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ABSTRACT: Triplet-sensitized photolysis of 2,3-diazabicyclo[2.2.1]hept-2-ene (1) in argon- or oxygen- saturated
acetonitrile-d3 solutions results in the formation of bicyclo[2.1.0]pentane (3), a ring closure product arising from an
intermediate 1,3-cyclopentanediyl triplet biradical (2). Time-resolved infrared (TRIR) spectroscopy was used to
monitor the kinetics of bicyclopentane3 production. This analysis provides a measurement of the triplet biradical
lifetime and an estimate of the bimolecular reaction rate between biradical2 and oxygen, both in good agreement with
previous investigations. Our studies also indicate that certain IR bands due to3 in the C–H stretching region overlap
with corresponding bands in biradical2. This interpretation is supported by computational investigations. Copyright
 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Triplet1 and singlet2 hydrocarbon biradicals, molecules
possessing two weakly interacting unpaired electrons, are
an important class of organic free radicals. Their
chemistry has received increasing attention owing to
their potential use as building blocks of high-spin organic
molecules with unique magnetic properties.3 Recently,
they have also been used to analyze substituent effects on
zero-field splitting parameters4 and on intersystem
crossing rate constants.5

While direct detection of biradicals in solution is
possible for derivatives possessing chromophoric
groups,2a,5 characterization of prototypical hydrocarbon
triplet biradicals such as 1,3-cyclopentanediyl (2) and its
alkyl-substituted derivatives has been accomplished
largely through indirect means. Since the pioneering
experiments of Buchwalter and Closs6 on direct detection

of 2 by low-temperature matrix EPR and the first report
of oxygen trapping of2,7 the lifetime of this fundamental
triplet biradical has been measured by various experi-
mental methods. In solution, these include quantitative
oxygen trapping experiments (351� 57 ns)8,9 and
photoacoustic calorimetry (258� 14 ns9 and 316� 80
ns10), while in the gas phase time-resolved coherent anti-
Stokes Raman spectroscopy has been used (195 ns).11 In
addition, photoacoustic calorimetry experiments have
provided a measurement of the bimolecular rate constant
for the reaction of2 with oxygen (ko2

= 5.3� 109 l molÿ1

sÿ1).10 Oxygen also catalyzes intersystem crossing of2 to
the singlet state; however, experiments suggest that this
process is negligible relative to chemical trapping.9

The lifetimes of triplet biradicals are usually governed
by intersystem crossing rates, which depend on numerous
factors including the effects of orbital geometry and
singlet–triplet energy gaps on spin–orbit coupling.12,13

Thus, the relatively long lifetime of2 is the result of slow
intersystem crossing, a direct consequence of limited
spin–orbit coupling. The latter is mainly due to the time-
averaged planarity of the biradical and the resulting near-
parallel orientation of the orbitals bearing the unpaired
electrons. Confirmation of this structural characteristic is
available from low-temperature matrix EPR experi-
ments6 and quantum chemical calculations.14

In an attempt to provide the first experimental insight
into the solution-phase structure of2, we undertook a
time-resolved infrared (TRIR) spectroscopic study. As
described here, we were unable to detect IR bands due to
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2 cleanly. We have,however,analyzedthe kinetics of
bicyclo[2.1.0]pentane(3) formationdespitethe fact that
certain IR bands for 3 in the C–H stretching region
overlap with correspondingbandsin biradical 2. This
analysisis supportedby computationalinvestigations.

RESULTS AND DISCUSSION

Typical TRIR data observedfrom 3100 to 2700cmÿ1

following triplet-sensitizedphotolysis of diazene1 in
argon-saturatedacetonitrile-d3 areshownin Fig. 1. Data
are obtained in the form of difference spectra.We
observedepletionof the3004cmÿ1 banddueto diazene1

andthe productionof a seriesof signalsthat agreevery
well with the known IR spectrum15 of bicyclopentane3
(Table 1). We alsoexaminedthe spectralregion1550–
1150cmÿ1, but only depletion bands due to 1 are
observedat 1494, 1446, 1282, 1254, and 1194cmÿ1.
Comparableresultswereobtainedwith 4,4'-dimethoxy-
benzophenone(ET = 70kcalmolÿ1),16 4-methoxyaceto-
phenone (ET = 72kcalmolÿ1)16 and anisole (ET = 81
kcalmolÿ1)16 as the triplet sensitizerconsistentwith
efficientquenchingby 1 (ET = 62kcalmolÿ1)17. Therate
constantfor diazene1 quenchingof a 4-methoxyaceto-
phenonetriplet excited-stateIR band18wasdeterminedto
beapproximately1� 109 l molÿ1 sÿ1.

Giventheknownphotochemistryof 1 (Scheme1), we
initially expectedthat eachpositiveIR banddueto 3 in
Fig. 1 would display the same, single-exponential
kineticsdefinedby the lifetime of biradical2 underthe
conditionsof ourTRIR experiments.As shownin Fig. 2,
this initial expectationwas not realized. The growth
kineticsfor peaksat 3050,2924,and2856cmÿ1 arenot
identical.We haveanalyzedthekinetic datain Fig. 2 by
consideringthepossibilitythattheobservedkineticsmay
be complicatedby overlappingbandsdueto biradical2
andproduct3.

Idealizedkinetic tracesfor the growth and decayof
biradical 2 and for the growth of bicyclopentane3 are
shownin Fig. 3. Here,therateof productionof biradical
2 is givenas2� 107 sÿ1, thepresenttimeresponseof our
spectrometer,since previousstudies9–11 have indicated
that2 is formedwithin 25nsof thelaserpulse.Its rateof
decayis,of course,requiredto equaltherateof growthof
3. For an overlappingband,different relative contribu-
tions of the two kinetic tracesin Fig. 3 will result in
differentobservedkinetics.A greaterintensitycontribu-
tion from biradical 2 will result in what appears(given
thelimited signal-to-noiseratio of ourdata)to bea faster
initial growth rate. Substantialsignal averaging was
requiredto obtainthekinetic tracesin Fig. 2. Eachtrace
is theresultof averagingapproximately6500lasershots.

Thus,we haveassumedthat the IR bandobservedat
2924cmÿ1 is dueexclusivelyto bicyclopentane3. Its rate
of growth can be fit [Fig. 2(b)] to a single exponential
function [kobsd= (3.6� 0.4)� 106 sÿ1] that corresponds
to a biradical lifetime of 278� 30ns, in very good
agreementwith previouswork.9–11 Kinetics observedat

Figure 1. TRIR difference spectrum averaged over 7±9 ms
following triplet-sensitized (45 mM anisole) photolysis
(266 nm, 10 ns, 0.4 mJ) of diazene 1 (87 mM) in argon-
saturated acetonitrile-d3

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)

3 TRIR
observed
(cmÿ1)a

3 Thin film
observed(cmÿ1)b

3 Calculated
(cmÿ1)c

2 Calculated
(cmÿ1)d

3050 3056[cp CH2 (ÿ)] 3058(29) 3064(3)
3045(bh CH) 3042(4) 3061(36)

2968 2974[cp CH2 (�)] 3036(25)
2961[cb CH2 (ÿ)] 2976(50)

2924 2939(bh CH) 2964(25)
2929[cb CH2 (�)] 2958(2)

2900(sh) 2910[cb CH2 (ÿ)] 2916(70)
2856 2861[cb CH2 (�)] 2908(53) 2898(32)

2895(39)
2824(50)
2816(20)
2772(56)
2748(27)

aThis work. sh= shoulder.
bRef. 15. Assignments:bh= bridgehead;cp= cyclopropyl; cb= cy-
clobutyl; (�) = in-phase;(ÿ) = out-of-phase.
cB3LYP/6–311�G(2d,p) scaledby 0.96. Calculatedintensitiesare
given in parentheses.
dUB3LYP/6–311�G(2d,p) scaled by 0.96 (s2 = 2.01). Calculated
intensitiesaregiven in parentheses.

Scheme 1
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3050and2856cmÿ1 werefitted manually[Fig. 2(a)and
(c)] using the tracesin Fig. 3 with the decayof 2 and
production of 3 fixed at 3.6� 106 sÿ1 (from the
2924cmÿ1 band analysis). The 3050cmÿ1 fit corre-
spondsto a biradical:bicyclopentaneintensity ratio of
1:1; the2856cmÿ1 fit correspondsto a ratio of 2:3.

Additional support for overlapping biradical 2 and
bicyclopentane3 IR bandscomesfrom computational
studies.As shownin Table1, experimentalIR frequen-
cies of 3 in the C–H stretchingregion are reasonably
reproducedby B3LYP/6–311�G(2d,p)vibrational fre-
quencycalculations(scaledby 0.96).19 (A table of all
calculatedfrequenciesfor both 2 and3 at the HF, MP2,
and B3LYP levels of theory is includedas Supporting
Information; calculatedvibrational frequenciesat each
level are consistent with each other.) Analogous

UB3LYP/6–311�G(2d,p)calculationson triplet biradi-
cal 2 indicate that overlap with 3 is likely for our
experimentallyobserved3050and2856cmÿ1 bands,but
not for bandsobservedat2968and2924cmÿ1. (Wewere
not able to collect adequatekinetic data at 2968cmÿ1

owingto thelow signalintensity.)Thesecalculationsalso
suggestthat an unperturbedbiradical band should be
detectablein the region 2850–2750cmÿ1. We did not,
however,detectany IR bandsin this region(Fig. 1).

As expected(Scheme1), we find that the rate of
growthof the2924cmÿ1 bandis affectedby oxygenwith
kobsd�2� 107 sÿ1 in oxygen-saturatedacetonitrile-d3.
This observedrateconstant(which is now limited by the
time responseof our spectrometer)can be analyzed
according to the pseudo-first-orderequation kobsd= k0

� kO2
[O2], wherekO2

is thesecond-orderrateconstantfor
thereactionof biradical2 with oxygenandk0 is therate
of biradicaldecay(andbicyclopentane3 growth) in the
absenceof oxygen. (The concentrationof oxygen in
saturatedacetonitrilesolutionsis 9.1mM.20) This analy-
sis leadsto a lower limit for the oxygenquenchingrate
constant kO2

�2� 109 l molÿ1 sÿ1, again in good
agreementwith previouswork.10

CONCLUSIONS

Kinetic analysisof therateof growthof bicyclopentane3
IR bandsobservedfollowing triplet-sensitizedphotolysis
of diazene1 hasprovideda direct measurementof the
lifetime of biradical 2, 278� 30ns, in good agreement
with previousstudies.In addition,this analysis,with the
support of computationalinvestigations,has indicated
thatbiradical2 likely possessesobservableIR bandsnear
3050and2856cmÿ1.

EXPERIMENTAL

Materials. Unless noted otherwise, materials were
obtainedfrom Aldrich Chemicalandusedwithoutfurther

Figure 2. Kinetic traces observed at (a) 3050, (b) 2924 and
(c) 2856 cmÿ1 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-d3. The dotted curves are experimental data; the solid
curves are calculated best ®ts as described in the text

Figure 3. Idealized kinetic traces for (a) the growth and
decay of biradical 2 and (b) the growth of bicyclopentane 3
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purification. Acetonitrile-d3 was usedas receivedfrom
Cambridge Isotope Laboratories. 2,3-Diazabicyl-
co[2.2.1]hept-2-ene (1) was preparedaccordingto the
literatureprocedure.21

Time-resolved IR methods. We conductedTRIR experi-
ments following the method of Hamaguchi and co-
workers22 asdescribedpreviously.23 Briefly, the broad-
bandoutputof an MoSi2 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
dispersivemode with a JASCO TRIR-1000 spectro-
meter. TRIR difference spectra were collected at
16cmÿ1 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
collectedusing a ContinuumMinilite II Nd:YAG laser
(266nm, 5 ns, 1–4mJ; 355nm, 5 ns, 2–8mJ) operating
at 20Hz.

Computational methods. All geometryoptimizations
and frequencycalculationswere performedwith Gaus-
sian 98.24 HF, MP2 and B3LYP calculations25 were
performedwith therestricted(for 3) andunrestricted(for
2) methodswith a number of standardbasis sets, as
implementedin Gaussian98. The calculatedvibrational
frequencieswere scaledby 0.89 (HF),26 0.94 (MP2)26

and 0.96 (B3LYP).19 Structure3 was minimized in Cs

symmetryand2 wasaminimumunderC2 symmetryasa
3B state.All basissetswere usedwith six cartesiand
functions.

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

Acknowledgements

J.P.T.gratefully acknowledgesthe Camille and Henry
DreyfusNewFacultyAwardsProgram,thedonorsof the
PetroleumResearchFund,administeredby theAmerican
Chemical Society, and an NSF Faculty Early Career
Development Award for generous support of this
research.J.P.T. and L.R.R. thank the donors of the
PetroleumResearchFund,administeredby theAmerican
Chemical Society for an ACS–PRFSummer Faculty
ResearchFellowship and the NSF for a Research
OpportunityAward. L.R.R. acknowledgesthe Research
Corporation and the Office of ResearchServices of

TowsonUniversity for financialsupportof this research.
C.M.H. thankstheNSFfor financialsupportandtheOhio
SupercomputerCenter for the use of their computing
facilities.

REFERENCES

1. (a) Platz MS (ed.) Kinetics and Spectroscopyof Carbenesand
Biradicals. PlenumPress:New York, 1990;(b) BordenWT (ed.)
Diradicals. JohnWiley & Sons:New York, 1982.

2. (a) Adam W, Borden WT, Burda C, FosterH, HeidenfelderT,
HeubusM, HrovatDA, Kita F, LewisSB,ScheutzowD, Wirz J.J.
Am.Chem.Soc.1998;120: 593;(b) AdamW, PlatschH, Wirz J.J.
Am.Chem.Soc.1989;111: 6896;(c) ComsFD, DoughertyDA. J.
Am.Chem.Soc.1989;111: 6894.

3. (a) Adam W, BarneveldC, Bottle SE, Engert H, HansonGR,
HarrerHM, Heim C, Nau W, WangD. J. Am.Chem.Soc.1996;
118: 3974;(b) DoughertyDA. Acc.Chem.Res.1991;24: 88.

4. AdamW, BarneveldC, EmmertO, HarrerHM, Kita F, KumarA,
MaasW, NauW, ReddySHK,Wirz J.PureAppl.Chem.1997;69:
735.

5. Kita F, Adam W, JordonP, Nau WM, Wirz J. J. Am.Chem.Soc.
1999;121: 9265.

6. (a) BuchwalterSL, ClossGL. J. Am.Chem.Soc.1975;97: 3857;
(b) BuchwalterSL, ClossGL. J. Am.Chem.Soc.1979;100: 4688.

7. GeiserF, Wilson RM. J. Am.Chem.Soc.1978;100: 2225.
8. Adam W, GrabowskiS, Wilson RM. Acc. Chem.Res.1990;23:

165.
9. AdamW, PlatschH, SendelbachJ,Wirz J.J.Org.Chem.1993;58:

1477.
10. HermanMS, GoodmanJL. J. Am.Chem.Soc.1988;110: 2681.
11. AdamsJS,WeismanRB, EngelPS.J. Am.Chem.Soc.1990;112:

9115.
12. Michl J. J. Am.Chem.Soc.1996;118: 3568,andreferencescited

therein.
13. SalemL, RowlandC. Angew.Chem.Int. Ed. Engl. 1972;2: 92.
14. SherillCD,SeidlET, SchaeferHF.J. Phys.Chem.1992;96: 3712.
15. Bragin J, GuthalsD. J. Phys.Chem.1975;79: 2139.
16. Murov SL, CarmichaelI, Hug GI. Handbookof Photochemistry.

Marcel Dekker:New York, 1993.
17. EngelPS,HorseyDW, ScholzJN,KaratsuT, KitamuraA. J. Phys.

Chem.1992;96: 7524.
18. SrivastavaS,Yourd E, ToscanoJP.J. Am.Chem.Soc.1998;120:

6173.
19. Wong MW. Chem.Phys.Lett. 1996;256: 391.
20. Clark WDK, SteelC. J. Am.Chem.Soc.1971;93: 6347.
21. GassmanPG,MansfieldKT. Org. Synth.1969;49: 1.
22. (a) Iwata K, HamaguchiH. Appl. Spectrosc.1990;44: 1431; (b)

YuzawaT, Kato C, GeorgeMW, HamaguchiH. Appl. Spectrosc.
1994;48: 684.

23. WangY, YuzawaT, HamaguchiH, ToscanoJP.J. Am.Chem.Soc.
1999;121: 2875.

24. Frisch MJ, Trucks GW, SchlegelHB, ScuseriaGE, Robb MA,
CheesemanJR, ZakrzewskiVG, MontgomeryJA, Jr, Stratmann
RE, BurantJC,DapprichS, Millam JM, DanielsAD, Kudin KN,
Strain MC, FarkasO, TomasiJ, BaroneV, CossiM, Cammi R,
Mennucci B, Pomelli C, Adamo C, Clifford S, Ochterski J,
PeterssonGA, Ayala PY, Cui Q, Morokuma K, Malick DK,
RabuckAD, RaghavachariK, ForesmanJB, Cioslowski J, Ortiz
JV, StefanovBB, Liu G, LiashenkoA, PiskorzP, Komaromi I,
GompertsR, Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng
CY, NanayakkaraA, GonzalezC, ChallacombeM, Gill PMW,
JohnsonB, ChenW, Wong MW, AndresJL, GonzalezC, Head-
GordonM, ReplogleES, PopleJA. Gaussian98, RevisionA.6.
Gaussian:Pittsburgh,PA, 1998.

25. (a) Hehre WJ, Radom L, Schleyer PvR, Pople JA. Ab Initio
Molecular Orbital Theory. JohnWiley & Sons:New York, 1986;
(b) BeckeAD. Phys.Rev.A 1988;38: 3098;(c) Lee C, YangW,
ParrRG. Phys.Rev.B 1988;37: 785.

26. PopleJA, ScottAP, WongMW, RadomL. Isr. J. Chem.1993;33:
345.

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 309–312

312 B. M. SHOWALTERET AL.


