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(2) by maintaining a constant fluence while shortening the pulse
length, Results from case ! experiments, for both long and short
laser pulses, are consistent with what would be expected for simple
IRMP dissociation. Product yield (total product ion abundance
divided by parent ion plus product ion abundances) increases with
fluence®! as shown in Figure 1. Branching fractions (individual
product yield divided by total product yield) of higher energy
products increase with fluence!® (intensity) at the expense of the
lowest energy channel, see'* Figure 2. However, results from
case 2 experiments are completely unexpected. Inspection of
Figure | shows that, for long and short laser pulses of equal
fluence, the short pulse (higher intensity) results in Jower product
yield. This is surprising because the product yield for the short
pulse would not be expected to decrease.*!*!* To our knowledge
there are no previous reports'¢ of such behavior,

These results can be explained, however, by a stepwise mech-
anism that introduces intermediate 2 in the absorption ladder
(Figure 3). The lifetime for unimolecular rearrangement of
activated 1 to 2 should be!” comparable to the length of the short
laser pulse (200 ns). If 1 has a smaller steady-state cross section
for absorption than 2, the yield for the short pulse will decrease
because the more strongly absorbing structure 2 is not present
for most of the laser pulse. Presumably the same amount of 1
decomposes from both length laser pulses. It should also be noted
that significant decomposition occurs after the laser pulse is
completed.’* Since it is impossible to detect production of 2 (same
mass to charge ratio as 1), the short pulse appears to have a lower
product yield. For the long pulse, the higher yield of detectable
products arises because of an increased number of ions with
structure 2 during the laser pulse, If structure 2 has a larger
absorption cross section than 1, the overall photon absorption is
greater, leading to a higher product yield,

In summary, IRMP dissociation of butyrophenone cation
unexpectedly displays a lower yield for a shorter laser pulse. This
is inconsistent with the generally accepted model for IRMP
dissociation of a single structure, which would predict a dissociation
yield depending only on the number of photons and not on their
rate of delivery.®!3 These results are consistent, however, with
a stepwise mechanism for the McLafferty rearrangement in which
the butyrophenone molecular cation is formed initially and then,
when energized, isomerizes to the distonic ion., Subsequent ac-
tivation of the distonic ion yields products. These experiments
represent the first spectroscopic evidence for the simultaneous
existence of a distonic ion and the molecular cation.
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While excellent synthetic methods exist for the preparation of
perfluorinated organic compounds,! the techniques available for
selective fluorination are relatively few in number, Broadly
speaking, useful reagents for selective fluorination fall into two
classes;? elemental fluorine’# and compounds prepared either
directly from it (acyl hypofluorites,** fluoroxysulfate,$ halogen
fluorides,” and N-fluoro compounds®) or from other strong oxidants
(e.g., FClO,, prepared from HSO;F/KClO,), and weak oxidants
derived from fluoride, such as HF, KF and other metal fluorides,
BF,”, COF,, and SF,, While the range of available techniques
is somewhat limited, the need for selectively fluorinated com-
pounds, particularly for biomedical applications,? has made their
use extremely productive,

We report a new method for selective fluorination, in which
oxidizing equivalents are supplied by an illuminated semiconductor
(titanium dioxide) and the fluorinating agent is F~, This method
employs safe, easily handled reagents and obviates the need for
elemental fluorine and its derivatives. It is applicable to easily
oxidized organic substrates, particularly those that form stable
carbocations upon oxidation, as well as olefins, phosphines, and
phosphites. In a typical reaction, 5 mmol of the substrate is loaded
into a 10-mm-diameter borosilicate glass or translucent Teflon
FEP tube with an equal weight of rutile TiO, powder; 5 mL of
acetonitrile and a stoichiometric quantity (10 mmol) of AgF are
added.'® The mixture is deaerated with argon and then illu-
minated at ambient temperature with a mercury—xenon lamp,
typically for 1-2 days. During the course of the reaction, Ag™,
which serves as a scavenger for conduction-band electrons, is
reduced to elemental silver. The TiO,/Ag particles are then
recovered from the reaction mixture by filtration. Table I shows
the results of some representative photochemical fluorination
reactions using TiO, and AgF. In almost all cases, only a single
fluorinated compound is produced. Control experiments establish
that TiO,, AgF, and light are all essential components of the
reaction.

(1) (a) Adcock, J. L.; Lagow, R. J. J. Am. Chem. Soc. 1974, 96, 7588. (b)
Abe, T.; Nagase, S. In Preparation, Properties, and Industrial Applications
of Organofluorine Compounds, Banks, R. E., Ed.; John Wiley & Sons: New
York, 1982; pp 19-43.

(2) Banks, R. E.; Tatlow, J. C. In Fluorine: the First Hundred Years.
Banks, R, E., Sharp, W. A, Tatlow, J. C,, Eds.; Eisevier: New York, 1986;
pp 227-346.

(3) Purrington, S.; Kagen, B. S.; Patrick, T. B. Chem. Rev. 1986, 86, 997.

(4) Rozen, S. Acc. Chem. Res. 1988, 21, 307.

(5) (a) Barton, D. H. R.; Godhino, L. S.; Hesse, R. H.; Pechet, M. M. J.
Chem. Soc,, Chem. Commun. 1968, 804. (b) Hesse, R. Isr. J. Chem. 1978,
17, 60.

(6) (a) Ip, D. P.; Arthur, C. D.; Winans, R. E.; Appleman, E. H. J. Am.
Chem. Soc. 1981, 103, 1964. (b) Appleman, E. H.; Bsaile, L. J.; Hayatsu,
R. Tetrahedron 1984, 40, 189. (c) Stavber, S.; Zupan, M. J. Chem. Soc.,
Chem. Commun. 1981, 148. (d) Patrick, T. B.; Darling, D. J. Org. Chem.
1986, 5/, 3242.

(7) (a) Rozen, S,; Brand, M. J. Org. Chem. 1986, 51, 222. (b) Rozen, S,;
Brand, M. J. Org. Chem. 1985, 50, 3342.

(8) Barnette, W. E. J. Am. Chem. Soc. 1984, 106, 452.

(9) (a) Filler, R., Kobayashi, Y., Eds, Biomedical Aspects of Fluorine
Chemisiry, Elsevier: New York, 1982. (b) Filler, R., Ed, Biochemisiry
Involving Carbon-Fluorine Bonds, ACS Symposium Series 26; American
Cgheénical Society: Washington, DC, 1978. (c) Schlosser, M. Tetrahedron
1978, 34, 3.

(10) A stoichiometric amount of solid KF is also added if HF is one of the
reaction products. HPLC grade acetonitrile and 99.9% AgF (Aldrich) were
used without purification.

‘ (11) Williamson, S. M.; Gupta, D. D.; Shreeve, J. M. Inorg. Synth. 1986,
24, 63-66.

(12) Scheibel, J. J.; Cantrell, G.; Patrick, T. B. J. Org. Chem. 1981, 46,
917

(ll3) Flory, P. A.; Patrick, T. B. J. Fluorine Chem. 1984, 25, 157.
(14) Merritt, R. F. J. Org. Chem. 1966, 31, 3871.

3

0002-7863/90/1512-2016802,50/0 © 1990 American Chemical Society



Communications to the Editor

Table I. Photochemical Fluorination Reactions Using TiO,/AgF

J. Am. Chem. Soc., Vol. 112, No. 5, 1990 2017

compd product? yield,? % 19F NMR® m/z
1, (CgHy),CH (CeHs),CF 57 2126.5 (5)° 262
2, (CgHy),CH, (C¢H;),CHF 15 ~169.0 (d),4¢ Jyr = 24 Hz 186
3. (CH,),CH(NO,) (CH,),CF(NO,) 47 ~112.5 (m)/ Jur = 21 Hz 107
4, (CgH3),C=CH(C(H) (C¢H;),CFCHF(C{H) 7 -160 (t, Jer = Jyp = 17 Hzt -180 (dd), Jur = 46 Hz 294
5. (C4Hy)sP (C¢H;):PF, 66 -37.5 (d), Jpr = 663 Hz¢ 300
6. (CF,CH,0),P (CF,CH,0),PF, 31 =772 (t), Jur = 8 Hzs =59 (d), Jpr = 762 Hz 347
7, (C;H;0),P(O)H (C,H:0),P(O)F 52 -81.8 (d), Jpr = 960 Hz* 156
8, (CH,)(C{Hy),CCOOH  (CH,)(C,H;),CF 64 -136 (q). Jur = 21 Hz 200
9, (Csz)(CsHs)CHCOOH (Csz)(CsHs)CHF 17 -176.5 (dt), 138 JHF =123 HZ, JHF =46 Hz 138

¢Products were identified by "F NMR and mass spectral analyses. Yields reported are from integration of NMR spectra and do not represent
isolated yields. ®Parts per million upfield from CFCl;; 4-fluorobenzophenone and 2,2,2-trifluoroacetophenone were used as internal NMR standards.
Assignments were consistent with literature values, *Reference 11. 4 Reference 8. ¢(C4H;),;CHF is the only fluorinated product detected when 2
equiv of AgF is used. With 4 equiv of AgF, (C4H;),CHF is formed in 10% yield and (C¢H;),CF, (NMR -85.5 ppm (s); m/z = 204) is formed in
26% yield.* /Reference 13. #The apparent triplet (J = 17 Hz at —160 ppm) is consistent with assignments for (C4H;),CFCH,F and (C¢H;),CF-

CF,H, ref 14. *Reference 12.

Table II. Reactivity vs Oxidation Potential for Carboxylic Acids

E, (at Pt, yield,
compd V vs SCE) product %
11, (C4H4);CCOOH +1.02° (CsH4)sCF 37

12, (C(H;);CHCOOH  +1.27¢ (CH9),CHF 21
13, (CGHs)CH,COOH  +1.434 no reaction
14, (C,H)COOH ca. +2.0°  no reaction

2Reference 27. ®Reference 28.
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Figure 1. Yield of (C4H,),PF, vs time as a function of the amount of
TiO, (0.00, 0.17, 0.50, 2,00, and 3.00 mol of TiO, per mol of (C¢Hs),P)
used. Reactions were run with unfiltered radiation from a 200-W
mercury lamp, in 5-mm-diameter pyrex NMR tubes containing 20 mg
of (C¢Hs)sP, 20 mg of AgF, 5 mg of KF, 0.5 mL of CD,CN, and the
appropriate quantity of TiO,; 10 uL of C4Fs was added as an internal
NMR standard.

Figure 1 shows a plot of product yield vs time for the fluori-
nation of triphenylphosphine, as a function of the amount of TiO,
photocatalyst used. Fluorination of the substrate occurs in com-
petition with photochemical decomposition of AgF; both processes
result in deposition of Ag on the TiO, particles and, in the absence
of photocatalyst, on the walls of the reaction tube, The product
yield and the initial rate of product formation are proportional
to the amount of TiO, when 0.17 or 0.5 mol of TiO, per mol of
(C¢H;)3P is used. With excess TiO,, however, the product yield
appears to be limited by competitive photodecomposition of AgF
on the semiconductor surface, Experiments reported in Tables
I and II were performed under conditions where TiO, was in
excess, i.e., 2-3 mol per mol of substrate.

Titanium dioxide has been studied extensively as an oxidative
photocatalyst, e.g., for photo-Kolbe reactions,'® oxygenation of

(15) (a) Kraeutler, B.; Bard, A. J. J. Am. Chem. Soc. 1977, 99, 7729. (b)
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J. Phys. Chem. 1982, 86, 3599. (f) Ward, M. D.; White, J. R.; Bard, A. J.
J. Am. Chem. Soc. 1983, 105, 27. (g) Chum, H. OQ.; Ratcliff, M.; Posey, F.
L.; Turner, J. A.; Nozik, A. J. J. Phys. Chem. 1983, 87, 3089. (h) Furlong,
D. N.; Wells, D.; Sasse, W. H. F. J. Photochem. 1988, 89, 1922. (i) Kiwi,
J. J. Phys. Chem. 1988, 89, 2437,

olefins,!$ amines,!” and lactones,!® and mineralization of organic
pollutants,'® While the valence-band potential of TiO, is suf-
ficiently positive in some media (e.g., in anhydrous HF) to oxidize
F~ to F,,% in acetonitrile solutions the bands are shifted to more
negative potentials,? Because of this shift, F, cannot be evolved
photoelectrochemically in acetonitrile,2 and it is therefore unlikely
that it is an intermediate in the reactions described here,
There is substantial evidence from previous work!5-1823 that,
in nonaqueous solvents, photooxidation of organic substrates in-
volves direct electron transfer to the semiconductor particle. The
mechanism of photochemical fluorination therefore most likely
involves the attack of F~ on either a radical cation or carbocation
produced at the semiconductor surface, The fluorination of
3,3,3-triphenylpropionic acid (10) according to reaction 1 supports

TiOy, hy
(CH9);CCH,CO0H — == (C¢Hg),CFCH(C(Hy) (1)

this hypothesis; the observed fluorinated product?* is consistent
with phenyl group migration in the radical ((C¢H;);CCH,")
generated by oxidative decarboxylation of 10.2° For substrates
such as 1 and 2, the carbocation pathway (2) is quite plausible
RH —= RH™" —\*R' —~= R Fe RF (@

e” H e

since the R*/* potentials (—0.64 and —0.28 V, respectively?) are
considerably negative compared to the TiO, valence-band po-
tential, Interestingly, other easily oxidized compounds, such as

(16) (a) Fox, M. A. Acc. Chem. Res. 1983, 16, 314. (b) Fox, M. A. Top.
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radical traps (Kaplan, L. J. Am. Chem. Soc. 1966, 88, 4531).
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3, 5, 6, and 7, which cannot readily form carbocations, are also
reactive,

Table II illustrates the relationship between reactivity and
oxidation potential for a series of carboxylic acids. While 11 and
12 are fluorinated, 13 and 14 are recovered unchanged from the
reaction mixture. In acetonitrile/tetracthylammonium fluoride
solutions, the valence-band potential of TiO, is +1.0 V vs SCE;2
protonation of the surface by 11-14 will cause a shift to more
positive values, Therefore, the observed reactivity threshold of
ca. +1.3 V is consistent with the location of the valence-band
potential in this medium. Adjusting this threshold to more positive
values, by deliberately protonating the semiconductor surface, or
by using more oxidizing photocatalysts (e.g., SnO,, which has a
valence-band potential about | V more positive than that of
Ti0,¥%), may significantly expand the range of molecules into
which fluorine can be introduced by this method. Experiments
along these lines are currently in progress.
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Multiconfiguration SCF (MCSCF) calculations, with the 3-21G
basis set and a complete active space (CAS) wave function,! find
the chair Cope rearrangement of 1,5-hexadiene? to proceed
through an “aromatic™ transition state (1a), in which bond making
and bond breaking have proceeded synchronously. Although 1a
may be regarded as a resonance hybrid of two different diradical
structures, 1b and 1c¢, a natural orbital analysis of the CAS-
MCSCF wave function showed that the chair transition state has
little diradical character.! In this communication we report the

(1) Morokuma, K.; Borden, W, T.: Hrovat, D. A. J. Am. Chem. Soc. 1988,
110, 4474,

(2) Review: Borden, W. T.; Loncharich, R. J.; Houk, K. N. Annu. Rev.
Phys. Chem. 1988, 39, 213.

Table I. Interallylic Distances (R) and Energies (AE) above the
Corresponding 1,5-Hexadienes for Chair Cope Transition States 1-3,
Calculated with the 3-21G Basis Set

R A AE 9 kcal/mol

transition
state SCF®  MP2® partial CI* SCF  FC-MP2
1 2.020 1.926 2.106 4594 28,3¢¢
2 1.931 1,778 1.958 39.3 20.1%
3 2.093 2.015 2.213 448 26.7

¢Classical activation energies calculated at the SCF/3-21G geome-
tries. Zero-point energy corrections necessary to calculate AH?*, for
1-3 are, respectively, 0.2, —0.3, and —0.6 kcal/mol. b Full gradient
optimization. ¢Optimization of only R with partial SD-CI (see text).
4With 6-31G*, AE = 56.5 kcal/mol at the SCF level, ¢Using the
MP2 optimized geometries for reactant and transition state, AE = 27.4
keal/mol. fAt the FC-MP4-SDTQ level, AE = 31.4 kcal/mol. With
the 6-31G* basis set, AE = 31.0 kcal/mol at the FC-MP2 level and
38.7 kcal/mol at the FC-MP4-SDTQ level. €Experimentally, AH*y
= 33.7 kecal/mol.2! *Experimentally, AH*;0s = 23.3 kcal/mol for a
monomethy! derivative.*

results of ab initio calculations on the effects of cyano groups on
the transition state.

1¢, R=R'=H
2¢, R=H, R'=CN
3¢, R=CN, R’=H

18, RzR'=H
2a, Rz=H, R'=CN
3a, R=CN, R’=H

1b, R=R’zH
2b, RsH, R'=CN
3b, R=CN, R’=H

Experimental studies of the effects of cyano®* and phenyl®’
groups have shown that both of these radical-stabilizing sub-
stituents accelerate the rate of the Cope rearrangement and are
most effective when positioned at C-2 and C-5, Based on changes
in the measured secondary kinetic isotope effects with substitution,
Gajewski and Conrad have suggested that substituents can alter
the structure of the transition state for the Cope rearrangement.?
These authors proposed that substituents at C-2 and C-5 enhance
bond making by selectively stabilizing structure b, relative to c.
Similarly, substituents at C-3 and C-4 enhance bond breaking
by stabilizing structure ¢, relative to b.?

In order to test the proposal of Gajewski and Conrad, we have
located the transition states for the Cope rearrangement of two
different dicyano-1,5-hexadienes, 2 and 3. The transition states
were located and the reactant geometries optimized by SCF
calculations with the 3-21G basis set,!> Vibrational analyses
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1977, 60, 1325.
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Guyton, C. A,; Kitagawa, T. J. Am. Chem. Soc., submitted. We thank
Professor Doering for sending us a preprint.
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Gilbert, K. E. J. Org. Chem. 1984, 49, 11.

(9) Dewar and Jie have reported finding with AM1 that 1a and 1b rep-
resent two distinct transition states, whose relative energies can be altered by
substituents.!® Qur attempts, with the versions of AM1 in AMPAC, MOPAC,
and Gaussian 86, to find the “aromatic” C, chair transition state with R =
1.992 A,'® have been wholly unsuccessful and have invariably led back to the
“biradicaloid” intermediate with R = 1.646 A.!! It should be noted that the
AM| “biradicaloid” transition states successfully reproduce the rate accel-
gatiogs f())lﬂld experimentally’ for phenyl substitutents at both C-2 (C-5) and

-3 (C-4).
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