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hydrogen-bonded C=0 group in uracils.”> The bending mode
of the NH, group is assigned to a shoulder on the main band in
the spectrum of solid, at 1640 cm™ or possibly at 1700 cm™.
Frequencies of the other bands observed in the IR spectrum of
cytosine as a crystalline solid, together with the assignment of these
bands to the normal modes of vibration for the a—o tautomer, are
summarized in Table III. As may be seen in this table and also
in Figure 4, the frequencies of most of the lower frequency modes,
with the exception of those related to the bending vibrations of
the N1H and NH, groups, are not very strongly affected by the
interactions that occur between cytosine molecules in the crystal.

Conclusions

The main conclusions from the present study are outlined as
follows.

1. Ab initio molecular orbital calculations have been made with
a 3-21G basis set at the SCF level for the infrared spectra (vi-
brational frequencies, intensities, and potential energy distributions
(PEDs)) for two tautomers of cytosine (i.e., the amino—-oxo and
amino-hydroxy forms) and for their deuteriated analogues.

2. Comparison of the calculated and experimental matrix
spectra confirms the existence of both the amino-oxo and the
amino-hydroxy tautomeric forms of cytosine, and of its deuteriated
analogue, when they are isolated in the matrices and allows us
to determine the ratio of the concentrations of each form (the
“equilibrium constant” for tautomerization) in Ar and N, matrices.

3. Furthermore, this comparison permits an initial assignment
of the absorption bands in the spectrum of cytosine from each
tautomer.

4. Our study has verified the effect of UV irradiation on the
relative concentrations of tautomers in matrix-isolated samples
of cytosine and N-deuteriated cytosine that has been observed
earlier by Nowak.3” We have been able to utilize this effect to
change the ratio of tautomers in our sample and hence to use the
subtraction routine of the Nicolet spectrometer to obtain exper-

imentally separated spectra for each tautomer.

5. When frequencies and intensities from these separated
spectra are compared with the calculated spectra, we have been
able to assign with confidence most of the spectrum of each
tautomer. The reasonable agreement between the calculated and
experimental spectra leads to the conclusion that the calculated
force constants and intensity parameters (APTs) for each tautomer
form a reasonably good starting point for the experimental values
of these parameters.

6. Finally, we have examined the drastic change of the tau-
tomeric equilibrium toward the amino—oxo form and the change
of the infrared spectrum for the strongly self-associated cytosine
in the crystalline solid compared with cytosine isolated in the Ar
matrix. The weaker interaction with an N, matrix does not change
tautomeric equilibrium significantly, but it does affect the vi-
brational frequencies and intensities of the normal modes of each
tautomer, particularly those of the N1H and OH stretching modes.
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Abstract: The elusive ionic and neutral fluorohydroxymethylenes (FCOH) are accessible in the gas phase by dissociative ionization
of methyl fluoroformate followed by neutralization of FCOH** with xenon. The experimental findings are supported by high-level
ab initio MO calculations (MP2/6-31G**//MP2/6-31G** + ZPVE). Both FCOH and FCOH"* are separated by significant

barriers from their respective formyl fluoride isomers.

Although fluorohydroxymethylene (1) is predicted! by ab initio
molecular orbital (MO) calculations to be prevented by a sig-
nificant barrier from its isomerization to the global minimum of
the [H,C,O,F] potential energy surface, i.e., formyl fluoride (2),
all attempts failed to generate 1 as a stable species in solution.
In view of the high reactivity®? of most carbenes towards addition
and insertion reactions, the prospects of ever generating stable
fluorohydroxymethylene* in the condensed phase are indeed quite
remote. In contrast, in the absence of any intermolecular reactions
and because of the high barrier of the process 1 — 2 (E, = 40
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birthday.

{Permanent address: Organic Chemistry Department, The Free University
of Amsterdam, NL-1081HV Amsterdam, The Netherlands.
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kcal/mol'), elusive 1 should be accessible by performing appro-
priate experiments in the gas phase. We describe here the results
of a mass spectrometric investigation using the powerful method

(1) Morokuma, K.; Kato, S.; Hirao, K. J. Chem. Phys. 1980, 72, 6800.

(2) (a) Kirmse, W. Carbene, Carbenoide und Carbenanaloge; Verlag
Chemie: Weinheim, 1969. (b) March, J. Advanced Organic Chemistry:
Reactions, Mechanisms and Structures, Wiley: New York, 1985. (c)
Wentrup, C. Reactive Molecules; Wiley: New York, 1984.

(3) (a) Rondan, N. G.; Houk, K. N.; Moss, R. A. J. Am. Chem. Soc. 1980,
102, 1770. (b) Ahmed, S. N.; McKee, M. L.; Shevlin, P. B. J. Am. Chem.
Soc. 1985, 107, 1320.

(4) According to MO calculations using the minimal STO-3G basis set,
1 is predicted to be a singlet carbene being 23.7 kcal/mol more stable than
its triplet form: Mueller, P. H,; Rondan, N. G.; Houk, K. N; Harrison, J.
g‘o, }g-{ooper, D.; Willen, B. H,; Liebman, J. F. J. Am. Chem. Soc. 1981, 103,
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Figure 1. Partial CID Mass Spectra (m/z 28-33) of (a) FCOH** (1°*), (b) FCOD** (1a°**), and (c) HCOF** (2°*).

of neutralization-reionization mass spectrometry (NRMS).> In
this experiment a beam of solitary, structurally characterized ions
m,* is first neutralized to m,; reionization of the beam of the
neutral m; survivor, followed by dissociation, may then be used
to characterize m;. By applying this technique, many exciting
neutral species could indeed be generated and characterized in
the gas phase,’ most of which are unknown to exist in the con-
densed phases. With regard to the detection of elusive carbenes
using NRMS, McLafferty and co-workers recently described® the
gas-phase synthesis of hydroxycarbene (HCOH) and its higher
homologue, hydroxyethylidene (CH;COH).

Our experimental findings on 1, its cation radical 1°*, and the
isomers 2 and 2°* are supported by high-level ab initio MO
calculations, executed at the MP2/6-31G**//MP2/6-31G** +
ZPVE level of theory.

Experimental and Theoretical Section

The mass spectrometric experiments were performed using a VG
Instruments ZAB-HF-3F mass spectrometer.” This is a triple-sector
instrument of BEB configuration (B stands for magnetic and E for
electric sector). Ions are generated by 70-eV electron impact ionization
of the corresponding neutrals under the following conditions: ion trap
current 100 uA; accelerating voltage, 8 kV; ion source temperature, 200
°C. Collision-induced dissociations, CID,® used to characterize the
primary ions m;* were brought about by mass-selecting a beam of m;*
by means of B(1)E and colliding it in the third field-free region with
helium (80% transmittance, T this transmittance corresponds on the
average to 1.1-1.2 collisions®). Ionic dissociation products were recorded
by scanning B(2). NRMS experiments were performed in the second
field-free region. To this end a beam of m,*, mass-selected by B(1), was
neutralized in the first cell of a differentially pumped tandem collision
cell by colliding it with either oxygen or xenon (T = 90%). Residual ions
were deflected away from the beam of neutral m, by putting a charge
on a deflector electrode; subsequent reionization of m; occurred in the
second collision cell by collision with oxygen or helium (T = 80%). The
mass spectrum of the resulting m;* and its fragments were recorded by
scanning E. The minimal lifetime ¢ (identical with the transit time from
collision cell I to cell IT) is in the present experiment ~0.5 us. In most
experiments approximately 20 scans were accumulated using the VG
11/250 data system.

Formyl fluoride, methyl fluoroformate (FCO,CH,), and its Ds-labeled
analogue (FCO,CD;) were synthesized according to ref 10.

All computations have been performed using the CRAY-XMP version
of the GAUSSIAN 82 series of programs.!! Open-shell species were treated

(5) For recent reviews on NRMS, see: (a) Wesdemiotis, C.; McLafferty,
F. W, Chem. Rev. 1987, 87, 485. (b) Terlouw, J. K.; Schwarz, H. Angew.
Chem., Int. Ed. Engl. 1987, 26, 805. (c) Holmes, J. L. Mass Spectrom. Rev.,
submitted for publication.

(6) (a) Feng, R.; Wesdemiotis, C.; McLafferty, F. W. J. Am. Chem. Soc.
1987, 109, 6521. (b) Wesdemiotis, C.; McLafferty, F. W. J. Am. Chem. Soc.
1987, 109, 4760.

(7) For a description of the machine, see; Terlouw, J. K.; Weiske, T.;
Schwarz, H.; Holmes, J. L. Org. Mass Spectrom. 1986, 2], 665.

(8) (a) Levsen, K.; Schwarz, H. Mass Spectrom. Rev. 1983, 3, 77. (b)
Cooks, R. G., Ed.; Collision Spectroscopy; Plenum: New York, 1978. (¢)
Levsen, K.; Schwarz, H. Angew. Chem., Int. Ed. Engl. 1976, 15, 509.

(9) Holmes, J. L. Org. Mass Spectrom. 1988, 20, 169.

(10) (a) Strain, F.; Bissinger, W. E.; Dial, W. R.; Rudoff, H.; de Witt, B.
J.; Stevens, H. C; Langston, J. H. J. Am. Chem. Soc. 1950, 72, 1254. (b)
Cuomo, J.; Olofson, R. A. J. Org. Chem. 1979, 44, 1016. The synthesis of
formyl fluoride (2) is described in: Olah, G. A.; Kuhn, S.; Beke, S. Chem.
Ber. 1956, 89, 862.

(11) Binkley, J. S.; Frisch, M. J.; DeFrees, D. J.; Raghavachari, K.;
Whiteside, R. A.; Schlegel, H. B.; Fluder, E. M.; Pople, J. A. Carnegie-Mellon
University, Pittsburgh, PA, 1984.

Table 1. Total Energies, Zero-Point Vibrational Energies (ZPVE),
Relative Energies (in kcal/mol), and (8?) Expectation Values for
[H,C,F,0]** Species

MP2/6-31G**/]

MP26-31G**, ZPVE, E,q, R

species hartrees kcal/mol  kcal/mol (S2)
2 -212.788 880 13.1 0 0.767
TS 1°%/2°% -212.727 670 9.6 352 0.793 -
Z-1%¢ -212.804058 13.0 -9.6 0.760
TS Z-1°*/E-1°* —212.786 208 11.5 0.2 0.757
E-1°%¢ -212.810844 13.2 -13.7 0.758
HF + CO** -212.713119 10.1 44.8 0.941
HF** 4+ CO -212.656 178 7.5 78.1 0.754
HO*® + CF* -212.648 340 8.1 83.5 0.755
HO* + CF* -212.387735 6.6 245.7 0.759
H* + FCO* -212.752565 6.8 16.9 0.750
H* + FCO* -212.574492 5.3 127.3 0.776
F* + HCO* -212.761356 10.2 14.6 0.753
F* + HCO* -212.278 450 8.5 316.0 0.765
F* + COH* -212.689 668 8.5 58.0 0.753
F* 4+ COH* -212.203974 8.8 363.0 0.759

3The prefixes Z and E refer to the configuration of 1°* around the
C-0 bond.

Table 11. Total Energies, Zero-Point Vibrational Energies (ZPVE),
Relative Energies, and (S?) Expectation Values for [H,C,F,0] Species

MP2/6-31G**/]

MP26-31G**, ZPVE, E.a, .
species hartrees kcal/mol kcal/mol (S?)
2 -213.236 987 13.4 0
TS 1/2 ~-213.103 642 9.3 79.9
Z-1 -213.158071 12.7 48.9
TS Z-1/E-1 -213.124247 11.1 68.6
E-1° -213.158 291 13.0 49.0
HF 4+ CO -213.224873 9.0 3.5
triplet 1 -213.073019 12.3 101.9 2.008
HO* + CF* -212.965 269 7.4 164.9 0.755/0.759
H* + FCO* -213.072725 5.3 95.5 0.750/0.776
F* + HCO® -213.037106 8.5 120.9 0.753/0.765
F* + COH* -212.962630 8.8 167.9 0.753/0.759

2See footnote in Table 1.

in the unrestricted and closed-shell species in the restricted Hartree—Fock
formalism. The geometries were fully optimized with the polarized
6-31G** basis set,'? using analytical gradient techniques. The effects of
electron correlation were taken into account by Moller—Plesset calcula-
tions (MP) terminated at the second order (MP2).1*  All stationary
points have been characterized to correspond either to local minima or
transition structures by having zero or one negative eigenvalue(s) in the
numerical evaluated force constant matrix, respectively. Zero-point vi-
brational energies (ZPVE) have been calculated from the MP2/6-31G**
harmonic normal frequencies. For their inclusion in the calculation of
relative energies they were scaled by a factor of 0.93 in order to account
for the errors due to the harmonic approximation.!* Total (in hartrees)
and relative energies (in kcal/mol) are listed in Table I (for the open
shell) and Table II (for the closed-shell system). For the latter, in

(12) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213.

(13) (a) Meller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618. (b) Krishnan,
R.; Frisch, M. J. Pople, J. A. J. Chem. Phys. 1980, 72, 4244,

(14) Hout, R. F; Levi, B. A.; Hehre, W. J. J. Comput. Chem. 1982, 3,
234
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Chart I. Bond Lengths (in A) and Bond Angles (in Degrees) of 1°*,
2%, and TS 1°+/2°+4

T4
0.

|l

ns cuse"‘quo

H oo

1.260

1 TS 17/ 2% 2"
2 All species have C, symmetry.

particular, for species 1 and 2, there exists excellent agreement with the
data reported in ref 1.15 We also note the very good agreement between
our theoretically calculated and the experimentally determined!? geom-
etry (given in parentheses in Chart II) of neutral HCOF (2). In order
to estimate the problem of spin contamination, which might be due to
the deficiencies of the UMP2 procedure, we have calculated the ($?)
values. The data given in Tables I and II are excellent, except for CO**
which, however, is known as a notorious case.!® Optimized geometries
(bond length in A, bond angles in degrees) of the species of interest are
given in Chart 1.

Results and Discussion

The cation radical 1°* is easily accessible by dissociative ion-
ization of methyl fluoroformate!® presumably via an intermediate
distonic ion,!® its deuterium analogue 1a** by loss of CD,0O from
ionized FCO,CDy; the cation radical 2°* was generated by 70-eV
ionization of formyl fluoride (2)!% (eq 1). That 1°* and 2°* do

+eo
Lo 1+ 0 -X /o-x—]
F=cZ — F=C '+ — F=C M
0—CX; e -CX,0
0—CX,
(X = H,D) 17 (X=H)
.
1a (X = D)
Tlte
//O 70 eV //0
F=c? —_— F=Cl (2}
H H
2"

not interconvert is clearly indicated by their distinct collision-
induced dissociations (Figure 1). While loss of H* (and D* from
1a**) corresponds to the base peak for 1°*, 1a°*, and 2°*, the region
m/z 28-33 exhibits a structure-specific CID pattern which leaves
no doubt about the structural integrity of 1°* and 2**. We note
in particular the following.

(1) In line with structures 1°* and 2°* the ratio for losses of
OH* versus O (m/z 31 versus m/z 32) is significantly larger for
1°* than for 2°*. It is even more pronounced in the CID spectrum
of 1a°*; this is presumably due to the operation of a kinetic isotope
effect as loss of an oxygen atom from 1a* requires the migration
of a deuterium atom.

(2) The shapes of the signals due to the processes 1°* (1a°*)
— m/[z 29 (m/z 30) + F* are very different from that of the

(15) We are fully aware of the problem, also raised by a referee, that for
a very accurate description of the (C,H,F,O) potential energy surface (but
not of the geometries, see ref 16 and also Discussion) a multiconfiguration
wave function is required. The size of the system does not permit us to
perform such calculations for the time being. In view of the size inconsistency
of a partial Cl treatment (ref 16), we rather prefer the MP perturbation
approach.

(16) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory, Wiley: New York, 1986.

(17) Huisman, P. A. G.; Klebe, K. J.; Miglhoff, F. C.; Renes, G. H. J. Mol.
Struct. 1979, 57, 71.

(18) For a review and exhaustive references on this class of remarkable
ions, see: Hammerum, S. Mass Spectrom. Rev. 1988, 7, 123,

Siilzle et al.

Chart II. Geometries of 1, 2, and TS 1/2¢
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9See Figure caption of Chart I. Data given for 2 in parentheses
refer to the experimentally determined geometry.!’

analogous process 2°* — m/z 29 + F*. While the former is of
Gaussian-type, the latter corresponds to a dish-topped signal.!®

(3) Weak signals (not shown in Figure 1) at m/z 17 (OH")
and m/z 18 (OD") in the CID spectrum of 1** and 1a** are not
present in the spectrum of 2*.

(4) The base peak (not shown) corresponds to loss of H* for
both 1°* and 2°*.

The conclusion that 1°* and 2°* are indeed distinct species on
the [H,C,O,F]** potential energy surface is substantiated by our
MO calculations. At the MP2/6-31G**//MP2/6-31G** +
ZPVE level of theory, 1°* is calculated to be 13.7 keal/mol more
stable than 2°*. The spontaneous rearrangement 2°* — 1°* via
TS 1°*/2°* is prevented by a significant barrier of E, = 35.2
kcal/mol.

According to the ab initio calculations 1°* as well as its neutral
counterpart 1 exists in two conformations i.e., the E and the Z
isomer; the former is more stable by 4.1 kcal/mol, and both are
separated by a barrier of 9.8 kcal/mol (relative to Z-1°*). Al-
though we have not aimed at calculating all the transition
structures for the various dissociation channels given in Table I,
it is obvious from the data that all chemically feasible processes
are endothermic. We note that in line with the experimental
findings the eliminations of H*, OH", F*, and HF are favored
thermochemically.

If 1°*, 1a**, and 2°* are subjected to a NRMS experiment, one
does obtain in both the Xe/O, and O,/He spectra not only re-
covery signals at m/z 48 (1°* and 2**) and m/z 49 (1a**);
moreover, the characteristic intensity pattern in the m/z 28-33
mass range is also observed. This is clear evidence that both 1°*
and 2% survive the neutralization/reionization steps as intact
species. This finding is also corroborated by the ab initio MO
data (Table II) according to which, and in line with previous data,!
1 and 2 are separated by a significant barrier. We note that 1
is less stable than 2, in contrast to the corresponding cation radicals
1°*/2**, This is another example for the reversal in energy or-
dering when comparing neutral isomers with their corresponding
radical cations.?®?!  We further note that while electron at-
tachments in the reactions 1°* — 1 and 2°* — 2 are accompanied
by changes in the relative stabilities of the isomers, the changes
in geometries of the respective pairs 1°*/I and 2°%/2 are quite
minor (compare Charts I and II). This result together with the
fact that 1 and 2 reside in deep potential wells (Table II) explain
that in the neutralization steps (vertical process) abundant fluxes
of survivor species are observed.

In conclusion, the present combined experimental/theoretical
study of fluorohydroxymethylene (FCOH) and formyl fluoride
(HCOF) clearly demonstrates that under isolated conditions, i.e.,

(19) Cooks, R. G.; Beynon, J. H.; Caprioli, R. M,; Lester, G. R, Meta-
stable Ions, Elsevier: Amsterdam, 1973.

(20) For many examples and further references, see: Heinrich, N.; Koch,
W.; Frenking, G.; Schwarz, H. J. Am. Chem. Soc. 1986, 108, 593.

(21) Another example is that of hydroxymethylene versus formaldehyde.
Here, again, for the cation radical it is HCOH** which is more stable than
H,CO**. For the neutral isomers, there exists experimental evidence, based
on ion cyclotron resonance mass spectrometry, that HCOH is 54 kcal/mol
less stable than H,CO, in good agreement between theory and experiment.??
We suppose that the smaller energy difference noted in the FCOH/HFCO
case is consistent with the ability of fluorine to preferentially stabilize the
singlet carbene. In fact, as borne out by the data shown in Table 11, the triplet
of FCOH is substantially higher in energy than its singlet electromer (101.9
versus 48.9 kcal/mol).

(22) Pan, C.-F.; Hehre, W. J. J. Phys. Chem. 1982, 86, 1252.
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in the gas phase, both the neutral and cation radicals can be
generated and characterized as distinct species.
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Abstract: We have generated (trimethylsilylymethyl anion, (CH;),SiCH,", in the gas phase and measured cross sections for
electron photodetachment using ion cyclotron resonance spectrometry. From the electron photodetachment spectrum we obtain
the electron affinity of (trimethylsilyl)methyl radical, EA = 21.9 % 0.3 kcal/mol, and derive the proton affinity of the anion,
PA = 390.9 £ 1.5 kcal/mol. These thermochemical parameters provide a quantitative measure of a-silyl carbanion stabilization

of about 20 kcal/mol.

The phenomenon of carbanion stabilization by a-silyl groups
has received considerable attention from theoretical and exper-
imental chemists over the past few years. Synthetic chemists,
taking advantage of the enhanced «-CH acidity in organosilicon
compounds, have developed a powerful class of reagents, a-silyl
organometallics.! These reagents have been used in the conversion
of carbonyl compounds to alkenes,? as Grignard reagents,’ and
in nucleophilic displacement reactions.’> Dramatic kinetic effects
upon substitution of an a-silyl moiety have been observed (rates
increased by factors of* 5 to orders of magnitude®) in reactions
proceeding through carbanionic intermediates or transition states.
Results of dynamic NMR studies (measuring rotational barriers
in w-conjugated carbanions)® have suggested significant delo-
calization of electron density into p-silyl-substituted phenyl rings.
Prompted by experimental evidence, theoreticians have worked
to both quantify and explain the stabilization which appears to
dictate observed organosilane chemistry.”®

Although the a-CH reactivity in organosilicon compounds
indicates enhanced stability, it does not provide direct evidence
that a-silyl carbanions exist as isolated, stable species. Such direct
evidence is provided, however, by the results of recently reported

gas-phase experiments. «-Silyl carbanions were observed in the
reaction of amide ion with alkylsilanes!%!! and in the reactions
of trimethylsilane with methoxide ion.!?

Gas-phase experiments have proven to be useful in obtaining
quantitative measures of intrinsic molecular properties!> and are
thus appropriate for obtaining a measure of a-silyl carbanion
stabilization. One attractive approach for evaluating the relative
stability of anionic species is through comparisons of experimental
gas-phase proton affinities (acidities of the conjugate acids). The
usual method for obtaining proton affinities (proton-transfer
equilibria studies) is difficult in the case of a-silyl carbanions, since
organosilanes are very weak acids. Reference acids (whose
AH®,4's have been precisely measured) are scarce in this regime.
Water, which does have an acidity in the correct range, cannot
be used as a reference acid in proton-transfer reactions involving
organosilanes due to competing nucleophilic displacement reac-
tions, !4

Experiments bracketing organosilane acidities have been re-
ported. The acidities of isobutylene (Me,C=CH,) and a-silicon
analogue, dimethylsilene (Me,Si==CH,), have been estimated.'’
Proton-transfer reactions indicated that dimethylsilene, whose
acidity falls between that of tert-butyl alcohol'® and water,!6 is

(1) For a comprehensive review on organometallic compounds, which
containg a discussion and references for silicon compounds, see: Krief, A.
Tetrahedron 1980, 36, 2531.

(2) Peterson, D. J. Organomet. Chem. Rev., Sect. A 1972, 7, 295.

(3) Numerous comprehensive reviews of organsilicon chemistry have been
published; representative works include: (a) Fleming, 1. In Comprehensive
Organic Chemistry; Pergamon: Oxford, England, 1979; Chapter 13. (b)
Paquette, L. A. Science (Washington, D.C.) 1982, 2]7, 793.

(4) Eaborn, C.; Eidenschink, R.; Jackson, P. M.; Walton, D. R. M. J.
Organomet. Chem. 1975, 101, C40.

(5) Wilt, J. W.; Lusztyk, J.; Peeran, M.; Ingold, K. U. J. Am. Chem. Soc.
1988, /10, 281.

(6) Bank, S,; Sturges, J. S;; Heyer, D. J. Am. Chem. Soc. 1980, 102, 3982.

(7) Durmaz, S. J. Organomet. Chem. 1975, 96, 331.

(8) (a) Hopkinson, A. C.; Lien, M. H. J. Org. Chem. 1981, 46, 998. (b)
Hopkinson, A. C.; Lien, M. H. Tetrahedron 1981, 37, 1105.

(9) Schleyer, P.v. R,; Clark, T.; Kos, A. J.; Spitznagel, G. W.; Rohde, C.;
Arad, D.; Houk, K. N.; Rondan, N. G. J. Am. Chem. Soc. 1984, 106, 6467.

0002-7863/88/1510-8333$01.50/0
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