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Observation and Characterization of the CH;S(O)CH™ and CH;S(O)CH™ -H,O Carbene
Anions by Photoelectron Imaging and Photofragment Spectroscopy
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We report the observation of the CH3;S(O)CH™ and CH;S(O)CH™ *H,O carbene anions formed upon overall
H," abstraction from dimethyl sulfoxide by O~. Photoelectron spectroscopy reveals singlet and triplet carbenes
for the remaining neutral, with the singlet state assigned as the ground state. Although some formation of the
distonic CH,S(O)CH, ™ radical anion is also expected, no conclusive evidence of the presence of this isomer
is found. The photoelectron spectrum of HCSO™ is also reported for the first time. Photofragmentation of
CH;S(O)CH™ with 532 nm light reveals two main types of anionic products: a dominant HCSO™ fragment,
resulting from methyl elimination, and a less intense SO~ product. For the monohydrated anion, an additional
SO™+H,0 fragment is observed. Intriguingly, both the SO™+H,0O and SO~ products are produced with much
higher yields in the fragmentation of CH3S(O)CH™ +H,O, compared to the SO~ yield from the dissociation of
the bare CH3S(O)CH™ anion. Two possible pathways are proposed as likely mechanisms for the SO~ -based
photoproducts, both involving a photoinduced intramolecular rearrangement and the formation of a C—C

bond.

1. Introduction

Sulfur-stabilized carbon radicals and carbanions often appear
as reaction intermediates of great importance to synthetic
chemistry. For instance, alpha-sulfoxide and sulfone carbanions
are used in modern synthetic methodologies mediating many
C—C bond forming reactions.' Gas-phase techniques allow for
the direct observation of many of such species in their isolated
form, while also permitting the characterization of their intrinsic
properties and aiding the discovery of new reaction intermediates.

Dimethyl sulfoxide [DMSO, CH3S(O)CHj3], like many polar
organic molecules, exists in anionic form only as a dipole-bound
anion,? > where the excess electron is weakly bound in a diffuse
orbital by virtue of the strong dipolar interaction. On the other
hand, it is well-known that deprotonation of a stable parent
molecule (M) can provide a binding site for the excess electron,
producing base-type [M—H]~ valence anions.® For instance,
proton abstraction from DMSO forms the well-known dimeth-
ylsulfinyl carbanion (or dimsyl anion) CH3S(O)CH, . Numerous
applications of this anionic species have been reported since
its first observation by Corey and Chaykovsky highlighting its
great synthetic capabilities.’

Theoretical®® and experimental'” studies on the dimsyl anion
show that its excess charge is mostly localized on the carbon
of the CH, segment. This additional electron is paired with a
second valence electron in the hybridized nonbonding orbital
of carbon. The anion possesses a pyramidal C—S(O)—C
configuration, with an electron lone pair localized on the sulfur
atom and a highly polarized ST—0O~ bond. Compared to neutral
DMSO, where both S—C bonds are estimated to be 1.80 A long,
the S—CH, bond length of the anion is slightly compressed (1.72
A), while the S—CH; bond is somewhat stretched (1.84 A);
see, for example, ref 9. Wolfe et al. attributed this effect to the
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stabilizing orbital interactions between the nonbonding electrons
on the carbon atom and the orbitals of sulfur.® More recent work
by Streitwieser and co-workers suggests that this effect may
arise primarily from the electrostatic stabilization of the anionic
carbon center in proximity to the positively charged S atom of
the polarized sulfinyl group.®!' As a result of this unique
structural arrangement, the potential tridenticity of this anion
has been suggested based on possible O, S, and C nucleophilic
reactivity.'?

Despite the long standing interest in this anion, there are no
reports on the [M—2H]™ anions of DMSO. Reactions of the
oxide radical anion O™ have proven to be a practical approach
to synthesizing a variety of radical anions in the gas phase.®!
In addition to its ability for proton abstraction, O~ is also capable
of abstracting H,* (which stands for sequential abstraction of
an H atom and a proton) from a wide range of molecules due
to its high proton and hydrogen affinities.'> In this study, we
make use of this property to generate novel [M—2H]™ anions
of DMSO.

The resulting anionic species could be described as either
carbene CH3S(O)CH™ or distonic CH,S(O)CH, ™ radical anions,
depending on whether the O™ attack occurs on the hydrogens
from a single carbon or from both carbon centers, respectively.
The similar CH;C(O)CH™ and CH,C(O)CH,™ anions have been
observed upon formal 1,1 and 1,3 overall H," abstraction from
neutral acetone by O™, with some preference for the formation
of the more stable oxyallyl anion CH,C(O)CH, .'*!> The
photoelectron imaging results presented in this work, in
combination with a thorough analysis of the observed photof-
ragments, suggest that the CH3;S(O)CH™ anions are predomi-
nantly formed under our experimental conditions, with the
excess electron residing in the out-of-plane carbon p orbital of
the bent SCH segment.

Photodetachment from CH3S(O)CH™ reveals the carbene
character of the remaining neutral. Carbenes are known reactive
intermediates where the divalent carbon leads to low-lying
singlet and triplet states. Although close in energy, these states
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exhibit noticeable differences in their chemical reactivity (see,
for example, ref 16). Using photoelectron spectroscopy in
combination with ab initio and density-functional calculations,
we characterize the electronic structure of the CH3;S(O)CH™
anion and the corresponding neutral. Photofragmentation experi-
ments on this anion reveal two types of products, namely
HCSO™ and SO™. While direct S—C bond cleavage is believed
responsible for the HCSO™ fragments, a photoinitiated intramo-
lecular C—C bond formation is proposed as a likely mechanism
for the SO~ channel. The effect of monohydration on this anion
is also studied by examining the photoelectron spectra as well
as the fragmentation patterns of the CH3S(O)CH™ +H,O ionic
complex.

2. Experimental Setup

The experiments are carried out on mass-selected negative
ions using a tandem time-of-flight (TOF) mass spectrometer!”
equipped with a velocity-mapped'® imaging'® assembly for
detection of photoelectrons, as described previously.?® The
anions are formed by bubbling 10—20 psi of neat N,O gas
through a reservoir containing liquid dimethyl sulfoxide (Alfa
Aesar 99+ %). The resulting gaseous mixture is expanded into
vacuum through a 50 Hz pulsed nozzle (General Valve Series
99) and impacted with a 1 keV electron beam. Dissociative
attachment of slow secondary electrons to neutral nitrous oxide
yields precursor O~ radicals. According to the proposed
mechanism, O~ then abstracts H,™ from neutral DMSO to
generate the [M—2H]™ anion plus an H,O molecule. Water
trapped within the gas delivery lines serves as an additional
source of H,O for the formation of anionic hydrates. The
formation of these ions is experimentally challenging because
of the low vapor pressure of DMSO and its tendency to adhere
to surfaces.

The anions are pulse-extracted into a Wiley—McLaren?! TOF
mass spectrometer and monitored using an in-line microchannel
plate (MCP) detector (Burle, Inc.) mounted at the end of the
flight tube. Mass-selected ions are interrogated with a pulsed
laser beam. The harmonics of a nanosecond Nd:YAG laser
(Spectra Physics, Inc., Quanta-Ray LAB 130-50) provide 532,
355, and 266 nm pulses of about 30, 15, and 5 ml/pulse
respectively. The laser beam is mildly focused at the intersection
with the ion beam using a 2 m focal length lens located 1.7 m
before the interaction region.

Anionic photofragments are analyzed using a linear reflectron
mass spectrometer and refocused on an off-axis MCP detector
(Burle, Inc.) that collects the fragments 355° from the main ion
beam trajectory.'”?*?> The photofragment mass spectra are
captured by a digitizing oscilloscope, averaged over ~500 laser
shots, and transferred to a computer. Photoelectron images are
recorded in the direction perpendicular to the primary ion and
laser beams. A 40 mm diameter MCP detector coupled to a
P43 phosphor screen (Burle, Inc.) is mounted at the end of the
u-metal shielded electron flight tube. To discriminate against
background, the MCPs are pulsed on for a 200 ns window timed
with the arrival of the photoelectrons. Photoelectron images are
captured by a CCD camera (Dalsa, Inc.), accumulated for S0 000
experimental cycles and transferred to a computer for storage
and analysis. The O™ photoelectron spectrum is used for electron
kinetic energy calibration.?>>*

3. Results

3.a. Parent-Ion Mass Spectrum. A representative parent-
ion mass spectrum is shown in Figure 1. In addition to the
anticipated anions formed by expansion of N,O gas with a small
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Figure 1. Representative mass spectrum displaying the anions formed
by electron impact on the N,O/DMSO gas mixture.

amount of H,O present in the gas line,” %’ the observed peaks
at m/z = 76, 94, and 112 suggest a hydration series for the m/z
= 76 anion, assigned as the [M—2H] ™ negative ion of DMSO
and described throughout this work as CH3;S(O)CH™. Other
anions formed from DMSO include SO, small amounts of
HCSO™, and NO™ -DMSO corresponding to m/z = 48, 61, and
108, respectively. Although the m/z = 94 peak may also
correspond to the CH3S(O,)CH;™ anion resulting from the
addition reaction of the atomic oxygen anion with DMSO, the
photoelectron images presented below show no evidence that
this compound is formed.

The spectrum in Figure 1 gives no indication of the formation
of the dimsyl anion, CH3S(O)CH, . This is surprising, as atomic
oxygen is sufficiently basic to deprotonate DMSO. The absence
of the dimsyl anion must be at least partially due to the presence
of water in our system, as we observed a similar effect in
experiments with acetonitrile, where both H;CCN™ and HCCN™
were present in the absence of water, while only the
HCCN™(H;0), clusters were observed with the addition of
water.?8

3.b. Photoelectron Imaging. Figure 2 (left) shows the
photoelectron images obtained for the CH3;S(O)CH™ anion at
355 nm and for the CH;S(O)CH™ +H,0 ionic complex at 266
nm. The images were acquired under the same electrostatic
focusing conditions, and their corresponding energy spectra are
plotted in the right of the figure as functions of electron binding
energy (eBE). The photoelectron spectra and angular distribu-
tions reflected in the images were analyzed using the Reisler
group’s BASEX program.?

Three transitions are observed in each case shown in Figure
2, corresponding to the different rings on the photoelectron
images and the resultant bands in the spectra. The numbers in
parentheses shown next to the individual spectral bands are the
corresponding photoelectron anisotropy parameter (3) values.

The highest-eBE band in the 355 nm CH3S(O)CH™ spectrum
in Figure 2c is cut off at the photon energy limit (3.49 eV). We
have therefore included an additional spectrum of this band
shown as a dashed line in Figure 2c, extracted from a
photoelectron image (not shown) acquired at 266 nm. From the
266 nm spectrum, the vertical detachment energy (VDE)
corresponding to the high-eBE CH3S(O)CH™ band is estimated
at 3.48 eV. The rest of the 266 nm trace overlaps well with the
355 nm spectrum and is therefore not shown.

The 355 nm CH3S(O)CH™ spectrum in Figure 2¢ was fitted
using the sum of three Gaussian-type functions.’ The peak
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Figure 2. (a), (b) Photoelectron images and (c), (d) corresponding
energy spectra for the CH3S(O)CH™ and CH3S(O)CH™ -H,O anions.
The double arrow in (a) and (b) indicates the laser polarization direction.
The numbers in parentheses (with error bars) in (c) and (d) are the
anisotropy parameters determined for each of the corresponding spectral
bands.
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Figure 3. (a) 355 nm photoelectron image and (b) corresponding
spectrum for the HCSO™ anion. The double arrow in (a) indicates the
laser polarization direction. The number in parentheses (with error bars)
is the anisotropy parameter determined for the observed detachment
band.

positions for these individual Gaussians are interpreted as the
VDE values for the corresponding transitions: 1.79, 2.47, and
3.48 eV, respectively. In Section 4.b, we assign the lowest-
eBE band to the ground singlet electronic state (Sp) of the
remaining neutral CH3S(O)CH and the second band to the lowest
triplet state, T, and the high-eBE band is tentatively assigned
to an excited singlet, S;.

From the 266 nm spectrum of the monohydrated anion shown
in Figure 2d, we observe that each of the three bands is shifted
to higher binding energies by 0.54 &+ 0.05 eV with respect to
the bare anion. The shift is attributed to the stabilization
interaction between the anion and the solvent H>O molecule.
Because of the direct one-to-one correspondence of the transi-
tions observed for the bare and monohydrated species, we
conclude that no CH3S(O,)CH;3™ anions, which have the same
m/z ratio as CH3S(O)CH™ +H,0, are formed in our experiment.

Figure 3a shows the 355 nm photoelectron image of HCSO™,
which corresponds to the relatively small peak in the parent-
ion mass spectrum at m/z = 61. The VDE of this anion,
determined as the eBE associated with the maximum of a
Gaussian fit to the photoelectron band, is 2.97 eV with a full
width at half-maximum of 0.8 eV. Characterization of this anion
is relevant to the understanding of the photodissociation channels
discussed in the next section, since methyl elimination from
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Figure 4. Photofragment mass spectra obtained at 532 nm for the (a)

CH;S(O)CH™ and (b) CH3S(O)CH™ *H,O parent anions. The numbers
in parentheses indicate the relative yields for the different fragments.

CH;3S(O)CH™ results in the HCSO™ product. Our calculations
suggest that the anion responsible for the spectrum in Figure 3
has a singlet ground state. In good agreement with the
experimental observations, the VDE estimated at the B3LYP/
aug-cc-pVTZ level is 2.87 eV for the trans-isomer and 3.19 eV
for the cis-configuration, the later being more stable by <0.1
eV at this level of theory. The HCSO™ photoelectron spectrum
in Figure 3 is significantly different from that reported for the
CH;CH,S™ anion,* also of m/z = 61, ruling out the possibility
of this latter anion contributing to the peak observed in the
parent-ion mass spectrum.

3.c. Photofragment Mass Spectra. Reported in Figure 4 are
the anionic photofragment mass spectra obtained with 532 nm
(2.32 eV) photoexcitation of the CH;S(O)CH™ and
CH3S(O)CH™ *H,0O anions. A dominant HCSO™ (m/z = 61)
photofragment peak is observed for both cases with additional
contributions from SO~ -based fragments. For the bare
CH;3S(O)CH™ anion, the HCSO™ products account for about
90% of the total anionic fragmentation yield, while SO~
accounts for the remaining 10%. No anionic dissociation
products were observed with 355 or 266 nm light. It is
instructive to compare this result with the CH;C(O)CH™ anion
formed from acetone, where a dominant fragmentation channel
yielding HCCO™ was observed by Lin and Grabowski.'*

In comparison, the monohydrated anion CH;S(O)CH™ -H,0O
shows an enhanced yield of the SO -based channel, including
the SO~ +H,0 fragment, as evident in Figure 4b. The observation
of the SO™ *H,O photofragment suggests that the water molecule
in the parent anionic complex binds to the sulfoxide group by
means of hydrogen bonding to the oxygen atom. The combined
yield of the SO -based products from CH;SOCH™*H,0O ac-
counts for about 51% of the anionic fragments yield, with the
remaining 49% attributed to HCSO™.

4. Discussion

4.a. Isomeric Structures. To aid the analysis of the experi-
mental data, minimum-energy C,;H,SO™ structures were deter-
mined using the Gaussian 03 suite of programs.’' The hybrid
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Figure 5. Structures for the C,H4SO™ anions optimized at the
UB3LYP/aug-cc-pVTZ level of theory.

B3LYP method was employed for most of the calculations
shown in this work using the aug-cc-pVTZ basis set. In choosing
the computational method, we performed extensive test calcula-
tions for the VDEs to the first singlet and triplet states of the
corresponding neutrals for several well-characterized carbene
anions, such as CH,,*?>** HCF~, HCC1,*** HCNC™, and
HCCN™.%7 The B3LYP/aug-cc-pVTZ method proved to be on
average within approximately +0.25 eV of the reported
experimental values. Calculations at the MP2 and CCSD(T)
levels were consistent with the energetic orderings of the B3LYP
predictions, varying only slightly in their respective relative
energies.

The predicted potential minimum structures are displayed in
Figure 5. No imaginary frequencies were found for these
optimized geometries at the UB3LYP/aug-cc-pVTZ level of
theory. Vertical detachment energies for the anions shown in
Figure 5, corresponding to the low-lying singlet and triplet states
of the neutrals, were determined from single-point energy
calculations using the minimum energy geometries of the anions.
The resulting single-point energies for the singlet or triplet
neutral states are then compared to the ground state of the anion
to obtain the VDEs shown in Table 1. Figure 6 displays a
schematic diagram showing the calculated relative energies for
the isomers shown in Figure 5 and their plausible correlations
with the HCSO™ and SO~ fragment channels.

We now focus on structure I, whose properties (as discussed
in Sections 4b and 4c) best match the photoelectron spectrum
shown in Figure 2c, and which is also consistent with the
observed photofragments—in particular with formation of the
HCSO™ product. The optimized HC—S distance for structure I
is 1.72 A, the same as the H,C—S distance for the dimsyl anion
(1.72 A from ref 9). This is an indication that no significant
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TABLE 1: Relative Electronic Energies and Vertical
Detachment Energies (VDE) for the Structures Shown in
Figure 5 Obtained at the UB3LYP/aug-cc-pVTZ Level of
Theory

VDE (eV)
structure  relative energy (eV) singlet triplet

I 0.0 1.967 2.522

1I 0.114 2.026 2.573

I 0.056 2.486 2.400

v —0.037 2.270 2.525

v —1.888 0.944 2.300

VI —0.691 —0.353

exptl 1.79 £0.02 247 +0.02

changes occur to the C—S bonding between these two anions.
The extra electron in CH3S(O)CH™ occupies the empty out-of-
plane orbital of the carbon atom in the CH segment. The
Mulliken spin densities and charges, obtained from the UB3LYP
calculations and shown in Figure 7, are consistent with this
picture and additionally reveal the highly polarized S—O o-bond,
best described as ST—07.3¥ The S—O bond length in structure
I of CH3S(O)CH™ is 1.55 A, also similar to that of dimsyl. This
is longer than 1.49 A reported for the S—O bond distance of

6 - 280" + CHy+ CHy
280"+ CHy+ CH e

@
: Mt
lHeso-+cH, @
— ? w

Teso- + cHyeH

Relative Energy (eV)

280~ + C,H,

Figure 6. Schematic energy diagram showing some of the relevant
stationary structures and fragment channel correlations, calculated at
the UB3LYP/aug-cc-pVTZ level of theory. The equilibrium structures
denoted by roman numerals are shown in Figure 5, while the
corresponding relative energy values are summarized in Table 1.

(a) (b)

0.960
-0.989 (0.032)
(0.029) -
-0.052
-0.920 {0.001)
(0.892)
(c) (d)
1.025
(-0.124) I
-0.973 /’

(0.007)

-0.526
(0.577)

Figure 7. Mulliken charges with hydrogens summed into the C atoms
and spin densities (in parentheses) for the carbene (a) CH;S(O)CH™
and distonic (¢) CH,S(O)CH,  radical anions calculated at the
UB3LYP/aug-cc-pVTZ level of theory. The contours in (b) and (d)
are the a—/ spin density plots for CH;S(O)CH™ and CH,S(O)CH, ",
respectively.
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neutral DMSO (see, for example, ref 9). The Mulliken spin
densities and charges for structure IV (the distonic radical anion)
are also displayed in Figure 7, revealing that the excess electron
is delocalized between the two carbon atoms while also
preserving a pyramidal structure and a polarized S—O bond.

4.b. Photodetachment Transitions. Three main photoelec-
tron bands are observed in the spectra shown in Figure 2. The
predicted properties of structure I are in good agreement with
these bands. For instance, the experimental VDEs for the first
two bands in Figure 2c are 1.79 and 2.47 eV, respectively. These
values are compared to the calculated VDEs of CH3S(O)CH™
(structure I) corresponding to the Sy and T states of the neutral:
1.97 and 2.52 eV, respectively (Table 1). The VDEs obtained
with the anion reoptimized at the MP2/aug-cc-pVTZ level are
2.10 and 2.66 eV for the singlet and triplet transitions,
respectively. The CCSD(T)/aug-cc-pVDZ calculations using this
reoptimized MP2 structure give 1.75 eV as the VDE of the
singlet band and 2.36 eV for the triplet.

Although the assignment of the photoelectron spectrum to
structure I is reinforced by the observed photofragmentation
products (HCSO™, in particular), this assignment is not entirely
unambiguous. First, the calculated VDEs of structures I and IT
are quite similar (see Table 1), while the barrier for the
interconversion of isomer I into IT by rotation about the CS
bond is only ~0.3 eV, as determined at the B3LYP/aug-cc-
pVTZ level of theory. We nonetheless focus on isomer I, since
it is predicted to be the more stable of the two species. The low
thermal energy of the anionic beam and the short experimental
time scales should preclude the anion formed by overall Hy*
abstraction (structure I or structure II) from overcoming the
larger energy barriers associated with the more stable structures
displayed in Figure 6. Second, contributions from the symmetric
CH,S(O)CH,™ anion (structure IV) also cannot be ruled out
completely based on the photoelectron spectra alone. While the
spectra in Figure 2 show no distinct signatures for the coexist-
ence of two different isomers, the predicted transitions for the
distonic CH,S(O)CH,™ anion are expected to fall in close
proximity to the bands of structure I. Therefore, possible
contributions of isomer I'V could be disguised in the structureless
bands of the photoelectron spectra. However, we emphasize
again that structure IV is not easily reconciled with the formation
of the observed HCSO™ photofragments.

Returning to the photodetachment of CH;SOCH™ (structure
I), this process leaves either singlet or triplet electronic state
carbenes. Our calculations suggest that the lowest-eBE band
corresponds to removal of an electron from the singly occupied
HOMO of the anion (out-of-plane p orbital), resulting in a
neutral that can be viewed as a singlet carbene with two
nonbonding paired electrons located on the in-plane sp’-
hybridized orbital of the divalent carbene center. Geometry
optimization of this singlet neutral state reveals that the carbene
is further stabilized by electron donation from the sulfur
substituent into the empty p orbital of carbon, ultimately
resulting in a planar C—S(O)—C skeleton with a much shorter
HC-S bond (1.58 A compared to 1.72 A for the anion). The
shortening of the bond is due to the additional 77-C—S bonding.
The adiabatic electron affinity (without zero-point vibrational
energy correction) is estimated to be 1.18 eV at the B3LYP/
aug-cc-pVTZ level of theory for detachment to the singlet state.
The corresponding triplet state value is 2.08 eV. Experimental
electron affinities are not reported here, since the large geometry
distortions discussed above result in an unfavorable Franck—
Condon overlap for the adiabatic transitions.
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Figure 8. Schematic representation of the electronic states involved
in the photodetachment of the CH3S(O)CH™ anion. The question mark
next to A 'A reflects the uncertainty of this state’s assignment.

The second band in the photoelectron spectra, assigned to
the excited triplet (T,) of the neutral, results from removal of a
B-electron from the HOMO — 1 of the anion (the in-plane sp*
hybridized orbital), leaving the carbene center in a triplet state.
The geometry of the optimized triplet structure shows the most
variation in the [JSCH angle compared to that of the anion,
opening from 105° to 123° according to our UB3LYP/aug-cc-
pVTZ calculations. It is interesting that the geometry relaxation
on the T state does not result in a linear S—C—H configuration,
as observed for the triplet states of HCCN and HCNC, where
the sr-electrons of the CN bond are potentially able to conjugate
with both electrons on the HC fragment giving a quasilinear
(or floppy) molecule.’’

The third photoelectron band, with the highest binding energy,
is tentatively assigned to an excited singlet state of the neutral,
Si. Excited state calculations for the singlet neutral molecule at
the optimized geometry of the anion give excitation energies
for the next singlet state of 1.99, 1.52, and 1.54 eV using the
CIS/aug-cc-pVTZ, TD-B3LYP/aug-cc-pVTZ, and SAC-CI/
6—311+G* levels of theory, respectively. Assuming that the
first band is located at 1.80 eV (see Figure 2c), these results
suggest that removal of an a-electron from the HOMO — 1 of
the anion should result in photoelectrons in the range of eBE
= 3.3—3.8 eV, which is consistent with the experimental data.
However, the markedly positive anisotropy of this transition,
contrasting the other two bands, is somewhat puzzling, hence
the tentative nature of our assignment. Another possible
interpretation involves the removal of an electron from the sulfur
lone pair, which is expected to give positive anisotropy values.

A schematic representation of the proposed detachment
transitions in CH3S(O)CH™ is shown in Figure 8. The spectrum
recorded for the monohydrated anion shows that all three bands
are shifted to higher binging energies by an equal amount (0.54
+ 0.05 eV), attributed to the stabilization induced on the anion
by a solvent water molecule.

The accurate determination of the singlet—triplet energy gap
is of crucial importance to carbene chemistry, and photoelectron
spectroscopy of negative ions has proven to be the technique
of choice for the experimental determination of this energy
difference. Characterization of the singlet and triplet states of
neutral carbenes by means of anion photodetachment has been
reported previously by Lineberger and co-workers for several
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systems, including CH, ,3>3* CX,~, and halocarbene anions
HCX™, where X = halogen,** % and the HCCN~ and HCNC~
isomeric anions.”’

4.c. Photodissociation Mechanisms. Figure 6 displays a
schematic reaction coordinate diagram showing the relative
energies of the possible isomers and intermediates leading to
the formation of the observed HCSO™ and SO~ photofragments.

The HCSO™ products are proposed to originate from direct
S—C bond cleavage followed by methyl elimination from the
CH;S(O)CH™ anion. The mechanism for SO~ production,
however, is less clear, and several possible mechanisms are
discussed below:

(i) Decomposition of HCSO™ photofragments into SO~ +
CH. A mechanism similar to the production of CO from
CH;C(O)CH3;, where predissociation of the CH;CO photoprod-
uct is viewed as the source of the observed carbonyl fragments.
Therefore, further decomposition of nascent HCSO™ products
is considered as a plausible mechanism for SO~ formation.

(ii) Concerted two-bond cleavage to give CH + SO~ + CH;
fragments after absorption of a photon by CH3;S(O)CH™ (or by
the symmetric CH,S(O)CH, ™ anion to give SO~ + 2CH,). A
recent study shows concerted bond breaking of DMSO upon
UV excitation as a possible pathway for the production of SO
+ 2CH;. 4

(iii) A 1,2-methyl migration from the sulfur atom to the
carbene center forming a CH;CHSO™ anion subsequently
followed by an S—C bond cleavage that could result in CH;CH
+ SO™ fragments—provided there is enough energy available
in the excited system.

(iv) Cyclization into a C,H,SO™ anion (structure VI) that
undergoes fast decomposition into C;H, + SO™. Since neutral
ethylene episulfoxide*? is a well-known pyrolytic*® and pho-
tolytic** source of SO, its anion is a possible source of SO™.
Formation of the cyclic intermediate may be preceded by an
intramolecular C—H insertion in the electronically excited
CH;3S(O)CH™ anion or by promotion of C—C bonding in an
excited electronic configuration of the CH,S(O)CH,™ isomer.

Our calculations indicate that the HCSO™ anion is more stable
than the SO~ + CH fragments (this can be seen in Figure 6),
arguing against mechanism i. In addition, no HCSO™ -H,0O
photofragments were detected from CH;S(O)CH™ <H,O. These
photofragments would be expected if the observed SO~ +H,0O
products were formed via mechanism i alone. Mechanism ii is
also not very likely since there is not enough energy provided
by the absorption of a single 532 nm photon to break two bonds
simultaneously. A photoinitiated methyl migration, as suggested
in mechanism iii, seems to be energetically accessible at this
photon energy and therefore remains as a possible pathway in
this discussion.

Mechanism iv is also highly favored based on energetic
arguments. Similarly, Bowie et al. reported the observation of
the HOS™ fragment in their mass spectra resulting from
fragmentation of the CH3S(O)CH,  anion (dimsyl).* Their
proposed mechanism involved proton transfer to oxygen,
followed by a subsequent cyclization and elimination of the C,H,4
olefin to give HOS™.

One complication with mechanism iv is that the excess
electron needs to vacate the out-of-plane p orbital of carbon
for the C—H insertion to occur. One possible way to overcome
this difficulty is having this electron transferred to the sulfoxide
group. A similar argument applies for the CH,S(O)CH, ™ anion.
Nonetheless, the poor electron affinity of cyclic ethylene
episulfoxide does not favor the formation of a valence anion
(as reflected by the negative VDE calculated for cyclic structure
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VI). The high dipole moment of the cyclic neutral (3.94 D at
the UB3LYP/aug-cc-pVTZ level) suggests that a dipole-bound
state may exist. Dipole-bound states can potentially act as
doorways into dissociative valence states, as demonstrated by
studies on nitromethane.*® However, the formation of a long-
lived dipole-bound structure is also unlikely in the present case,
as such a state would be prone to autodetachment, because of
the vibrational excitation likely imparted on the molecule during
the process.

The observed enhancement in the SO™-based products upon
hydration may be an indication of an increased electron affinity
on the monohydrated cyclic intermediate. That is, stabilization
of the excess electron by hydration is at the root of the enhanced
abundance of SO™-based photoproducts. The smaller SO~ signal
for the bare anion may then be thought of as resulting from the
strong competition with delayed autodetachment. It also remains
to be seen whether water could be lowering the reaction barrier
to the fragmentation (as observed in other gaseous ions*’) by
participating in the rearrangement process.

The photofragmentation mechanisms presented here may be
an incipient indication of the interesting synthetic and mecha-
nistic properties of these anions. It would be worth examining
their reactivity with nearby molecules and exploring their
potential applications.

5. Summary

We have reported the observation of the CH;S(O)CH™ and
CH;S(O)CH™ *H,O carbene anions. Photoelectron spectroscopy
reveals singlet and triplet carbenes for the remaining neutral,
with the singlet state assigned as the ground state. The proposed
structure of the CH3S(O)CH™ ion is analogous to that of the
well-known dimsyl anion CH3S(O)CH, ™, with the additional
unpaired electron localized in the site of the missing H atom.
Although formation of the distonic CH,S(O)CH, ™ radical anion
is also expected, we found no conclusive evidence of the
presence of this isomer. The photoelectron spectrum of HCSO™
is also observed and reported for the first time in this work.

Two main types of anionic products found in 532 nm
photofragmentation of CH3S(O)CH™ are a dominant HCSO™
fragment, resulting from methyl elimination, and a less intense
SO~ product. For the monohydrated anion, an additional
SO™+H,O fragment is observed. Intriguingly, both the SO~ H,O
and SO~ products are produced with much higher yields in the
fragmentation of CH3S(O)CH ™ +H,0, compared to the SO~ yield
from the dissociation of the bare CH;S(O)CH™ anion. Two
possible pathways are proposed as likely mechanisms for the
SO~ -based photoproducts, both involving a photoinduced in-
tramolecular rearrangement. One of the proposed mechanisms
involves a methyl migration from sulfur to CH, forming a
CH;CHSO™ anion that is followed by C—S bond cleavage to
give CH;CH + SO™. The other possibility involves a cyclic
intermediate that quickly dissociates into C,H, + SO™.
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