, H, p-Cl, p-CFs) were generated by laser
photolysis of the corresponding dibenzyl ketonesiihexane 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<30° st in acetonitrile and (6-10) 10° s *in n-

hexane revealed a large solvent effect for all derivatives (by a facteBpfThe electronic substituent effect indicates

that both electron-withdrawing and electron-donafiaga substituents accelerate the decarbonylation slightly. The
rate constants followed the order MeOMe, CI, CF; > 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. Cog@dghiohn

Wiley & Sons, Ltd.
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INTRODUCTION 1). Photolysis produces a singlet-excited state with a
lifetime of ca 3 nsi' which undergoes intersystem
The decarbonylation of acyl radicals in solution has been crossing to the triplet state, along with fluorescence and
extensively examined owing to its importance in some cleavag® The triplet state cleaves efficiently and
photochemistry, e.g. in the Norrish Type | cleavage, fast (<0.1 ns) to one benzyl and one phenacetyl radical.
and in radical chemistry, e.g. for the development of The decarbonylation step is slower (ca 100-500 ns) and
radical clocks:*°Photocleavage of dibenzyl ketones, for produces a second equivalent of benzyl radi¢dlshich
example, proceeds through phenacetyl radicals (Schemailtimately undergo radical coupling to produce predomi-
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dibenzyl ketonesto generatea seriesof aryl-substituted
phenacetylradicals to evaluate electronic substituent
effects and solvent effects on the decarbonylation
process.

This study complementspreviouswork on geminal
substitutionin phenacetyradicals®® solventeffectson
the decarbonylatiorof the parentphenacetytadicaf®*2
and the correspondingactivation energy**>** 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 consideredoo small to draw
definite conclusiond We selectedp-CF; and p-Cl as
electron-acceptip substituenteand p-Me and p-MeO as
electron donorsin two solvents,n-hexaneand aceto-
nitrile. This choiceof substituentss restrictedbutit must
be kept in mind that phenacetylradicals containing
strongly electron-withdrawinggroupssuchas nitro and
cyano cannot be generatedby photolysis of dibenzyl
ketones:

EXPERIMENTAL

Materials. The substituteddibenzyl ketones(p-MeO, p-
Me, p-Cl, p-CFs) weresynthesizedccordingto reported
procedures*—1° They were purified by recrystallization
and characterizedy melting point, NMR (*H and *°C)
and GC-MS. The parentdibenzyl ketone (Fluka) was
purifiedby sublimation.The solventswvereobtainedrom
Scharlau (Switzerland) in the highest quality. All
experimentsvere performedat ambienttemperaturgca
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-flashphotolysisexperimentsThe
samples were degassedby three freeze—pump-thaw
cycles in laboratory-madequartz cells. The transient
absorption around 317nm was used to monitor the
decarbonylatiof thephenacetytadicalsandthekinetic
traceswere registeredby meansof a transientdigitizer.
Data accumulationwas not required. The decarbonyla-
tion rate constantsvere extractedfrom the decaytraces
by non-linear fitting using a numerical integration
procedurewith the programProfit 5.1.2 (QuantumSoft,
Zirich, Switzerland).

RESULTS

The photochemicalbehavior of dibenzyl ketoneshas
beenthe subjectof numerougpreviousinvestigations-
Thequantumyield for diphenylethanéormationis about
0.6-0.8 for most dibenzyl ketones;*'? except for
derivativeswith strongly electron-withdrawinggroups
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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

(p-CN and p-NO,), which do not undergothis photo-
reactionefficiently (quantumyield <2%). This is known
for the p-CN derivativet andwasconfirmedin this work
for the p-NO. derivative; higher energyexcitation (248
nm) was alsoemployedin the presentwork, but did not
produce significant yields of the p-CN and p-NO,
substitutedbenzylradicals.Triplet energytransferfrom
theketonemoietyto thep-CN- or p-NO,-substitutedaryl
groupsappeargo be responsiblé.

Upon excitation with a 308nm laser pulse, the
dibenzyl ketone precursorsgave transientabsorptions
around317nm, the 2°A, — X°B, absorptionband of
the benzyl radical chromophoré:*’ Dissociation of
dibenzylketonetripletsis knownto befast andgenerally
occurswithin the durationof the laserpulse,producing
one equivalentof benzyl radical®® This resultsin an
initial ‘step’ featurein 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
thantheotherderivativesandwhich shouldabsorhin this
region, akin to simplealiphatic ketones'®*° The stepin
the absorptionis followed by a time-resolvedrise (Fig.
1). This is attributed to the decarbonylationreaction,
which producesanotherequivalentof benzylradicals™®
On longer time-scales,the benzyl radical absorption
depleteswith second-ordekinetics®**°whenoxygenis
excluded** This reactioncorrespondso benzylradical
coupling? which is known to be a diffusion-controlled
reaction®%2°A cleardependencef the signalintensity
on the para substituentvas not recognized(cf. normal-
ized tracesin Fig. 1). This is in agreementwith the
observedonstancyf the decompositiomuantumyields
of severalsubstituteddibenzylketones:

The essentiahuantitativeinformationfrom the decay
traces is the decarbonylationrate constant, ke, in
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Scheme. In limiting caseswhenthedecayof thebenzyl
radicalsis slow and a plateauis reachedthis unimol-
ecularrate constantcanbe directly obtainedby fitting a
monoexponentialise functionto the transientdata® %"
1% 1n practice, this limitation requireslow laser pulse
energies'® The resultingtracesare weaker,but display
the desiredplateauregion, since the concentrationof
radicals and, thus, the observed bimolecular rate
constantaresmall.

+ CO

Scheme 2

Ideally, the stepandrise featureshouldhavethe same
heightwhena plateauis reachedbutit turnsout thatthe
heightof the rise is alwayssmaller (typically 10—40%)
thanthe step.This hasbeennotedpreviously? Sincethis
discrepancyobtains upon extrapolationto zero time
(centerof laser pulse), the effect must be real. Acetyl
radicals,including phenacetylradicals, display absorp-
tion near320 nm®“?andthis may accountfor the above
observationln addition,somephenacetytadicals which
are known to undergophotoinduceddecarbonylatiorf’
and also someexcited dibenzyl ketonemoleculesmay
absorb a second photon within the laser pulse and
undergo‘direct’ decarbonylationwhich is known for
aliphaticketones?

To allow a more accuratedataanalysis,second-order
radicalreactionsshouldbe explicitly takeninto account.
This wasachievedby non-linearfitting of a numerically
integratedsystemof the differential functions

d[OiZ] = —2k[Bz* — ko[BZ][BzCQ| + keo[BzCO (1)
d[B;itCO] = —2k3[BzCO® — k;[BZ|[B2CO)

— keo[BzCQ (2
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Figure 2. Transient absorption decay trace of the parent
dibenzyl ketone in acetonitrile. Shown are the experimental
data points and the corresponding non-linear fit obtained by
numerical integration of the system of coupled differential
Egns (1) and (2)

to the data. Here, [Bz] is the concentrationof benzyl
radicals which is being monitored and [BzCO] is the
concentrationof the phenacetylradicals. The initial

concentrationf thesetwo intermediatesvere not set
equalaswasdonein previouswork,***3in keepingwith

theobservedlifferentheightsof thestepandrisefeatures
(Fig. 1). The rate constantfor radical-radicalcoupling
involving benzylandphenacetytadicals(ky, ks, ks) were
set equal for the fitting, i.e. ky =k, =ks, since radical
coupling of carbon-centeredadicals,even coupling of

two resonance-stabiledbenzylradicalsjs generallyfast
and closeto the diffusion-controlledlimit (subjectto a
spin-statisticafactor) ®12 The fitting procedureafforded
the decarbonylationrate constants ko which are
compiled in Table 1. Excellent fits were obtained,as
illustratedin Fig. 2. Direct monoexponentidlitting (see
above)to the sametracesproducedapparentiecarbonyl-
ationrateconstantsvhichwereconsistentlyhigher(upto

50%)thanthoseobtainedfrom the numericalintegration
procedureFurthermorethe kineticswasexaminedboth
in n-hexaneand acetonitrile and a significant solvent
effectwasobservedTable 1 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

keo (10° s7H?
X n-Hexane Acetonitrile Tpol Orad
p-OMe 9.9 3.1 -0.27 0.24
p-Me 7.3 2.5 -0.17 0.11
H 6.4 2.0 0.00 0.00
p-Cl 7.4 2.4 0.23 0.12
p-CRs 6.8 2.3 0.54 0.08

& Errorin datais 10%.
Polarsubstituenparametefrom Ref. 23.
¢ Radicalsubstituenparametefrom Ref. 25.
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Figure 3. Solvent effect on the decarbonylation process of
the p-OMe-substituted phenacetyl radical

Our presentratedataaregenerallyin goodagreement
with previousmeasurementg.heytendto be lower than
someof the original data?® which maybe systematically
relatedto the different data analysis.Noteworthy, the
agreementvith anotherstudy on the parentphenacetyl
radical, in which explicit correction for the radical
recombinationreactionswas also madet* is excellent,
i.e. within theerrorlimit. Ourrateconstanfor the parent
phenacetylradical in n-hexane (6.4 x 10° s%) falls
betweenthe previousvaluesin alkane solvents[(5.3—
9.1) x 1P s 1.451923Thereporteddecarbonylatiomate
constanin isooctandor the p-MeO derivative(15 x 10°
s H®islargerthanourvaluein n-hexang9.9 x 10° s™),
but the literature dat& for the p-Br (7.2 x 10° s %) and
p-tBu derivatives (10 x 10° s 1) in isooctaneare the
sameor higherthanour n-hexanevaluesfor the closely
related substituentsp-Cl (7.4x 10° s and p-Me
(7.3 x 1P s7%). With respecto the effectof the solvent,
ourvaluefor the parentphenacetytadicalin acetonitrile
(2.0x 10°s™Y) liesbetweerthosedeterminedn previous
studiesin the samesolvent (1.7 x 10° and 4.5x 10°
s 1).1013 Regardlesof the significant variation of the
absolutedatain acetonitrile,all studiesconfirma slower
reactionin acetonitrilethann-hexane.The decarbonyla-
tion rate constanwasalsodeterminedn ethanolfor the
p-MeO derivative (7.8 x 10° s™1). As found previously
for the parent compound, where values of (5.2—
2.5)x 10° st were found in alcohols*? the trend of
thesolventeffectontherateconstanfor decarbonylation
is consistentand follows the order alkanes> alcohols
>acetonitrile.

Fluorescenceemissionof the dibenzyl ketoneshas
been describedas an experimental complication in
previousmeasurements®*3Indeed,fluorescencemis-
sionwasalsoobservedn our experimentsstrongesfor
the methoxyderivative.However,complicationsarising
from luminescencalependsensitivelyon the technical
detailsof the experimentaket-up,mostimportantly the
photomultiplier responseand the focus and also the
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pathlengthof the monitoring beam.In our experiments,
adverseeffects of fluorescencecould be avoided by

focusingthe monitoringbeamaccurateljthrougha small

iris. Hencefluorescencecausedno major complications
with the dataanalysisin our experimentsandcorrection
for luminescencéwhich itself mayintroducea systema-
tic error) wasnot required.

DISCUSSION
Substituent effects

Somepara substituenthavealreadybeenexaminedn a

previousstudy, but it was notedthat the datawere too

limited to draw definitive conclusion€ The previous
measurementserecarriedoutin thenon-polaiisooctane
and a direct monoexponentiafitting was applied. Our

studyaddsthreenew substituentandincludesthe most
strongly electron-withdrawig substituentexaminedto

date(p-CFy).

The rate constantsfor decarbonylation (kco) of
substituted phenacetyl radicals are of the order of
(2-3)x 10° st in acetonitrileand (6—10)x 10° st in
n-hexane.The dependencen the substituentX follows
the trend MeO > Me, CI, CR > H. We considerthe
observedsubstituenteffects significant owing to the
observationin two different solventswith considerably
different rate constantsand owing to the refined data
analysisemployed(numericalintegration).

Thepresentata(andalsothepreviousmeasuements
suggesthatbothelectron-anatingsubstitentssuchasp-
MeO, p-Me, andp-tBu andelectron-withdrawing grouyps
suchasp-Cl, p-Br andp-CF; acceleratghe dearbonyla-
tion. Thisdenonstrateshata polar effectis notdominant,
cf. Hammet ¢ values™ (o0 in Table 1). Rather,the
observeddependencés diagnosticfor a radical-stailiz-
ing effect, sincebothelectron-anatingand-withdrawing
para substitients are known to stabilize the benzylic
radicals®* which arebeing producedby decarbonylatn
(Scheme 2). Indeed, the Creary scale for radical
substituenteffects?® which we have employedin the
guantitative andysis of the deazaizationratecongantsof
phenylazometanes(right-handin Scheme3),2® predicts
the selectedaryl substtuentsto be radical stabilizing (cf.
positiveg,,q valuesin Table1); the p-CF; groupdisplays
the weakestradical-stailizing effect?* A linear correla-
tion of log(kZo/kHo)Versusa,aq appliesin both solverts
(n=5,r>0.97).

Scheme 3
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638 X. ZHANG AND W. M. NAU

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

n(D)*
Phenacetyl Benzyl
X radicaf radicaf Ap(D)P
p-OMe 2.86 1.29 —1.57
p-Me 2.66 0.33 -2.33
H 2.54 0.03 —2.51
p-Cl 2.25 0.12 —2.13
p-CFs 3.16 3.37 0.21

@ Calculated with the UHF-AM1 method® with the program
MacSpartarPlus (Wavefunction).

Differencein calculateddipole momentbetweenthe benzylradical
andphenacetyfadical.

The comparisorwith the deazatizatiorof phenylazo-
methane® is instructive since the bondsbeing broken
have the same polarization (Scheme3). Interestingly,
radicaleffectsaredominantin bothreactionsalthougha
smallbut significantpolar effectof ca20% wasdetected
in the thermolysisof the phenylazomethane®amely,
the ratio of the radical and polar reaction constants
obtainedfrom a two-parameteHammetttreatment,i.e.
Prad Ppol, Was 3.62° This polar effect wasattributedto a
ground-statestabilization?® which arisesfrom the action
of the substituent®n the strengthof the polarbond?’2®
A similar polareffectis expectedor thedecarbonylation,
but the data setis too small and displays insufficient
variation to separatea potential polar effect from the
larger radical effect. In fact, a two-parameteHammett
treatment® revealed that the inclusion of a polar
contribution (o,0) does not improve the correlation
betweenog(kZo/kHo)anda g significantly.

The dominance of radical-stabilizing substituent
effects in the decarbonylationof phenacetylradicals
andthepreviousmoregenerabbservatiof 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 method® with the
programMacSpartarPlus(Wavefunction)vasemployed
for thecalculationof the BDEsof thephenacetytadicals,
including the necessarorrectionfor zero-pointvibra-
tional energies. Although the simple AM1 method
producesthe absolutevalue of the BDE of the parent
phenacetyl radical poorly [cf. calculated BDE of
+64kJmol~* versus—(6 + 2) kJmol~* estimatecbther-
wise],” the relative values(ABDE) may neverthelesbe
meaningful. The calculateddataindicate a decreasen
BDE for thesubstitutegphenacetytadicalsrelativeto the
unsubstituted case (X =H), namely for X =p-MeO
(ABDE = —1.6kJmol™), p-Me (-0.8), p-Cl (—2.5)
and p-CF; (—2.2). This supportsqualitatively the idea
that both the electron-acceptip and the electron-with-

Copyright0 2000JohnWiley & Sons,Ltd.

drawingsubstituentsveakenthebond,in agreementvith
the experimentallyobservedtrend of the rate constants
andthe g,,4 values(Table1).

Solvent effects

A decreasén the decarbonylatiorrate constantin polar
solventshasbeennotedpreviously®®*Ourdataconfirm

this solventeffect not only for the parentcompoundput

alsofor all substitutedderivatives(with a factor of ~3

differencebetweenn-hexaneand acetonitrile, Table 1).

In the detailedstudy on the solventeffect for the parent
phenacetytadicall® it wasconcludedhatthis reduction
in the rate constantarisesfrom a dipole momenteffect,

i.e.thereactingphenacetytadicalis morepolar(u = 2.54
D) andstabilizedto a higherdegreeby solventthanthe
essentially non-polar products, the benzyl radical
(1w=0.03D) andcarbonmonoxide(p = 0.05D).

The calculationof the differencesin dipole moments
of the substitutedphenacetylersusthe benzylradicals
(usingthe previouslyemployedAM1 method®° Table2)
revealeda similar decreasen the dipole momentupon
going to most substitutedbenzyl radicalsbut, interest-
ingly, an increasewas predictedfor the p-CF; case,
wherethebenzylradicalhasalargerdipolemoment.This
contrastis, of course,not surprising,sinceattachedaryl
substituentsnay well counterbalancehe dipolar effects
of the carbonyl group. Note that the total molecular
dipole momentpresentsa vectorial combinationof the
individual contributionsfrom the attachedaryl groups.
The calculatedincreasein dipole moment upon de-
carbonylationof the p-CF; phenacetykadical (positive
Ap value in Table 2) contraststhe experimentally
observedlecreasén its reactivity in acetonitrile(Table
1). Hence the rationalization of the observedsolvent
effectin termsof calculatedmoleculardipole moment?
may not be universal.

We suggestentativelythat dipole momenteffectsare
important,butit maybetheresponsef thesolventin the
immediateenvironmentto the bond being broken,i.e.
chargedistributionsor local changesn thebonddipoles,
which are responsiblefor the observedsolvent effect.
Thisrationalizationshouldapplyfor all derivativessince
the decarbonylatiorreactionentails an effective charge
shift from the carbonyl to the benzyl moiety during
reaction(Scheme3). This is corroboratecby the AM1-
calculatedatomic charges,which predict the carbonyl
group(C andO atoms)of thephenacetytadicalto carrya
negativepartialcharge(—0.10+ 0.01for all derivatives).
This chargemust be shifted to the benzyl groupin the
decarbonylatiorstep.

CONCLUSIONS

The electronicsubstitueneffectson the decarbonylation
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of phenacetylradicalsindicate that both electron-with-
drawing and electron-donatingpara substituentsaccel-
eratethereactionslightly. Thekineticsappearso depend
primarily ontheability of thearyl substituento stabilize
the benzylradicalresultingfrom decarbonylatiorandto
weaken the C—CO bond being broken. This is in
accordancaevith the previouslyobservedevans—Polanyi
relationship’ Evidencefor a polareffectin this reaction,
which had been previously detectedfor the related
deazatizatiorof phenylazomethané§,wasnot obtained.
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