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The reactivity of chloro- and fluoro(N-methyl-3-pyridinium)carbenes was examined by laser flash
photolysis, where the halo(pyridinium)carbenes formed ylides with pyridine, acetonitrile, and ace-
tone. Although the halo(pyridinium)carbenes reacted within the time of the laser pulse, their relative
reactivities with a series of alkenes could be obtained from quenching experiments by using
carbene—pyridine ylides. Their relative order of reactivity with the alkenes and their poor overall
selectivity showed that the halo(pyridinium)carbenes are strongly reactive electrophilic species.
Computational studies demonstrated that the alkene (HOMO)—carbene (LUMO) interaction is
predominant in halo(pyridinium)carbene—alkene reactions, supporting the electrophilic nature of

these species.

Introduction

Heteroarylcarbenes have received attention due to their
potential use in the synthesis of indolizines and heteroaryl-
cyclopropanes that can be precursors in the synthesis of novel
heterocyclic compounds.' Among these, halo(pyridyl)carbenes
are ambiphilic species known for their increased reactivity
compared to the well-known halo(phenyl)carbenes.** The high
reactivity of the halo(pyridyl)carbenes is largely dictated by the
presence of the electron-withdrawing pyridine ring.

Moss and co-workers have provided evidence that halo-
(pyridinium)carbenes, which are expected to be even more
electron-deficient than the pyridine analogues, are generated
upon irradiation of 3-halo-3-( N-methyl-3-pyridinium)diazirines.”
In their work, it was shown that steady-state photolysis of 3-
chloro-3-(N-methyl-3-pyridinium)diazirine tetrafluoroborate or

(1) Romashin, Y. N.; Liu, M. T. H.; Ma, W.; Moss, R. A. Tetrahedron
Lett. 1999, 7163-7165.

(2) Moss, R. A.; Jang, E. G.; Kim, H.-R.; Ho, G.-J.; Baird, M. S.
Tetrahedron Lett. 1992, 33, 1427-1430.

(3) Moya-Barrios, R.; Cozens, F. L.; Schepp, N. P. J. Org. Chem. 2009,
74, 1148-1155.

9126 J. Org. Chem. 2009, 74, 91269131

3-fluoro-3-( N-methyl-3-pyridinium)diazirine  tetrafluoroborate
in isobutene/acetonitrile solution produced the corresponding
halocyclopropanes, presumably by addition of the chloro( N-meth-
yl-3-pyridinium)carbene or fluoro( N-methyl-3-pyridinium)carbene
to the alkene, eq 1.
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In the present work, we study the reactivity of halo(N-
methyl-3-pyridinium)carbenes in solution by laser flash
photolysis (LFP) of the corresponding diazirines in order
to investigate the effect of the strongly electron-withdrawing
pyridinium group on carbene reactivity. Spectral features of
the carbene ylides formed with different Lewis bases as
well as carbene reactivity toward a series of alkenes were
examined. The discussion is based on the experimental
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FIGURE 1. Transient spectra obtained upon 355 nm laser irradiation
of (M) 3-chloro-3-(N-methyl-3-pyridinium)diazirine tetrafluoroborate
(0.0011 M), and (O) 3-fluoro-3-(N-methyl-3-pyridinium)diazirine tetra-
fluoroborate (0.0010 M) at 22 °C in (a) 1:1 dichloromethane—pyridine
(1.60 us after the excitation pulse), (b) acetonitrile (2.30 us after the
excitation pulse), and (c) acetone (28 ns after the excitation pulse).

results as well as on theoretical calculations on halo(N-
methyl-3-pyridinium)carbenes.

Generation of Halo(pyridinium)carbenes

Nanosecond laser flash photolysis of 3-chloro-3-(N-meth-
yl-3-pyridinium)diazirine (3-CH3;Py" CICN,) as the tetra-
fluoroborate salt in dichloromethane produced no visible
transient absorption signal above 300 nm. However, laser
irradiation of the diazirine in a 1:1 dichloromethane—pyridine
mixture produced a spectrum dominated by an intense absorp-
tion band centered at 600 nm that decayed with a first-order rate
constant of 1.3x 10*s™! (=700 us), Figure 1a. The broad shape
and position of this band along with its long lifetime is typical of
carbene—pyridine ylides.* ® For example, the ylide of the very
electron-deficient chloro(4-nitrophenyl)carbene with pyridine
absorbs similarly at 605 nm.” Laser photolysis of 3-CH;Py " CICN,

(4) Jackson, J. E.; Soundarajan, N.; Platz, M. S.; Liu, M. T. H. J. Am.
Chem. Soc. 1988, 110, 5595-5596.

(5) Jackson, J. E.; Platz, M. S. Laser Flash Photolysis Studies of Ylide-
Forming Reactions of Carbenes. In Advances in Carbene Chemistry; Brinker,
U. H., Ed.; Jai Press Inc.: Binghamton, NY, 1994; Vol. 1, pp 89—160.

(6) Platz, M. S. Observing Invisible Carbenes by Trapping Them with
Pyridine. In Carbene Chemistry; Bertrand, G., Ed.; FontisMedia S.A. and
Marcel Dekker, Inc.: Lausanne, Switzerland, 2002; pp 27—56.

(7) Bonneau, R.; Liu, M. T. H. J. Chem. Soc., Chem. Commun. 1989, 510—
512.
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in dichloromethane containing variable amounts of pyridine
produced a gradual increase of the intensity of the transient
at 600 nm, Figure 2. This result indicates that the absorption
at 600 nm depends strongly on the concentration of pyridine.
From these results, the absorption band at 600 nm can be
confidently identified as the carbene—pyridine ylide formed
upon reaction of the photogenerated chloro(N-methyl-3-
pyridinium)carbene (3-CH;Py*CIC:) with pyridine, eq 2
(X=CI). Under all concentrations of pyridine the absorption
band at 600 nm due to formation of the ylide formed
promptly within the nanosecond laser pulse.
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In acetonitrile, 355 nm laser irradiation of 3-CHs-
Py"CICN, produced the “prompt” formation of a long-lived
transient with an absorption maximum at 360 nm that decayed
with a rate constant of 4.0 x 10* s~ (v = 25 us), Figure 1b.
The narrow shape and position of the absorption band in
the 320—400 nm region of the spectrum is typical of other car-
bene—acetonitrile ylides, such as those formed by 1-naphthyl®®
and 2-naphthylcarbenes,'® fluoren-9-ylidene,'' and cyclo-
pentadienylidene.'? On the basis of these similarities, it is reason-
able to conclude that the absorption band at 360 nm corre-
sponds to the carbene—acetonitrile ylide formed upon the
reaction of 3-CH;PyCIC:* with the acetonitrile solvent, eq 3
(X=0ql.
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Laser irradiation of 3-CH;Py"CICN, in neat acetone
produced a broad and intense absorption band centered at
550 nm, Figure lc. The transient absorption was assigned to
the ylide of 3-CH;Py " CIC: with acetone, eq 4 (X = Cl). This
assignment was based on several observations. The broad
shape of the transient absorption band at 550 nm closely
resembles that of other carbene—acetone ylides, and its
absorption maximum was intermediate between the acetone
ylides of similarly electron-deficient chloro(4-trifluorome-
thylphenyl)carbene (4.« = 480 nm) and chloro(4-nitrophe-
nyl)carbene (Amax = 590 nm).'*'* Moreover, the transient
at 550 nm decayed quickly with a first-order rate constant of
1.3%10°s™ ! (z = 770 ns), consistent with the previously reported

(8) Hadel, L. M.; Platz, M. S.; Scaiano, J. C. Chem. Phys. Lett. 1983, 97,
446-449.

(9) Barcus, R. L.; Hadel, L. M.; Johnston, L. J.; Platz, M. S.; Savino,
T. G.; Scaiano, J. C. J. Am. Chem. Soc. 1986, 108, 3928-3937.

(10) Horn, K. A.; Chateauneuf, J. E. Tetrahedron 1985, 41, 1465-1470.

(11) Zupancic, J. J.; Grasse, P. B.; Lapin, S. C.; Schuster, G. B. Tetrahedron
1985, 41, 1471-1478.

(12) Platz, M. S.; Olson, D. R. J. Phys. Org. Chem. 1996, 9, 689-694.

(13) Soundararajan, N.; Jackson, J. E.; Platz, M. S. Tetrahedron Lett.
1988, 29, 3419-3422.

(14) Bonneau, R.; Liu, M. T. H. J. Am. Chem. Soc. 1990, 112, 744-747.
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FIGURE 2. Variation in AO.D. as a function of the concentration
of pyridine upon 355 nm laser irradiation of (a) 3-chloro-3-(N-
methyl-3-pyridinium)diazirine tetrafluoroborate (0.0011 M) at 600
nm and (b) 3-fluoro-3-(N-methyl-3-pyridinium)diazirine tetrafluoro-
borate (0.0010 M) at 540 nm, in air-saturated dichloromethane.

reactivity of other carbene—acetone ylides.”'*!> In particu-
lar, the closely related chloro(aryl)carbenes produced carbene—
acetone ylides with lifetimes shorter than 1.5 us.'*!*
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Results from laser experiments with 3-fluoro-3-(N-meth-
yl-3-pyridinium)diazirine (3-CH;Py"FCN,) as the tetra-
fluoroborate salt closely resemble those obtained for the
chloro derivative. Laser irradiation of 3-CH3;Py*FCN, in
dichloromethane showed no absorption in the 300—700 nm
region in the UV —vis spectrum, but laser irradiation ina 1:1
pyridine—dichloromethane solution yielded a transient with
strong and broad absorption centered at 540 nm, Figure la.
This transient formed within the time of the laser pulse and
decayed with a rate constant of 1.6x10%s™" (z=63 us). The
yield of this species at 540 nm was dependent on the
concentration of pyridine, Figure 2b, and was accordingly
attributed to the carbene—pyridine ylide obtained by trap-
ping of the fluoro(~N-methyl-3-pyridinium)carbene (3-CHs-
Py*FC:) with pyridine, eq 2 (X = F).

Laser irradiation of 3-CH3Py"FCN, in acetonitrile led to
the formation of a narrow and intense absorption band
centered at 360 nm, Figure 1b, that decayed with a first-
order rate constant of 6.6 x 10° s™' (z = 150 us) and was
assigned to the 3-CH;Py " FC:—acetonitrile ylide, eq 3 (X =F).
Furthermore, in neat acetone, laser flash photolysis of 3-CHjs-
Py"FCN, produced an absorption spectrum containing one
broad absorption band at 510 nm that decayed in a simple first-
order manner with a rate constant of 1.0 x 10’ s~ (z=100 ns),
Figure 1c. The short lifetime and the position and shape of the
absorption band permitted identification of this transient as the
carbene—acetone ylide formed by the addition of 3-CH;Py " FC:
to acetone, eq 4 (X =F).

Reactivity of Halo(pyridinium)carbenes with Alkenes

The spectral evidence with pyridine indicates that the
halo(pyridinium)carbenes 3-CH5Py"CIC: and 3-CH;Py"FC:
are highly reactive and in dichloromethane decay faster than the
time resolution of our laser system, K gecay = 5 % 10”s7". As such,

(15) Wong, P. C.; Griller, D.; Scaiano, J. C. J. Am. Chem. Soc. 1982, 104,
6631-6635.
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FIGURE 3. Stern—Volmer plot for the quenching of chloro(N-
methyl-3-pyridinium)carbene—pyridine ylide as a function of the
concentration of (M) 2,3-dimethyl-2-butene, () 1-hexene, and (®)
2-chloroacrylonitrile, in the presence of 0.047 M of pyridine in air-
saturated dichloromethane.

neither the absolute rate constant for the decay of the carbene
nor the bimolecular rate constant for the reaction with quench-
ers can be directly determined. However, the relative reactivity
of the halo( N-methyl-3-pyridinium)carbenes toward a series of
alkenes can be estimated by the competition method developed
by Platz and co-workers.'® Stern—Volmer plots of each alkene
are constructed at concentrations of pyridine sufficiently large
such that, in the absence of the alkene quencher, the optical
density of the carbene—pyridine ylide (4,) equals the maximum
(or saturation) optical yield of ylide (4,”), eq 5. The approx-
imate saturation concentration of pyridine was obtained from
a graph of the variation of 4, at 600 nm as a function of pyr-
idine concentration, Figure 2. For both 3-CH3Py"CIC: and
3-CH;Py ' FC:, the pyridine saturation concentration exceeds
0.04 M.
A7 kolalkene]

1+ —
A, kepyr [pyridine]

()

According to eq 5, a plot of 4,”/A, as a function of
[alkene] at [pyridine] higher than the saturation concentra-
tion should be linear, and from the slope it is possible to
obtain the ratio kq/kpy,, Figure 3. The relative rates of
addition of the halo(pyridinium)carbenes to the alkenes with
respect to 1-hexene (kq/ko(1-hexene)) were determined by
dividing the slopes from the Stern—Volmer plots for each
alkene by that of 1-hexene. These values along with the kq/
kq(1-hexene) values reported in the literature for the chloro-
(3-pyridyl)carbene (3-PyCIC:) and fluoro(3-pyridyl)carbene
(3-PyFC:) in isooctane are shown in Table 1.%3!7:!8

The ylides formed from the highly electron deficient halo-
(pyridinium)carbenes with pyridine are significantly red-shifted
compared to those ylides composed of halo(pyridyl)carbenes
with pyridine, and have absorption maxima that are similar to
that of the highly reactive chloro(4-nitrophenyl)carbene.’

(16) Wang, J. L.; Toscano, J. P.; Platz, M. S.; Nicolaev, V.; Popik, V.
J. Am. Chem. Soc. 1995, 117, 5477-5483.

(17) Relative values for chloro(3-pyridyl)- and fluoro(3-pyridyl)carbenes
with trans-2-hexene in isooctane were calculated b‘\/ using the experimentallP/
obtained bimolecular rate constants of 4.2 x 10" and 2.1 x 10" M~ ! s7F,
respectively.

(18) Relative values for chloro(3-pyridyl)- and fluoro(3-pyridyl)carbenes
with acrylonitrile in isooctane were calculated by using the experimentallp/
obtained bimolecular rate constants of 2.2 x 10" and 1.7 x 10" M~ ! s7F,
respectively.
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TABLE 1.
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Relative Rate Constants with Respect to Pyridine (k¢/k,y,) and 1-Hexene (kq/ko(1-hexene)) for the Addition of Halo(/N-methyl-3-pyridin-

ium)carbenes to Alkenes in Dichloromethane along with Relative Reactivities of Halo(3-pyridyl)carbenes with Alkenes (in isooctane) for Comparison

kolkpyr kq/kq(1-hexene)

alkene 3-CH;Py"CIC: 3-CH;Py FC: 3-CH;Py " CIC: 3-CH;Py FC: 3-PyCIC: 3-PyFC:
Me,C=CMe, 0.27 0.50 3.9 4.7 76“ (67)” 179¢
Me,C=CHMe 0.24 0.40 3.6 3.7 45 (29) 72¢
trans-n-PrC=CHMe 0.11 0.20 1.6 2.0 4.6 7.2¢
n-BuCH=CH, 0.068 0.11 1 1 1 1
CH,=CHCO,;Me 0.045 0.075 0.66 0.70 1.6“ 9.3¢
CH,=CHCN 0.026 0.064 0.38 0.60 2.4933.1)° 5.84
CH,=CCICN 0.030 0.060 0.44 0.56 32¢ (31)b 52¢

“Data from ref 3. *Data from ref 2. “Data from ref 17. “Data from ref 18.

TABLE 2.  Estimated Bimolecular Rate Constants (ko*) for the Addi-
tion of Chloro(/N-methyl-3-pyridinium)carbene to a Series of Alkenes in
dichloromethane”

alkene ko* /108 M~ s™!

MeZC = CMCQ 20

Me,C=CHMe 18

trans-n-PrC = CHMe 8.3
n-BuCH=CH, 5.1
CH2=CHC02M6 33
CH,=CHCN 2.0
CH,=CCICN 2.2

“Estismated rate constants were calculated assuming kpy,, = 7.5 x

pyr
10°M s

Furthermore, halo(pyridinium)carbenes readily form ylides
with acetonitrile and acetone, which is only typical of highly
reactive carbenes.'>'*!” This pattern of reactivity resembles
closely that of the very electron-deficient chloro(4-nitrophenyl)-
carbene. Therefore, it seems reasonable to estimate that the
bimolecular rate constant for the reaction of the 3-CH;Py " CIC:
with pyridine kq is closely similar to the bimolecular rate
constant for the reaction of the chloro(4-nitrophenyl)carbene
with pyridine (7.5 x 10° M~' s7").7 For each reaction with
pyridine the carbenes contain a highly electron deficient ring and
also a chlorine substituent attached to the carbene center. On the
basis of this assumption for k., and using the ratios kq/kpy,
obtained from the Stern—Volmer plots (Table 1), the bimole-
cular quenching rate constants ko* for the chloro(N-methyl-3-
pyridinium)carbene—alkene addition reactions can be esti-
mated, Table 2. A similar estimation for the 3-CH3Py " FC: is
not made as the reactivity of the fluoro(4-nitrophenyl)carbene
with pyridine has not been reported.

However, the higher selectivity observed for the reactions
of 3-CH;Py" FC: with the series of alkenes studied suggests that
the bimolecular rate constants will have somewhat lower values
than those reported in Table 2 for the 3-CH;Py " CIC:.

Theoretical Calculations on Halo(pyridinium)carbenes

Geometry optimization at the B3LYP/6-31G* level of
theory of halo(pyridinium)carbenes predicts the structural
parameters shown in Table 3. The computed carbenic angles
(X—C—C) of 3-CH;Py'CIC: and 3-CH;Py"FC: closely
resemble those of the halo(pyridyl)carbenes, and are consistent
with the reported angles for singlet ground state carbenes.?
More importantly, the d(C(carbenic)—C) bond lengths for

(19) Celebi, S.; Tsao, M.-L.; Platz, M. S. J. Phys. Chem. A 2001, 105,
1158-1162.

(20) Pliego,J. R., Jr.; De Almeida, W. B.; Celebi, S.; Zhu, Z.; Platz, M. S.
J. Phys. Chem. A 1999, 103, 7481-7486.

TABLE 3. Theoretical Calculations at the B3LYP/6-31G* Level of
Theory X—C—C Angles, Carbenic Carbon—Carbon, and Halogen—Carbon
Bond Distances in Halo(/N-methyl-3-pyridinium)carbenes and Halo(3-pyridyl)-
carbenes in the Gas Phase

carbene Z/X—C—C (deg) d(C(carbenic)—C) (A) d(X—C) (A)
3-CH;Py*CIC: 111.7 1.485 1.706
3-PyCIC: 111.6 1.455 1.763
3-CH;Py*FC: 106.2 1.511 1.314
3-PyFC: 107.0 1.470 1.344

halo(pyridinium)carbenes are significantly longer, while the
halogen—carbon bonds are considerably shorter, than those
of the halo(pyridyl)carbenes.

Time-dependent density functional (TD-DFT) calcula-
tions were also carried out with the optimized structures of
3-CH;Py*CIC: and 3-CH;Py"FC:. In dichloromethane,
3-CH;Py " CIC: is predicted to have an absorption maximum
(7t — 7*) at 278 nm with an oscillator strength (f) of 0.1902.
On the other hand, the fluoro derivative, 3-CH;Py"FC:, is
predicted to absorb at 257 nm (7 — &%, f = 0.1158) in
dichloromethane. In both cases, the calculated absorption
bands for the halo(pyridinium)carbenes are outside the
experimental detection region (> 300 nm).

The HOMO and LUMO energies for the halo(pyridinium)-
carbenes were also computed. For 3-CH;Py'CIC:, the
energy of the HOMO is —10.099 eV and the energy of the
LUMO is —7.732 eV. Similar values were obtained for 3-
CH;Py"FC:, with HOMO and LUMO energies of —10.457
and —7.619 eV, respectively. These values were used to
calculate the LUMO—HOMO differential energies for the
addition of the halo(~N-methyl-3-pyridinum)carbenes to the
alkenes shown in Table 4.°'

Discussion

The spectral evidence presented indicates that halo-
(pyridinium)carbenes are photogenerated upon laser flash
photolysis of their diazirine precursors. Although the halo-
(pyridinium)carbenes were not directly detected in dichlor-
omethane, acetonitrile, or acetone, evidence of carbene
formation was indirectly obtained from the formation of
ylides with pyridine, acetonitrile, and acetone. In each case,
ylide formation took place very quickly within the time
frame of the laser pulse, which indicates that the halo-
(pyridinium)carbenes are very reactive species with decay
rate constants in dichloromethane greater than the time

(21) Moss, R. A. Carbene Philicity. In Carbene Chemistry; Bertrand, G.,
Ed.; FontisMedia S.A. and Marcel Dekker, Inc.: Lausanne, Switzerland,
2002; pp 57—101.
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TABLE4. LUMO Carbene/HOMO Alkene (p—) and LUMO Alkene/HOMO Carbene (7% —0) Differential Energies (in eV)*! for the Addition of
Halo(N-methyl-3-pyridinium)carbenes and Halo(3-pyridyl)carbenes to Alkenes in the Gas Phase Calculated at the B3LYP/6-31G* Level of Theory”
carbenes
3-CH;Py " CIC: 3-CH;Py*FC: 3-PyCIC: 3-PyFC:

alkenes p—m ¥ —0 p— ¥ =0 p—m =0 p—m T*—0o
Me,C=CMe, —1.80 11.1 -1.69 11.5 2.66 7.06 3.10 7.11
Me,C=CHMe -1.59 11.1 —1.48 11.5 2.87 7.08 3.31 7.13
trans-n-PrC=CHMe —1.34 11.0 —1.23 11.3 3.12 6.90 3.56 6.95
n-BuCH=CH, —0.971 10.8 —0.857 11.2 3.49 6.77 3.94 6.82
CH,=CHCO,;Me —0.309 11.3 —0.196 11.7 4.15 4.84 4.60 4.89
CH,=CHCN 0.157 8.57 0.271 8.92 4.62 4.51 5.06 4.56
CH,=CCICN 0.131 8.18 0.244 8.54 4.59 4.13 5.04 4.18

“The bold numbers represent the predominant carbene—alkene interaction.

resolution of our laser system, Kgecay = 5 X 107 s !. Since
intramolecular rearrangements are unlikely for these car-
benes the halo(pyridinium)carbenes presumably decay in the
absence of quencher by intermolecular processes, such as
insertion reactions with the solvent and reaction with their
diazirine precursors.

The ability of halo(pyridinium)carbenes to produce ylides
with acetonitrile, as well as the position of the absorption
maxima of their pyridine and acetone ylides, not only
demonstrates carbene formation but also strongly suggests
that the reactivity of the halo(pyridinium)carbenes resembles
that of other very electron-deficient carbenes such as chloro-
(4-nitrophenyl)carbene. Among chloro(phenyl)carbenes,
only the very electron-deficient chloro(4-nitrophenyl)carbene'”
is known to form ylides with acetonitrile. Moreover, the
absorption maxima of the 3-CH;Py ™" CIC: pyridine and acetone
ylides are very similar to those ylides of the chloro(4-nitro-
phenyl)carbene.”'*

The absorption maximum of 600 nm the 3-CH;Py*CIC:
pyridine ylide is red-shifted more than 100 nm compared to
that of the closely related 3-PyCIC: ylide formed with
its pyridine-like precursor (Amax = 480 nm).> This result is
consistent with the greater electron-withdrawing power
of the pyridinium group compared to the pyridyl group.
The introduction of an electron-withdrawing substituent is
well-known to shift the absorption maximum of the carbene
ylides to longer wavelengths. For example, the absorption
maximum of the chloro(phenyl)carbene—pyridine ylide is
centered a 475 nm while that of chloro(4-nitrophenyl)-
carbene is centered at 605 nm.*’

The data in Table 1 show that halo(pyridinium)carbenes
exhibit a narrow range of relative rate constants with a
series of alkenes. The reactivities of 3-CH;Py"CIC: and 3-
CH;Py"FC: with 2,3-dimethyl-2-butene, the most electron-
rich alkene in the series, are only 3.9 and 4.7 times faster,
respectively, than their reaction with 1-hexene. In contrast,
3-PyCIC: and 3-PyFC: react 76 and 179 times faster, respec-
tively, with 2,3-dimethyl-2-butene than with 1-hexene. As-
suming a “classical” reactivity—selectivity pattern, these
results clearly indicate that halo(N-methyl-3-pyridinium)-
carbenes are much more reactive than the corresponding
halo(3-pyridyl)carbenes.

More importantly, the data in Table 1 show that the
relative rate constants for the reactions of the halo-
(pyridinium)carbenes with electron-rich alkenes are faster
than the relative rate constants for reaction with electron-
deficient alkenes. As such, the reactivity of these carbenes
follows a typical electrophilic pattern where the relative rate

9130 J. Org. Chem. Vol. 74, No. 23, 2009

constant decreases as the alkenes become more electron-
deficient in nature. This contrasts with the previously reported
ambiphilic behavior of halo(pyridyl)carbenes where the rate
constants are faster for both electron-rich and electron-deficient
alkenes.>?

From this work the estimated rate constants for the
reaction of the chloro(N-methyl-3-pyridinium)carbene with
electron-rich alkenes are faster than those for the chloro(3-
pyridyl)carbene, Table 2.> For example, the reaction of 3-
CH;Py*CIC: with 1-hexene is estimated to be almost 60 times
faster than that of 3-PyCIC:.

The heightened reactivity of halo(pyridinium)carbenes
can be explained by the strong electron-withdrawing induc-
tive effect of the positively charged pyridinium ring. The
pyridinium ring makes these carbenes even more electron
deficient and thus increases their reactivity. This is consistent
with the well-known strategy for making a pyridine ring
much more electron deficient through methylation of the
pyridine nitrogen. The electron-deficient nature of the pyr-
idinium ring increases its susceptibility toward nucleophilic
attack.?? For example, 3-chloro-N-methylpyridinium iodide
reacts ~2.9 x 10® faster than 3-chloropyridine with sodium
methoxide.*

The computational results show that the bond between the
carbenic carbon and the aromatic carbon is substantially
elongated in halo(N-methyl-3-pyridinum)carbenes relative
to halo(3-pyridyl)carbenes, consistent with the reduced re-
sonance electron-donating ability expected from the pyridi-
nium ring. This is accompanied by a dramatic decrease in the
C—X bond length that suggests a higher electronic demand
of the very electron-deficient carbenic center, a result of the
combination of strong electron-withdrawing inductive and
poor electron-donating mesomeric effects of the pyridinium
ring. Overall, the results indicate a lower stabilization of the
carbene center of halo(N-methyl-3-pyridyl)carbenes as a
consequence of the pyridinium substituent.

The low LUMO energies calculated for the halo(N-meth-
yl-3-pyridyl)carbenes are consistent with the high reactivity
and electrophilic behavior observed in these species. In
addition, the HOMO energies of halo(pyridinium)carbenes
are also significantly lower than those reported for halo-
(pyridyl)carbenes,® rendering the HOMO inaccessible, and
consequently precluding the electron donation.

(22) Gilchrist, T. L. Heterocyclic Chemistry; Addison Wesley Longman
Limited: Essex, UK, 1997; pp 143—146.
(23) Liveris, M.; Miller, J. J. Chem. Soc. 1963, 3486-3492.
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The electrophilicity of halo(pyridinium)carbenes is also
evident from the calculated differential frontier molecular
orbital energies in Table 4, which correlate neatly with the
experimental order of reactivity observed for these species.
Regardless of the electron-rich or electron-deficient nature
of the alkene, the LUMO carbene/HOMO alkene interac-
tion is clearly predominant. Even in the case of the most
electron-deficient alkene studied, 2-chloroacrylonitrile, the
magnitude of LUMO alkene/HOMO carbene energy gap
prevents nucleophilic behavior on the carbene’s part allow-
ing the carbene to act only as an electrophile even with an
electron-deficient alkene. This contrasts markedly with the
reported ambiphilicity of halo(pyridyl)carbenes, which react
as electrophiles with electron-rich alkenes but as nucleo-
philes with electron-deficient alkenes.*?

Conclusions

The results described demonstrate that halo(N-methyl-3-
pyridinium)carbenes are formed upon laser irradiation of
their corresponding diazirines precursors. Carbene identifi-
cation was possible based on the observed reactivity of these
species that readily formed ylides with pyridine, acetonitrile,
and acetone. In contrast with the well-established ambiphilicity
of halo(pyridyl)carbenes, halo(/N-methyl-3-pyridinium)carbe-
nes followed a typical electrophilic reactivity pattern in their
reaction with alkenes. The scant selectivity observed in their
reactions with alkenes indicates that halo(N-methyl-3-pyr-
idinium)carbenes are very reactive species. Computational
studies corroborate that the higher reactivity of these carbenes

(24) Cozens, F. L.; O’Neill, M.; Bogdanova, R.; Schepp, N. J. Am. Chem.
Soc. 1997, 119, 10652-10659.

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.; Millam,
J.M.; Iyengar, S.S.; Tomasi, J.; Barone, V.; Cossi, M.; Scalmani, G.; Rega,
N.; Petersson, G. A.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Li, X.; Knox,
J. E.; Hratchian, H. P.; Cross,J. B.; Adamo, C.; Gomperts, R.; Stratmann,
R.E.; Yazyev, O.; Austin, A.J.; Pomelli, C.; Ochterski,J. W.; Ayala,P.Y.;
Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G
Daniels, A. D.; Strain, M. C.; Farkas, O.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Fox, D.J.; Keith, T.;
Al-Laham ; Peng, C. Y.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03 , Gaussian Inc.,
Wallingford, CT, 2004.
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can be attributed to the presence of the strongly electron-
withdrawing pyridinium ring.

Experimental Section

Materials. The synthesis of 3-chloro-3-(N-methyl-3-pyridin-
ium)diazirine tetrafluoroborate and 3-fluoro-3-(N-methyl-3-
pyridinium)diazirine tetrafluoroborate has been reported pre-
viously.

Laser Flash Photolysis Experiments. The computer-con-
trolled nanosecond laser flash photolysis system employed in
this study has been previously described.>* The excitation source
was the third harmonic of a Nd:YAG laser (355 nm, 20 mJ/
pulse, <8 ns/pulse). Sample cells for laser experiments were
constructed of 7 x 7 mm? Suprasil quartz tubing. Each sample
contained 2 mL of aerated HPLC grade solvent (except for N»-
purged acetone) to which was added 20 uL of a diazirine stock
solution (0.10—0.15 M of diazirine in acetonitrile). The final
concentration of diazirine precursor was in the range of 1.0—1.5mM,
with absorption at the excitation wavelength of 355 nm in the
0.2—0.4 range. In the quenching experiments, small amounts
(1 to 50 uL) of neat alkene were added to the sample cells in
dichloromethane. Pyridine concentrations in the range of
0.047—0.10 M were used. Samples were shaken after every laser
shot to ensure their homogeneity. All experiments were con-
ducted at room temperature (22 £+ 1 °C).

Computational Method. The geometries of the halo-
(pyridinium)carbenes and alkenes used in this work were opti-
mized with the Gaussian03 suite of programs.” Geometry
optimizations were carried out at the B3LYP level with the
6-31G* basis set. Frequency calculations were computed to
ensure that each optimized structure corresponds to a minimum
on the potential energy surface (no imaginary frequencies). TD-
DFT calculations were carried out at the BALYP/6-31G* level,
using the halo(pyridinium)carbenes optimized structures.
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