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epoc ABSTRACT: Triplet-sensitized photolysis of 2,3-diazabicyclo[2.2.1]hept-2-dhén(argon- or oxygen- saturated
acetonitrileds solutions results in the formation of bicyclo[2.1.0]penta8k & ring closure product arising from an
intermediate 1,3-cyclopentanediyl triplet biradic).(Time-resolved infrared (TRIR) spectroscopy was used to
monitor the kinetics of bicyclopentar@production. This analysis provides a measurement of the triplet biradical
lifetime and an estimate of the bimolecular reaction rate between bir&fcal oxygen, both in good agreement with
previous investigations. Our studies also indicate that certain IR bands 8ue tioe C—H stretching region overlap
with corresponding bands in biradical This interpretation is supported by computational investigations. Copyright
0 2000 John Wiley & Sons, Ltd.
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INTRODUCTION of 2 by low-temperature matrix EPR and the first report
of oxygen trapping o2, the lifetime of this fundamental
Triplet' and singlet hydrocarbon biradicals, molecules triplet biradical has been measured by various experi-
possessing two weakly interacting unpaired electrons, aremental methods. In solution, these include quantitative
an important class of organic free radicals. Their oxygen trapping experiments (33157 ns§° and
chemistry has received increasing attention owing to photoacoustic calorimetry (25814 ns and 316+ 80
their potential use as building blocks of high-spin organic ns'®), while in the gas phase time-resolved coherent anti-
molecules with unique magnetic propertieRecently, Stokes Raman spectroscopy has been used (195 irs).
they have also been used to analyze substituent effects omddition, photoacoustic calorimetry experiments have
zero-field splitting parametétsand on intersystem provided a measurement of the bimolecular rate constant
crossing rate constants. for the reaction o2 with oxygen ko, =5.3x 10° I mol™*
While direct detection of biradicals in solution is s%).2°Oxygen also catalyzes intersystem crossing tof
possible for derivatives possessing chromophoric the singlet state; however, experiments suggest that this
groups>®® characterization of prototypical hydrocarbon process is negligible relative to chemical trapping.
triplet biradicals such as 1,3-cyclopentanedB)l énd its The lifetimes of triplet biradicals are usually governed
alkyl-substituted derivatives has been accomplished by intersystem crossing rates, which depend on numerous
largely through indirect means. Since the pioneering factors including the effects of orbital geometry and
experiments of Buchwalter and Cl8ss direct detection  singlet-triplet energy gaps on spin—orbit couplifg®
Thus, the relatively long lifetime d is the result of slow
intersystem crossing, a direct consequence of limited
*Correspondence toJ. P. Toscano, Department of Chemistry, Johns Spin—orbit coupling. The latter is mainly due to the time-

Hopkins University, 3400 North Charles Street, Baltimore, Maiyland - ayeraged planarity of the biradical and the resulting near-
, , or L. R. Ryzhkov, Department o emistry, Towson . . . . .
University, 8000 York Road, Towson, Maryland 21252, USA, or C. M. parallel orientation of the orbitals bearing the unpaired

Hadad, Department of Chemistry, Ohio State University, 100 West electrons. Confirmation of this structural characteristic is
18th Avenue, Columbus, Ohio 42310, USA. available from low-temperature matrix EPR experi-
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Awards Program ment$§ and quantum chemical calculatiots.
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Contract/grant sponso}:Ofﬁce of Research.Services of Towson t'me'r_esowed infrared (TRIR) spectroscopic study. As
University. described here, we were unable to detect IR bands due to
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Figure 1. TRIR difference spectrum averaged over 7-9 ps
following triplet-sensitized (45 mm anisole) photolysis
(266nm, 10ns, 0.4 mJ) of diazene 1 (87 mm) in argon-
saturated acetonitrile-ds

2 cleanly. We have, however,analyzedthe kinetics of
bicyclo[2.1.0]pettane(3) formation despitethe fact that
certain IR bandsfor 3 in the C—H stretchingregion
overlap with correspondingoandsin biradical 2. This
analysisis supportecby computationalnvestigations.

RESULTS AND DISCUSSION

Typical TRIR data observedfrom 3100to 2700cm™*
following triplet-sensitizedphotolysis of diazenel in
argon-saturatedcetonitrileds are shownin Fig. 1. Data
are obtained in the form of difference spectra. We
observalepletionof the3004cm* banddueto diazenel

Table 1. Comparison of experimental and calculated IR
frequencies in the C-H stretching region for bicyclo[2.1.0]-
pentane (3) and triplet 1,3-cyclopentanediyl (2)

3TRIR
observed 3 Thin film 3 Calculated 2 Calculated
(cm 2 observedecm 3)®  (cm})° (cm™
3050 3056[cp CH, (—)] 3058(29)  3064(3)
3045 (bh CH) 3042(4)  3061(36)
2968 2974[cp CH, (+)]  3036(25)
2961[cb CH, (-)]  2976(50)
2924 2939(bh CH) 2964(25)
2929[cb CH, (1)]  2958(2)
2900(sh) 2910[cb CH, (=)]  2916(70)
2856 2861[ch CH, (+)] 2908(53)  2898(32)
2895(39)
2824(50)
2816(20)
2772(56)
2748(27)

&This work. sh=shoulder.
PRef. 15. Assignments:bh = bridgehead;cp = cyclopropyl; cb=cy-
clobutyl; (+) =in-phasej(—) = out-of-phase.
°B3LYP/6-311+ G(2d,p) scaledby 0.96. Calculatedintensitiesare
givenin parentheses.

UB3LYP/6-311+ G(2d,p) scaled by 0.96 (s*=2.01). Calculated
intensitiesaregivenin parentheses.

Copyrightd 2000JohnWiley & Sons,Ltd.
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andthe productionof a seriesof signalsthat agreevery
well with the known IR spectrum?® of bicyclopentanes
(Table 1). We also examinedthe spectralregion 1550—
1150cm %, but only depletion bands due to 1 are
observedat 1494, 1446, 1282, 1254, and 1194cm %,
Comparableesultswere obtainedwith 4,4-dimethoxy-
benzophenongE; = 70kcalmol™%),*® 4-methoxyaceto-
phenone (E; = 72kcalmol™)*® and anisole (Er =81
kcalmol )¢ as the triplet sensitizer consistentwith
efficientquenchingoy 1 (Er = 62kcalmol™)*. Therate
constantfor diazenel quenchingof a 4-methoxyaceto-
phenonériplet excited-statéR band® wasdeterminedo
be approximatelyl x 10° | mol~* s™2.

Giventhe knownphotochemistrnof 1 (Schemel), we
initially expectedhateachpositive IR banddueto 3 in
Fig. 1 would display the same, single-exponential
kinetics definedby the lifetime of biradical 2 underthe
conditionsof our TRIR experimentsAs shownin Fig. 2,
this initial expectationwas not realized. The growth
kineticsfor peaksat 3050,2924,and2856cm ™ * arenot
identical. We haveanalyzedhe kinetic datain Fig. 2 by
consideringhepossibilitythatthe observedineticsmay
be complicatedby overlappingbandsdueto biradical 2
andproduct3.

Idealizedkinetic tracesfor the growth and decay of
biradical 2 and for the growth of bicyclopentane3 are
shownin Fig. 3. Here,the rateof productionof biradical
2isgivenas2 x 10’ s %, thepresentime responsef our
spectrometersince previousstudieS ! have indicated
that2 is formedwithin 25 nsof thelaserpulse.lts rateof
decayis, of courserequiredto equaltherateof growthof
3. For an overlappingband, different relative contribu-
tions of the two kinetic tracesin Fig. 3 will resultin
differentobservedkinetics. A greaterintensity contribu-
tion from biradical 2 will resultin what appearggiven
thelimited signal-to-noiseatio of our data)to be a faster
initial growth rate. Substantialsignal averagingwas
requiredto obtainthe kinetic tracesin Fig. 2. Eachtrace
is the resultof averagingapproximately6500lasershots.

Thus,we haveassumedhat the IR bandobservedat
2924cm tis dueexclusivelyto bicyclopentand. Its rate
of growth canbe fit [Fig. 2(b)] to a single exponential
function [Kopsa= (3.6 + 0.4) x 10° s that corresponds
to a biradical lifetime of 278+ 30ns, in very good
agreementvith previouswork.>** Kinetics observedat
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Figure 2. Kinetic traces observed at (a) 3050, (b) 2924 and
(c) 2856cm™’ following triplet-sensitized (50 mm 4,4’ -
dimethoxybenzophenone) photolysis (355 nm, 5 ns, 3 mJ) of
diazene 1 (110 mM) in argon- or oxygen-saturated aceto-
nitrile-ds. The dotted curves are experimental data; the solid
curves are calculated best fits as described in the text

3050and2856cm* werefitted manually[Fig. 2(a) and
(c)] usingthe tracesin Fig. 3 with the decayof 2 and
production of 3 fixed at 3.6x 10° s ! (from the
2924cm * band analysis). The 3050cm™* fit corre-
spondsto a biradical:bicycbpentaneintensity ratio of
1:1; the 2856cm * fit correspondso a ratio of 2:3.
Additional supportfor overlapping biradical 2 and
bicyclopentane3 IR bandscomesfrom computational
studies.As shownin Table 1, experimentalR frequen-
cies of 3 in the C—H stretchingregion are reasonably
reproducedoy B3LYP/6-311+ G(2d,p)vibrational fre-
quency calculations(scaledby 0.96)*° (A table of all
calculatedfrequenciedor both 2 and3 at the HF, MP2,
and B3LYP levels of theory s included as Supporting
Information; calculatedvibrational frequenciesat each
level are consistent with each other.) Analogous
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Figure 3. Idealized kinetic traces for (a) the growth and
decay of biradical 2 and (b) the growth of bicyclopentane 3

UB3LYP/6-311+ G(2d,p)calculationson triplet biradi-
cal 2 indicate that overlap with 3 is likely for our
experimentallyobserved050and2856cm * bands put
notfor bandsobservedat2968and2924cm . (Wewere
not able to collect adequatekinetic dataat 2968cm *
owingto thelow signalintensity.)Thesecalculationsalso
suggestthat an unperturbedbiradical band should be
detectablein the region 2850-275&m™*. We did not,
however,detectany IR bandsin this region(Fig. 1).

As expected(Schemel), we find that the rate of
growthof the2924cm™* bandis affectedby oxygenwith
kobsa >2 x 10" s71 in oxygen-saturate@cetonitrileds.
This observedateconstani{whichis now limited by the
time responseof our spectrometer)can be analyzed
accordingto the pseudo-first-orderequation kypsq= Ko
+ ko [O2], whereko, is the second-orderateconstantor
thereactionof biradical2 with oxygenandk, is therate
of biradical decay(andbicyclopentane3 growth)in the
absenceof oxygen. (The concentrationof oxygen in
saturatedhcetonitrilesolutionsis 9.1mm.?%) This analy-
sisleadsto a lower limit for the oxygenquenchingrate
constant ko, >2x 10° Imol " s™*, again in good
agreementvith previouswork.*°

CONCLUSIONS

Kinetic analysisof therateof growthof bicyclopentan&
IR bandsobservedollowing triplet-sensitizeghotolysis
of diazenel hasprovideda direct measurementf the
lifetime of biradical 2, 278+ 30ns, in good agreement
with previousstudies.In addition,this analysiswith the
support of computationalinvestigations,has indicated
thatbiradical2 likely possessesbservabldR bandsnear
3050and2856¢cm ™.

EXPERIMENTAL

Materials. Unless noted otherwise, materials were
obtainedrom Aldrich Chemicalandusedwithoutfurther
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purification. Acetonitrile-ds was usedas receivedfrom
Cambridge Isotope Laboratories. 2,3-Diazabicyl-
co[2.2.1]hept-2-ea (1) was preparedaccordingto the
literatureprocedure:

Time-resolved IR methods. We conductedTRIR experi-

ments following the method of Hamaguchiand co-

workers? as describedpreviously?® Briefly, the broad-
bandoutputof an MoSi, IR source(JASCO)is crossed
with excitationpulsesfrom an Nd:YAG laser.Changes
in IR intensity are monitoredby an MCT photovoltaic
IR detector (Kolmar Technologies, KMPV11-1-J1),
amplified, and digitized with a Tektronix TDS520A
oscilloscope. The experiment is conducted in the

dispersive mode with a JASCO TRIR-1000 spectro-
meter. TRIR difference spectra were collected at

16cm ! resolutionusing either a ContinuumHPO-300
diode-pumpedNd:YAG laser (266nm, 10ns, 0.4mJ;

355nm, 12ns, 0.6mJ) or a Quantronix Q-switched
Nd:YAG laser (266nm, 90ns, 0.4mJ; 355nm, 90ns,

1.5mJ) operating at 200Hz. Kinetic traces were

collectedusinga ContinuumMinilite 1l Nd:YAG laser
(266nm, 5ns, 1-4mJ; 355nm, 5 ns, 2-8mJ) operating
at20Hz.

Computational methods. All geometry optimizations
and frequencycalculationswere performedwith Gaus-
sian 982* HF, MP2 and B3LYP calculationd® were
performedwith therestricted(for 3) andunrestrictedfor
2) methodswith a number of standardbasis sets, as
implementedn Gaussiarf8. The calculatedvibrational
frequencieswere scaledby 0.89 (HF)® 0.94 (MP2y°
and 0.96 (B3LYP).*® Structure3 was minimized in Cq
symmetryand2 wasa minimumunderC, symmetryasa
3B state.All basissetswere usedwith six cartesiand
functions.

Supporting information available. Tablesof all calcu-
latedfrequenciedor bicyclo[2.1.0]gentang3) andtriplet
1,3-cyclopentanediy(2) at the HF, MP2 and B3LYP
levels of theory (2 pages)are availablefrom the epoc
website.
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