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a b s t r a c t

The reactivities of mono- and dihalocarbene anions (CHCl•−, CHBr•−, CF2
•−, CCl2•−, and CBrCl•−) were

studied using a tandem flowing afterglow-selected ion flow tube instrument. Reaction rate constants and
product branching ratios are reported for the reactions of these carbene anions with six neutral reagents
(CS2, COS, CO2, O2, CO, and N2O). These anions were found to demonstrate diverse chemistry as illustrated
by formation of multiple product ions and by the observed reaction trends. The reactions of CHCl•− and
CHBr•− occur with similar efficiencies and reactivity patterns. Substitution of a Cl atom for an H atom to
form CCl2•− and CBrCl•− decreases the rate constants; these two anions react with similar efficiencies and
reactivity trends. The CF2

•− anion displays remarkably different reactivity; these differences are discussed
Carbene anion
Radical anion
N
I

in terms of its lower electron binding energy and the effect of the electronegative fluorine substituents.
The results presented here are compared to the reactivity of the CH •− anion, which has previously been
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. Introduction

Simple halogen substituted carbenes (CXY, where X = F, Cl, and
r and Y = H, F, Cl, and Br) have singlet ground states [1–3].

n solution, these molecules are highly reactive and undergo
haracteristic reactions such as insertion into single bonds and
ycloaddition to double bonds [4,5], making them useful synthetic
rganic chemistry reagents. In the atmosphere, these compounds
re likely photofragments of chlorofluoro compounds and other
alons [6–10]; the role of halogenated compounds in ozone
epletion has been well documented [11–14]. In addition, the
eactions of halocarbenes are important to the plasma chemistry
f halogenated compounds [15] and to organometallic chemistry
16–18].

There has been an extensive effort, both experimentally and
heoretically, aimed at determining the fundamental physical prop-
rties of halocarbenes. These studies have been employed to
etermine the electronic and molecular structure of the ground

nd first excited state, vibrational frequencies, ionization energies,
lectron affinities, and the singlet–triplet splittings [1–3,19–46].
dditionally, heats of formation, gas-phase acidities, and bond
issociation energies have been determined either directly or indi-

∗ Corresponding author. Tel.: +1 303 492 7081; fax: +1 303 492 5894.
E-mail address: veronica.bierbaum@colorado.edu (V.M. Bierbaum).

r
a
c
a
a
o
s
w
o

387-3806/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2008.07.007
2

© 2008 Elsevier B.V. All rights reserved.

ectly through gas-phase ion–molecule bracketing experiments
nd collision-induced dissociation threshold energy measure-
ents [47–52].
While halogen substituted neutral carbenes have been exten-

ively investigated, only a few studies have addressed the chemistry
f the corresponding anions. Addition of an electron to a halocar-
ene forms a �-radical anion [1–3]. In solution, radical anions are
f interest since these species are often reactive intermediates. In
he gas-phase, the chemistry of radical anions has important impli-
ations for reactions in the upper atmosphere [53], negative ion
hemical ionization mass spectrometry [54,55], and electron cap-
ure detectors [56].

The majority of the studies involving CXY•− anions have focused
n electron and proton transfer reactions [50–52]; these studies
ave provided valuable thermodynamic information about the cor-
esponding neutral carbenes. Beyond this, Born et al. [50,57] have
nvestigated the reactivity of a series of monohalocarbene anions

ith methyl halides, organic esters, and aliphatic alcohols. Their
esults show that reactions with methyl halides proceed solely by
n SN2 mechanism, while the reactions with the esters proceed by
ompeting SN2 and BAC2 mechanisms [57]. The reactions with the
lcohol series (ROH) indicate that, in addition to proton transfer,

n SN2 reaction to produce X− also occurs. This SN2 process must
ccur within the [RO− + •CH2X] complex before the initial products
eparate [50]. Recently, we investigated the reactions of CHCl•−

ith a series of chloromethanes [58]. These reactions primarily
ccur via substitution and proton transfer. Additionally, however,

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:veronica.bierbaum@colorado.edu
dx.doi.org/10.1016/j.ijms.2008.07.007
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sotopic labeling studies indicate that carbene anions can undergo
n insertion–elimination mechanism, where the anion inserts into
C–Cl bond to form an unstable intermediate, which eliminates

ither Cl2•– or Cl− and Cl•.
In this study we evaluate the gas-phase reactivity of simple

ubstituted carbene anions with a series of oxygen and sulfur con-
aining neutral reagents (CS2, COS, CO2, O2, CO, and N2O). In past
tudies from our laboratory, we have found that this series of neu-
ral reagents can provide insight into the structure of an anion
s well as form interesting product ions from diverse chemistry
59–67]. Additionally, the reactivity of methylene anion, CH2

•−, has
een studied with this neutral series [65], which allows for direct
omparison to the results presented here. In this work we have
easured reaction rate constants as well as product ion branch-

ng ratios. Additionally, we suggest reaction mechanisms, which
ccount for the observed product ions. Since there is very little
hermochemical information available in the literature for these
ystems, electronic structure calculations are employed to evaluate
he reaction exothermicities for several proposed pathways.

. Experimental

The reactivities of mono- and dihalocarbene anions (CHCl•−,
HBr•−, CF2

•−, CCl2•−, and CBrCl•−) were studied using a tan-
em flowing afterglow-selected ion flow tube instrument (FA-SIFT),
hich has previously been described [68]. Reactant ions were

ormed in a flowing afterglow source from the H2
•+ abstraction

eactions of O•− [69,70]:

•− +CH2XY → H2O + CXY•−

Ions of a single isotopomer were mass-selected and injected into
reaction flow tube where they were thermalized to 302±2 K by

ollisions with He buffer gas (0.5 torr,∼104 cm s−1). Despite inject-
ng the reactant ions with minimal energy, X− ions produced from
ollision-induced dissociation were also present in the reaction
ow tube; the presence of these additional ions was considered

n the data analysis below.
Measured flows of neutral reagents were introduced into the

eaction flow tube through a manifold of inlets and the reactant and
roduct ions were analyzed by a quadrupole mass filter coupled to
n electron multiplier. Reaction rate constants were determined
y changing the neutral reagent inlet position, thereby varying the
eaction distance and time, while monitoring the change in reactant
on intensity. Product branching fractions were measured at each
eutral inlet and averaged together; secondary reactions in general
o not occur for these systems. Efforts were made to minimize mass
iscrimination, however, it was necessary to estimate the relative

etection sensitivities when calculating product branching ratios.
he relative detection sensitivity was estimated by examining a
eries of exothermic ion–molecule reactions where only one ionic
roduct was formed. For reactions of CBrCl•−, we were unable to
leanly separate the CBrCl•− anion from the CHBrCl− anion in the

t
a
e
C
T

able 1
eaction rate constants (10−10 cm3 s−1) for the reactions of CXY•− with CS2, COS, CO2, O2,

eutral reagent CHCl•− (384.8; 1.210)a CHBr•− (380.7; 1.454)

S2 10.5±0.7b 9.14±0.22
OSc 6.87±0.25 5.27±0.14
O2 5.62±0.17 5.13±0.02
2 2.11±0.04 1.80±0.05
O 1.42±0.25 0.943±0.013
2O <0.001 <0.001

a The enthalpy of protonation in kcal mol−1 and the electron binding energy in eV are g
b Standard deviation of at least three measurements.
c Reaction rate constants represent an upper bound value, see experimental section.
ass Spectrometry 280 (2009) 12–18 13

njection process. The presence of this additional ion does not inter-
ere with measurements of the overall reaction rate constant since
BrCl•− can be resolved and monitored with the mass detection
ystem. The presence of CHBrCl−, however, does complicate the
etermination of the product branching ratios. For this same rea-
on, the CBr2

•− anion was not included in this study. Additionally
he CHF•− anion was not studied since it occurs at the same mass
s O2

•−, which is also present in the ion source.
The error reported for the reaction rate constants is one stan-

ard deviation of at least three measurements. The uncertainty in
he reaction rate constants due to systematic error is±20% and the
ncertainty in the product branching ratios is±30%. Helium buffer
as (99.995%) was purified by passage through a liquid nitrogen-
ooled molecular sieve trap. Neutral reagents were purchased from
ommercial sources and used without further purification. The
eactions of CXY•− with COS indicate that the neutral sample con-
ains a trace amount of H2S impurity; as a result, the measured rate
onstants represent an upper bound value. The reported reaction
fficiencies are the measured rate constant divided by the calcu-
ated collision rate constant (eff = k/kcol). Collision rate constants

ere calculated from parameterized trajectory collision rate theory
71].

Electronic structure calculations were performed using the G3
omposite technique [72] provided in the Gaussian 03 suite of
rograms [73]. The electronic energy, harmonic frequencies, and
otational constants were determined for the optimized geometries
f the reactants and products of the fluorinated and chlorinated
eactions. These results were used to evaluate the exothermici-
ies of the proposed mechanisms; a more detailed investigation to
nclude the reaction intermediates and transition states is beyond
he scope of this work. The exothermicities of the brominated reac-
ions are not provided since the G3 method does not include fourth
ow elements. The Cartesian coordinates and energies for the opti-
ized geometries of the reactants and products are provided in the

upplementary Information.

. Results and discussion

Table 1 displays the experimentally measured reaction rate con-
tants for the reactions of CXY•− with each neutral reagent; Table 2
resents product ion branching fractions. Fig. 1 is a plot of reac-
ion efficiency as a function of anion basicity for the reactions of
XY•− with CS2, COS, CO2, O2, and CO; N2O is excluded from this
lot since it only reacts with CF2

•−. In this figure each trace repre-
ents a different neutral reagent and the data points are connected
o guide the eye only. The reaction trends presented in this plot are
ot readily observed in Table 1 since the collision rate constants for

he reactions of CO2 and CS2 are smaller than for COS. The CHCl•−

nd CHBr•− anions react with similar efficiencies and trends. As
xpected, replacing a hydrogen atom with a chlorine atom to form
Cl2•− and CBrCl•− substantially decreases the reaction efficiency.
he reaction efficiencies and trends for the CCl2•− and CBrCl•−

CO, and N2O

CF2
•− (377.4; 0.180) CCl2•− (364.2; 1.590) CBrCl•− (361; 1.84)

10.7±0.3 0.400±0.080 0.162±0.009
5.02±0.17 1.31±0.03 0.850±0.038

<0.070±0.002 <0.001 <0.001
2.65±0.03 0.946±0.025 0.748±0.014

<0.001 <0.001 <0.001
0.178±0.030 <0.001 <0.001

iven in parentheses; see Refs. [2,3,50,51].
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Table 2
Product ion distributions for the reactions of CXY•− with CS2, COS, CO2, and O2

Neutral reagent Product ions CH2
•−b (407.4;

0.6520)a
CHCl•− (384.8;
1.210)

CHBr•− (380.7;
1.454)

CF2
•− (377.4;

0.180)
CCl2•− (364.2;
1.590)

CBrCl•−c (361;
1.84)

CS2 X− 0.07 0.50 1.00 Cl− , Br−

X2
•− BrCl•−

S•− +
SH– +
CS2

•− + 1.00
C2HS– +
C2S2

•− 0.02 0.01 +
CXS•− 0.18 0.37
CYXS•− + 0.73 0.12
Loss of e− +

COS X– 0.90 1.00 0.94 Cl− , Br−

X2
•− BrCl•−

S•− +
C2OS•− 0.03 Trace
CXYS•− + 0.07 1.00 0.06
Loss of e− +

CO2 X− 0.94 1.00 0.20
CYXO•− 0.06
C2X2O2

•− 0.80
Loss of e− +

O2 X− 0.60 0.90 0.30 0.58 Cl−

X2
•− 0.02 0.24 BrCl•−

O•− + 0.32 0.07 0.40 0.12 +
OH– 0.05 0.03
O2
•− 0.28

OX– 0.03 0.04 ClO−

CX2O•− 0.02

+ Indicates that the ion was formed. For the CH2
•− ion, X and Y = H; for the CHCl•− and CHBr•− anions, X = halogen and Y = H; for the CF2

•− , CCl2•− , and CBrCl•− anion both
X

are g

2 are t
presen

a
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d
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and Y = halogen.
a The enthalpy of protonation in kcal mol−1 and the electron binding energy in eV
b The product ions formed from the reactions of CH2

•− with CS2, COS, CO2, and O
c Product branching ratios are not determined because the CHBrCl− ion was also

nions are similar to one another but differ from those of the CHCl•−

nd CHBr•− anions. The CF2
•− anion displays unique reactivity. This

ifference in reactivity is, in part, not surprising since the CF2
•−

nion has a significantly lower electron binding energy than the
ther ions studied here and, in general, other fluoro-anions typi-

ally display distinct reactivity [74].

As demonstrated in Fig. 1 and by the formation of multiple prod-
ct ions (Table 2), the reactivity of these carbene anions is complex.
o be able to address these reactivity trends, we must first discuss
he likely reaction mechanisms. In the following sections the reac-

ig. 1. Reaction efficiency versus anion basicity (lines are only intended to guide
ye).
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iven in parentheses; see Refs. [2,3,50,51].
aken from Ref. [65].
t in the reaction flow tube.

ivity of the CHCl•−, CHBr•−, CCl2•−, and CBrCl•− anions will be
iscussed together while the reactivity of the CF2

•− anion will be
iscussed separately. Since our experimental set-up does not allow
or neutral product detection, the neutral products are inferred
rom the ionic products and the structures of the neutral and ionic
roducts are based on molecular stability and on the occurrence
f reasonable reaction mechanisms. Electronic structure calcula-
ions are used as a guide in determining these structures and

echanisms. The G3 calculated exothermicities for the observed
uorinated and chlorinated reactions are provided throughout the
ext and in Table 3; a more complete list of calculated exothermic-
ties is provided in the Supplementary Information. The calculated
esults are compared to experimental values when possible.

.1. Reactions of CHX•− and CClX•− (X = Cl and Br)

The reactions of CHX•− (X = Cl and Br) with CS2 produce X−,
2S2
•−, CHXS•−, and CXS–, as shown below for CHCl•− with CS2.

HCl•− +CS2→ Cl− +C2HS2 �H∼ 0 kcal mol−1 (1a)

HCl•− +CS2→ C2S2
•− +HCl �H∼ −61 kcal mol−1 (1b)

HCl•− +CS2→ CHClS•− +CS �H∼ −10 kcal mol−1 (1c)

HCl•− +CS2→ CClS− +HCS• �H∼ −6 kcal mol−1 (1d)

Reactions 1a and 1b presumably proceed by anion attack on

he carbon atom of CS2, as shown in Scheme 1. These two reac-
ions proceed through a [HClC–CS2]•− intermediate followed by an
ntramolecular SN2 reaction, where the sulfur atom attacks the �
arbon atom to displace Cl−. A trace amount of C2S2

•− is detected,
hich is the result of proton transfer before the initial products
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Table 3
Calculated and experimental reaction exothermicities (kcal mol−1) for the reactions
of CHCl•− , CCl2•− , and CF2

•−

Reaction Calca Expb BRc

CHCl•− + CS2→Cl− + C2HS2
• 0 0.07

→C2S2
•− + HCl −64 0.02

→CHClS•− + CS −11 0.73
→CClS− + HCS• −6 0.18

CHCl•− + COS→Cl− + C2HOS• −48 0.90
→C2OS•− + HCl −41 0.03
→ CHClS•− + CO −42 0.07

CHCl•− + CO2→Cl− + C2HO2
• −25 0.94

→CHClO•− + CO −37 0.06
CHCl•− + O2→O•− + CHClO −66 0.32

→OH− + COCl• −88 −91 0.05
→Cl− + CHO2

• −134 −137 0.60
→ClO− + CHO• −68 −70 0.03

CHCl•− + CO→Cl− + •C2HO −33 −11 1.00
→C2O•− + HCl −7 −10 Trace

CCl2•− + CS2→Cl− + C2ClS2
• −26 1.00

CCl2•− + COS→Cl− + C2ClOS• −21 0.94
→CCl2S•− + CO −27 0.06

CCl2•− + O2→O•− + CCl2O −44 0.12
→Cl− + CClO2

• −116 −140 0.58
→ClO− + CClO• −52 −63 0.04
→CCl2O•− + O −39 0.02
→Cl2•− + CO2 −171 −170 0.24

CF2
•− + CS2→CS2

•− + CF2 −5 −10 1.00
CF2

•− + COS→CF2S•− + CO −34 1.00
CF2

•− + CO2→C2F2O2
•− −36 1.00

CF2
•− + O2→O•− + CF2O −68 0.40

→ F− + •CFO2 −97 0.30
→O2

•− + CF2 −5 −7 0.28
→ F2

•− + CO2 −114 −116 0.02
CF2

•− + N2O→CF2N− + NO• −43 ←4 0.90
→ F− + FCN + NO• −7 −10 0.10

a G3 calculated reaction enthalpies.
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b Enthalpies of formation are determined from the thermo chemical data on the
IST webbook [78] or from the JANAF thermo chemical tables [79].
c This work.

rom 1a separate. While proton transfer to form C2S2
•− is ther-

odynamically favored, it is a minor product whose formation is

ikely influenced by kinetic or dynamic factors within the product
on–molecule complex. Reactions 1c and 1d most likely proceed by
arbanion attack on the sulfur atom of CS2, as shown in Scheme 2.
eaction 1c is the result of the displacement of neutral CS. The CClS−

w
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Scheme 1

Scheme 2
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on (1d) is formed from hydrogen atom transfer before the initial
roducts of 1c separate; G3 calculations predict that this ion is a
Cl−•S≡C] ion–dipole bound complex.

The reactions of CHX•− (X = Cl or Br) with COS and CO2 proceed
imilarly to the corresponding reactions with CS2; such parallels
n reactivity of anions with these three neutral reactants have pre-
iously been reported in the literature [59,60]. The product ions
ormed are consistent with either attack on the neutral reagent
arbon atom, analogous to the mechanism shown in Scheme 1, or
ttack on neutral reagent sulfur (or oxygen) atom, analogous to the
echanism shown in Scheme 2. As the neutral reagent is changed

rom CS2 to COS and CO2, sulfur/oxygen atom attack becomes the
inor pathway for the CHCl•− anion and is not observed for the

HBr•− anion.
The product ions formed in the reactions of CCl2•− and CBrCl•−

ith CS2 are consistent with a mechanism that is analogous to
cheme 1 only. For the reactions of CBrCl•− with CS2, either Cl−

r Br− can be displaced by an intramolecular SN2 reaction. The for-
ation of BrCl•− is due to halogen atom abstraction, in contrast

o proton transfer, before the initial products separate; in some
ncounters, the electron remains with C2S2. Both of these dihalo
nions react with COS but do not react with CO2 within our detec-
ion limits. The reaction of CCl2•− with COS primarily proceeds by
nion attack on the carbon atom of COS; additionally, a minor chan-
el of anion attack on the sulfur atom of COS is also observed. The
BrCl•− anion reacts with COS exclusively by attack on carbon.

An interesting observation is that the reaction efficiencies
Fig. 1) for the mono- and dihalocarbene do not mirror each other.
or the CHCl•− and CHBr•− anions, the reaction with CS2 is most
fficient, followed by CO2, then by COS. In contrast for these three
eutral reactants, the efficiency is greatest for the reactions of
Cl2•− and CBrCl•− with COS, followed by CS2, while CO2 is below
ur detection limits. As established above, these carbene anions pri-
arily react with this neutral series by nucleophilic attack on the

eutral reagent carbon atom; with the exception of CHX•−with CS2,
nion attack on the neutral reagent sulfur/oxygen atom is at most a
inor pathway. This mechanism (shown in Scheme 1) is complex
e consider the first step of the reaction mechanism, we would
xpect the reactivity to increase as the number of oxygen atoms in
he neutral reagent increases, since in CO2 there is a greater partial
ositive charge on the carbon atom as compared to CS2. However,

.

.



16 S.M. Villano et al. / International Journal of M

Scheme 3.
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hile oxygen is more electronegative, sulfur can expand its valence
nd therefore more readily accept the negative charge. Following
he anion attack on the carbon atom of the neutral reagent, halide
isplacement occurs as a result of an intramolecular SN2 reaction.
ere we must consider two further factors, the nature of the leav-

ng group (Cl or Br) and of the nucleophile (S or O). It is known
hat Br− is a better leaving group than Cl− and that sulfur anions
re comparable nucleophiles to oxygen anions. Since multiple fac-
ors must be considered, predicting the reaction efficiency trend
s not straightforward. Furthermore, it is likely that the individual
actors may have a different overall net effect for different anions,
nd hence the observed trends for the mono- and dihalocarbene
nions differ from one another.

The CHCl•− and CHBr•− ions react with O2 with the same effi-
iency to produce analogous products. The reaction of CHCl•− with
2 produces O•−, OH−, Cl− and ClO−.

HCl•− +O2→ O•− +CHClO �H∼ −66 kcal mol−1 (2a)

HCl•− +O2→ OH− +COCl• �H∼ −88 kcal mol−1 (2b)

HCl•− +O2→ Cl− +CHO2
• �H∼ −134 kcal mol−1 (2c)

HCl•− +O2→ ClO− +CHO• �H∼ −68 kcal mol−1 (2d)

Reaction 2a proceeds by an SN2 reaction with anion attack at the
xygen to displace O•−. Before the product ion–molecule complex
issociates, O•− can abstract either a hydrogen or chlorine atom to
orm OH− (2b) or ClO− (2d), respectively (Scheme 3). The formation
f Cl− in 2c is the major product. Analogous to the above reactions
ith CS2, COS and CO2, where the displaced halide is also observed,

his reaction most likely proceeds through an [HClC–O–O]•− inter-
ediate followed by an intramolecular SN2 reaction where, in a

oncerted step, the terminal O atom attacks the carbon to displace
l−.

The dihalocarbanions, CCl2•− and CBrCl•−, react with O2 to form
imilar product ions as the corresponding reactions of CHX•− (X = Cl
nd Br) with O2, the majority of which can be explained by the
bove mechanisms. The reaction of CCl2•−with O2 additionally pro-

•−
uces minor amounts of CCl2O , which is due to electron transfer
rom O•− within the product ion–molecule complex. The reactions
f CCl2•− and CBrCl•− with O2 also produce the dihalide anions.
hese dihalide anions could be formed from a mechanism similar
o Scheme 4, where X atom abstraction occurs within the prod-

(

C
w
C
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ct ion–molecule complex before the initial products separate to
orm XY•− and CO2. Interestingly, the product ions formed in the
eactions of CCl2•− and CBrCl•− with O2 are comparable to the car-
ene cation reaction of CBr2

•+ with O2, which has previously been
tudied by Cooks and co-workers [75]. In that work, the authors
peculate that this reaction proceeds through a Br2CO2

•+ inter-
ediate, which can eliminate CO2 to form Br2

•+. Additionally, this
ntermediate can rearrange to form BrCO+ and BrO• and, in a com-
etitive process, BrCO• and BrO+.

Both CHCl•− and CHBr•− react with CO to primarily produce the
isplaced halide (3a). For the reaction of CHCl•−, a trace amount of
2O•− is also formed (3b), while for the reaction of CHBr•− a trace
mount of C2HO− is detected.

CHCl•− +CO → [ClHC = CO]•−→ Cl− + •C2HO

� H∼ −33 kcal mol−1 (3a)

CHCl•− +CO → [ClHC = CO]•−→ HCl + C2O•−

�H∼ −7 kcal mol−1 (3b)

he formation of these products is consistent with a mechanism
here the anion attacks the carbon atom of CO. In an analogous
anner to the other reactions discussed thus far, Cl− could be dis-

laced by an intramolecular SN2 mechanism where the O atom
ttacks the carbon atom in the � position. However, if this were
ndeed the case, the resulting neutral species is probably not stable.
nstead, if the addition of CHCl•− to CO is sufficiently exothermic,
he C Cl bond could break to produce very stable products, Cl−

nd H C≡C O•. Alternatively, the initially formed intermediate,
ay undergo a retro-carbene reaction to make HCl and :C C O•−

irectly; proton transfer within the product ion–molecule complex
hen would form Cl− and HCCO•. In this case, both mechanisms are
easible; however, neither one likely occurs for the other reactions
iscussed above that also produce the displaced halide. Less energy

s required to form a C = O bond from a C≡O bond, than to form a
O from C O bond. Neither CCl2•− nor CBrCl•− react with CO.

his is consistent with calculations, which predict the reaction of
Cl2•− with CO to be endothermic.

.2. Reactions of CF2
•−

The reactivity of the CF2
•− anion is different than that of other

arbene anions, due in part, to its lower electron binding energy.
s a result, this anion can react by electron transfer. This is the case

or the reaction of CF2
•− with CS2, where electron transfer is the

nly pathway observed, consistent with calculations, which predict
hat electron transfer is the only exothermic pathway. The reac-
ions of CF2

•− with COS, CO2, and O2 show some similarities and
ome differences to the other anions discussed above. For example,
F2
•− reacts with COS via anion attack on the sulfur atom of COS to

xclusively produce CF2S−, analogous to Scheme 2. A mechanism
nalogous to Scheme 1 to form F− is predicted to be endothermic.
he reaction of CF2

•− with CO2 exclusively forms C2F2O2
•−. This is

ost likely the result of anion addition to the carbon atom of CO2,
imilar to the addition reaction of OH− with CO2 [76], rather than
rom a clustering process. For the reaction of CF2

•− with O2, elec-
ron transfer is exothermic and this pathway is viable as evident by
he formation of O2

•−. Additionally this reaction produces O•−, F−,
nd F2

•−, which are analogous to the products formed from CClX•−
X = Cl and Br) with O2.
It has previously been demonstrated that neither CHCl•− nor

HBr•− react with N2O [50], even though the reaction of CHCl•−

ith N2O is predicted to be exothermic. As would be expected,
Cl2•− and CBrCl•− also do not react with N2O. CF2

•−, however,
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Scheme 5.

oes react with N2O to produce CF2N− and F− in a 0.90 to 0.10
ranching fraction, respectively. This reaction most likely proceeds
y attack of the anion on the terminal nitrogen atom of N2O, as
hown in Scheme 5. The addition of CF2

•− is sufficiently exother-
ic (�H∼−43 kcal mol−1) such that F− can be displaced. In this

ase, addition–dissociation is similar to the reaction of CHX•− with
O, where X− is displaced. The CF2

•− anion, however, does not
eact with CO; this reaction is predicted to be endothermic. Similar
itrogen atom transfer reactions have previously been observed for
eactions of radical anions and N2O [62,77].

So far we have discussed the differences in the reactivity of CF2
•−

n terms of its lower electron binding energy (eBE(CF2
•−) = 0.180 eV

2]). Several groups have attributed the stability of the neutral halo-
arbene singlet state (and destabilization of the triplet state) to two
actors, the electronegativity of the substituents and the ability for
he halogen to donate electron density to the carbon through �-
ackbonding [3,48]. These two effects are magnified in the case of
eutral CF2, since fluorine is the most electronegative halogen and
ince the C–F bond is shorter than the C–Cl and C–Br bonds and,
herefore, there is good overlap between the carbon and fluorine
tom �-orbitals. As a result, the electron binding energy of CF2

•−

and CHF•−) is significantly lower than that of the chloro and bromo
arbene anions (eBE(CHCl•−) = 1.210 eV; eBE(CHBr•−) = 1.454 eV;
BE(CCl2•−) = 1.590 eV; eBE(CBrCl•−) = 1.84 eV [2,3,51]). While this
xplanation accounts for its propensity to undergo electron trans-
er, it clearly does not explain every difference between CF2

•− and
he other anions studied here.

In general, for these carbene anions, the reaction efficiency
ncreases as the anion basicity increases. It is not surprising that
F2
•− is considerably more basic than CCl2•− and CBrCl•−, since

•− is considerable more basic than Cl− and Br−. Thus, due to its
asicity and its electron binding energy, we would expect CF2

•− to
e highly reactive; this expectation is experimentally observed in
ome instances. Additionally, CF2

•− is a hard base due to its small
ize; typically hard bases are good nucleophiles. However, since
uorine is so electronegative, the fluorine substituents inductively
ithdraw electron density from the carbon �-orbital, decreasing

he nucleophilicity of the anion. As a result CF2
•− reacts with COS

airly efficiently by sulfur atom transfer but does not react with CO.

.3. Comparison to the isoelectronic CH2
•− anion

The product ions formed in the reactions of CH2
•−with CS2, COS,

O2, O2, CO, and N2O have been previously documented [65]. The
onic products formed in the reaction with CS2, COS, CO2, and O2
re included in Table 2. The reaction of CH2

•−with CS2 shows some
imilarities to the reactions of CXY•− studied here.

H2
•− +CS2→ S•− +C2H2S (4a)

H2
•− +CS2→ SH− +C2HS• (4b)
H2
•− +CS2→ C2HS− +HS• (4c)

H2
•− +CS2→ CH2S•− +CS (4d)

H2
•− +CS2→ CS2

•− +CH2 (4e)

[
[
[
[
[
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H2
•− +CS2→ neutral products + e− (4f)

Evidence of anion addition to the carbon atom of CS2 is observed
n 4a–c; however, instead of the sulfur atom attacking the � carbon
tom in an intramolecular SN2 reaction, S•− is displaced. The prod-
ct ions formed in 4b and 4c are a result of proton or hydrogen atom
ransfer within the product ion–molecule complex of 4a before the
nitial products separate. In contrast, sulfur anion displacement is
ot observed for the reactions of CHX•− and CClX•− (X = Cl and Br)
ith CS2 since halides are better leaving groups. Reaction 4d is the

esult of carbanion attack on the sulfur atom of CS2 followed by loss
f CS, analogous to Scheme 2.

Reaction 4e proceeds by electron transfer, which parallels the
eaction of CF2

•− with CS2, again due to the low electron bind-
ng energy of CH2

•−. The CH2
•− and CF2

•− anions show additional
arallels in reactivity. For example, both anions react with N2O
y attack on the terminal nitrogen. A notable difference in the
eactivity of CH2

•− is that this anion has a propensity to react
ia associative or reactive electron detachment. In fact, electron
etachment is the major channel for the reaction of CH2

•− with
S2 (4f) and the sole channel for reactions with CO2 and CO. While
e cannot fully exclude the possibility of electron detachment in

he present study, it is at most a minor process.
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