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Arrhenius Parameters for Hydrogen and Chlorine Atom Abstraction Reactions of Triplet
Diphenylcarbene and Dibenzocycloheptadienylidene’

Robert L. Barcus,?® Matthew S. Platz,*? and J. C. Scaiano**

Department of Chemistry, The Ohio State University, Columbus, Ohio 43210, and Division of Chemistry,
National Research Council of Canada, Ottawa, Ontario, Canada K14 OR6 (Received: July 1, 1986)

The absolute kinetics of the reaction of triplet diphenylcarbene (DPC) and dibenzocycloheptadienylidene (DBC) were measured
with various atom donors as a function of temperature. Diethyl ether and toluene were used as hydrogen atom donors and
carbon tetrachloride as a chlorine atom donor. The Arrhenius parameters indicate that triplet DBC reacts directly with
carbon tetrachloride but that reaction of DPC with CCl, probably involves a triplet-singlet surface crossing.

Introduction

It has been long appreciated from product analyses that
carbenes will readily abstract chlorine and hydrogen atoms from
suitable donors. The free radical nature of the halogen-transfer
reactions of methylene with carbon tetrachloride and other po-
lyhalomethanes was established by Urry in the 1950s.> Similarly,
the photoreactions of methyl diazoacetate with polyhalomethanes
were shown to be free radical chain reactions.* In the case of
diphenylcarbene, Murray and Trozzolo® showed that, despite an
early report to the contrary,’ this carbene reacts with the car-
bon-halogen bond via halogen abstraction; in this work they also
demonstrated the importance of working under conditions (dilute
solution) that minimize azine formation. More recently, these
reactions have also been studied by the direct spectroscopic
methods of CIDNP,® EPR,” and laser flash photolysis.® It is clear
from CIDNP and product studies that the hydrogen atom ab-
straction reaction is unique to triplet carbenes, the preferred
reaction mode of singlet carbenes with alkanes being concerted
insertion into the CH bond.” This is not necessarily true for
chlorocarbons; Roth has discovered that both singlet and triplet
methylene will abstract a chlorine atom from carbon tetrachloride.
In an elegant experiment Roth stuudied the CIDNP produced
on photolysis of phenyldiazomethane in chloroform. The data
indicated that singlet phenylcarbene reacts by Cl atom abstraction
as expected but that triplet phenylcarbene preferentially abstracts
hydrogen rather than chlorine from chloroform.!

1
P~ NH 4 HCCly ——= PhCHCI + GHCl

14
Ph™” NH  + HCCly———e=PhCH, + CCly

The absolute kinetics of triplet carbene reactions in low tem-
perature matrices have been reported.” Photolysis of matrix-
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isolated diphenyldiazomethane (1) and diazodibenzocyclo-
Ne
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DPC bBC

heptadiene (2) generates diphenylcarbene (DPC) and dibenzo-
cycloheptadienylidene (DBC), respectively, both of which can be
readily detected by EPR spectroscopy.!’»'2 The triplet carbene
EPR signals decay slowly in the dark at 77-100 K. Kinetic isotope
effects and product studies demonstrated that DPC and DBC react
with host matrices by hydrogen atom abstraction. It was pos-
tulated further that the mechanism of this hydrogen-atom-transfer
process was quantum mechanical tunneling (QMT). The data
were fit to an asymmetric Eckart barrier to yield a potential
surface. The calculated barrier height (minus suitable zero point
corrections) should be equal to the activation energy for a classical
atom-transfer process. In this study we report the activation
energies of atom-transfer reactions of DPC and DBC in solution
phase where QMT corrections are expected to be smaller than
in low temperature matrices. The results also serve as a test of
the predictive power of the low temperature matrix QMT model.

Results

System Involving Diphenylcarbene and H Atom Donors. Laser
flash photolysis (308 nm) of dilute solutions of 1 and 2 in chlo-
robenzene (typically 10 M) gave the previously reported transient
spectra of triplet DPC and DBC.® The carbenes were long-lived
in chlorobenzene and decayed by a mixture of first- and sec-
ond-order processes. In hydrogen-atom-donating solvents the
carbene lifetimes shorten to 1-2 us and after this time the transient
spectra of the triplet carbenes are replaced by those of the cor-
responding radicals, 3 and 4.

H H

O

3 4
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Figure 1. Plot of k,ug vs. [diethyl ether], at room temperature and
(insert) growth of benzhydryl radical 3 following laser flash photolysis
of 1 in chlorobenzene containing diethyl ether.
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Figure 2. Arrhenius plot illustrating the temperature dependence of the
reactions of DPC and CCl, (©), DBC and ether (O), DPC and ether (®),
and DBC and CCl, (m).

The absolute rate of hydrogen atom transfer is most conven-
iently measured by monitoring the formation of radicals 3 and
4 which absorb at 10-30-nm longer wavelengths than the triplet
carbenes. A typical kinetic profile obtained by flash photolysis
of 1 in chlorobenzene containing 3.8 M diethyl ether is shown in
the insert in Figure 1. The kinetic data were fit to the equation

A, — A,
log T—- = Kopsal (1)

where k. is the pseudo-first-order rate of radical formation, and
A, and A4. are the transient absorptions at time equal to ¢ and
at infinity, respectively. The value of 4. was measured at the
plateau region of Figure 1. It is important to note that the growth
lifetime of benzhydryl radical 3 is also equal to the decay lifetime
of triplet DPC. The lifetime of triplet DPC is controlled not only
by atom abstraction (k), but also by reaction with diazo precursor
1 and by impurities, such as oxygen and water. These contri-
butions to the observed pseudo-first-order rate constant (kgueq)
are given by . as

Kopsa = ko + k[atom donor] (2)
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TABLE [: Absolute Rate Constants for Reaction of Triplet Carbenes
with Hydrogen and Chlorine Atom Donors

carbene donor temp, K k, 10* Mt 5!
DPC ether 300 7.07
288 6.07
273 3.80
263 3.36
243 1.84
233 0.98
DPC toluene 333 10.1
313 3.58
300 2.89
263 1.92
254 1.30
DPC ccl, 318 236
308 231
300 202
283 168
268 148
DBC ether 300 13.0
288 7.74
273 6.93
263 6.05
253 4.58
233 1.80
DBC CCl, 343 12.5
329 11.6
318 7.19
300 3.46
299 3.30

TABLE II: Arrhenius Parameters for the Reaction of Triplet
Carbenes with Various Quenchers in Chlorobenzene-Substrate
Mixtures

Ea’a 10g kSOOK,
carbene quencher keal/mol A/M7sle Mgl
DPC diethyl ether 3.9 £ 0.6 7.8 £0.5 7.1 x 10*
DPC toluene 3617 72+13 38x10*
DPC CCly 1.5£03 74 £02 2.0 X 108
DPC® methanol 25+£04 9303 3.1 x 107
DPC* methanol 1.2£04 8203 2.0 X 107
DBC diethyl ether 3709 78%07 1.3Xx10°
DBC CCl, 6.7+ 1.5 94 x1.1 3.5 x 104
DBC?  methanol 5010 9.1£08 2.5Xx10°

@ All errors reported as £20. ®In chlorobenzene, from ref 27. “In
benzene, from ref 27. “In toluene, from ref 8b.

Bimolecular rate constants were contained from the slope of a
plot of kg vs. the concentration of ether. A typical plot is shown
in Figure 1; the data are given in Table I. This series of mea-
surements was repeated at different temperatures to give the
Arrhenius parameters listed in Table II and Figure 2. The use
of flowed solutions of diazo compound was crucial to the success
of these experiments.

We have previously reported that DPC reacts more slowly with
toluene than with ether.® This makes the experimental mea-
surements somewhat more difficult with the former, and as a result
the data are of lower accuracy and precision for toluene than for
ether.

Reaction of Diphenylcarbene with Carbon Tetrachloride. Laser
flash photolysis of 1 in carbon tetrachloride leads to chlorinated
radical 5. Radical § is formed in both an instantaneous process

@]
2

(r <10 ns) and in a slow process on the order of a few micro-
seconds. Johnston and Scaiano!*® and Horn and Allison!?® have
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Figure 3. Plot of kg4 for DPC vs. [carbon tetrachloride] at 35 °C.

independently demonstrated that the fast formation of § is due
to chlorine atom abstraction by the electronically excited triplet
state DPC*, which is formed by secondary photolysis of SDPC
within the laser excitation pulse.!* The slow formation of 5 is due
to reaction of ground-state *DPC with carbon tetrachloride. Since
the biphasic formation of § complicates the analysis of the kinetics
of reaction of *DPC, a probe technique was preferred. We em-
ployed flowed solutions of 1 X 10~ M 1 in 90% chlorobenzene-
10% cyclopentane (V/V) containing between 0.1 and 1.0 M carbon
tetrachloride. Under these conditions the observed decay of *DPC
(kpsa) is controlled by reaction with cyclopentane (ky), carbon
tetrachloride (k¢)), and the same k, term as before.

kopsa = ko + kulc-CsHyo] + ke [CCly] 3

The rate of formation of the benzhydryl radical 3 is also given
by koeq and is dominated by the ky[c-CsH,] term. The value
of k¢ could be obtained by measuring k4 as a function of [CCl,]
at constant concentrations of cyclopentane and diphenyldiazo-
methane. A plot of ky vs. [CCl,] is given in Figure 3, the slope
of which is equal to k. Measurements at several temperatures
led to the parameters included in Table II and Figure 2.

Reactions of Dibenzocycloheptadienylidene. Laser flash
photolysis of 2 in chlorobenzene-diethyl ether yields DBC; its
decay occurs with concurrent formation of radical 4 (Figure 4).
The absorption spectra of the carbene and radical overlap ex-
tensively; however, at 315 and 350 nm the transient absorptions
are dominated by the carbene and the radical, respectively. The
kinetics are most easily monitored at 350 nm. The absolute rate
of reaction of DBC with ether was measured as for DPC to give
the data of Tables I and II. The kinetics of reaction of triplet
DBC with toluene were too slow to measure by laser flash pho-
tolysis.

The kinetics of reaction of triplet DBC with carbon tetrachloride
were also measured as for DPC but in this case 1% 1,4-cyclo-
hexadiene (by volume) was used as a hydrogen donor in order
to generate probe radical 4. The absolute kinetics of DBC with
diethyl ether and carbon tetrachloride are given in Table I and
the Arrhenius information in Table I and Figure 2.

Discussion

Singlet or Triplet Carbene Reactions? Bethell'* has postulated
that singlet and triplet DPC are in rapid equilibrium in solution
at ambient temperatures. Closs!s and Jones and Gaspar!® have
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provided a wealth of chemical evidence that spin equilibration in
DPC can be more rapid than reaction of either spin state with
olefins. The fast equilibrium condition also seems to be appropriate
in inert solvents such as benzene containing hydrogen or chiorine
atom donors as the absolute rates of reaction of DPC and DBC
with these quenchers are comparable to the rates of reaction with
typical olefinic trapping agents. Assuming rapid equilibration
the observed rate constants (k¢ and ky) are actually given by

kuc = kr + kg/K 4

where kr, ks, and K are defined in Scheme 1. Laser flash
photolysis studies cannot dissect ky; or k¢, into its constituent parts.
This can only be accomplished in certain cases by chemical studies
or hypothesized on the basis of chemical intuition. Analysis of
the products formed in the reaction of DPC with cyclohexane
indicates that all of the chemistry can be explained by a single
intermediate, *DPC.!” We are confident in identifying ky with
kr for DPC reacting with typical H donors. Based upon work
by Moritani, this is probably also true for DBC as well.'® Thus,
the Arrhenius parameters for reaction with ether and toluene can
be associated with triplet carbene radical-like hydrogen atom
abstraction. The preexponential factors are in the 1072779 M
57! range and are much lower than those reported for free radical
H-atom abstractions. The preexponential factors for reaction of
triplet benzophenone with cyclohexane (1086 M~ s71),1° tert-
butoxy radical with phenol (10166 M1 s71),2 and tetrahydro-
furan® (1037 M~ s7), of tert-butyl radical with tri-n-butyltin
hydride?? (10%4* M~ s71), and of phenyl with tri-n-butyltin hy-
dride?? (101° M~! s7!) are 1 to 3 orders of magnitude larger than
those observed for reactions of DPC and DBC. The low preex-
ponential factor may be a consequence of a QMT contribution
to the hydrogen-atom-transfer process.”*>* The activation energies
for reaction of DPC with ether and toluene are 2-4 kcal/mol
lower than predicted by fitting matrix EPR data to an asymmetric
Eckart barrier model and assuming quantum mechanical tun-
neling.!! The difference may be due to a QMT contribution to
the solution phase kinetics.

It is more difficult to associate k¢ with kg or kg/K in the case
of chlorine atom abstraction than in the case of the H-atom-
transfer processes.’ CIDNP studies on methylene indicate that
both singlet and triplet pathways are feasible.!® Chemical analysis
to dissect the product mixture into percentage contributions from
specific spin states is of little value because both the singlet and
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triplet carbene react to give radical pairs which will give rise to
similar product mixtures. The Arrhenius parameters themselves
do, however, provide considerable insight into the mechanism of
chlorine atom transfer; DPC and DBC have nearly identical
Arrhenius parameters for the hydrogen atom abstraction reaction
with ether but very different parameters for the chlorine ab-
straction from carbon tetrachloride. The DBC data for chlorine
abstraction has a “normal” preexponential factor of 10°° M 57!
(compared with triethylsilane and CCl, with 4 = 1092 M~ 571)2
and an activation energy of 6.7 kcal/mol. DPC, on the other hand,
has both a very low A factor equal to 107* kcal/mol and a very
low activation energy of 1.5 kcal/mol.

Methanol is an excellent carbene trap. Very high yields of
ethers are obtained on both direct and photosensitized photolysis
of 1 and 2 in methanol. The reaction of *DPC and *DBC with
methanol to give 6 and 7 necessarily requires spin inversion.

He_ _OCH,
hy
CHZOH
| 6
Na H.__OCH,

hy
CH,OH

o
20
W
@,
),
W

1O
3

The Arrhenius parameters for the carbon tetrachloride and
methanol reactions of DPC and DBC are very similar suggesting
similar mechanistic requirements. Nazran, Griller, and Scaiano
have proposed that reaction of *DPC with methanol proceeds by
a surface crossing mechanism.2’” We believe that the carbon
tetrachloride data for DPC is also most easily interpreted in terms
of a mechanism leading into the singlet surface. Such a mech-
anism would be favored under conditions where the free energy
requirements for simple Cl abstraction by the triplet exceed the
magnitude of the S-T gap. These conditions are unlikely to be
met for DBC with seems to show straightforward triplet behavior,
even in the reaction with methanol, which has been the subject
of much controversy with DPC and related carbenes.?’

Judging from the similarity of DPC and DBC toward H ab-
straction, one would expect the true reactivities (kg of the two
triplet carbenes toward Cl abstraction) to be similar too. This
is of course not the case: at 300 K DPC reacts with CCl, 57 times
faster than DBC. This in itself suggests a change in mechanism,
a postulate that is further supported by the large differences in
Arrhenius parameters for the reactions of DPC and DBC with
CCl, (see Table II). Such a change in mechanism is unlikely to
involve a simple thermal population of the singlet carbene ma-
nifold: quite simply, the activation energy for DPC is too low for
a mechanism of this type and a similar argument applies to the
preexponential factor. Instead, we propose a surface-crossing
mechanism along the same lines proposed earlier for the DPC-
methanol reaction.”’ Under these conditions the singlet and triplet
surfaces must cross at a point before the transition state for the
triplet carbene chlorine atom abstraction. This is illustrated in
Figure 5.

Singlet and triplet methylene have very different geometries;
the HCH bond angle in !CH, is 102°, while that in 3CH, is 136°.
Increasing the bond angle in !CH, leads to a steep increase in
energy, while the energy of 3CH, is less sensitive to angular
distortion.?® It is quite possible that the differences in carbene
behavior observed reflect a much larger CCC bond angle in DBC
than in DPC, as a result of the ethano bridge. Alternatively, it
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Figure 4. Absorption spectrum of 4 obtained by irradiation of 4 X 107*
M 2 in 1:1 chlorobenzene—diethyl ether at 293 K. The spectrum was
recorded 10 us after 308-nm laser excitation.
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Figure 5. Proposed surface for reaction of DPC with carbon tetra-
chloride.

is possible that triplet carbene chlorine abstraction has a polar
component represented in extreme form by

. +

| |

This does not appear to be a satisfactory explanation for the
differences between DPC and DBC in their reactions with CCl,
because the electron-donating methylene substituents in DBC
should stabilize the radical cation representation and lower the
activation energy relative to the DPC reaction. This is clearly
not the case.

Experimental Section

In a typical experiment a solution of 0.5-1 X 10* M diazo
compound was subjected to laser flash photolysis (308 nm, ~4
ns, up to 80 mJ/pulse, Lumonics Model TE-860-2 operated with
Xe—HCI mixtures). The absorption signals were captured by a
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Tektronix R-7912 transient digitizer and then transferred to a
PDP 11/23 computer which also controls the experiment and
provides suitable processing, storage and hardcopy facilities.
Further details of the laser flash photolysis system can be found
elsewhere.?® The diazo compounds used in this work were pre-

. 1987, 91, 699-702 ‘ 699

pared and purified from the corresponding ketones by known

- procedures.'’®3 The absorption maxima of the carbenes were

typically recorded <0.5 us following the laser pulse.
Registry No. DPC, 3129-17-7; DBC, 15306-40-8.
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Photobromination of C,H;Cl in the Presence of C,H;,. The Heat of Formation of the
CH,CHCI Radical and the D°(CH,CHCI-H) Bond Dissoclation Energy

E. Tschuikow-Roux* and D. R. Salomon
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The gas-phase photobromination of C,H;Cl in the presence of ethane as competitor has been studied between 32 and 95
°C at total reactant pressures of ~32 Torr and sevenfold hydrocarbon excess over bromine. Under these conditions hydrogen
abstraction by bromine atoms from C,H;Cl occurs almost exclusively from the CH,Cl group. Over the temperature range
stated, the relative rate constants conform to an Arrhenius rate law, which combined with the known rate parameters for
ethane, log (4/cm® mol™ s71) = 14.135 £ 0.056, E = 13.66 = 0.14 kcal mol™, yield for the abstraction of secondary hydrogen
in CHyCH,Cl k;/cm® mol™ s7' = 10218240091 exp[(9.14 * 0.16 kcal mol™!)/R7]. From an analysis of kinetic and
thermochemical data on these and related compounds in the literature the following radical heats of formation and C-H
bond dissociation energies are deduced: AH°(CH,CHCI) = 16.75 + 1.0; D°(CH,;CHCI-H) = 95.7 + 1.0; AH;°(CH,CHF)

=-17.7 £ 1.1; and D°(CH,CHF-H) = 97.3 = 1.1 kcal mol™,

Introduction

Recently we reported on the competitive free radical photo-
chlorination of a number of chloro-'2 and fluoroethanes® where
we examined the reactivity trends of Cl-atom attack on hydrogen
with the number and position of halogen substitution. This work
is presently extended to the photobromination of some of this class
of compounds. Whereas, aside from CH,, the abstraction of H
by Cl atoms in hydrocarbons is always exothermic, and usually
exothermic for most halohydrocarbons (CH,CF; and CHF; are
notable exceptions) the corresponding metathesis reactions in-
volving bromine atoms are generally endothermic and have sig-
nificant activation energies. One therefore expects a higher se-
lectivity for hydrogen abstraction by bromine atoms*> and can
anticipate a correlation between the C-H bond strength and
activation energy. The selective nature of bromine atom attack
in fluorinated ethanes has been demonstrated by Whittle and
co-workers:>$ in the competitive thermal bromination of C,HF
(39-121 °C) and CH,CHF, (25-230 °C) the observed respective
bromination products were almost exclusively CH,CHBrF and
CH,CBrF,.’ The strong deactivation toward hydrogen from the
B-carbon has been attributed to polar effects with a concomitant
reduction in the C~H bond strength at the site of halogen sub-
stitution (a-carbon).”?

In the present paper we report on the competitive photo-
bromination of C,HsCl in the presence of C,H,. Ethane has been
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Kinet. 1984, 16, 621.

(2) Tschuikow-Roux, E.; Niedzielski, J.; Faraji, F. Can. J. Chem. 1988,
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82, 65.
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selected as a reference because (a) the relative rates for hydrogen
abstraction by bromine atoms are reasonably compatible, (b) the
thermal and photobromination of C,H¢ has been studied by both
competitive® and direct!®!! methods, and has been subject of
several revisions®!? such that the values of the rate parameters,
and in particular the activation energy, are sought to be reasonably
well established,'! and (¢) the Arrhenius parameters for the reverse
reaction (C,H;s + HBr — C,H, + Br) can be deduced from kinetic
and thermochemical data in the literature.

Experimental Section

All experiments were carried out in a greaseless static system,
using a cylindrical double-jacketed Pyrex reactor connected to
a thermostated water circulating bath and protected from room
light. Temperatures were varied over the range 32-95 °C and
maintained to within 0.1 °C. Pressure measurements were made
with a calibrated digital fused quartz Bourdon gauge (Texas
Instruments, Model 145). The light source was an ordinary
fluorescent lamp placed parallel to the reactor axis. Conversions
were kept at less than 3% and irradiation times to 30 min for
convenience of sampling. Product analysis was performed with
a Varian Vista 6000 gas chromatograph equipped with CDS 401
data system, flame ionization detector (FID), and a 0.5-m-long
Porapak N column. Several experiments were carried out to test
for dark reactions. When a mixture of C,HCl, C,Hq, and Br,
was left overnight in the shielded reactor at room temperature,
no products were found by subsequent GC analysis, while after
2 h at 90 °C trace amounts of bromination products could be
detected. In the irradiated C,H;Cl/C,H¢/Br, mixtures the only
carbon-containing products found at temperatures below 90 °C
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