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This note describes the photochemistry@thlorooxalyl-

and O-fluoroformyl-9-fluorenone oxime. The solution pho-
tochemistry of both precursors was investigated by time-
resolved step/scan FTIR spectroscopy. Experiments on
O-chlorooxalyl-9-fluorenone oxime only allowed for detec-
tion of CQO, and bleaching of the precursor, indicating
predominant N-O cleavage. The chlorocarbonyl radical,
CICCOr, was not detected. In contrast, TRIR investigations
on fluoroformyl oxime2 gave evidence for formation of the
fluoroformyl radical FCO (3), which rapidly adds to the
solvent acetonitrile, yielding a fluoroformyl-functionalized
iminyl radical 4. Its reaction with triplet molecular oxygen,
on the other hand, is impeded by an activation enthalpy that
has been calculated #H* = 3.2 kcal/mol.
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Oxime derivatives, RN—O—R', show a complex photo-
chemistry. This results from photochemical reactions occurring
from both singlet and triplet excited states. The most important
decay channel usually is cleavage of the-® bond, which
yields a reactive iminyl radical RN, but other reaction
mechanisms, including biphotonic photo Beckmann rearrange-
ment, are also observéd.

If R" is an acyl substituent, the acyloxy radical formed in the
N—O cleavage reaction will in most cases decarboxylate within

less than a nanosecond, yielding a second radical plus carbon
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dioxide. Thus, photolysis of oxime derivatives represents an
attractive entry point to free-radical chemistry. In comparison
to other free-radical sources, such as esters derived from
N-hydroxy-pyridine-2-thione (“Barton-esters”), their main ad-
vantage lies in their much higher thermal stability. In particular,
esters of 9-fluorenone oxime, with their yellow color and a
corresponding convenient long-wavelength absorption, have
recently received attention as photochemical sources of a variety
of free radicals, among them the benzoyl! radfcalkoxycar-
bonyl radicals aroyloxy radicalg,the selenocysteinyl radical,

and even triplet nitrenésTo generate additional novel acyl
radical species by photolysis of esters of 9-fluorenone oxime,
we embarked on the synthesis and investigation of estansl

2, which were designed to yield either the fluoroformyloxy
radical —C(O)—0O or the halocarbonyl radicals-XC(O) (X

= F or Cl), by N-O or O—C cleavage. Although some of these
radicals had previously been investigated by theoretical methods
or characterized in an argon matrix or in the gas pfaSeno
direct spectroscopic or kinetic information about their solution
chemistry had been available so far.

The precursord’ and 2 were synthesized in a straightfor-
ward way by reaction of 9-fluorenone oxime with an excess of
oxalyl chloride or monofluorophosgene in dry ether or £CI
(Scheme 1).

Their photochemistry was investigated using step/scan time-
resolved infrared spectroscopy, employing the third (355 nm)
or fourth (266 nm) harmonic of an Nd:YAG laser as an
excitation light source and using tetrachloromethane or aceto-
nitrile as solvents. In the case of the chlorooxalyl oxitn@exc
= 355 nm, CCJ), we observed bleaching of the precursor
carbonyl band af = 1790 cnt! and the formation of C@at
7 = 2338 cn1! (see Supporting Information). Both processes
were instantaneous on our experimental time scale. No transient
was observed under an argon atmosphere. Formation of the
chloroformyl radicai~1°thus is not likely to be a major reaction
pathway in the photochemistry &f or it is too short lived under
our experimental conditions. This is confirmed by the fact that
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SCHEME 1. Synthesis ofO-Haloformyl-9-fluorenone reaction leading to the fluoroformylperoxy radié&We have
Oximes now recalculated this activation enthalpy at the UCCSD(T) level
0 of theoryt” and have found very similar values AH* = 3.2
CI)H(Cl kcal/mol E) or 3.4 kcal/mol g), with reaction enthalpies of
U AH = —35.7 kcal/mol E) or —34.5 kcal/mol Z). Given these
X0 data, we can conclude that unlike other acyl radig&s3 will
on or \f not react with0, at the diffusion-controlled limit. Of impor-
N~ 0 N~ tance, however, could be reactions of FG@th the solvent,
' Cl)J\F ' acetonitrile. Again, employing B3LYP/6-31G*, we calculated
Q.O —_— = Q'O a number of possible reaction pathways for the FQs
Et,0 orCCl, acetonitrile reaction. The results are shown in Scheme 2.
1 X = COCI The rgsults sh_o_w that all three re_a_ction pathways, hydrogen
2X=F abstraction, addition to C, and addition to N, are exothermic.

The most favorable, in terms of both exothermicity and
vc—o of phosgene (1831 cm exptl; 1830 cm?! calcd, B3LYP/ activation enthalpy, is addition to the nitrile carbon atom,
6-31G*, frequency scaled by 0.9614) was not detected as ayielding the Z-conformer of fluoroformyl-substituted iminyl

product IR band.
The photochemistry of fluoroformyl oxim& was initially
also investigated usingexc = 355 nm excitation and tetrachlo-

radical4. The calculated vibrational spectrum4#ifncludes an
intense carbonyl stretch & = 1827 cntl. The inclusion of
bulk solvation by acetonitrile shifts this bandite= 1812 cnt™.

romethane as solvent. Under these conditions, however, theConsidering the fact that our experimental resolution is 6'cm
photochemical cleavage @fobviously occurred only in poor this still is in reasonable agreement with the position of the IR
qguantum yield. No transient infrared absorptions of sufficient band of the secondary transient @at= 1825 cnt!. Other
intensity were detected. We therefore performed the experimentspossible secondary products, such as formyl fluode the

with 2 in acetonitrile, employindex. = 266 nm as the excitation
wavelength.

Upon laser flash photolysis{: = 266 nm, CHCN, 1 atm
Ar or 1 atm oxygen) of the fluoroformyl oxim2, we observed
bleaching of the precursor &@t= 1857 cnt! and formation of
CQO; at¥ = 2338 cn1?. Both the bleaching and G@ormation
occurred within the rise time of the experimental setup. No
secondary evolution of COwas observed. In addition, we
detected a short-lived transiem®)((r = 3.3+ 0.7 us) atv =
1832 cnt! and a transient witht = 1825 cnt?! (B) growing in
with a lifetime ofr = (1.8 + 0.9) us and subsequently decaying
with a lifetime ofz = (5.0+ 0.7)us (Figures 1 and 2). Because
of the complex kinetics &t = 1825 cntl, the growth lifetime
is likely to be biased toward too small a vaftféwe therefore
assume that the decay kineticat 1832 cnt! are consistent
with the growth kinetics a = 1825 cnt. From this, it follows
thatA is a precursor td3.

iminoyl radical 7, are not in agreement with the experimental
data. While6 is known to be a stable molecui&7 is predicted

to show two intense IR bandsya—c at? = 1791 cnt! and a
ve=n at ¥ = 1856 cn1l, which would be inconsistent with the
experimental findings. A calculated activation enthalpy of 6.3
kcal/mol for addition to the nitrile carbon atom would translate
into a lifetime oftr = 4 us (assuming log A= 10) for 3, which

is in qualitative agreement with the experimentally determined
transient lifetime ofr = 3 us. The preference for reaction of
FCO with the solvent in oxygen-saturated acetonitrile probably
stems from the huge difference in concentrations, with {CH
CN] = [O7] x 2100. A calculated activation enthalgyH* =

3.2 kcal/mol for reaction of FCO witBO, translates into an
estimated rate constant kf= 3.4 x 1P st atT = 295 K, if

log A = 10. Taking into account that two-thirds of all FCO/
30, encounter complexes will be of an unproductive quartet
spin manifold, this figure is reduced ko= 1.1 x 1% s7%, which

No difference was found between the experiments performed would not be competitive with addition to acetonitrile.

under argon and oxygen atmospheres.

The 1832 cm! transient cannot be due to the fluoroformyloxy
radical, FC(O)® which in an argon matrix has been reported
to show a carbonyl frequency at= 1494.5 cm.> The low-

Experimental data and calculated IR modes are summarized
in Table 1.

The results presented are remarkable in that acyl-function-
alized iminyl radicals such as the iminyl radical derived from

wavenumber transition reflects the bond order of ca. 1.5 of eachenzil monoxime, PhCMIC(O)Ph, are known to fragment

C—0 bond in this molecule. The fluoroformyl radical FEO

easily, yielding the acyl radical and the nitrf@The reasons

on the other hand, has been reported to show a carbonyliyr the relative stability oft are unclear at present. The-G

frequency in an argon matrix d—o = 1855 cnT1.%10 At a
standard DFT level of theory (B3LYP/6-31G*, frequency scaled
by 0.9614), this value is nicely reproducé@{o = 1852 cnt?
(calcd)). Including solvation by bulk acetonitrile (scipcm-
B3LYP/6-31G*), the scaled calculated carbonyl frequency of
FCO is reduced td’ = 1832 cn1?, in perfect agreement with
our experimental findings. The short-lived transierit at 1832
cm1is therefore assigned to the fluoroformyl radical, FCO
Oxygen purging did not change the behavior of FO@hich

is consistent with earlier predictions of a small activation
enthalpy (PUMP4//UHF/6-31G*AH# = 3.1 kcal/mol) for the

(16) Because of the relatively few data points available, a biexponential
fit of the data atv = 1825 cn1?, including both the growth and the decay,
was not possible.
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cleavage pathway observed upon excitatior2 ofearly is not

the only one that occurs. The formation of carbon dioxide gives
unequivocal evidence for NO cleavage. However, we have
not been able to detect any of the intermediates that could also
be formed in this reaction pathway. The fluoroformyloxy radical,

(17) (a) Francisco, J. S.; Zhao, €hem. Phys. Lettl988 153 296—
302. (b) Energy minima: UCCSD(T)/cc-pVTZ. Transition states: UCCSD-
(T)/cc-pVTZ//UCCSD(T)/cc-pVDZ. The €0 bond distance in the TS for
formation of E-FCOOQQ is calculated &8 = 2.14 A. The TS is calculated
to be almost planar.E) refers toE-fluoroformylperoxy or to its TS of
formation, and Z) refers toZ-fluoroformylperoxy or to its TS of formation.

(18) Brown, C. E.; Neville, A. G.; Rayner, D. M.; Ingold, K. U.; Lusztyk,
J. Aust. J. Chem1995 48, 363-379.

(19) Wong, M.; Johns, J. W. C.; McKellar, A. R. W. Mol. Spectrosc.
1982 94, 79-94.
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FIGURE 1. TRIR difference spectra (time resolution of 500 ns, spectral resolution of 8)dwilowing LFP (266 nm, 6 ns;~4 mJ/pulse) of
fluoroformyl oxime?2 in acetonitrile under argon atmosphere. Bands appearing on irradiation are pointing upward; bands disappearing are pointing
downward. Red: 500 ns after LFP. Blue: 28 after LFP. Important regions are highlighted in cyan. Inset: magnification of the-ISI® cn1*

region at four different times.

SCHEME 2. Reaction Pathways for the Reaction of
o Fluoroformyl with Acetonitrile, as Calculated at the
0 T eete,e B3LYP/6-31G* + ZPE) Level of Theor
L
L]
oogg’ ® (0]
o OOOOOOOOOOO . 1832 cm” - 5o )j\ + =—CH,
p 2200006700%06000090%%600 AH# =100 F 6 ;
. o /
%ope  1825cm’ Iy o
X F~ AH =-16.1 CH
0% o AH* = 6.3 F 3
b4 3 —_—
. Ne
0 5 10 15 20 + 4
tus
H,C—=N
FIGURE 2. Transient kinetic traces, monitored after LFP (266 nm) AH = 6.3 2
of fluoroformyl oxime 2 in acetonitrile atv = 1832 (white dots) and AH* =10.2 F)J\N//C\CH
1825 (black dots) cr. 3
7

FC(O)O, should have a barrier to decarboxylation that is

high enough to allow for its detectidd.Fluoroformic acid, 2 All enthalpies are given in kcal/mol.

FC(O)OH, which is a likely product formed by hydrogen

abstraction of FC(O)&from the solvent, should also be readily reaction. If this hypothesis is correct, 266 nm excitation of
detectable by TRIR spectroscopylt is conceivable that the 2 should result in the formation of fluorine atoms, which is
266 nm photons used for excitation contain sufficient energy an intriguing proposition, even though their lifetime in aceto-
to lead to rupture of both theNO and G-F bonds. The very nitrile will be exceedingly sho#? As far as the photochem-
small signal intensities observed upon 355 nm excitatio of istry of the chlorooxalyl derivativel is concerned, our fail-
may indicate that photon energy indeed plays a role in the ure in detecting the chloroformyl radical CIClikely is due to

(20) (a) Groenenboom, C. J.; Hageman, H. J.; Oosterhoff, P.; Overeem, (21) Monomeric FCOOH has been calculated to show a fairly high
T.; Verbeek, JJ. Photochem. Photobiol., A997 107, 261-269. (b) At activation enthalpy for decay into GGnd HF AH# = 30.3 kcal/mol,
the UB3LYP/6-31G* level of theory, the addition of PhCO to the nitrile C  UMP2/6-311G**+ ZPE). See: Francisco, J. S.; Ghoul, W.Ghem. Phys.
atom of benzonitrile, yielding PhC(O)C{¥h, is calculated to be exothermic 1991 157, 89-98. Hence, the very intense=® band of FCOOH
by 5.9 kcal/mol, with an activation enthalpy of 8.6 kcal/mol. The reaction (calculated a# = 1810 cnr?) should have been readily detectable in our
is less favorable than the addition of FO© acetonitrile but appears to be  experiments, and monomeric FCOOH in acetonitrile solution is unlikely to
viable. Conversely, the fragmentation of PhC(O)§mt, as observed by have a lifetime in the low microsecond range only. Furthermore, decay of
Groenenboom and co-workers, is predicted to be endothermic and thus had=COOH would have to be coupled to a secondary formation of carbon
to be driven by the entropy term. dioxide, which we do not observe.
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TABLE 1. Lifetime, Experimental, and Calculated C=02
Stretching Vibrations of the Transient Species

Ve=o exptl T exptl Pc=0 calcd Pc=0 calcd
[cm™] [us] (gas phase) [cm]  (bulk CHCN) [cm™]
3 1832 3.3+ 0.7 1852 1832
4 1825 5.0+ 0.7 1827 1812
6 1843 1809
7 1810 1791
1843 rc=n) 1856 ('c—n)

aB3LYP/6-31G*, frequency scaled by 0.9614.

the known instability of this species toward dissociation into
ClI* and CO. The C+C(OYy bond only has a BDE of ca. 5
kcal/mol&23 Thus, it appears likely that, in analogy to the 266
nm photolysis o, the 355 nm photon carries sufficient energy
to cleave both the NO and C-Cl bonds in1.24

Experimental Section

Synthesis ofO-Fluorocarbonyl-9-fluorenone Oxime (2): 0.8
g (0.004 mol) of 9-fluorenone oxime was suspended in 80 mL of
dry CCl,. At a temperature of-7 °C, 25 mL of a 0.5 M solution

(22) (a) Bucher, G.; Scaiano, J. £ Am. Chem. S0@994 116, 10076~
10079. (b) We cannot rule out the formationNsfluoro-9-fluorenoneimine
in a concerted process. However-R bond formation concerted with GO
extrusion would have to occur via a strained transition state involving a
four-membered ring, which appears unlikely. The formation of FCOOO in
a vibrationally hot state that rapidly decarboxylates appears more plausible.
(23) (a) Francisco, J. S.; Goldstein, A. G8hem. Phys1988 128 367—
372. (b) Walker, L. C.; Prophet, Hrans. Faraday Socl967, 63, 879—
882.
(24) We note that we have not been able to detect free CO in our TRIR
experiments withL. This is likely due to the fact that the intensity af; of
CQ; is higher than the intensity of the CO band by a factor of ca. 8. The
absorption of CO thus remains hidden in the experimental noise.
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of monofluorophosgene (COCIF) in toluene (0.0125 mol) was added
dropwise. The solution was allowed to warm gradually to ambient
temperature. It was then stirred for an additional 18 h. The residual
monofluorophosgene was removed from the solution by purging
with argon. It was safely disposed of by bubbling the Ar stream
containing the COCIF through concentrated aqueous NaOH. The
solution was filtered and evaporated to dryness. The light-yellow
product was recrystallized frorm-hexane (mp 124°C (not
corrected), yield 0.73 g (76% of theory)).

1H NMR (CDClz, 200 MHz): 6 = 8.02 (d, 1H), 7.73 (d, 1H),
7.47 (d, 1H), 7.45 (d, 1H), 7.38 (t, 1H), 7.34 (t, 1H), 7.21 (t, 1H),
7.18 (t, 1H).13C NMR (CDCk, 50 MHz): 6 = 161.1 (G=0), 145.6
(C=N), 143.4, 142.8, 142.0, 134.0, 133.0, 131.3, 130.0, 129.4,
129.2, 124.16. 121.0, 120.%F NMR (CDCh, 235 MHz): 6 =
52.76. IR (KBr): ¥ = 1857, 1637, 1610, 1596, 1453, 1321, 1196,
1172, 1042, 1016, 955, 885, 784, 758, 748, 730, 679, 645, 618
cm L. MS: m/z (%, assignmenty 241 (80, M"), 178 (100, M —
CO,F), 164 (10, M — NCO,F), 151 (35, M — CHNCOF).
HR-MS: 241.055300 calcd forgHgNO,F; 241.053907. Elemental
analysis: found for @HgNOF C = 69.64%, H= 3.24%, N=
5.73%; calcd for GHgNOF C= 69.71%, H= 3.34%, N= 5.81%.
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