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Abstract: Ultrafast photolysis of 9-diazofluorene (DAF) produces a broadly absorbing transient within the
instrument time resolution (300 fs), which is assigned to an excited state of the diazo compound. The
diazo excited state fragments to form fluorenylidene (FI) in both its lowest energy singlet state (*Fl, 405—
430 nm, depending on the solvent) and a higher energy singlet state (370 nm, *FI*). The excited singlet
carbene has a lifetime of 20.9 ps in acetonitrile and decays to the lower energy singlet state (*Fl), which
relaxes to the triplet ground state (3Fl) in acetonitrile, cyclohexane, benzene, and hexafluorobenzene. The
equilibrium mixture of singlet and triplet fluorenylidene reacts with these solvents. Singlet fluorenylidene
reacts with methanol and cyclohexene in competition with relaxation to 3Fl. One of the reaction products
in methanol is the 9-fluorenyl cation. The rate of intersystem crossing (ISC) in hexafluorobenzene and
other halogenated solvents is remarkably slow given that carbene ISC rates are generally fastest in nonpolar
solvents. An explanation of this effect is advanced.

1. Introduction in these experiments two products derived from it, triplet
fluorenylidené and an acetonitrile-carbene yliéliere detected.

Fl li h I I le in th I t ; . . :
uoreny |o!ene asp ayed.a arge role in the Qevg opmen The 9-fluorenyl radical (Flk), derived from reaction of triplet
of mechanistic carbene chemistry. Jones and Rettig dlscoveredﬂuorenylidene was also observed by ns spectroséopy

that the addition of hexafluorobenzene (HFB) to solutions of o )
alkenes led to changes in the nature of the cyclopropane products ' '€ SChuster group reported an early application of picosec-
formed from fluorenylidené.In neat alkene solvent the cyclo- ond time-resolved spectro.scopy gnd used th',s technique to
propanes were formed with a high degree of stereospecificity measure the raFe c_’f format!on of triplet flugrenylldene, and by
and the same orientation present in the original alkene. As theexter_]smn the lifetime of s_lngle_t fluorenylidefi¢.The latter
alkene was diluted with HFB the stereospecificity was lost. Jones SPECieS was not detected in this study. _
and Rettig concluded that the presence of HFB lengthened the Herein we report the use of femtosecond time-resolved
lifetime of the initially formed singlet fluorenylidenéRl) by spectroscopy to study the photochemistry of 9-diazofluorene
decreasing the rate of bimolecular reaction of carbene with the (PAF) and the chemistry of fluorenylidene. We will report the
alkene. ASFI forms stereospecific products, dilution with HFB ~ first direct observation of relaxed singlet fluorenylidergl)
increased the likelihood of its intersystem crossing (ISC) to the and the first excited singlet state of this carbeti#] as well.
lower energy triplet state®gl) which forms a stereorandom  1his will allow us to draw conclusions as to the timing of
mixture of cyclopropanes in its reactions with alkehes. intersystem crossing relative to chemical reactions of the singlet
Physical organic chemists began to study carbenes with thearbene.
then new technique of nanosecond (ns) time-resqlved laser flash, \jitrafast Spectroscopic Results
photolysis (LFP) about 30 years ago. Fluorenylidene was one
of the first carbenes to be studied by ns time-resolved LFP 2.1. Acetonitrile. Ultrafast photolysis of 9-diazofluorene
method< 4 Although singlet fluorenylidene was not observed (DAF) in acetonitrile (ACN) solution with a 300 fs pulse of
308 nm light results in the spectral changes shown in Figure 1.
lThe Ohio State University. A broad transient absorption is detected between 360 and 600
ﬁﬁ:";lmgg%"gé Bﬂ:‘c‘zrrz'lg nm at the earliest times observable (Figure 1a). The broad
(1) Jones, M., Jr.; Rettig, K. Rl Am. Chem. Sod.965 87, 4013-4015. transient absorption decays within our instrument response
@ Srﬂ"eéh'g% Msog‘éggosmze{%’mcésﬁé_%csf"liino' J. C.; Platz, M. S;; Hadel.L.  fynction (300 fs), and it is possible to observe a simultaneous
(3) Brauer, B. E.; Grasse, P. B.: Kaufmann, K. J.: Schuster, G. Bm. Chem.  growth in transient absorption between 360 and 440 nm.
Soc.1962 104 6814-6816. Subsequently, the decay+ 20.9 ps) of the 370 nm absorption

(4) Grasse, P. B.; Brauer, B. E.; Zupancic, J. J.; Kaufmann, K. J.; Schuster, G. ' g N . .
B. J. Am. Chem. Sod.983 105 6833-6845. is accompanied by additional growth of transient absorption
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ps in ACN, which is in excellent agreement with our results
given the experimental error. TD-DFT calculations predict
IFl has a vertical transition at 375 nnfi £ 0.1234) in fair
agreement with the 415 nm assignment (S, Table S2).

The initially formed broadly absorbing transient is assigned
to an excited singlet state of the precurs@@AF*), following
Kohler's studies of diphenyldiazomethdnand our recent
ultrafast studies op-biphenyldiazomethafend ethané.The
carrier of transient absorption in the 370 nm region is a precursor
to IFl and produces this species with a time constant of 20.9
ps. This intermediate could, in principle, be a lower excited
singlet state of DAF or an excited state of the singlet carbene,
IFI*. The former assignment could hold true only if the initially
formed broadly absorbing transient was at least the second
excited singlet state (pof the precursor. We prefer to assign
the carrier of the 370 nm transient absorption to the excited
open shell singlet carben&;l*, for reasons that will be later
detailed. As the excited state of DAF aMel* both absorb at
415 nm, we cannot clearly monitor the growth ®fl. It is
therefore possible thaFl is formed from both DAF* andFI*
as shown in Scheme 1. Furthermo¥él has some absorption
in the range from 400 to 450 nm, overlapping with the
absorption oftFl. This can account for the two isosbestic points
observed at 405 and 420 nm. Global analysis on the acetonitrile
data 2 ps after the laser pulse can provide the Species Associated
Spectra (SAS) fotFI*, 1Fl, and®FI (SI, Figure S1). It is clear
in the SAS thatFI* absorbs broadly in the region between 360
and 550 nm, although the shape of #i#* spectrum depends
on the initial concentrations dFI* and *FI formed from the
diazo excited state. This analysis further supports the proposal
that 'FI* has a very broad absorption.

Figure 1. Transient spectra were generated by ultrafast kR 308 In acetommleq& the “fe.t".nes O.f t.)Otthl af‘d 'FI* are the
nm) of 9-diazofluorene in acetonitrile with time windows of (a) 0120 same as those in acetonitrile, within eXpe”mental error. The
ps, (b) 3-75 ps, and (c) 1062000 ps. lack of a kinetic isotope effect (KIE) indicates that neither
hydrogen abstraction nor-€H insertion is an important process
centered at 415 nm (Figures 1b and 2a). Two isosbestic pointsfor both!Fl and!FI* in acetonitrile. Intersystem crossing is the
can be observed at 405 and 420 nm. Within experimental error, main deactivation pathway féFl. In addition, it is interesting
the time constant of the decay recorded at 370 nm is the sameto note that, after 2 ns, the decay’#l and the growth ofFI
as that of the growth of transient absorption monitored at 415 cease and the absorption’f does not decay to the baseline.
nm. At longer times, a new band centered at 470 nm is formed This indicates that fluorenylidene reaches its singtaplet
with the consumption of the 415 nm band =€ 440 ps), and equilibrium after 2 ns. The lifetime of the equilibrium mixture
there is an isosbestic point at 450 nm (Figures 1c and 2b). It isin acetonitrile determined by Shuster and co-workels;
interesting to note that the 415 nm band does not decay to themonitoring3Fl, is 25+ 3 ns. The absorption dFl at 2 ns is
baseline and maintains the same intensity 2 ns after the laser~40% of its maximum absorption determined 75 ps after the
pulse in acetonitrile. laser pulse (Figure 1c). Thus, it can be deduced that in the

Based on previous studiés? the 470 nm band can be readily ~ equilibrium mixture there is~60% of 3FI and ~40% of Fl,
assigned to the triplet state of fluorenyliderf&ll. TD-DFT which corresponds to an equilibrium constaty; = [3Fl]ed
calculation8 predict3Fl has a vertical transition at 424 niis [*Fl]eq= 1.5, where {Fl]eqand EFl]eqare the singlet and triplet
0.0371) in fair agreement with the assignment of the carrier of fluorenylidene concentrations at equilibrium, and the singlet
the 470 nm band (Supporting Information (SI), Table S1). In triplet energy gapAGst = 0.2 kcatmol™t. Schuster and co-
an inert solvent, the disappearance of a singlet carbene isworkers deduced an upper limit of the singiétplet (S—T)
controlled by intersystem crossing (ISC) to form the ground energy gap of 1.1 kcahol™?, which is consistent with our result.
state triplet. Thus, the carrier of the 415 nm band, the precursor SinceKeqis small, the reverse intersystem crossing fiéthto
of 3Fl, can be confidently assigned to singlet fluorenylidene. FI should be considered when deriving the ISC rate constant
The lifetime of IFl is 440+ 40 ps in acetonitrile at ambient  from Fl to 3F| kst. The time constant of 440 ps observed in
temperature (Table 1). By monitoring the growtt¥ief, Schuster acetonitrile is an apparent time constant of the decajFbf
and co-workersdeduced the lifetinfeof 1Fl to be 400+ 130

400 450 500 550 600
Wavelength / nm

(7) Peon, J.; Polshakov, D.; Kohler, B. Am. Chem. So002 124, 6428~
6438

(5) Frisch, M. J. et alGaussian 03revision C.02; Gaussian, Inc.: Wallingford, 8) Wang, J.; Burdzinski, G.; Gustafson, T. L.; Platz, M.JS.0rg. Chem.

CT, 2004. 2006 71, 6221-6228.
(6) In ref 4, half-lifet;, was used instead of lifetimeas in this papery = (9) Wang, J.; Burdzinski, G.; Gustafson, T. L.; Platz, MJSAm. Chem. Soc.
tyIn 2. 2007, 129, 2597-2606.
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Figure 2. Normalized kinetic traces were produced by ultrafast LER € 308 nm) of 9-diazofluorene in acetonitrile. The kinetic traces were probed at
(a) 370 nm Q) and 415 nm @) and (b) 415 nm®) and 470 nm @) and globally fitted in monoexponential equations.

Table 1. Lifetimes (ps) of Singlet Fluorenylidene (*Fl) and Singlet Scheme 1
Excited Fluorenylidene (*FI*) and Intersystem Crossing Rates (s71)
and Singlet—Triplet Energy Gap (kcal-mol~1) in Different Solvents O
1| ey ISC rate S—T gap .
N2
T 7 10%s  10~%s  AGsr O
acetonitrile 440t 4¢ 209+ 09 14 0.9 0.2
acetonitrileds; 470+ 3@ 20.9+ 0.6 DAF
cyclohexane 8811 20.1+1.6 95 1.9 1.0
cyclohexaned;, 90+9> 205+1.1
cyclohexene 4 7% 16.2+1.4
methanol 22+ 2¢  10.6+0.7 O
methanol-Od 33+3° 10.0+0.3

hexafluorobenzene 490 9(7 27+ 8 1.4 0.7 0.4

-
benzene 108 12 19.0+ 1.0 O’ N2

aProbing wavelength is 415 nnPProbing wavelength is 405 nm. DAF"
Probing wavelength is 430 ni¥Probing wavelength is 370 nifMeasured N N
by spectroscopyDerived from Stera-Volmer analysis. 2,/< 300 fs \"2

9
o
®

One can derive from the kinetic mod&that kops = kst(1 + O‘o ~20ps

1/Keg), from which we deduce that the ISC rate constant from I () .xm MeOH

IF] to SFl kst = 1.4 x 10° s~ and from3FI to Fl kys = 9.1 x
10 s 1 in acetonitrile.

Recently, Woodcock et ak used an empirical correction 'Fl, 370 nm Fl, 420 nm FIH®, 516 nm
factor of 2.84 kcaimol~1 to predict the gas-phase-S gaps of l CH3CN
aromatic carbenes using B3LYP/6-31G(d,p)//B3LYP/6-31G-
(d) calculations. Among the carbenes they studied, there are O O { O ®
only three experimental benchmarks. Unfortunately, thél' S ’ H ~— .go @ N=C—CH3
gap for diphenylcarbeneAEst = 2.6 kcatmol™1), one of the O O O

three selected experimental benchmarks, is measured in aceto- ;
nitrile.12 The diphenylcarbene-ST gap (AEst = 4.1 kcatmol™) FIH+, 470 & 497 nm Fl, 470 nm Y,400 nm
measured in the nonpolar solvent |sopctane WI|! be a better ., .. > calculated Singlet—Triplet Energy Gaps (kcal-mol-1) for
benchmark for the gas-phase calculati&hit. remains to be  Fluorenylidene in the Gas Phase, Cyclohexane, and Acetonitrile

seen if DFT calculations of different carbenes have the same B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)" CBS-0B3

error. gas phase cyclohexane? acetonitrile? gas phase
We performed B3LYP/6-31:tG(d,p)//B3LYP/6-31G(d) cal-

. . . : .. AEst(0K) 411 2.13 —-1.33 1.91

culations for fluorenylidene in the gas phase and in acetonitrile AHs1(298 K) 413 219 _105 210

and cyclohexane, simulated by PCM models. The calculated AGs{(298 K) 4.24 2.36 —1.05 221

S—T gapsAGs1(298 K) for fluorenylidene are 4.24, 2.36, and

_ -1 i_  2The energy is calculated at the B3LYP/6-31G(d,p) level of theory
.1'05 kca{mOI in the gas pha;e, C)./Clo_he>_<ane, and ace_tonl using the B3LYP/6-31G(d) geometry and scaled zero-point vibrational
trile, respectively, where a negative sign indicates that a singletenergy (scaling factor 0.9806) and thermal and entropic corrections as
ground state is more stable (Table 2). Although the DFT appropriate. A positive value of the singldtiplet energy gap indicates

that the triplet state is more stabt&lsing the PCM implicit solvation model.

(10) Connors, K. AChemical Kinetics. The Study of Reaction Rates in Solution
VCH Publisher, Inc.: New York, 1990; pp 6@®1. i . . . .
(11) Woodcock, H. L.; Moran, D.; Brooks, B. R.; Schleyer, P. v. R.; Schaefer, calculation8 obviously overestimate the singlet carbene stability

12) Dt T e S o a0 1084 225 1439 in acetonitrile, the trend for the energy gaps is consistent with
1445, the experimental data. The high level calculation CBS-§B3

J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007 13685
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predicts a smaller-ST gap (2.21 kcamol™?) for fluorenylidene crossing. Following the kinetic mod€lkons = kst(1 + 1/Keg)
in the gas phase (Table 2). in section 2.1 and assumirge, is the same in spiropentane
Another feature of note is that 3 ns after the laser pulse we and cyclohexane, one can conclude tkat= 9.5 x 10° s71
can observe th¥| band at 415 nm but the carbene-acetonitrile andkrs = 1.9 x 10° s1 in nonpolar alkane solvents.
ylide? (Amax = 400 nm) is only barely observed at 400 nm. This The lifetime of'Fl in cyclohexane is shorter than that recorded
indicates that the Fl-acetonitrile ylide is produced by the reaction in acetonitrile. This solvent effect is consistent with all previ-
between acetonitrile and the singtetiplet carbene equilibrium ously reported studies of aryl carbek&s’° which report that
mixture on a 3-20 ns time scale. In contrast, the monoaryl- ISC rates are faster in alkanes than in polar solvents. In
carbenep-biphenylylcarbene reacts with acetonitrile prior to cyclohexaned,,, the lifetime ofFI remains unchanged com-
complete spin equilibratioh.This difference can be easily pared with that recorded in cyclohexane. Thus, we can safely
accounted for by steric effects. In this regard, fluorenylidene conclude that'FlI does not react with cyclohexane before
resembles singlgt-biphenylylmethylcarbengwhich is more undergoing intersystem crossing3el. Grasse et dl.observed
sterically hindered thap-biphenylylcarbene, and forms little  that the optical yield$ of FIHe and FID» are the same in
acetonitrile ylide and undergoes 1,2 migration of hydrogen cyclohexane and cyclohexadgx; and that group concluded that
instead. hydrogen abstraction b¥Fl in the spin equilibrated mixture of
2.2. CyclohexaneUltrafast photolysis (308 nm) of DAF in  carbenes is the main reaction pathway in cyclohexane rather
cyclohexane gave results similar to those obtained in acetonitrilethan C-H insertion reactions ofFl. This observation also
with a few notable exceptions. After the laser pulse, the broad requires that the yields ofFl formation are the same in
absorption of the DAF excited state is formed. In contrast to cyclohexane and cyclohexaudg, consistent with our own and
the data in acetonitrile, the decay of transient absorption at 370previous observations.
nm (FI*) is not clearly accompanied by the growth &l In cyclohexane, 500 ps after the laser pulse,sH#D7 nm)
monitored at 415 nm. In this solvent, the conversion of excited begins to appear in the spectra (SI, Figure S2c). Therefore,
singlet carbenelFI*) to the lower energy singlet carbene is shortly after the singlettriplet equilibrium mixture of fluore-
not as obvious as in acetonitrile (SI, Figure S2). This is likely nylidene is fully establishedF| begins to react with the solvent
due to the fact that the lifetimes &Fl and'FI* are somewhat  to form FlHe.
comparable in cyclohexane but are quite different in acetonitrile.  The excited carben&I*, absorbing in the 370 nm region,
An alternative explanation could be th#l* has a broad has a lifetime of~20 ps in both cyclohexane and cyclohexane-
absorption in the region between 380 and 450 nm in cyclohex- di». The excited carbene relaxes to its ground state more rapidly
ane. Thus, due to the overlap betwéett and 'Fl, the growth than it reacts with solvent.
of relaxed!Fl is obscured. A3F| decays, the absorption &fl, 2.3. Cyclohexene and Benzentlltrafast photolysis (308 nm)
centered at 470 nm, is formed. After 500 ps, a sharp band of DAF in cyclohexene produces spectra similar to those in
centered at 497 nm is formed. Griller et?ahowed that the  cyclohexanelFI*, 1Fl, 3Fl, and FlH are all observed in this
9-fluorenyl radical (FIH) absorbs at both 470 and 497 nm. alkene solvent. In cyclohexene, the lifetime'bfis 49+ 7 ps,
Therefore, the newly formed 497 nm band can be readily which is shorter than that recorded in cyclohexane (88 ps, Table
assigned to Flsl TD-DFT calculations predict FlHhas a 1). Due to the similar polarities of cyclohexane and cyclohexene,
vertical transition at 454 nnf & 0.0494) in fair agreement with  we believe that the ISC rates should be similar in both solvents.
the 497 nm assignment (SI, Table S3). The lifetimeffin Assuming that the ISC rate is the same in cyclohexane and in
cyclohexane is 88t 11 ps (Table 1), in fair agreement with  cyclohexene, it can be concluded tRElL reacts with cyclohex-
the data of Grasse et &[(140 ps) within experimental errér. ene before complete relaxation to its singigtplet equilibrium
Previously, Schuster and co-workemeported a Stern mixture. This explains why Jones and Rettig observed an alkene
Volmer analysis of the yield of radical FH(497 nm) in dilution effect in the presence of an additive, hexafluoroben-
spiropentane as a function of ethanol concentration. The lifetime zene! Based on the previous assumption regarding ISC rates
of the equilibrium mixture ofFl and3FI in spiropentane is 29  and that the concentration of neat cyclohexene is 9.9 M, we
ns, and upon analysis of the published data deduce thatthe  can deduce that approximately one-third of the nastémeacts
absolute bimolecular reaction rate constant between the singlet with cyclohexene and approximately two-thirds of the singlet
triplet equilibrium mixture of fluorenylidene and ethanol carbene undergoes ISC and that the bimolecular rate constant
keior(smis 1.9x 108 M~1s™L, The concentration of neat ethanol  of 1Fl and cyclohexene is 7.8 108 M~1-s71.
is 17.1 M. The lifetime of nonequilibratetFl in ethanol is 62 In benzene, the spectra produced by ultrafast photolysis (308
+ 9 psi® measured by ultrafast photolysi&{ = 308 nm) of nm) of DAF also resembles those observed in cyclohexane with
DAF in ethanol. Thus, the bimolecular reaction rate constant the only exception being that Féitannot be detected 3 ns after
betweertFl and ethanol igeons)= 9.4 x 18 M~1s7% If one the laser pulse. This is not surprising since theKCbonds in
assumes thalteior(s) in spiropentane is no faster than that in benzene are all attached to?dpybridized carbons and are

neat ethanol, then based on the relationship Kagdsm = stronger than the §pC—H bonds in cyclohexane and cyclo-
Keton(sfKeq ONe can conclude th#t.q < 5.0 and tha\Gst < hexene. Thus there is less efficient formation of lbly
1.0 kcalmol~t in spiropentane. hydrogen abstraction &Fl. In benzene, the lifetime dfFl is

The time constant of 88 ps observed in cyclohexane is the 100 + 12 ps, the same as that in cyclohexane, within
apparent time constant of the decay & by intersystem experimental error, indicating thdf| does not react with

(13) Because carbene ISC rates are slow in polar solvents, we assume that th€14) Eisenthal, K. B.; Turro, N. J.; Aikawa, M.; Butcher, J. A., Jr.; DuPuy, C;

ISC rate constants in ethanol and acetonitrlgr & 1.4 x 10°) are the Hefferon, G.; Hetherington, W.; Korenowski, G. M.; McAuliffe, M. J.
same. Thus, we propose thgt is not in equilibrium with®Fl in neat ethanol Am. Chem. Sod98Q 102 6563-6565.
and the dynamics measured are thos#-b&nd not the equilibrium mixture. (15) Optical yield is defined as the maximum value of transient absorption.
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Figure 3. Transient spectra were generated by ultrafast LER< 308 singlet carbene, following the precedents established by Kirmse
nm) of 9-diazofluorene in methanol with time windows of (a)5 ps and and Steenke#, Chateauneuf Dix and Goodman? Peon and
(b) 15-40 ps. Kohler/ and Wang et &:° In methanol, the protonation time

constants for diphenylcarbehandp-biphenylylcarbentare 9
benzene before its relaxation to the lower energy triplet state. 5, g ps, respectively. The protonation time constantfbis
It is the singlet-triplet equilibrium mixture of Fl which reacts  gypstantially larger than those of the other carbenes. This can
with benzene solvent. be explained by the fact that FiHis an antiaromatic cation
The excited fluorenylidenéFI*, probed at 370 nm, has a  and the formation of such species is less exothermic and has a

lifetime of 16 ps in cyclohexene. The lifetime is shorter than higher activation barrier and a slower rate than the analogous
those observed in cyclohexane and may be an indication thatcations.

the excited carbene reacts with cyclohexene. Reactions of an  Carbenes react with alcohols by a variety of mechanisms.
excited, open shell singlet carbene with alkenes need not bepeon and Kohlérdemonstrated that methanol protonation of
stereospecific as is the case with the lower energy closed shelldiphenylcarbene is a relatively minor reaction path even though
singlet carbenes. This could be responsible for some of theit is the only mechanism that generates a-t\s active species,
nonstereospecific product formed in neat alkéiée lifetime benzhydryl cation. Methanol protonation’s is probably once
of 'FI* is 19 ps in benzene, similar to the values obtained in again a minor component of the reaction of the carbene with
acetonitrile and cyclohexane. This indicates thdt does not the alcohol.
react with benzene. Previously, Schuster and co-workéreeported that the
2.4. Methanol. The results obtained in methanol (Figure 3), bimolecular reaction rate constant between the sindtatlet
an excellent trap of singlet carbenes, differ substantially from equilibrium mixture of fluorenylidene and methar@leor(st
those obtained in acetonitrile and cyclohexane. The broadis 8.6 x 10®* M~! s71 in acetonitrile. Following the same
absorption of the DAF excited state is still formed within the calculations described in section 2.2, one can derive that the
laser pulse. The subsequent decay of transient absorbance imbsolute bimolecular reaction rate constant between nonequili-
the 370 nm region, with a time constant of 11 ps, is not brated!Fl and methanokweons) = 1.8 x 10° M~1 s7%, based
accompanied by the growth of the 415 nm bandrf But 1FI on the fact that the concentration of neat methanol is 24.7 M
is readily visible 7 ps after the laser pulse. As i signal and that the lifetime ofFl in methanol is 22 ps. If one assumes
decays, a broad new band, centered at 515 nm, forms. The decayhatkyveor(s)in acetonitrile is no faster than that in neat methanol,
of IFl and the growth of the 515 nm band share the same time then based on the relationship th@tonsm = kueor(sfKeq ONe
constant (22 ps). The lifetime of the carrier of the 515 nm band can conclude tha{eq < 2.1 and that\Ggsr < 0.4 kcatmol™in
is 5 ps (Figure 4). acetonitrile. This is in excellent agreement with our earlier
The carrier of the 515 nm band is assigned to the 9-fluorenyl estimate thaKeq = 1.5 andAGst = 0.2 kcatmol™, a value
cation (FIH"), in excellent agreement with the spectra reported which was obtained by spectroscopy with no kinetic assump-
by Mecklenburg and Hilinski® TD-DFT calculations predict  tions.
that FIH" has a vertical transition at 443 nrh# 0.2382) in The lifetime ofIFl in methanol-OD does not show a large
fair agreement with the 515 nm assignment (S, Table S4). The isotope effect (KIE= 1.5), as previously observed for other
cation is formed by abstraction of a proton of methanol by the

(17) Kirmse, W.; Kilian, J.; Steenken, $. Am. Chem. S0d.99Q 112 6399~

6400.
(16) Mecklenburg, S. L.; Hilinski, E. KJ. Am. Chem. S0d.989 111, 5471~ (18) Chateauneuf, J. Res. Chem. Intermed994 20, 249-263.
5472. (19) Dix, E. J.; Goodman, J. L1. Phys. Chem1994 98, 12609-12612.
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carbeneg:® The small KIE value indicates th&El may react
with methanol primarily by direct ©H insertion and/or ylide
formation followed by a proton shuttle. The decay rate in

QU s J
Qo @
J = ®

Ylide
methanol-OD for the excitetFl, in the 370 nm region, is the
same as that in methanol within experimental error.
2.5. Hexafluorobenzene.The data obtained in hexafluo-
robenzene (HFB) are very similar to those obtained in aceto-
nitrile. The broad diazo excited state is formed within the laser

Proton

Shuttle H
—_—

OCH,4

a specific interaction between the carbene and HFB. We have
found that the hexafluorobenzene effect is also observed with
other halogenated solvents, dichloromethane and monofluo-
robenzene (SI, Figures S4 and S5). The lifetime$-bin these
halogenated solvents are longer than 500 ps. The transient
spectra recorded in these solvents on the ps and ns timescales
demonstrate that the decay’#i in these halogenated solvents

is still accompanied by the growth &fl.22 Thus, the long
lifetimes of the singlet carbenes are due to a depression in the
rate constants of intersystem crossing in the halogenated solvents
and are not due to the singlet state becoming the ground state
of the carbene.

3. Discussion

3.1. Excited Singlet CarbeneTheory predicts that the;S
state of diazomethane is 6731.5 kcalmol~! above the ground

pulse. The subsequent decay in the 370 nm region, with a timestate?® It is also predicted that the;State of diazomethane

constant of 27 ps, results in the growth %, monitored at
415 nm, with an isosbestic point at 400 nm (SI, Figure S3).
The lifetime ofFl in HFB is 490+ 90 ps, which is consistent
with the result (450+ 70 ps) obtained by Schuster and co-
workers? The decay ofFl producesFl, which absorbs at 470
nm. Similar to the data in acetonitrile, the decayefand the

has sufficient energy to decompose to form methylene in an
excited open shell, singlet state. Furthermore, modern theory
predicts that the S electronically excited singlet state of
diazomethane can both fragment to form methylene in its lowest
energy singlet state (major) and, in a minor process, decom-
pose to form methylene in an electronically singlet excited

growth of3Fl cease 2 ns after the laser pulse and the absorptionS'[a'fez-?’*26

of 1Fl does not decay to the baseline. This indicates that
fluorenylidene reaches its singtdriplet equilibrium after 2 ns.
The lifetime of the equilibrium mixture determined by Schuster
and co-worker$,by monitoring®Fl, is 100+ 6 ns in hexafluo-
robenzene. The absorption éFl at 2 ns is~33% of its
maximum absorption at 100 ps (S, Figure S3b). Following the

Prior to these calculations, Chang and Sheéhtexported
that photolysis of a precursor dért-butyl carbene gives a
different, less specific mixture of products than pyrolysis of
precursors to the same carbene. They posited that photolysis
produced an excited singlet stateteft-butyl carbene which
rearranged to a unique mixture of products at a rate competitive

same calculations described in section 2.1, one can deduce thawith relaxation to the closed shell singlet carbene.

the equilibrium constanKeq = 2.0, AGst = 0.4 kcatmol™1,
kst = 1.4 x 1 s71, andkrs = 6.8 x 108 s 1 in hexafluo-
robenzene.

Schuster and co-workers reported that the bimolecular reac-

tion rate constant between the singl&iplet equilibrium
mixture of fluorenylidene and methankeor(st)is 1.2 x 10°
M~1s™1 Following the same calculations described in section
2.4, one can deduce thigtq = 15 andAGst = 1.6 kcatmol™!

The Eisenthal grouf8282°demonstrated that photolysis of
diphenyldiazomethane with 266 nm light produced diphenyl-
carbene in an electronically excited triplet state, which was
detected by fluorescence spectroscopy. It was posited that the
excited triplet carbene was formed by relaxation of singlet
excited diphenylcarbene initially produced by monophotonic
excitation of the diazo precursor. The electronically excited
singlet state of diphenylcarbene was not observed in this study.

in hexafluorobenzene. These values are not in good agreemenfhe lifetime of excited triplet diphenylcarbene is 4 ns in

with those obtained by the more reliable spectroscopic method,

whereKeq = 2.0 andAGst = 0.4 kcatmol™%. The error in the

kinetics based calculation is mainly introduced by the assump-

tion thatkveor(s)is the same in neat methanol and in hexafluo-
robenzene. Based on the relationship #gbrst = Kveor(s/
Keqand applyingleq = 2.0, one can deduce thiafeors)= 2.4

x 10® M~1 s71 in hexafluorobenzene, which is much smaller
than the assumed value lfieors)= 1.8 x 10° M1 s7L. This
type of calculation reasonably deduced the-TSgap in
acetonitrile but fails in hexafluorobenzene, which may be due

to the fact that hexafluorobenzene is a nonpolar solvent and®?

retards the reaction rate betwe¥# and methanol.

As mentioned previously the ISC rates of carbenes depend(23

on solvent polarity’© It is curious that the lifetime ofFl in
HFB, whose polarity is similar to that of cyclohexane, is so
long. In a separate study gf-biphenylyltrifluoromethylcar-
bene?! the presence of small amounts of HFB in cyclohexane
was found to retard the rate of ISC indicating that there may be

(20) Langan, J. G.; Sitzmann, E. V.; Eisenthal, K.Ghem. Phys. Lett1984
110, 521-527.
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solution?®

Given this background we posit that UV photolysis of DAF
produces an excited state of DATD@AF*) which fragments to
form the lowest energy closed shell singlet carbéfé (major,
415 nm) and a small amount of the excited, open shell carbene
IFI*. The fact that the carrier of 370 nm transient absorption
decays to'Fl in acetonitrile and hexafluorobenzene supports

(21) Wang, J.; Kubicki, J.; Gustafson, T. L.; Platz, M. S. Unpublished work at

The Ohio State University. The data are given in the Supporting Information

as Figure S6.

The signal of triplet fluorenylidene is very weak in dichloromethane and

fluorobenzene. The spectra (Figures S4b and S5b) have been averaged

10 000 times to improve the signal-to-noise ratio.

) Bigot, B.; Ponec, R.; Sevin, A.; Devaquet, A. Am. Chem. Sod 978

100, 6575-6580.

(24) Yamamoto, N.; Bernardi, F.; Bottoni, A.; Olivucci, M.; Robb, M. A.;
Wilsey, S.J. Am. Chem. S0d.994 116, 2064-2074.

(25) Bernardi, F.; Olivucci, M.; Robb, M. A.; Vreven, T.; SotoJJOrg. Chem.

200Q 65, 7847-7857.

26) Arenas, J. F.; Lopez-Tocon, |.; Otero, J. C.; Sota].JAm. Chem. Soc.
2002 124, 1728-1735.

(27) Chang, K. T.; Shechter, H. Am. Chem. S0d.979 101, 5082-5084.

(28) Wang, Y.; Sitzmann, E. V.; Novak, F.; Dupuy, C.; Eisenthal, KIBAm.

Chem. Soc1982 104, 3238-3239.

(29) Sitzmann, E. V.; Wang, Y.; Eisenthal, K. B. Phys. Chem1983 87,
2283-2285.
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its assignment a$I*. We think it unlikely that an excited triplet  ylide solvent complex or the filled orbital of closed shell singlet
state of fluorenylidene would relax to the lowest energy singlet fluorenylidene forms a weak Meisenheimer type solvent com-
carbene at a rate competitive with that for fluorescence or plex®® with electron-poor hexafluorobenzene as first postulated
internal conversion to ground state tripR&l. The fact that by Gaspar and Joné$.Either of these interactions will
excited triplet diphenylcarbene has a lifetime of 4 ns in solution selectively stabilizéFI relative to3Fl, depress the singletriplet
further argues against assigning the carrier of 370 nm absorptiongap, and, following Eisenthal's analysis, slow the rate of
to 3FI*.28 ISC2030-32 The fact that the singlettriplet splitting of fluo-

The carrier of 370 nm absorption reacts with methanol and renylidene in HFB (0.4 kcainol™1) is more similar to that of
cyclohexene. That seems to be another reasonable property t@cetonitrile (0.2 kcamol™1) than cyclohexane (1.0 keahol=1)
attribute to'FI* as relaxed singlet fluorenylidene reacts rapidly persuades us that there is a specific carbeiodvent interaction
with both reagents and excited triplet diphenylcarbene reactsthat differentially stabilizes'Fl, reduces the ST gap, and
rapidly with alcohols as wef82° decelerates intersystem crossing. We have found that dichlo-

Alternatively, one can posit that UV photolysis of DAF romethane and fluorobenzene also depress the rate constants
produced the Sstate of diazofluorene and that this was the of intersystem crossing. For this reason we conclude that the
state detected right after the laser pulse (see Figure 1a). Thisspecific solvation of singlet fluorenylidene involves coordination
state would decay rapidly to the, State of DAF which one of the empty p-orbital with nonbonding electrons of fluorine or
could assign to the carrier of 370 nm transient absorption, which chlorines of the solvent.
has a lifetime of 20.9 ps in acetonitrile. Given that theory = We further posit that the significantly different specific
predicts that the Sstate of diazomethane will pass through a solvation of the singlet and triplet carbenes imposes a Franck
conicalintersectionand fragmentto methyleneinfemtosecdntfs,  Condon like factor on the intersystem crossing process. Those
we are reluctant to attribute the carrier of 370 nm transient solvents that most solvate the singlet carbene will also have
absorption to the Sstate of 9-diazofluorene. However, we the greatest structural difference between the singlet carbene
recognize that this interpretation remains viable. Unfortunately, solvent complex and their triplet spin isomer solvent complex,
we cannot pump DAF to sSusing visible light and probe the  on the smallest ST gap, and on the slowest ISC rate, hence
UV region of the transient spectrum to test this possibility. ~ an apparent violation of the “Golden Rule” of radiationless

3.2. Influence of HexafluorobenzeneEisenthal and co-  transitions3436
workerg®30-32 have studied the rates of intersystem crossing  Our conclusions differ only very slightly from those of the
(ISC) of diphenylcarbene (DPC) as a function of solvent. The pjoneering study of Jones and Rettifjhere is no question that
lifetime of singlet DPC in acetonitrile is 310 ps, and this lifetime  seminal singlet fluorenylidene reacts with neat alkene faster than
shortens to 95 ps in isooctane. A plot of the log of the first- gpin equilibrium is achieved with triplet fluorenylidene. Dilution
order rate constant of ISC 8DPC versus the Dimrot&r(30)* of neat alkene with HFB does depress the rate of singlet
parameter was linear. Normally, one expects that the rate offlyorenylidene reaction with alkene, but due to a specific
ISC will increase as the energy gap between the singlet andcarbene-solvent interaction the presence of HFB also reduces
triplet states decreas#s.* However, Eisenthal and co-workers  the rate of intersystem crossing. Under the conditions of the
proposed that polar solvents preferentially stabilize the singlet jones and Rettig experiménthe depression in the rate of
relative to triplet aryl carbenes, a postulate to later receive carbene plus alkene reaction exceeds the extent of retardation
experimentd’ and computational suppétin seeming contra-  of |SC; hence the dilution effect is observed. Our data predict
diction to eXpeCtationS. Eisenthal et al. advanced denSity of State&hat the dilution effect on the distribution of products formed
arguments to explain why ISC rates #DPC are fastest in  in the reaction of singlet fluorenylidene with an alkene will also

nonpolar solvents where the singtétiplet energy gap is largest  pe observed in acetonitrile and dichloromethane.
in solution. We have reported thatbiphenylylcarbene follows

the same pattern: fast ISC in honpolar cyclohexane and slower4. Experimental Section
ISC in polar acetonitrile. Schuster and co-workdirst reported 4.1. Calculations.DFT, TD-DFT, and CBS-QB3 calculations were

the same pattern with fluorenylidene, a trend we have repro- e formed using the Gaussian 03 suite of programs at The Ohio
duced in this work as well. Given that HFB and cyclohexane sypercomputer CentéiGeometries were optimized at the B3LYP/6-
have comparable Dimrothr(30)*3 values it is indeed remark-  31G(d) level of theory with single-point energies obtained at the
able that ISC is so slow in hexafluorobenzene. We speculate B3LYP/6-31H-G(d,p)//B3LYP/6-31G(d) level of theory. Vibrational
that the singlet carbene coordinates with the solvent. Either thefrequency analyses at the B3LYP/6-31G(d) level were utilized to verify
empty p-orbital of the singlet carbene coordinates with a that stationary points obtained corresponded to energy minima. The

nonbonding pair of electrons of the halogen to form a pseudo- €léctronic spectra were computed using the Time-Dependent Density
Functional Theory of Gaussian 03 at the B3LYP/6-3G(d,p) level,

(30) Sitzmann, E. V.; Langan, J.; Eisenthal, K. B.Am. Chem. Soc984 and 20 allowed electronic transitions were calculated.

(1) ng%glaiésJ_.lgfgs'itzmann, E. V.; Eisenthal, K.@em. Phys. Lett.986 4.2. Ultrafast SpectroscopyUltrafast UV—vis broadband absorption
124, 59-62. measurements were performed using the home-built spectrometer

) e 161 daa sk - G- Griller, D Eisenthal, K.@hem. Phys. described previousl§:. Samples were prepared in 50 mL of solvent

(33) DPim.roth, K.: Reichardt, C.: Siepmann, T.; BohlmannARn. 1963 661, with absorption 1.0 at the excitation wavelength with a 1.0 mm optical

/. length. Ultrafast photolysis of fluorene, fluorenone, and the solution
(34) Robinson, G. W.; Frosch, R. P. Chem. Phys1962 37, 1962-1973.
(35) Robinson, G. W.; Frosch, R. P. Chem. Phys1963 38, 1187-1203.

(36) Jortner, J.; Rice, S. A.; Hochstrasser, R Adv. Photochem1969 7, 149— (39) Meisenheimer, Justus Liebigs Ann. Cheri902 323 205-226.

309. (40) Gaspar, P. P.; Mack, D. P.; Lin, C. T.; Stanley, G. G.; Jones, MJ.Jr.
(37) Geise, C. M.; Wang, Y.; Mykhaylova, O.; Frink, B. T.; Toscano, J. P.; Org. Chem.1988 53, 675-677.

Hadad, C. M.J. Org. Chem2002 67, 3079-3088. (41) Burdzinski, G.; Hackett, J. C.; Wang, J.; Gustafson, T. L.; Hadad, C. M.;
(38) Geise, C. M.; Hadad, C. M. Org. Chem2000Q 65, 8348-8356. Platz, M. S.J. Am. Chem. So@006 128 13402-13411.
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obtained by photo bleaching DAF in acetonitrile failed to produce the greatest structural difference between the singlet carbene
transient spectra similar to those obtained with fresh solutions of DAF. solvent complex and their triplet spin isomer solvent complex,

4.3. Materials. All materials and solvents were purchased from on the smallest ST gap, and on the slowest ISC rate, hence
Aldrich. The solvents for ultrafast studies were spectrophotometric grade 5, “apparent” violation of the “Golden Rule” of radiationless
from Burdick & Jackson and used as received. 9-Diazofluorene was transitions34-36

prepared by the oxidation of the corresponding hydrazone according IF| reacts with neat cyclohexene before it completely relaxes

to known procedures:*
P to 3Fl. The presence of hexafluorobenzene does reduce the rate
5. Conclusions of the singlet fluorenylidene reaction with an alkene as first

Studies of fluorenylidene have been central to the develop- SUggested by Jones and RettigiFB is an inert diluent as
ment of mechanistic carbene chemistry. From the study of this ©"iginally proposedlin the sense that it does not undergo a
carbene, ideas about the specificity of singlet carbene reactionschemical reaction wittiFl at a rate that competes with spin
with alkenes and their relaxation to triplet carbenes were €quilibration. Indeed;Fl fully relaxes to its singlettriplet
solidified ! Fluorenylidene was one of the first carbenes whose ©auilibrium mixture in acetonitrile, cyclohexane, and hexafluo-
dynamics on the ns time scale was studied in d&til. robenzene but reacts with neat methanol and cyclohexene prior

Femtosecond time-resolved studies of the photochemistry of {0 complete spin equilibrium. HFB does solvate the singlet
9-diazofluorene (DAF) have allowed the first observation of carbene, however, and this solvation depresses the rate constant

the excited state of this compourD@F*). More importantly of ISC. The presence of HFB retards the rate of both the singlet
we have observed the first two singlet states (closed $Rell carbene reaction with alkene and ISC. At the concentrations of

and open shell’FI*) of fluorenylidene. This is the first ~HFB used by Jones and Rettithe effect of HFB on the rate
observation of an excited singlet carbene in solution. of the blmolgcglar reaction was greater than its effgct.on ISC;
Relaxed'F| undergoes intersystem crossing (ISC) to its lower hence '.[he'd|lut|on effect was qbsgrvgd. Our results indicate t'hat
energy triplet state on the ps time scale. ISC is, as a rule, moreSuch d|Iupon effects on t_he dlstrl_but|on of products for_med in
rapid in nonpolar solvents. In this regard! resembles the reaction of fluqre_nylldene_wnl also be observed in fluo-
diphenylcarbene amgtbiphenylylcarbene. The exceptions to this robenzene, acetonitrile, and dichloromethane solvents.
rule are hexafluorobenzene (HFB) and other halogenated Acknowledgment. Support of this work by the National
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