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Abstract: Laser flash photolysis of 9-hydroxy-9-fluorenecarboxylic acid in hexafluoro-2-propanol (HFIP) generates

a transient withlmax at 495 nm that reacts with nucleophiles such as methanol and bromide and is insensitive to
oxygen. Inthe presence of 0.15 M trifluoroacetic acid, a different transientwithat 560 nm that also reacts with
nucleophiles is formed. The 495 and 560 nm species are identified as a zwitterion (the 9-carboxylate-9-fluorenyl
cation) and its conjugate acid (the 9-carboxy-9-fluorenyl cation), respectively. The assignment of the zwitterion is
supported by the observation of infrared absorptions in the carboxylate region that are quenched by nucleophiles
with rate constants similar to those obtained by-tisible detection. Both the zwitterion and its protonated form

are observed at intermediate acid concentrations, leading to an estimateldf 2 M~ for the equilibrium constant

for the ionization of the 9-carboxy-9-fluorenyl cation in HFIP. Absolute rate constants for reaction of the zwitterion
with alcohols, anionic nucleophiles, and substituted aromatics are reported and compared to data for other 9-fluorenyl
cations.

There has been considerable recent interest in the generatiorm-trifluoromethyl has a large thermodynamic destabilizing
of carbocations substituted with electron-withdrawing grous. effect16:18 The relatively small effect of fluorine substituents
Despite initial assumptions concerning the intrinsic instability has been explained by a model in which the electron-withdraw-
of these species, “electron-deficient” carbocations are now well- ing substituent forces positive charge away from the benzylic
established intermediates in solvolysis reactions and have beercarbon to the 4-methoxy group. A number of theoretical studies
generated under stable ion conditions. Several arylmethyl andhave also addressed the relative importance of resonance
diarylmethyl carbocations with eitherester or trifluoromethyl stabilization and neighboring group participation in stabilizing
groups have also been generated photochemically, and theircations substituted with formally electron-withdrawing grotfod!
reactivity toward nucleophiles has been measured directly using The 9-fluorenyl cation has not been observed in strong acid
laser flash photolysis techniqu&s1” The results for diphen-  solution, even at low temperature, and has traditionally been
ylmethyl, 9-fluorenyl, and benzyl cations all indicate that considered to be thermodynamically unstable due to its anti-
o-ester-substituted cations are kinetically more stable than theiraromatic (4nt) characte?2 However, this cation and a number
hydrogen-substituted analogués>7 By contrast, the replace-  of its 9-substituted derivatives have recently been characterized
ment of thea-methyl hydrogens in the 4-methoxyphenethyl by laser flash photolysis experiments in nonnucleophilic solvents
cation with fluorines leads to modest increases in reactivity, such as hexafluoro-2-proparié#3-2> Most of the time-resolved
despite the fact that replacement of@methyl group with an experiments have used the appropriate 9-hydroxyfluorene as the
cation precursor based on the efficient photodehydroxylation
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fluorenyl cations as measured bi¢gpvalues for their reactions i = T e —
with water are only 5.5 and 2.5 kcal/mol lower than those of 0.08 +
the analogous diphenylmethyl cations. These results combined f'{
with ab initio calculations of the structures and energies of i | ll
9-fluorenyl and diphenylmethyl cations have led to the hypoth- - nund |
esis that there is little, if any, antiaromatic destabilization of 0 J 1
the 9-fluorenyl catior#? ?1 i '%
Our earlier work on the 9-carbomethoxy- andNN- ouoat -.1
dimethylthioformamidyl-9-fluorenyl catioA%3° has prompted
us to examine the photolysis of 9-hydroxy-9-fluorenecarboxylic iy~ ey x-:
acid (1) as a potential source of aa-carboxy-substituted 0 ] =t =
300 400 500 &an 700
X Wavelength, nm
Figure 1. Transient absorption spectra measured after 308 nm laser
O‘O excitation of 5x 104 M 9-hydroxy-9-fluorenecarboxylic acid in HFIP
(®, 1.6us) and 0.15 M TFA/HFIPQ, 0.8 us).
1 2,X=C0;”  5,X=CH; ture3242 This work provides the first direct detection of the
3X=COH  6X=H transient zwitterionic isomer of am-lactone at room temper-
4,X = CO,CH; ature.

carbocation for kinetic studies. This substrate belongs to a Results and Discussion
family of synthetic plant growth regulators known as morphac- . . .
tins that consist of substituted 9-fluorenecarboxylic aéldehe Steady State Photolysis.Photolysis of an aerated solution

. 0 )
morphactins have widespread use as herbicides and plant growtt?{ i n 1eo @OmethaTglélgtl;lP _ﬁfoo nm dgea\ﬁ.gge mtahjgr pé?ﬁuld
regulators, and several biological studies indicate that their at conversions up o IS was Identied as methy

i 1
activity is light-dependertt—3* We report herein that photolysis ether7 (eq 2) by comparison of LEMS and*H NMR data for

of 1in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) generates a HO_ COH

transient zwitterion2, which has been characterized using both

UV —visible and IR spectroscopy, and which is converted to O‘O

its protonated fornB in the presence of trifluoroacetic acid

(TFA). Related zwitterions have been proposed as intermediates 1 7

in some nucleophilic substitutions and polyesterificati#ng?

The closed form of the zwitteriornflactone, eq 1) has been the photolysis mixture with an authentic sampl& ofContinued
irradiation led to the formation of additional products, including
9-fluorenone and unidentified products of higher molecular
weights. Irradiation of a number of 9-alkoxy-9-fluorenes has

R o T R ~ o M been shown to generate radical-derived products, which may
K N account for the formation of additional photolysis products at
high conversior?843 |rradiation of thea-lactone8, which may

detected spectroscopically but in most cases is only stable in o

matrices at low temperature. For example, wher Rhenyl O

the zwitterion is thought to predominate even-at00 °C, ‘

although theao-lactone can be observed at lower tempera- Q O

tures®7:4041 This indicates that only a small energy barrier

separates the cyclic isomer from its ionic fofmBy contrast, 8

a-lactones with perfluoroalkyl groups are considerably more be in equilibrium with zwitterior2, could provide an alternate

stable and can in some cases be observed at room tempera: . . .
explanation for the formation of 9-fluorenone since a number

(29) Amyes, T. L.; Richard, J. P.; Novak, M. Am. Chem. Sod992 of relateda-lactones have been shown to undergo thermal and
114, 8032-8041. photochemical decarbonylatigfr.4°
(30) Lew, C. S. Q.; Wong, D. F.; Johnston, L. J.; Bertone, M.; Hopkinson,  |rradiation of1 in HFIP gave a product with LC and L€

A. ébfgﬁgﬂ;& rE'JéA?:% %h;";f:r?tap%sfjol%}%8gg' 499-533 MS data consistent with the formation of the hexafluoro-2-

(32) Das, V. S. R.; Rao, I. M.; Swamy, P. M.; Raghavendra, AI&nt propyl ether.' Thus steady state photolysisl-dh alcohols is
Cell Physiol. 1976 17, 77—82. consistent with the formation of a carbocation that is trapped
(33) Dybing, C. D.; Yarrow, G. LJ. Plant Growth Regul1984 9—-21. i i i
(34) Driesche. T. VNova Acta Leopoldinal977 46, 203299 by g,olvent to give the corresponding ether as the primary
(35) Strazzolini, P.; Poiana, M.; Verardo, G.; Giumanini, A. R&ecl. product. . . .
Trav. Chim. Pays-Bad991, 110, 283-289. Laser Flash Photolysis: U\~Visible Detection. Laser
(gg) \(/)vlﬁlaolla' J-;Ro_kgwalf& H,—L»Oé?aﬂom%thChensi9£754'glz4%&1357% excitation (308 nm, 8 ns/pulse) of & 104 M 1 in HFIP
60é8 ) Wheland, R.; Bartlett, P. Dl. Am. Chem. S0d97q 92, generates the transient spectrum shown in Figure 1. The
(38) Chapman, O. L.; Wojtkowski, P. W.; Adam, W.; Rodriquez, O.; Observed transient hal.x at 495 nm, is formed within the
Rucktaschel, RJ. Am. Chem. Sod 972 94, 1365-1367. laser pulse, and decays with first-order kinetics with a lifetime
(39) Adam, W.; Liu, J.-C.; Rodriguez, Q. Org. Chem1973 38, 2269-
2270. (42) Coe, P. L.; Sellars, A.; Tatlow, J. C.; Whittaker, G.; Fielding, H.
(40) Sander, W. WJ. Org. Chem1989 54, 4265-4267. C.J. Chem. Soc., Chem. Commu®882 382-383.
(41) Wierlacher, S.; Sander, W.; Liu, M. T. H. Org. Chem1992 57, (43) Wan, P.; Krogh, EJ. Chem. Soc., Chem. Commad®885 1207

1051-1053. 1208.
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Table 1. Rate Constants for Reaction of 9-Substituted Fluorenyl Cations with Nucleophiles in HFIP°&¢ 20

ke M~1st

nucleophile 2(X =COy) 4 (X = CO,CHy) 5 (X = CHa) 6(X =H)

methanol (1.6£ 0.1) x 10 6.7 x 10PP (4.8+0.6)x 10°°¢ 1.8x 107P
(2.4+ 0.6) x 10p¢

ethanol (9.7:0.2) x 10° 4.6x 10°b (4.2+£0.3)x 10°°¢ 1.3x 107P

2-propanol (5.4£0.1)x 10P 2.3x 10°P =1x 10 7.9x 10PP

water <1x1C® 24 x 10PP <5x 10 15x 10°¢

bromide (2.4£0.1) x 108 3.5x 10°P (4.5+0.1) x 10° 9.6 x 10°P
(2.24 0.5) x 10 ¢

chloride (4.7£0.2) x 10° (4.7+0.1) x 10° (8.4+0.3) x 10 (9.940.3) x 10°

aUnless otherwise noted all rate constants were measured by using UV/visible detection of the cation. Cations were generat2dpg)308 (
or 266 nm b) irradiation of the corresponding alcoh8lReference 155 Plots are curved at high nucleophile concentratini. detection at 1575
cm L. ¢ Reference 24.

T 1 T T T T T T T T T T T T
0.06[ . \
N ' o.o8f ° _
. 0.041 . - .
a o :
O i O o.04}
< 0.02} <
ok 0 it A
300 400 500 600 700 o 1 2 3 4
Wavelength, nm Time, us

Figure 2. Transient absorption spectra measured at various times after igyre 3. Transient decay and growth at 498)(and 560 ) nm,
308 nm excitation of 1 10-* M 9-hydroxy-9-fluorenecarboxylic acid respectively, following 308 nm excitation of t 10-3 M 9-hydroxy-
in 0.065 M TFA/HFIP: (J), 80 ns; @), 400 ns; &), 3.5us. 9-fluorenecarboxylic acid in 0.065 M TFA/HFIP.

of ~20 us. The spectrum shown in Figure 1 has a weak Excitation of 1 in HFIP with a 35 ps 266 nm laser pulse
absorption at 360 nm that decays with the same kinetics as theresults in the formation of the same 495 nm transient that is
495 nm band and is, thus, assigned to the same species. Aobserved in the nanosecond experiment. The transient is formed
weak long-lived residual absorption also contributes to the within the laser pulse, and no additional species are detected in
spectrum between 300 and 460 nm. The 495 nm transient isthe 406-700 nm region after 5 ns. The same 495 nm transient
unaffected by oxygen but reacts with nucleophiles, consistentwas generated by nanosecond laser flash photolysis in mixtures
with its assignment to a cationic species. For example, plots of HFIP and 2,2,2-trifluoroethanol (TFE). The observed rate
of the observed rate constants for decay of the 495 nm transientconstant for its decay increased with increasing percent of TFE,
as a function of nucleophile concentration gave rate constantswith an observed lifetime 0f100 ns in 80% TFE/HFIP. Plots

of 1.6 x 10f and 2.4x 10° M1 s for reaction with methanol  of the observed rate constant vs percent TFE showed pronounced
and bromide, respectively (Table 1). The lifetime of this positive curvature. Attempts to genera2ein HFIP in the
transient is also sensitive to the concentration of the precursorpresence of other strong acids such as perchloric, sulfuric,
alcohol; a plot of the observed rate constant for the decay as amethanesulfonic, and hydrochloric were unsuccessful; in most

function of [1] gives a rate constant of 2.6 10’ M~1 s, cases the problems appeared to be related to decomposition of
A different transient spectrum withnax at 560 nm and a  the precursor alcoholl.
lifetime of ~10 us is obtained upon 308 nm excitation bifn Both the radical catiorl** and the 9-carboxy-9-fluorenyl

HFIP containing 0.15 M TFA (Figure 1). This species also radical were generated independently in order to confirm that
exhibits cationic behavior in that it is insensitive to oxygen and these two species were distinguishable from the two transients
reacts with nucleophiles. Rate constants of X.20° and 4.0 observed upon laser irradiation bf Thus, 355 nm irradiation

x 10° M~ s71 were measured for reaction of the 560 nm of chloranil in acetonitrile containing % 103 M 1 leads to
transient with methanol and bromide, respectively, in 0.15 M efficient quenching of the initially formed chloranil triplet at
TFA/HFIP. At lower concentrations of TFA the transient 520 nm. The quenching results in electron transfer to generate
spectra clearly show the presence of both the 495 and 560 nmthe chloranil radical anion at 450 rifnand 1" with Anax at
species. For example, Figure 2 shows the transient spectrs650 nm, in good agreement with the spectra for a number of
obtained in the presence of 0.065 M TFA at three different times substituted fluorene radical catio#s?> The 9-carboxy-
after the laser pulse. Under these conditions a substantialsubstituted radical was generated by hydrogen abstraction from
fraction of the 495 nm signal decays with apparent first-order 9-fluorenecarboxylic acid usingrt-butoxyl radical generated
kinetics with an observed rate constant of 2.90° s, whereas by 355 nm photolysis of diert-butyl peroxide in nitrogen-
the 560 nm signal grows in with a similar rate constant of 3.1 saturated 1:1 peroxide/acetonitrile. The radical hasat 555

x 106 s71. Both the 560 nm transient and the residual signal nm, with a shoulder at 525 nm, in good agreement with the
at 495 nm then decay on a somewhat longer time scale (Figurespectrum of the 9-carbomethoxy-9-fluorenyl radieand is

3). Th_e relative amounts of the two transients and t_he kinetics (a4) Andre, J. J.. Weill. GMol. Phys.1968 15, 97—99.

for their growth and decay depend on the concentration of TFA,  (45) Shida, T Electronic Absorption Spectra of Radical IgriEisevier:

as discussed in more detail below. Amsterdam, 1988.
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transients to cationic species. Our initial hypothesis was that
zwitterion2 and its protonated forr8 were responsible for the
495 and 560 nm transients, respectively. The effects of added
TFA are consistent with the formation of two cationic species
that are in acietbase equilibrium. This assignment is also
supported by the following spectroscopic and kinetic evidence.
The spectrum foB hasimaxat 560 nm and is virtually identical
to the spectrum of the corresponding 9-carbomethoxy-9-
fluorenyl cation &) which also haslmax at 560 nmt> The
observedimax 0f 495 nm for then-carboxylate-substituted cation

i L L L 2 is in good agreement with data for most other 9-fluorenyl
1700 1650 1600 1550 cations. For example, the parent cation and its 9-alkyl and 9-aryl

v, Cm'1 analogues have absorption maxima between 480 and 540

Figure 4. Time-resolved infrared spectrum obtaineqid after 30~ NM>*° Similarly the 9N,N-dimethyithioformamidyl-9-fluo-
nm excitation of 4x 10-% M 9-hydroxy-9-fluorenecarboxylic acid in ~ fenyl cation hasimax at 520 nm® A similar shift to longer
HFIP. The inset shows the time-resolved absorbance trace at 1575 cm Wwavelength upon substitution of hydrogen by astarbonyl

0.02

0.01

AO.D

a first-order fit of this decay yields a lifetime of 5. group has also been observed for substituted diphenylmethyl
cations?

clearly distinguishable from either of the two transients obtained  Additional support for the assignment of the 495 nm transient

upon photolysis ofl. to zwitterion2 is provided by the IR results. The IR and BV

Laser Flash Photolysis: IR Detection. The photolysis of visible transients detected in HFIP are obviously the same
1 was also examined using laser flash photolysis with infrared species, based on their observed lifetimes and quenching
detection. Excitation ofl ((4—8) x 10-3 M in HFIP) results behavior. More importantly, the observed IR transient has
in bleaching of the carbonyl band of the starting material at strong absorption in the region expected for a carboxylate anion.
1721 cnr! and the production of transient absorptions between For example, a variety of carboxylate anions have strong infrared
1625 and 1575 cri (Figure 4). The lifetime is the same within  absorptions between 1650 and 1540 and 1450 and 1360 cm
experimental error at both 1620 and 1575¢@nindicating that for the asymmetric and symmetric-© stretches, respectivety.

a single species is responsible for the observed IR signals. The kinetic results for reactions of the 495 and 560 nm
Further, this lifetime depends on the concentratiod ahd is transients with nucleophiles are consistent with their assignment
in reasonable agreement with the lifetime for the 495 nm tg 2 and 3, respective|y_ As noted above, there is a |arge

transient at the same concentration Ioin the UV-visible difference between the observed rate constants for reaction of
experiments. For example, at 0.0041Mthe 495 nm transient  the two species with bromide while those for methanol are quite
decays with an observed rate constant of 1.4C° s~ similar similar. The rate constant of 2 10° M~ s~ for reaction of

to the value of~1 x 10° s*! measured in the infrared the 560 nm transient with bromide is comparable to values
experiment. The rate constants for the infrared measurementgTable 1) reported for other 9-fluorenyl cations (e.g., 8.50°

are in .general slightly lower than thpse based.on—msitl)le M~1 s 1for 4). By contrast, the 495 nm transient assigned to
detection, probably as a result of differences in experimental 2 is 3 orders of magnitude less reactive, a result that may be
conditions for the two. explained on the basis of electrostatic repulsion between the

The IR signals decay more rapidly in the presence of carboxylate group and the incoming anionic nucleophile. Such
nucleophiles such as methanol or bromide and are insensitiveeffects are not important for quenching by neutral nucleophiles
to oxygen. For example, the measured rate constant forsuch as alcohols, and the rate constants for methanol quenching
guenching of the 1575 crd signal by methanol of 1.% 10° of 2 and3 are both similar to that fod (6.7 x 10°P M1 s™1),

M~1 s! agrees well with that measured using bMsible Our apparent rate constant for reactiorRafith bromide may,
detection (Table 1). The IR signals at 1600 and 1620%cane in fact, be only an upper limit since it probably includes a
guenched by methanol with similar kinetics, further confirming contribution from reaction of a small equilibrium concentration
that all three bands belong to the same species. The 1575 cm of 3 with bromide ion.

transient reacts with bromide with a measured rate constant that The evidence in favor of assignment of the two transients to

is also in good agreement with that obtained by -tNsible  zwtterion2 and its protonated forr is compelling. Neverthe-
detection (Table 1). Bromide quenching leads to the production |ess it is important to show that other potential intermediates
of additional long-lived signals between 1600 and 1640tm  gre inconsistent with the available experimental data. For
that complicate the kinetic analysis in this region. example, the assignment of one of the two transients to the
Attempts to carry out the IR experiments in the presence of radical cation of the precursot*() would be consistent with
sufficient concentrations of TFA to generate predominantly the the observed reactivity toward nucleophiles and insensitivity
560 nm transient were unsuccessful due to strong IR abSOI’ption&oward oxygen. However, this poss|b|||ty can be eliminated
of TFA in the region of interest. The use of other acids that py the fact thal** generated by photosensitized electron transfer
are suitable for IR experiments was also unsuccessful, as notethas .., at 650 nm, in agreement with the known spectra for
above. No transients were observed in HFIP between 1855 andsybstitued fluorenyl radical catio®4> The 9-carboxy-
1988 cnrl, the typical region for absorptions due ¢olac- substituted fluorenyl radical can also be ruled out on the basis
tones?424% Note that this region is not shown in the spectrum  of an authentic spectrum for this radical generated by hydrogen
in Figure 4 since independent experiments using two different gpstraction from 9-fluorenecarboxylic acid.
laser diodes for the IR detection system were required to monitor Photodecarboxylation of arylacetic acids is a well-known
the entire carbonyl range. . reaction and could be a potential complication in the photolysis
Assignment of Transients. The above observations are

consistent with the assignment of both the 495 and 560 nm  (47) Lin-Vien, D.; Colthup, N. B.; Fateley, W. G.; Grasselli, J. The
Handbook of Infrared and Raman Characteristic Frequencies of Organic
(46) Milligan, D. E.; Jacox, M. EJ. Chem. Physl962 36, 2911-2917. Molecules Academic Press: San Diego, CA, 1991; p 141.
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of alcohol 1.48-51 However, the parent 9-fluorenecarboxylic Table 2. Rate Constants for Reaction of Zwitteri@and the
acid does not undergo efficient photodecarboxylatibn<( 0.01) 9-Fluorenyl Catiorb with Aromatics in HFIP at 20C

to give anion-derived products in either acetonitrile or in acidic Ky M~ts7t

solution?® Similarly, assignment of either of the two transients

t bene (f lidene) or the 9 | cation formed ———omate 2 0

o0 a carbene (fluorenylidene) or the 9-fluorenyl cation forme ,

by its protonation can be ruled out on the basis of the known ﬁgiﬂﬁene (é%t ggi ig i;i ig:
spectroscopic and kinetic properties of these two species. FOr giphenyimethane <5 x 10* (4.940.1) x 108
example, 9-fluorenylidene haknax at 470 nm in acetonitrile benzhydrol (6.5£0.2) x 10°P (L.3+£0.x) x 108°

and reacts rapidly with both oxygen (1:410° M~ s71)52 and
methanol (6.3x 10° M~1 s71)33 and the 9-fluorenyl cation has
Amax at 515 nm* and reacts with methanol more rapidly (&8

10’ M~ s 115 than do eithel or 3. Furthermore, attempts to
protonate fluorenylidene in HFIP have been reported to be
unsuccessfui?

The importance of thex-lactone in the room-temperature
photolysis of alcohol must also be considered. lItis clear that
the relative importance of the zwitterionic and cyalidactone
forms shown in eq 1 is dependent on a number of factors,
including the temperature, substituents, and solvent polarity.
Although a-lactone8 would not be detectable in our transient
experiments based on UWWisible detection, it should be readily
observable in the transient IR experiments. The failure to . . . .
observe any IR absorptions in the expectethctone region as with alcohols with decreasing rate constants in the order H
(1855-1988 cnl)414246suggests that this species is not present CQ,CHs > CH. . .
to a significant extent. This is supported by the fact that the ~ The rate constants for reaction @ with a number of
transient absorptions assigned to zwitterband cation3 are substituted aromatics were also measured apd are listed in Table
comparable in magnitude to those observed previouslytfor 2, along with data for the 9-fluorenyl catio®, The data
(and assuming that the 9-substituent does not affect the quantunflémonstrate that the parent 9-fluorenyl cation is more reactive
yield for photodehydroxylation). A significant equilibrium toward all the aromatics than is zwitteridh although the
concentration oB would lead to substantially reduced yields changes in rate constant are much more pronounced for simple
8 is formed by photolysis of alcohdl, although it is difficult The reaction o with both anisole and mesitylene is likely to
to conclusively eliminate the possibility that a small equilibrium ©ccur via addition to the aromatic ring to give products derived
concentration of the cyclic form is present. These results are from a cyclohexadienyl cation, as has been observed previously
consistent with earlier observations for the related diphenyl- for the 9-fluorenyl catior*>> Transient absorption spectra

methyl system, for which the-lactone could only be observed ~Measured in the presence of anisole and mesitylene provided
at temperatures lower than100 °C 37,4041 no evidence for the formation of additional transient products

Reactions of 2 with Nuc|eophi|esl As noted above the as a result of the reaction of zwittericghwith the aromatic

transients assigned to zwitterighand cation3 reacted with ~ Substraté® Although cyclohexadienyl cations have been de-

nucleophiles such as methanol and bromide. The reactivity of tected by laser flash photolysis in the addition6ofo anisole

2 toward a series of alcohols and anions was evaluated byand mesitylene, they were not observed for less reactive aromatic

measuring the rate constant for its decay as a function of the Substratesi < 10° M~* s™), presumably due to rapid reactions

concentration of added nucleophile. The rate constants for Of the cyclohexadienyl cations. The product cyclohexadieny!

reaction with nucleophiles are summarized in Table 1, along cations formed by addition dt to substituted benzenes may

with data for the parent 9-fluorenyl catio)(and its 9-methyl be relatively short-lived as a result of rapid intramolecular proton

and 9-carbomethoxy derivatives, @). The latter cations have  transfer from the aromatic ring to the carboxylate group and

all been characterized previous|y using laser flash ph0t0|ysis are thus unlikely to be detectable in our transient eXperimentS.

techniques, and most of the rate constants for addition of Zwitterion2 is relatively unreactive toward diphenylmethane,

nucleophiles are available in the literatdP&? In some cases, and only an upper limit for the rate constantob x 10* M1

the data for these cations had not been determined; these rate™! could be estimated. The measured rate constant 0k4.9

constants were measured by monitoring the decay of cafions 10° M~ s~ for reaction of6 with diphenylmethane is a factor

5, and6 at their respective maxima of 560, 510, and 515 nm as of 2 slower than that measured previously for tolughd3oth

a function of nucleophile concentration. ring addition and hydride transfé® are potential reaction
The rate constants for addition of alcohols2alecrease in pathways in this case, but the relatively slow rate constant makes

the order methanob ethanol > 2-propanol, as observed

previously for other 9-fluorenyl cations. In each case, the  (55) Cozens, F.; Li, J,; McClelland, R. A.; SteenkenABigew. Chem.,
Int. Ed. Engl.1992 31, 743-745.

aReference 55 Plots are curved at higher concentrations.

carboxylate-substituted cation is slightly less reactive than the
carbomethoxy-substituted analogue but more reactive than the
methyl-substituted cation. All three cations are less reactive
than the parent 9-fluorenyl cation with typical decreasest 1
orders of magnitude in rate constant. As noted above, zwitterion
2 is relatively unreactive toward bromide and the data in Table
1 show that the same is true of other anionic nucleophiles such
as chloride. For both halides the rate constantssaiz4 x

10 M~1s 1 and may include a contribution from reaction with

a small equilibrium concentration of the protonated cati®n,
Cations4, 5, and6 show the same reactivity order with anions

(48) Krogh, E.; Wan, PJ. Am. Chem. S0d.992 114, 705-712. (56) Competitive absorption by the quencher at the laser wavelength is

(49) Steenken, S.; Warren, C. J.; Gilbert, B.J.Chem. Soc., Perkin a problem at high concentrations of some of these aromatics. Spectra were
Trans. 2199Q 335-342. recorded at 0.14 M anisole, which corresponds-8)—90% quenching of

(50) Epling, G. A.; Lopes, AJ. Am. Chem. S0d.977, 99, 2700-2704. 2. However, 2 still has a lifetime of several microseconds under these

(51) Craig, B. B.; Weiss, R. G.; Atherton, S. J.Phys. Chem1987, conditions, which may make it difficult to detect transients with similar or
91, 5906-5912. shorter lifetimes. Spectra for mesitylene and benzhydrol could only be

(52) Casal, H. L.; Tanner, M.; Werstiuk, N. H.; Scaiano, JJCAm. measured at concentrations for which there was considerably less quenching
Chem. Soc1985 107, 4616-4620. of the initial zwitterion.

(53) Griller, D.; Hadel, L.; Nazran, A. S.; Platz, M. S.; Wong, P. C,; (57) Bethell, D.; Hare, G. J.; Kearney, P. A.Chem. Soc., Perkin Trans.
Savino, T. G.; Scaiano, J. @. Am. Chem. Sod.984 106, 2227-2235. 21981, 684-691.

(54) Kirmse, W.; Kilian, J.; Steenken, 3. Am. Chem. S0d.99Q 112, (58) Ishikawa, M.; Fukuzumi, S.; Goto, T.; Tanaka,Bull. Chem. Soc.

6399-6400. Jpn. 1989 62, 3754-3756.
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it difficult to obtain transient evidence that could distinguish
between these two possibilities. Both and 6 react with [H], M

benzhydrol with zwitterior2 reacting~20 times more slowly  Figure 5. Plot of the ratio 8]/[2] at equilibrium (A) and the calculated
than6. This is in contrast to the fact th#étis ~3 orders of value ofk; + k;[H] as a function of acid concentration in HFIP (B).
magnitude more reactive th&toward addition to the aromatic
ring of anisole and mesitylene and suggests that reactions suc
as nucleophilic addition or hydride transfer may also be
important. Quenching o6 with benzhydrol does lead to
additional transients in the 4600 nm region that may be
related to either ring addition or hydride transf&rThe transient
experiments do not allow us to draw any conclusions as to the
reaction mechanism fa since spectra can only be measured

h The equilibrium constanti, eq 3) for the interconversion
K = ky/k, = [2][H V3] 3)

of 2 and 3 has been estimated by measuring the ratio of the
amounts oR and3 at equilibrium (R]/[3]) as a function of the
acid concentration. The ratio of the equilibrium concentrations
can be estimated from the relative optical densities at 490 and

at relatively low concentrations of benzhyd?él. 560 nm if the ratio of the molar absorption coefficients for the
Estimation of pK, for 3. As noted above, zwitteriog is two species is known. This ratio has been estimated from the
the only transient observed upon laser irradiatiod of HFIP relative optical densities at 490 and 560 nm for matched samples

alone, whereas only the protonated cat®is formed in the of alcohol 1 in HFIP and 0.15 M TFA/HFIP. It has been
presence of concentrations of TFA®0.15 M. At lower acid assumed (1) th& and3 are the exclusive products of photolysis
concentrations both are formed (Figure 2). Under these in HFIP alone and in the presence of acid, respectively, and (2)
conditions, the zwitterion decay no longer follows simple that the quantum yields for cation formation for the two samples
monoexponential kinetics but shows both a fast and a slow are identical. The ratio of optical densities at the two
component. The fast component increases with increasing acidWwavelengths for any given acid concentration for which both

concentration and the decay kinetics match those for the growthSPecies are formed can then be used to calculate concentration
of 3 at 560 nm (Figure 3). The decay kinetics match ratios, after correction for the fact that both transients contribute

those for the slow component in the decayoindicating that to the signal at each wavelength. The ratio of optical densiti_es
the kinetics reflect the decay of an equilibrium mixture of the &t 490 and 560 nm reaches a constant value at a certain time

two species. These results are consistent with a mechanism irfelay after the Igser pulse, giving the eqL_liIiprium value for
which the starting material is either intramolecularly or inter- 12]0/[3] f&ia&hifgsdﬁﬁ?:é%nggfﬁo?ﬁe/?chquggg{ lgfrr:hcggis;agt;f
molecularly hydrogen-bonded, with the former predominating tHe lot of BJ/[2] vs [H*] (Figure 5) P P

in HFIP alone and the latter increasing in concentration with P 9 .

: . i ) A second approach for determining the equilibrium constant
increasing [TFA] (Scheme 1; SOHHFIP or TFA). The [Xa's is based on measuring the individual rate constantnd k;
of the solvent HFIP, TFA, and of 9.3, 0.2, and~4°%06! gre

) ) - i ! for the ionization of3. These rate constants could not be directly
consistent with these assumptions. Photolysis of the intramo- gytracted from the kinetic data obtained foand3. However

lecularly hydrogen-bonded form gives the zwitterion directly, it was possible to obtain the suk + k[H*] at each acid
consistent with the fact that this intermediate is the only species cgncentration by curve fitting the decay traces obtained for
observed in HFIP and is formed within a 35 ps laser pulse. zwitterion2 at 490 nm (as outlined in the Experimental Section).
Photolysis of the intermolecularly hydrogen-bonded form at high A plot of ki + kJH*] vs [H*] gave an excellent linear
TFA concentrations gives catioB. At intermediate acid correlation (Figure 5), with values &f = (1.5 + 0.5) x 10P
concentrations, bothand3 are generated within the laser pulse s1 andk, = 3.7 x 10’ M~! s71 obtained from the intercept
and some of the initial zwitterion is protonated in a slower step and slope, respectively. This gives an estimate af 03 M

to give 3.

(60) Jencks, W. P.; Regenstein, J. Hlandbook of Biochemistry and
Molecular Biology G. D. Fasman, Ed.; CRC Press: Cleveland, OH, 1976;
(59) Lew, C. S. Q.; Lee-Ruff, E.; Johnston, L. J., unpublished results. Vol. 1; pp 305-351.
Experiments aimed at elucidating the nature of the reaction between the (61) Kresge, A. J.; Pojarlieff, I. G.; Rubenstein, E. Man. J. Chem.
9-fluorenyl cation and potential hydride donors are in progress. 1993 71, 227-229.
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for the equilibrium constant. Similar curve fitting of the 560 redistilled over molecular sieves through a 30 cm Vigreux column.

nm data for3 gave values ok; = (8.5+ 1.2) x 1P s ko = Solvents used in all the HPLC experiments were of spectroscopic grade
4.4 x 100 M~1s andK = 1.9 x 102 M. Values ofk; are (Ominsolv). All other solvents and reagents were of highest purity
subject to large errors whea is comparable or larger thda, available and were used as received from commercial sources.

thus resulting in a substantial variation in bdthand K in Melting points are uncorrected. UWisible spectra were measured

comparing the two sets of data. Nevertheless, the average" @ Varian Cary 3 double-beam spt_actrophotometer. Proton and
estimate of 1.1x 102 M for the equilibrium constant for the ~ carbon-13 NMR spectra were recorded in CB@®1 a Bruker AM-200
acid dissociation 08 compares favorably with the value kf or an AMX-500 instrument. Chemical shifts are reported in parts per

— 1 x 10-2 M obtained above from equilibrium concentration million relative to tetramethylsilane as an internal standard. HPLC
measurement q experiments were run on a HP 1090 liquid chromatograph equipped

with a HP ODS Hypersil column (am, 200 x 2.1 mm) and a UV

. detector. LC-MS experiments were carried out on a HP 1090 liquid

Conclusions chromatograph with a HP ODS-2 columny(B, 250x 4.6 mm) linked
Photolysis of alcohol in HFIP generates transient zwitterion ~ t0 @ HP 5988 mass spectrometer with a thermospray interface.

2, which has an absorption maximum at 495 nm and reacts Steady State Photolysis of 1. (a) NMR.9-Hydroxy-9-fluorene-

rapidly with alcohols but is insensitive to oxygen. The carboxylic acid {) (50 mg) was dissolved in a mixture of HFIP/

assignment of the 495 nm transient to zwitter®is confirmed methanol (1 mL, 9:1 v/v), and the solution was photolyzed at 300 nm

by a time-resolved infrared experiment in which a species that in a Rayonet photoreactor for 20 min. The solvent was evaporated
under vacuum. A 200 MH#H NMR spectrum of the residual material

?hb:(i;k\)/s_l\zstig?ecﬁ ;k;]os)i(gﬁt?sr%%lggﬂ?gg thg(t)rr:;?sttc;risv\i:ilt%eiﬁiiny in CDCl; consists of a singlet (2.92 ppm), a very broad peak (6.2 ppm),

. . : . 7' and a multiplet in the aromatic region (7:28.70 ppm). The broad
steady state photolysis dfl!’l. metharjol leads to the formatlon peak at 6.2 ppm was assigned to alcoholic/acidic protons by a deuterium
of the expected nucleophilic trapping product, etfierThis exchange experiment with 0. Addition of an authentic sample
work provides the first direct detection at room temperature of showed that the signal at 2.92 ppm is due to the methoxy group of
the type of zwitterionic intermediate that is thought to be 9-methoxy-9-fluorenecarboxylic acid)( In the particular experiment
responsible for the efficient polyesterifications observed for described here, the ratio of the MeO signal at 2.95 ppm and aromatic
reactions involvingx-lactone intermediate’:3%63 However, the protons at 7.257.70 ppm indicated-20% conversion of the starting
experiments do not provide any direct evidence for the interven- materiall to the ether.
tion of the cyclic a-lactone in the room-temperature photo- (b) HPLC/LC —MS. A solution prepared as described above was
chemistry of alcoholl. In the presence of TFA the zwitterion  photolyzed for varying times, and aliquots were periodically withdrawn
is protonated to give its conjugate acid, cat@nwhich has and examined by HPLC. As photolysis in the HFIP/methanol (9:1 v/v)
Amax @t 560 nm. Both are formed at intermediate acid mixture proceeded, the peak due to starting matdridecreased in
concentrations, and experiments in the presence of variableintensity and a new peak with a longer retention time was formed.
concentrations of TFA lead to an estimated.gin HFIP) of The chemical ionization (am:nomum acetate) mass spectrum of the new
~2 for 3, substantially lower than thekp of the parent  Peak hadm/z258 (M+ NH.", M = CHiOCisHsCOM). This peak

hydroxycarboxylic acidl (~4 in water). Similar increases in S assigned 1@ by co-injection of an authentic sample. Longer

acidity have been observed for radical cationg-afninobenzoic photolysis times ¥ 30 min) resulted in the formation of 9-fluorenone
. - . . : " and unidentified products with longer retention times.

acid and various methoxylated benzoic acids which vyield P 9

transient radical itterions upon deprotonatiare® When the photolysis was carried out in HFIP alone, a similar new
! Ical zwittert up P ) peak was detected by HPLC; the chemical ionization (ammonium

Both zwitterion 2 and cation3 react with alcohols more acetate) mass spectrum of this peak had394 (M + NHs*, M =

slowly than the parent 9-fluorenyl cation, indicating that both (ck,),cCHOC,:HsCO.H). Based on the above results, the new peak
a-carboxyl and carboxylate groups lead to kinetic stabilization was assigned to 9-(1,1,1,3,3,3-hexafluoro-2-propanoxy)-9-fluorenecar-
of the 9-fluorenyl cation. This is more pronounced in the boxylic acid. Atlonger photolysis times-@0 min), 9-fluorenone and
additions of2 and6 to substituted benzenes, for which the rate unidentified products with longer retention times were also detected.

constants vary by 3 orders of magnitude. Reactions of zwit-  preparation of 9-Methoxy-9-fluorenecarboxylic acid (7). 7was
terion 2 with anionic nucleophiles are also several orders of prepared by saponification of methyl 9-methoxy-9-fluorenecarbox-
magnitude slower than those for other 9-fluorenyl cations, ylate®”%8 which was synthesized by Mel/A@ O-methylatiof® of
although in this case the difference in reactivity is largely due methyl 9-hydroxy-9-fluorenecarboxylaté. A solution of methyl
to electrostatic effects. Similar rate constants are measured for9-methoxy-9-fluorenecarboxylate (0.5 g, 2 mM) in carbon tetrachloride
the addition of both zwitterio and the 9-fluorenyl cation to (10 mL) and an aqueous solution of sodium hydroxide (2 M, 25 mL)

several substituted diphenylmethanes, although there are severdl@s réfluxed for 24 h. After cooling to room temperature, the organic
possible mechanisms for these reactions layer was removed and the aqueous layer was further washed with

carbon tetrachloride (% 25 mL). Aqueous hydrochloric acid (1 M)
was added to the aqueous layer until the pH w& A white solid
precipitated out and was extracted with chlorofornx(20 mL). After
General Information. 9-Hydroxy-9-fluorenecarboxylic acid and  drying over magnesium sulfate, the solvent was removed at reduced

9-fluorenol were commercial samples (Aldrich) and were recrystallized pressure to givd as a white solid (0.26 g, 55%). NMR and HPLC
twice from ethanol twice before use. 1,1,1,3,3,3-Hexafluoro-2-propanol experiments indicated th&@tprepared in this manner was at least 97%
(HFIP) was distilled under a dry nitrogen atmosphere from a mixture pure, mp 1825 °C, lit.®¢ mp 188°C: 'H NMR (CDCls;, 200 MHz) ¢

of anhydrous sodium bicarbonate and 4A molecular sieves and then7.27-7.70 (m, 8H, aromatic), 2.92 (s, 3H, OMe); @%.'"H NMR

(62) Itshould b rod that both rosh dthatthe [H (CDCl) 6 2.9 (s, 3H)): FABMS for GsH1203 m/z253 [M — H +
should be noted that both approaches have assumed that'the . 4 - I .
is equivalent to the bulk TFA concentration, which may introduce an 2LI"], 247 [M + Li"] (using 3-nitrobenzy! alcohol as the matrix,

Experimental Section

additional error in the determination of the equilibrium constant. positive mode).

(63) Adam, W.; Rucktaschel, R. Am. Chem. Sod971, 93, 557-559.

(64) Tripathi, G. N. R.; Su, YJ. Am. Chem. Sod996 118 2235- (67) Schlenk, W.; Bergmann, Hustus Liebig's Ann. Cherti928 463
2244, 98.

(65) Steenken, S.; O'Neill, P.; Schulte-Frohlinde JDPhys. Chenl977, (68) Toussaini, O.; Capdevielie, P.; Maumy, Wetrahedron1984 40,
81, 26-30. 3229.

(66) O'Neill, P.; Steenken, S.; Schulte-Frohlinde JDPhys. Chenil977, (69) Davidson, D.; Bernhard, S. Am. Chem. S0d.948 70, 3426.

81, 31-34. (70) Cannon, J. G.; Darko, L. L1. Org. Chem1964 29, 3419.
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Laser Flash Photolysis. (a) UV-Visible. Sample solutions were
prepared with optical density (OD) of G:®.4 at the excitation
wavelength (266 or 308 nm) and were contained in 7 or 7 x 3
mn? quartz cells (quenching experiments) or irx77 mn¥ flow cells
connected with Teflon tubing to a sample reservoir equipped with a
Teflon stopcock for controlling the flow rate. The nanosecond laser
system has been described previodslyzor these experiments, either
a Lumonics HY750 Nd:YAG laser (266 nm, 10 ns pulse§0 mJ/

pulse) or a Lumonics EX-530 excimer laser (XeCl, 308 nm, 6 ns pulses,

<40 mJ/pulse) was used for sample excitation. A Continuum YG-

601-C Nd:YAG laser (266 nm, 35 ps pulses, 6 mJ/pulse) was used for

the picosecond experiments.

(b) Infrared. The system has been descriBédFor these experi-
ments, samples were contained in quartz flow cell$aitl mmpath
length and were excited at 308 nm with a Lumonics EX-510 excimer
laser (XeCl, 308 nm, 6 ns pulses, 40 mJ/pulse).

Computational Details. Scheme 1 was used to obtain the time-
dependent expressions for the concentration? afd 3. In order to
simplify the kinetic analysis it was assumed that the initial concentration
of 3 was negligible relative t@ (i.e., [3]o = 0). However, inclusion
of a fixed initial concentration o8 (i.e., [3]o > 0) did not alter the
measured values fdg andks. The time-dependent expressions 2or
and 3 are given by egs 4 and 5, respectively. The observed optical

[2 (ke ™ + ko[H e (el Ty
ky + k[H]

(2= (4)

_ [2]0(k2[H +]efk3t _ kz[H +]ef(k2[H+]+k1+k3)t)
ky + k[H]

(3] (5)

density at 490 nm, Ofg,, is given by eq 6, which corrects for any

(71) Kazanis, S.; Azarani, A.; Johnston, L.JJ.Phys. Cheml991, 95,
4430-4435.

(72) Schepp, N. P.; Johnston, LJJAm. Chem. S04994 116, 6895
6903.
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OD,g0= 62,49({2] + 63,49({3] (6)

overlap of absorption. The termg g and €3 490 refer to the molar
absorptionf coefficients of specigand 3, respectively, at 490 nm.
The time dependence for the measured optical density at 490 nm is a
double-exponential function of the form given by

OD,g,=ae ™"+ ce ™

(7
where

a=L(ke + ko[H €3 400
k1+ k2[H+] 1%~2,490 2 3,49

b=k,

(2]
c= lez(EHJr](kz[H +]62,490 — ke[H +]E3v490)

d=k[H+k + kg

Equation 7 was used to curve fit the data obtained for the decay of the
signal assigned to zwitterioP using a curve-fitting program (Sigma
Plot Version 1.02 for Windows, Jandrel Corp.) The data points for
two time windows were merged to obtain a single decay profile for
curve fitting; the double-exponential function gave an excellent fit to
the data, and the values fdr and d obtained for various acid
concentrations were used to obt&inandk; as discussed in the text.
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