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“Carbon Dichloride”: Dihalocarbenes Sixty Years After Hine1,2
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We describe new syntheses of dichlorodiazirine, difluorodiazirine, and chlorofluorodiazirine. From
these precursors, laser flash photolysis enables the generation of CCl2, CF2, and CClF. We describe
the formation and chemistry of bromodichloromethide carbanion from CCl2, the ambiplilicity of
CCl2, the complexation of CCl2 by aromatic ethers, and the kinetics and activation parameters
attending the additions of CCl2, CF2, and CClF to several alkenes.

Introduction

In his seminal 1960 report on the mechanism of the basic
hydrolysis of chloroform,3 Jack Hine noted that the pro-
posed intermediacy of “carbon dichloride” (i.e., dichloro-
carbene, CCl2)

4 was an old idea. Already in 1862, Geuther
had proposed that the basic hydrolysis of chloroform to
carbon monoxide and formate ion involved CCl2.

5 In
Geuther’s formulation, “chloroform” is actually CCl2 3HCl
and “the hydrogen chloride may be removed by alkalai to
give carbon dichloride, which is further hydrolyzed to
carbon monoxide.”3 Similar ideas were offered by Nef,6

Thiele,7 and Mossler8 from 1897 to 1903.
It remained, however, for Hine to establish the inter-

mediacy of CCl2 by kinetics and mechanistic studies nearly
90 years after Geuther’s suggestion.3,9 Hine’s mechanism is
shown in eqs 1-3 and features the rapid, reversible forma-
tion of the trichloromethide carbanion (CCl3

-) followed by
its rate-determining scission into CCl2 and chloride ion.

CHCl3 þOH- h
fast

CCl3
- þH2O ð1Þ

CCl3
- sf

slow
:CCl2 þCl- ð2Þ

:CCl2 sf
OH- , fast

H2O
COþHCO2

- ð3Þ

Hine demonstrated that CCl2 could be captured by
sodium thiophenylate, ultimately giving phenyl orthothio-
formate,3 and also by bromide or iodide ions, leading to the
CCl2Br

- orCCl2I
- trihalomethide carbanionswhich yielded

the corresponding haloforms on protonation;10 e.g., eq 4.

:CCl2 þBr- hCCl2Br
- h

H2O
HCCl2BrþOH- ð4Þ

Generalizing the reverse reaction, Hine showed that a
variety of trihalomethide carbanions, CXYZ-, was available
by the deprotonation of haloforms, thus making accessible
an entire family of dihalocarbenes;11 cf. eqs 5 and 6.

CHXYZþOH- hCXYZ- þH2O ð5Þ
CXYZ- f :CXYþZ- ð6Þ

The haloforms included CHI3, CHBr3, CHBr2Cl, CHCl2F,
CHBrCl2, and CHBrClF. However, with difluorohalo-
forms (CHXF2), Hine found that the trihalomethide anion
(CXF2

-) was bypassed; the haloform reacted with base in a
concerted fashion, eliminatingHXand directly affording the
highly stabilized difluorocarbene.12

Building on Hine’s pioneering research, Doering and
Hoffmann found that CCl2 or CBr2, generated by the basic
decomposition of chloroform or bromoform, could be cap-
tured by olefins (e.g., cyclohexene), affording the corres-
ponding cyclopropanes; eq 7.13 This was the first of hundreds
of related dihalocyclopropanations which have become enor-
mously important in synthetic and mechanistic organic
chemistry.14

There are many other methods for the generation of CCl2
(and other dihalocarbenes) that proceed via trihalomethide
carbanions or involve organometallic precursors;15 some of
these are illustrated in Chart 1.16-20

However, these methods do not allow the spectroscopic
study of CCl2 chemistry. In order to study certain funda-
mental reactions of CCl2, or CX2 in general, we require clean
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photochemical sources of the carbenes. Photochemical pre-
cursors of CCl2 are known, for example, the CCl2 adducts of
styrene (1),21 naphthalene (2),22 phenanthrene (3),23 and
indan (4).24 CCl2 can be liberated from 1-4 by photoextru-
sion, but the accompanying aromatic byproducts can com-
plicate spectroscopic analysis. Thus, CCl2 could not be
visualized following its laser flash photolytic (LFP) genera-
tion from adduct 3 due to interference from absorptions of
triplet phenanthrene.

Our approach to this problem envisioned the synthesis of
dihalodiazirines from which the dihalocarbenes could be

photochemically generated, accompanied by the “user-
friendly” nitrogen leaving group. Our strategy combined
two methods of diazirine synthesis: the Graham reaction,25

eq 8, and the diazirine exchange reaction,26 eq 9. In the
Graham reaction an amidine (R=alkyl, alkoxy, aryl, ary-
loxy, or vinyl) is oxidized with aqueous hypohalite (OCl- or
OBr-) to the corresponding halodiazirine 5. The mechanism
of this remarkable one-pot reaction is complicated, but
its scope is wide and many examples are known. A plau-
sible mechanism is shown in Scheme 1.27 Here, sucessive
N-halogenations convert the amidine to a N,N0-dihaloam-
idine which is then deprotonated to the N-anion. The latter
closes to aN-haloisodiazirine (possibly via a nitrene), which
is finally converted to the desired halodiazirine by a SN2

0

reaction with halide ion.

Importantly, the halide (X=Cl, Br) of halodiazirine 5, can
be readily exchanged for other nucleophiles (Y), as shown in
eq 9.26,28 One can thus introduce F, CN,MeO, PhO, AcO, or
ArO groups as “Y” into diazirine 6. Together, eqs 8 and 9
provide a basis for the preparations of dichlorodiazirine and
its close relatives.

Syntheses of Three Dihalodiazirines

Oursynthesisofdichlorodiazirine isoutlined inScheme2.29,30

The initial step is a Graham oxidation in which the
mesylate derivative of phenyl isourea 731 is converted to
phenoxychlorodiazirine 8.32 The second step, dinitration of
theO-activated phenyl group of 8with nitronium tetrafluoro-
borate, affords 2,4-dinitrophenoxychlorodiazirine 9, in which
the phenoxy moiety of 8 is transformed into a 2,4-dinitro-
phenoxide leaving group, suitable for the diazirine exchange
reaction, cf. eq 9.33 Indeed, reaction of 9 with a nucleophilic
chloride blend of tetrabutylammonium (TBA) chloride, cesium
chloride, and butylmethylimidazolium chloride in a minimum
volume of HMPA at 50 �C for 4 h gave dichlorodiazirine

CHART 1. Some Methods for the Generation of

Dichlorocarbene

SCHEME 1. Mechanism of the Graham Reaction

SCHEME 2. Synthesis of Dichlorodiazirine
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(10, DCD), which was removed under vacuum and trapped in
pentane at 77 K.30

The UV spectrum of DCD in pentane reveals a number of
bands in the 327-359 nm region, so that DCD is well-suited
for LFP experiments using our xenon fluoride excimer laser
with emission at 351 nm. DCD also displays an IR band at
1548 cm-1 which can be assigned to its NdN stretch. Pentane
solutions of DCD are moderately stable in the dark; about
10% decomposition occurs over 13 h.29 The activation energy
for cleavage of DCD to CCl2 and N2 is computed at 28 kcal/
mol [B3LYP/6-311þG(2d,p)].

Accompanying the production of DCD (Scheme 2), we
also find two high-boiling products: 2,4-dinitrophenol (11,
20%) and 2,4-dinitrochlorobenzene (12, 80%). Their forma-
tion can be understood in terms of the partition mechanism
depicted in Scheme 3.29,30 Partition branch (a) is the
“normal” diazirine exchange reaction, in which chloride
attacks diazirine 9 at N, displacing 2,4-dinitrophenoxide in
a SN2

0 fashion, while generating intermediate dichloroiso-
diazirine 13. The latter is then converted toDCDby a second
SN2

0 reaction with chloride, while protonation of the
2,4-dinitrophenoxide expelled in the preceding step affords
2,4-dinitrophenol 11.

Simultaneously, and competitively, chloride also attacks
substrate 9 at C(1) of its activated 2,4-dinitrophenyl moiety;
cf. branch (b) of Scheme 3. Decomposition of the resulting
Meisenheimer complex (14) affords 2,4-dinitrochloroben-
zene 12 and (nominally) diazirinone 15.34 Diazirinone is
unstable, however, and should decompose to carbon mono-
xide and nitrogen. Our assignment of a transient IR band at
2150 cm-1 (observed in the reaction of p-nitrophenoxychloro-
diazirine with fluoride) to diazirinone, is probably incor-
rect.35 The 2150 cm-1 band more likely represents CO in the
condensed phasewhich subsequently resolves into twobands
at 2116 and 2173 cm-1 as the CO enters the gas phase.35

Products 11 and 12 are obtained in a 1:4 distribution,
indicating that the partition in Scheme 3 favors (unprod-
uctive) branch (b) over DCD-yielding branch (a). Never-
theless, the reaction sequence of Scheme 2 represents the first
preparation ofDCDand enables somepreviously impossible
studies of the chemistry of CCl2.

2,30

The methodology described in Scheme 2 can be easily
extended to syntheses of difluorodiazirine36 and chlorofluoro-
diazirine.37 The key interpolation in the former case is the
conversion of phenoxychlorodiazirine 8 to phenoxyfluoro-
diazirine 16 by diazirine exchange with fluoride ion; eq 10.38

Nitration of 16 with NO2
þBF4

- then gives 2,4-dinitrophe-
noxyfluorodiazirine (17) in 78% yield, and the latter affords
difluorodiazirine (18, DFD) upon reaction with LiF and
15-crown-5 in HMPA at 55 �C; cf. eq 11. The reaction of 17
with fluoride is subject to a partition analogous to that of
Scheme 3, but here branch (a) is favored over branch (b)
by 3:1, so that the formation of DFD is accompanied by
2,4-dinitrophenol and 2,4-dinitrofluorobenzene in a 3:1 dis-
tribution.

The UV spectrum of DFD in pentane exhibits maxima at
324, 334, 339, 351, and 356 nm, very similar to the UV
spectrum of DCD, and in general agreement with the publi-
shed gas-phase spectrum of DFD.39 Indeed, DFD was
previously prepared by the ferrocene reductive defluorina-
tion of bis(difluoroamino)difluoromethane (19) or tetra-
fluoroformamidine (20), but these precursors are explosive
and inconvenient.40 DFD is also available by the CsF-
mediated rearrangement of difluorocyanamide (F2NCN),
but this precursor too is “highly explosive.”41

In analogy to eq 11, treatment of 17withTBACl inHMPA
at ambient temperature produces chlorofluorodiazirine 21,
which is removed under vacuum as it forms and trapped in
pentane. Its UV spectrum displays multiple absorptions
between 320 and 356 nm, in excellent agreement with the
published (gas phase) spectrum for 21 previously prepared
by the reductive-defluorination of an explosive trifluoro-
amidine precursor.39c,42 Our initial synthesis of 21 involved
the reaction of p-nitrophenoxychlorodiazirine with fluoride,
but the alternative reaction of 17 with chloride is more
efficient.

The syntheses of DCD, DFD, and chlorofluorodiazirine
described here allow us to perform various spectroscopy-
based experiments with CCl2, CF2, and CClF that were
hitherto impossible. Some examples are described in suc-
ceeding sections of this Perspective.

Trihalomethide Carbanions

LFP of DCD generates CCl2 which is readily inter-
cepted by, e.g., pyridine or thioanisole to yield the

SCHEME 3. Diazirine Partition Mechanism
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UV-active ylides 22 (λmax 387 nm) or 23 (λmax 432 nm),
respectively.

Our ability to photochemically generate CCl2 from DCD
permits us to conveniently study the reverse of Hine’s classic
reaction, eq 2; i.e., the addition of chloride or other halides to
CCl2with the formation of triahalomethide carbanions. LFP
ofDCD in the presence of chloride ions affords the trichloro-
methide carbanion (CCl3

-), visible as a weakly absorbing
species at 328 nm; cf. eq 12.43

Calculations at the TD B3LYP/6-311þG(d)//PBE/6-
311þG(d) level of theory (in CPCM simulated MeCN)
predict the absorbance of CCl3

- at 344 nm and suggest
that the conversion of CCl2 to CCl3

- is exothermic (ΔH=
-8.4 kcal/mol, ΔG=-3.0 kcal/mol).

An analogous reaction of CCl2 with bromide affords the
more strongly absorbing bromodichloromethide carbanion
(CCl2Br

-), cf. eq 13 and Figure 1. The dominant absorption
at 388 nm is assigned to CCl2Br

-, computed to absorb at
376 nm inMeCN. The shoulder visible at 404 nm is assigned
to CClBr2

- (predicted at 401 nm), which could be formed
fromCCl2Br

- by exchange with Br- via the carbene, CClBr.
Both CCl2Br

- and CClBr2
- are persistent species with life-

times in excess of 1500 ns. The shoulder at 330 nm in Figure 1
might be due to CCl3

-, possibly obtained by reaction of CCl2
with Cl- released from CCl2Br

- during the latter’s conver-
sion to CClBr2

-. However, the transient at 330 nm is
unstable and decays after 200 ns.

:CCl2sf
0:6MTBABr

1:1CH2Cl2=MeCN
CCl2Br

- ð13Þ

The formation of CCl2Br
- from CCl2 and Br- is com-

puted to be thermodynamically favorable (ΔH=-7.7 kcal/
mol; ΔG = -2.5 kcal/mol). However, the conversion of
CCl2Br

- to CClBr2
- appears to be slightly unfavorable with

ΔH=0.6 kcal/mol and ΔG=0.5 kcal/mol.
The chemistry of CCl2Br

- can be easily examined by LFP.
For example, its rate of formation via eq 13 can be measured
as 2.08 � 107 M-1 s-1 from the slope of a correlation of the
observed rate constants for the rise of CCl2Br

- at 380 nm
versus the concentration of Br-.

Next, we studied the Michael addition of CCl2Br
- to

acrylonitrile as shown in eq 14. This reaction most likely
proceeds via rate-determining formation of intermediate
carbanion 24, which rapidly closes to the product, 1,1-
dichloro-2-cyanocyclopropane (25), with loss of bromide.
A correlation of kobs for the decay of the CCl2Br

- absor-
bance at 380 nm versus the concentration of acrylonitrile (in
the presence of 0.72M TBABr) gives k=4.07� 106M-1 s-1

for the first step of eq 14.

Equation 14 also represents bromide ion catalysis of the
addition of CCl2 to acrylonitrile. CCl2 usually behaves as an
electrophile in addition to alkenes44 (see, however, below). Its
direct addition to electron-poor acrylonitrile occurs with k=
4.9 � 105 M-1 s-1,45 so that the bromide-assisted Michael
addition of eq 14, where k=4.07� 106M-1 s-1, represents a
rate increase of 8.3. This catalytic process is rather general;
analogous results were obtained in the bromide-assisted
additions of phenylhalocarbenes to acrylonitrile, where rate
accelerations of 14-28 were recorded relative to the direct
carbene additions.46

Another way to assess bromide assistance considers the
relative rate constant (krel) for the competitive addition of
CCl2 to electron-poor acrylonitrile vs the more nucleophilic
cycohexene. We find that krel increases from 0.0077 in the
direct addition of CCl2 to 0.18 in the presence of 0.28MBr-,
representing a 23-fold enhancement in the apparent reacti-
vity of acrylonitrile due to the bromide-assisted addition
described in eq 14.

Scheme 4 depicts competing unassisted and assisted pathways
in the additions of CCl2 to acrylonitrile and cyclohexene. Here,
CCl2 generated by LFP of DCD (10) either reacts with Br- to
give CCl2Br

- (k1=2.1� 107 M-1 s-1), adds to cyclohexene to
yield dichloronorcarane 26 (k2=6.4 � 107 M-1 s-1), or adds
directly to acrylonitrile affording product 25 (k3=4.9 � 105

M-1 s-1). CarbanionCCl2Br
- can either revert toCCl2 andBr

-

(k-1) or add to acrylonitrile to give carbanion 24 (k4=4.1� 106

M-1 s-1), which rapidly closes to cyclopropane 25.
With these rate constants, and our observation that the

apparent value of k3/k2=0.18 in the presence of 0.28MBr-,
we can estimate that the equilibrium constant (K), which
governs the interconversion of CCl2 and CCl2Br

-, is
∼10M-1 in Scheme 4. Given that K=k1/k-1, we can extract

FIGURE 1. UV-vis spectrum acquired 50 ns after LFP of dichloro-
diazirine with 0.6MTBABr in 1:1 CH2Cl2-MeCN under nitrogen;
the absorption of CCl2Br

- is at 388 nm. Reprinted from ref 43 with
permission of the American Chemical Society.
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k-1∼ 2.1� 106 s-1 for the reversion of CCl2Br
- to CCl2 and

Br-.43,47

The Philicity of Dichlorocarbene

On the basis of relative reactivity studies, Doering con-
cluded in 1958 that CCl2 was an electophile.48 The data,
shown in Table 1, indicate that CCl2 is more reactive toward
more highly alkylated,more electron-rich,more nucleophilic
alkenes. Dibromocarbene exhibits a similar reactivity pat-
tern, as demonstrated by Skell in 1956.49

More generally, any singlet carbene is inherently both an
electrophile and a nucleophile. In terms of frontiermolecular
orbital theory, philicity depends on whether the “electro-
philic” carbene-LUMO (p)/ alkene-HOMO (π) or the
“nucleophilic” carbene-HOMO (σ)/alkene-LUMO (π*) orbi-
tal interaction dominates in the cycloaddition transition
state and governs the direction of charge transfer between
the carbene and the alkene; cf. Figure 2.44,45,50-52 If the
carbene p/alkene π interaction dominates, the carbene will
exhibit electrophilic behavior; if the carbene σ/alkene π*
interaction is dominant, nucleophilic discrimination will be
displayed. If both interactions are comparable, the carbene
will manifest an ambiphilic selectivity pattern, acting as an
electrophile toward electron-rich alkenes, but as a nucleo-
phile toward electron-poor alkenes.44,51,52

Due to its very low-lying LUMO,44,51 CCl2 almost always
reacts with alkenes via a dominant carbene p/alkene π (i.e.,
electrophilic) interaction. The absolute rate constants and
activation energies collected in Table 237,45,53 illustrate this
behavior for a series of electron-rich alkenes through the
electron-poor alkenes, methyl acrylate and acrylonitrile: rate

constants decrease and activation energies increase as
electron-donating alkyl groups are removed and electron-
withdrawing substituents are imposed on the alkenes.

However, if the alkene is made excessively electron-poor,
so that its LUMO or π* orbital is sufficiently lowered, then
CCl2 can react as a nucleophile via its σ electron pair. This is
seenwithR-chloroacrylonitrile (Table 2) where, compared to
acrylonitrile, the rate of CCl2 addition increases and the
activation energy decreases.

Computational studies at the B3LYP/6-311þG(d) level
support the nucleophilic character of the CCl2/chloroacrylo-
nitrile addition transition state. Figure 3 depicts the com-
puted transition states for additions of CCl2 to chloro-
acrylonitrile and propene, where the latter addition is elec-
trophilic. In particular, charge transfer in the CCl2/propene
transition state is 0.07e from alkene to carbene, whereas it is
0.06e in the opposite direction (carbene to alkene) in theCCl2/
chloroacrylonitrile transition state.

Another philicity indicator is the carbene tilt angle, de-
fined as the angle between the bisector of the carbene’s
Cl-C-Cl angle and the alkene’s carbon-carbon double
bond at the transition state. For a purely electrophilic, solely
p-orbital carbene attack, the tilt angle would be 0�. For a
purely nucleophilic, solely σ-orbital carbene attack, the tilt
angle would be 90�. Tilt angles larger than 45� signal

SCHEME 4. Reactions of Dichlorocarbene and Bromodichloromethide Carbanion

TABLE 1. Relative Reactivities of CCl2 toward Alkenes
a

alkene substitution krel

Me2C=CMe2 tetra 53.7
Me2C=CHMe tri 23.5
Me2C=CH2 di 8.32
cyclohexene di 1.00
n-PrCHdCH2 mono 0.14

aData from ref 48.

FIGURE 2. HOMO-LUMO interactions in CCl2/alkene cycload-
ditions. Reprinted from ref 45 with permission of the American
Chemical Society.

TABLE 2. Absolute Rate Constants and Activation Energies for

CCl2-Alkene Additions
a,b

alkene kCCl2 (M
-1 s-1) Ea (kcal/mol)

Me2CdCMe2 4.7 � 109

Me2CdCHMe 2.5 � 109

cyclohexene 6.4 � 107 3.8
n-BuCHdCH2 1.8 � 107 4.7
CH2dCHCOOMe 5.9 � 105 6.7
CH2dCHCN 4.9 � 105 6.9
CH2dCClCN 8.1 � 106 5.4

aData from refs 37, 45, and 53. bIn pentane at 24 �C.

FIGURE 3. Computed transition states for additions of CCl2 to R-
chloroacrylonitrile (left) and to propene (right). Reprinted from ref
45 with permission of the American Chemical Society.
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substantial nucleophilic character in a carbene addition,
whereas tilt angles less than 45� are consistent with predo-
minant electrophilic character. The CCl2-propene transition
state (Figure 3) exhibits a tilt angle of 42� and can be
classified as electrophilic. However, the tilt angle of the
CCl2-chloroacrylonitrile transition state is 49.6�, indicative
of nucleophilic character.

The moral of this story is that CCl2, and other commonly
“electrophlilic” carbenes, can behave as nucleophiles when
presented with appropriately electron-deficient substrates.
In other words, almost all singlet carbenes are least poten-
tially ambiphilic.

Solvation and Complexation of Dichlorocarbene

In 2007, we reported that the weak σ f p electronic
transitions of methylchlorocarbene and benzylchlorocar-
bene could be detected by LFP with UV-vis detection in
solution at ambient temperatures.54Moreover, these absopr-
tions could be used to directly monitor carbene-solvent
interactions. In particular, theoretical predictions of, e.g.,
methylchlorocarbene-anisole complex formation55 could
be demonstrated by observational studies.

Very recently, we found thatCCl2 formed analogousπ and
ylidic complexes with a variety of aromatic ethers.56

Although the computed σ f p absorbance of CCl2 at
492 nm in pentane could not be observed in our solution
experiments, LFP ofDCD in a 1:1 anisole-pentane solution
afforded weak absorptions at 460 and 500 nm (Figure 4)
which we assigned to ylidic and π complexes of CCl2 with
anisole.56,57 The complexes formed with kf=1.6 � 107 s-1

(460 nm) and kf=6.4� 106 s-1 (500 nm), indicating that the
complexation was fast, but not diffusion-controlled. There
appeared to be a barrier to complexation.58 Decay of the
complexes was also rapid, with kd=3.1 � 105 s-1 (460 nm)
and 1.5 � 106 s-1 (500 nm).

Structures, complexation energies [PBE/6-311þG(d)],
and electronic transitions [B3LYP/6-311þG(d) with CPCM
solvent corrections] were computed for the CCl2-anisole
complexes, and two of the several located complexes are
shown in Figure 5. The O-ylidic complex (C--O=2.6 Å) is
computed to exhibit a (O) nf p (carbene) absorption at
486 nm (f=0.11), which we assign to the observed band at
460 nm (Figure 4), while the (para) π-complex (C--C=2.8 Å)
is computed to display a (phenyl)πf p (carbene) absorption
at 513 nm (f=0.15), whichwe assign to the signal observed at
500 nm.

The formation of these complexes is computed to be
enthalpically favorable (ΔH = -2.7 and -2.5 kcal/mol,
respectively), although the free energies of formation are
unfavorable (ΔG=3.7 and 4.6 kcal/mol, respectively). With
ΔG>O, the concentration of the complexes will be low.
However, there will be many geometrically similar com-
plexes of comparable energy, so that the absorbance of the
complexes will be detectable, if still weak.

In addition to anisole (27), analogous π and O-ylidic
complexes of CCl2 were observed for a number of aryl ethers
(28 - 31), and for the aryl ester, phenyl acetate (32). However,
we did not observe CCl2 complexes of simple ethers such as
THF, dioxane, or 18-crown-6. Computationally, the enthal-
pies and free energies of formation of the CCl2/THF and
CCl2/dioxane complexes were considerably less favorable

than those of CCl2 with substrates 27-32. Previous studies
also suggested little effect of THF or dioxane on the proper-
ties of CCl2.

24

Computational studies also predicted complexation bet-
ween CCl2 and methyl-substituted benzenes like mesityl-
ene (33) and durene (34), but the anticipated absoprtions
in the 340-360 nm spectral region were not observed.

FIGURE 4. LFP UV spectrum of CCl2 in 1:1 anisole-pentane
solution 150 ns after the laser pulse; complexes at 460 and
500 nm.Reprintedwith from ref 56with permission of theAmerican
Chemical Society.

FIGURE 5. Computed O-ylidic complex (left) and π-complex
(right) of CCl2 and anisole. Reprinted from ref 56 with permission
of the American Chemical Society.
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The sensitivity of our LFP-UV detection system might be
low in this spectral region because of strong background
absorption by DCD (λmax 324, 359 nm in pentane).

We reasoned that substitution of a methoxy group for a
proton on 33 or 34 would shift the absorbances of the
corresponding CCl2 complexes toward the red and into the
400-500 nm region where they might be more easily seen.
This proved to be a fruitful idea.59 Figure 6 depicts four
incrementally methyl-substituted derivatives of anisole.
Each forms observable complexes with CCl2, and each
additional methyl substituent induces a red shift in each
absorbance, behavior that is consistent with σf p or πf p
origins for the absorbances. O or π electronic transitions
from the anisole to the vacant carbenic p orbital are assisted
by increasing the number of donor methyl groups on the
anisole.

Figure 7 presents one of several complexes computed for
CCl2 and 2,4,6-trimethylanisole at theB3LYP/6-311þG(d)//
PBE/6-311þG(d) level of theory. This C(1) π-complex is
computed to have ΔH=-3.0 kcal/mol, ΔG=3.8 kcal/mol,
and C--C=2.9 Å. It is predicted to absorb at ∼490 nm ( f ∼
0.1), which can be correlated with the observed absorbance
at 508 nm.60

Red shifts of anisole-CCl2 complex absorptions are also
induced by additional methoxy substitutents. The 460 and
500 nm absorptions (Figure 4) of the CCl2-anisole com-
plexes (CCl2-27, cf. Figure 5) shift to 500 and 548 nm for the
CCl2-28 complexes and to 580 and 660 nm for the CCl2-29

complexes. Indeed, the π-complexes of CCl2 with 29

(Figure 8) are computed to be the most stable that we have
encountered, with ΔH≈-9 kcal/mol and ΔG≈ 2 kcal/mol.
Their anticipated absorbances are shifted far into the visible
at 607 and 683 nm, in reasonable accord with the observed
signals at 580 and 660 nm.

The CCl2-29 π-complexes in Figure 8 reflect the sub-
stantial electron density at C(2) of substrate 29. Indeed,
an O-ylidic complex of 29 is computed to be both

thermodynamically and kinetically unfavorable, relative
to the π-complexes. The latter should readily decay to a
dichloronorcaradiene product over very low barriers (ΔGq∼
2 kcal/mol) which presumably arise from the loss of aroma-
ticity accompanying the cyclopropanation. Indeed,kd for the
π-complexes is (5-6)�106 s-1, although the product of decay
has not yet been studied.

Starting from separated CCl2 and 29 we calculate no
potential energy barriers to the formation of the CCl2-29

complexes. Nevertheless, the LFP experimental rate con-
stants for their formation are only (5-6) � 107 s-1, about 2
orders of magnitude less than diffusion control. What
accounts for this discrepancy?

We measured kf between 283 and 308 K for the formation
of the CCl2-29 π-complex absorbing at 580 nm (Figure 8,
left-hand structure). An Arrhenius correlation of the data
gave Ea=-1.8 kcal/mol andΔHq=-2.4 kcal/mol, confirm-
ing the absence of a potential energy barrier to complex
formation. The negative Ea is precedented in the similarly
negative activation energies observed for the additions of
CCl2 and PhCCl

61 to the highly reactive alkene, tetramethyl-
ethylene.

Moreover, the Arrhenius results afford log A=6.81 s-1

and ΔSq=-29 eu for complexation of CCl2 and 29, leading
to ΔGq=6.4 kcal/mol. There is thus a free energy barrier to
the complexation arising from the very unfavorable ΔSq,
presumably a consequence of unfavorable translational,
vibrational, rotational, and solvent reorganization effects
as the two reactants combine to give a single product. This
rationalizes the slower than diffusion-controlled complexa-
tion kinetics. Indeed, Houk and Rondan demonstrated that

FIGURE 6. CCl2 complex formation with methylanisoles. The
wavelengths of the complex’s absorptions (nm) are shown beneath
the structure of each methylanisole.

FIGURE 7. Computed structure of CCl2 complex with 2,4,6-tri-
methylanisole. Reprinted with permission from ref 59.

FIGURE 8. Computed structures for π-complexes of CCl2 with
2,4,6-trimethoxyanisole. Reprinted from ref 56 with permission of
the American Chemical Society.
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negative activation energies, and the concomitant entropic
control of reactivity in carbene-alkene additions can “arise
in fast reactions having no inherent potential energy bar-
rier”.62 The analogous kinetics observed in the reactions of
CCl2 with either trimethoxybenzene or tetramethylethylene
is profoundly satisfying.

The complexation of CCl2 also affects its reactivity.
Table 3 records LFP rate constants for the addition of
CCl2 to tetramethylethylene (TME), eq 15, in the presence
of various complexing agents. Platz’s pyridine ylide metho-
dology was used to determine the rate constants.63

Substitutions of electron-releasing methyl or methoxy
groups on the complexing agents additively decelerate the
addition of CCl2 to TME. The three methyl groups of
mesitylene (33) decrease kadd by a factor of 15, while the
single methoxy group of anisole (27) affords an 18-fold
deceleration. Adding four methyl groups to anisole, as in
2,3,5,6-tetramethylanisole (see Figure 6), slows CCl2 addi-
tion by a factor of 96, and three methoxy groups, as in 29,
achieves a 152-fold decrease in kadd. On the other hand,
simple ethers like THF or dioxane exert limited effects on
CCl2 addition to TME, athough they do modulate the
additions of halocarbene amides.64

Similar reactivity effects upon complexation by aryl ethers
have been observed with methylchlorocarbene, benzylchlo-
rocarbene, and p-nitrophenylchlorocarbene.65 The decelera-
tionof addition could be due to sequestrationof the carbene by
unproductive, reversibly formed complexes, or it could reflect
the kinetics advantage of an uncomplexed and unencumbered
carbene, relative to a solvated or complexed species.

Kinetics of Dihalocarbene-Alkene Additions

The dihalocarbenes CCl2 and CBr2 were central to early
studies of carbenic reactivity.48,49 These investigations fea-
tured product-based determinations of the relative rates of
the carbenes’ additions to alkenes, leading to their classifica-
tion as “electrophiles” (see, however, above).48,49,66 The
convenient measurement of absolute rate constants for
additions of the dihalocarbenes to alkenes had to await the
introduction of both fast kinetics methodology (LFP),
as well as the development of practical syntheses of
spectroscopy-friendly carbene precursors. LFP was first
applied to halocarbene addition reactions in 1980,67 but
convenient preparations of dihalodiazirines became avail-
able only recently.29,30,34a,36,37

Applying LFP methodology and pyridine ylide visualiza-
tion to photolyses of DCD, DFD, and chlorofluorodiazirine
in various alkenes, we measured absolute rate constants for
the additions of CCl2, CF2, and CClF to four alkenes,
cf. Table 4.30,36,37 Two trends, anticipated from earlier rela-
tive rate studies, are manifested in Table 4. (1) The carbenes
are each electrophilic toward the alkenes; kadd increases with
increasing alkyl substitution going from the monoalkylated
1-hexene to the tetraalkylated TME.

(2) Toward a given alkene, CX2 reactivity decreases in the
order CCl2 > CClF > CF2, the inverse of the carbenes’
stability ordering (see below). Perhaps surprisingly, CF2 is
only modestly less reactive than CCl2: kadd for CCl2 exceeds
kadd for CF2 only by factors of 5-19 for the alkenes in
Table 4. Note that even the absolute rate constants for CBr2
additions to these alkenes are roughly comparable to those of
CCl2 and less than 100 times greater than those of CF2.

68

The classical analysis of dihalocarbene stabilization
focuses on resonance donation of halogen lone pairs to the
vacant carbenic p orbital, as represented by resonance hybrid
35. Here, F is more effective than Cl in resonance donation
because the 2p-2p overlap of F-C is superior to the 3p-2p
overlap of Cl-C. This is reflected in the resonance substi-
tuent constants (σR

þ) for F and Cl, which are -0.57 and
-0.36, respectively.69 Thus, the stability order of our three
carbenes should be CF2>CClF>CCl2, whereas the reacti-
vity order, as we observe, is the opposite.

Resonance hybrid 35, however, represents only the ground
states of the dihalocarbenes. Amore holistic analysis of their
reactivity must also consider the transition states of their
addition reactions. In terms of frontier molecular orbital
theory, the activation energy for carbene-alkene addition is
inversely related to the differential energies of interaction
of the carbene and alkene HOMO’s and LUMO’s;
cf. Figure 9.44,50,51 For the additions to electron-rich alkenes,
like those of Table 4, the alkene-HOMO/carbene-LUMO
(p-π) orbital interaction dominates the addition reaction
transition state.44,50,51 This interaction becomes less stabiliz-
ing as [εLU(CXY)- εHO(alkene)] increases, where ε repre-
sents orbital energy. For a given alkene, this means that Ea

will increase, and kadd will decrease, as ε
LU(CXY) increases.

The 4-31G computed CXYLUMO energies (in eV) decrease
in the order CF2 (1.89)>CClF (1.03)>CCl2 (0.31), so that
kadd should increase in the order CF2<CClF<CCl2, as we
observe.

Due to its strongly donating methoxy substituent (σR
þ=

-1.02), the LUMO energy of methoxychlorocarbene

TABLE 3. Rate Constants for Additions of CCl2 to TMEa

solvent or additive kadd (M
-1 s-1) kpent/kadd

pentaneb 4.7� 109 1.0
mesitylenec 3.2� 108 15
anisolec 2.6� 108 18
TMAd 4.9� 107 96
29

c 3.1� 107 152
THFc 1.0� 109 4.7
dioxanec 8.5� 108 5.5

aAt 25 �C; [pyridine] = 0.12 mM except for TMA, where it is
2.4 mmol. Solvent/pentane = 1:1. bRate constant from ref 37. cRate
constant from ref 56. d2,3,5,6-tetramethylanisole, ref 59.

TABLE 4. Absolute Rate Constants (M-1 s-1) for Dihalocarbene

Additionsa

alkene CCl2
b,c CClFc CF2

d

Me2CdCMe2 4.7 � 109 1.2 � 109 6.4 � 108

Me2CdCHMe 2.5 � 109 3.8 � 108 1.3 � 108

cyclohexene 6.4 � 107 2.7 � 107 1.4 � 107

n-C4H9CHdCH2 1.8 � 107 1.1 � 107 2.4 � 106

aFrom diazirine photolysis in pentane at 24 �C. Precision in the rate
constants is e10%; correlation coefficients are g0.998. bReferences 30
and 37. cReference 37. dReference 36.
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(MeOCCl) is significantly higher than that of CF2, viz. 2.46
eV versus 1.89 eV.Accordingly, wewould expectMeOCCl to
be much less reactive than CF2 toward, e.g., TME. This is
indeed observed: kadd=4.9 � 103 M-1 s-1 for MeOCCl70

versus 6.4 � 108 M-1 s-1 for CF2, a reactivity decrease of
1.3 � 105.

Activation Parameters for Dihalocarbene Additions

Until very recently, activation energies and entropies had
not been measured for the additions of dihalocarbenes to
alkenes, mainly due to the absence of appropriate precursors
for the requisite kinetics experiments. Now that diazirine
precursors for CCl2, CClF, and CF2 are in hand, we can
address these lacunae.

Activation parameters for arylhalocarbenes include very
low or even negative activation energies. For example, Ea=
-1.7 kcal/mol for the addition of PhCCl to TME in the
temperature range 263 < T < 300 K61,71 For such an
exothermic reaction, Houk suggested that enthalpy continu-
ally decreases along the reaction coordinate so thatΔHq<0.
The PhCCl-TME reaction possesses a free energy barrier
(ΔGq > 0) only because of its very negative entropy of
activation, ΔSq=-28 eu.62,71

What is the situation for the dihalocarbenes? There was
much discussion in the literature through 1989,61,62,71-74 but
interest waned in the absence of new data. To characterize
the prevailing consensus,75 CCl2 additions were predicted to
be dominated by entropic factors, but additions of CF2 were
expected to be controlled by enthalpy.

Our experimental results are nicely illustrated by the
additions of CCl2, CClF, and CF2 to TME. Arrhenius
correlations of ln kadd versus 1/T for the CCl2 and CF2

additions appear in Figures 10 and 11, respectively.36,53 Just
as the addition of PhCCl affords a curved Arrhenius correla-
tion, the analogous correlation for CCl2 also curves at higher
temperatures. Below 30 �C, however, the correlation is linear
(Figure 10) and exhibits a negative activation energy, Ea=
-1.2 kcal/mol. In contrast, the addition of CF2 to TME
affords a normal, linear Arrhenius correlation, with Ea=3.0
kcal/mol (Figure 11). The Ea for CClF/TME is also
“normal” with an intermediate, slightly positive value of
0.9 kcal/mol.

Recalling that the stability order of these three carbenes is
CF2 > CClF > CCl2, we see that Ea (and therefore ΔHq)
increases with increasing carbenic stability.76 With the less
reactive alkene, cyclohexene, all three carbenes give normal
Arrhenius correlations, shifted to higher activation energies
but retaining the same order: CF2 (7.1 kcal/mol) > CClF
(5.9 kcal/mol) > CCl2 (3.6 kcal/mol).36,53

Table 5 summarizes the activation parameters for the
additions of CF2, CClF, and CCl2 to TME, cyclohexene,

and 1-hexene.2,36,53 Several anticipated reactivity trends are
evident in Table 5. (1) For each carbene, Ea (and ΔHq)
increase in the order of increasing carbenic stability, which
can be described in terms of substituent resonance donation,
carbene stabilization energy, or dihalocarbene orbital ener-
gies.44,51 (2) For each carbene, Ea decreases as the alkene
becomes more reactive, i.e., as the number of alkyl substit-
uents (and electron richness) increases. The Ea ordering,
1-hexene > cyclohexene > TME, is consistent with electro-
philic behavior of the dihalocarbenes toward these alkenes
and indicative of a dominant carbene-LUMO/alkene-
HOMO transition state interaction (cf. Figure 9). (3) Addi-
tions of CCl2 and CClF to the very reactive TME are
entropy-controlled (-TΔS q > ΔHq), whereas these para-
meters are nearly equal for CF2. With the less reactive
alkenes, cyclohexene and 1-hexene, ΔHq > -TΔSq, and
ΔGq is dominated by its enthalpic component with all three
carbenes.

An unexpected and puzzling trend is the observed decrease
of -TΔSq in parallel to the increase of Ea or ΔH

q. The net

FIGURE 9. Frontier molecular orbital interactions in carbene/
alkene additions. Reprinted with permission from ref 2.

FIGURE 10. Arrhenius correlation for the addition of CCl2 to
TME: ln kadd vs 1/T (273-304 K); Ea = -1.2 kcal/mol; r= 0.985.

FIGURE 11. Arrhenius correlation for the addition of CF2 to
TME: ln kadd vs 1/T; Ea = 3.0 kcal/mol; r = -0.997.
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effect of this “compensation” is to decrease the contribution
of -TΔSq to ΔGq as the contribution of ΔHq increases.
Consequently, ΔGq increases (and kadd decreases) only in
small steps as CCl2 changes to CClF and then to CF2.
Normally, one expects ΔSq to become more negative as the
carbene becomes more stable and the transition state of its
addition reaction becomes later and tighter.62,71,73 The ΔSq

data in Table 5, however, display the opposite, counter-
intuitive order, a situation that is not rationalized by DFT
calculations which furnish ΔSq values that are considerably
more negative than the experimental data. Perhaps a resolu-
tion can be found in a consideration of dynamic effects in
these reactions, and studies of reaction trajectories instead of
(or in addition to) classical transition state theory and
potential energy surface calcuations.

Interestingly, ΔHq/ΔSq compensation is not exhibited by
MeOCCl. Activation parameters for its addition to TME
appear in Table 6, together with corresponding data for the
dihalocarbenes. In terms of carbene stabilization energies,
MeOCCl (60.3 kcal/mol) and CF2 (62.8 kcal/mol) are com-
parable, yet MeOCCl is much less reactive than CF2 toward
TME. Ea and ΔHq are ∼2 times greater for the MeOCCl
addition,77 and in keeping with classical ideas, ΔSq is much
more negative for this reaction than for the corresponding
CF2 addition. Of course, there is a possible steric problem
between the “large” MeO carbene substituent and the tetra-
substituted olefin.

Other (anticipated) trends apparent in Table 6 include: (1)
Ea’s increase in the order of increasing carbene LUMO
energies CCl2 < CClF < CF2 < MeOCCl.78 (2) MeOCCl
exhibits the highestEa yetmeasured for a carbene addition to
TME. (3) Despite the high Ea, the addition of MeOCCl to
TME is entropy-controlled; -TΔSq > ΔHq.

Conclusion

A combination of the Graham oxidation of amidines and
the diazirine exchange reaction opened synthetic pathways
to dihalodiazirine precursors of CCl2, CF2, and CClF.Using

laser flash photolysis, we examined the formation of trihalo-
methide carbanions, focusing on the chemistry of bromodi-
chlorormethide, CCl2Br

-. A detailed study of the alkene
additions of CCl2 revealed its inherent ambiphilicity and
its nucleophilic behavior toward a sufficiently electron-
deficient alkene. Laser flash photolysis with UV-vis detec-
tion demonstrated complex formation between CCl2 and a
variety of aromatic ethers. These complexes modulated the
rate of CCl2 addition to tetramethylethylene. Finally, abso-
lute kinetics and activation barriers were measured for the
additions of CCl2, CF2, and CClF to several alkenes and the
observed structure-reactivity trends were analyzed.
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