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Atomic carbon reacts with benzene and substituted benzenes
on the singlet energy surface by an initial C-H insertion to
generate a phenylcarbene which can either be trapped by an
intramolecular reaction with a substitutent or ring expand to a
cycloheptatetraene which can subsequently be trapped.1-4 We
have now used this method to generate the 1- and 2-naphthyl-
carbenes,1 and 2, and have found a remarkable isotope effect
upon their reactivity.5

Co-condensation of arc-generated carbon with naphthalene3
at 77 K generates cyclobuta[de]naphthalene,4, the 1- and
2-methylnaphthalenes,5 and 6, along with compounds whose
molecular weight indicates that they are products of the reaction
of 1 and 2 with 3, and other uncharacterized products of the
reactions of C2 and C3 with 3. Carbenes1 and2 have been well

characterized in low-temperature matrixes,6 in solution,7 in the
gas phase,8 and computationally.9 Both 1 and2 rearrange to4 at
elevated temperatures,8 and it is clear that the carbenes intercon-
vert under these conditions. Calculations indicate that4 is the
thermodynamic sink and is accessible by rearrangement of1
(Ea ) 23.8 kcal/mol) and from2 via 1 (Ea ) 24 kcal/mol).9 It
thus appears that4 is formed in our system from chemically
activated singlet1 which is generated in a reaction exothermic
by roughly 117 kcal/mol.10 Possible routes to the methylnaph-
thalenes include H abstraction by triplet1 and 2 and/or the

addition of CH2 (from consecutive H abstractions by C) to3.
That the formation of4 requires thermal activation is indicated
by the fact that raising the temperature of the surface upon which
C + 3 is condensed increases the ratio of4:(5 + 6).

When 1 and 2 were generated independently by the C atom
deoxygenation of the 1- and 2-naphthaldehydes,7 and8,12 4 was
formed in both reactions (Table 1), and we conclude that the
exothermicity of the deoxygenation (∆H ) -112 kcal/mol)10

brings about the interconversion of1 and2.12

Addition of HBF4 to the C+ 3 low-temperature matrix does
not trap a benzocycloheptatetraene13 as benzotropylium ion, and
addition of styrene does not trap the strained double bond in a
benzobicyclo[4.1.0]heptatriene.6a We thus conclude that singlets
1 and2 either lose their excess energy and react intermolecularly
or find their way to the thermodynamic sink,4.

The reaction of C with naphthalene-d8 reveals a dramatic new
dimension of reactivity in the naphthylcarbenes produced. As
illustrated in Table 1, substitution of3-d8 for 3-d0 increases the
4:(5 + 6) ratio by a factor of 26 at 77 K. Moreover, co-
condensation of C with a 1:1 mixture of3-d0 and3-d8 generates
4-d0 and4-d8 in a 0.12 ratio.

These results appear to indicate an impossibly large inverse
deuterium isotope effect on the formation of4 in this system.
Since both the formation of1 and its rearrangement to4 involve
breaking a C-H bond in nonlinear transition states, modest
normal primary isotope effects are expected.14,15 However, a
normal isotope effect upon the rate of intersystem crossing (ISC)
in 1 would explain these results. In this scenario,11-d8 decays to
the triplet much slower that11-d0, and more4-d8 is generated in
the reaction of C with3-d8 than in the reaction of C with3-d0.

A largekH/kD on the rate of ISC predicts more triplet products
from 1-d0 and2-d0 than from1-d8 and2-d8. If we assume that5
and 6 are triplet products, this is certainly the case (Table 1).
However, as indicated above,5 and 6 can also result from the
addition of methylene to3, and more definitive evidence for triplet
products of carbenes1 and 2 is needed. To further assess the
role of triplets in this reaction, we have reacted C with3-d0 and
3-d8 in the presence ofE- and Z-2-butene and examined the
stereochemistry of the carbene adducts as a function of deuterium
content.17 The results of these experiments, shown in eq 1 for
Z-2-butene, are quite striking, with 4-18% of the trapped adducts
(10 and12) formed with loss of stereochemistry in the case of
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3-d0 while the deuterated counterparts of these compounds cannot
be detected in the reaction of C with3-d8 andZ-2-butene. These

effects are mirrored in the reactions of C with3 in the presence
of E-2-butene and in the reactions of 1:13-d0:3-d8 with C and
Z-2-butene (Table 1). Thus, triplet trapping products are formed
from the protiated but not the deuterated carbenes, a finding
consistent withkH/kD > 1 for ISC. In general, we observe that
1-d8 and2-d8 always give more4 than do1-d0 and2-d0, which
give more intermolecular products.18

When the reaction of C with a 1:1 mixture of3-d0 + 3-d8 is
carried out in the presence of oxygen,19 triplet 1 and2 are trapped
as naphthaldehydes7 and8 (eq 2). Although oxygen is a more

effective triplet trap that 2-butene, the results for the two systems

are similar in that far more triplet-d0 products than triplet-d8

products are formed. Since oxygen is an extremely effective
scavanger of C(3P),4 this experiment also rules out C(3P) as a
source of triplet1 and2.

Isotope effects upon radiationless transitions are well docu-
mented in photochemical systems.20-23 The usual explanation
given for normal isotope effects upon nonradiative decay is the
fact that the higher energy C-H vibrations require less quanta to
match an electronic gap with vibrational energy than do C-D
vibrations. Hence, the Franck-Condon overlaps and thus the
probability of surface crossings are greater in the protiated
compounds.20 However, as the gap between states decreases, the
isotope effects can shift from normal to inverse due to a higher
density of levels in the accepting deuterated state.24,25 Since the
S-T splittings in 1 and 2 are only about 5 kcal/mol,9 we may
have expected an inverse isotope effect on the S-T transitions.
However, our normal isotope effects are indicative of a larger
energy gap, and we feel that they result from the generation of
the singlet state of1 and2 with excess energy and it is the isotope
effect upon the degradation of the energetic carbene to the triplet
state that we are observing. These arguments predict that similar
isotope effects will not be observed when1-d8 and 2-d8 are
generated from conventional less energetic carbene precursors.
We are currently examining this possibility and searching for this
phenomenon in other energetic deuterated carbenes.
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Table 1. Relative Yields of Products in the C Atom Generation of Carbenes1 and2

relative yields of products

reactants T (K) 4 5 6 4/(5+6) 9 10 11 12

C + 3 77 1 4.9 6.4 0.09
C + 3 158 1 0.67 1.2 0.55
C + 3 195 1 0.62 0.98 0.63
C + 3 273 1 0.37 0.38 1.33
C + 7 77 1 0.145 0.035 5.55
C + 8 77 1 0.091 0.132 4.48
C + 3-d8 77 1 0.15 0.29 2.3
C + 1:13-d0:3-d8 77 1 (d0) 4.1 (d0) 6.9 (d0) 0.09 (d0)

1 (d8) 0.44 (d8) 0.64 (d8) 0.92 (d8)
d0/d8 ) 0.12 d0/d8 ) 1.1 d0/d8 ) 1.2

C + 1:13-d0:3-d8 195 d0/d8 ) 0.36
C + 1:13-d0:3-d8 273 d0/d8 ) 0.63
C + 3 + Z-2-butene 77 1 0.3 0.73 0.98 0.19 0.05 0.70 0.04
C + 3-d8 + Z-2-butene 77 1 0.19 0.37 1.78 0.21 0 0.29 0
C + 3 + E-2-butene 77 1 0.64 0.84 0.68 0.08 0.34 0.07 1.1
C + 3-d8 + E-2-butene 77 1 0.18 0.3 2.08 0 0.20 0 0.73
C + 1:13-d0:3-d8 + Z-2-butene 77 1 (d0) 0.4 (d0) 0.19 (d0) 1.68 (d0) 0.24 (d0) 0.05 (d0) 0.75 (d0) 0.05 (d0)

1 (d8) 0.18 (d8) 0.07 (d8) 4.0 (d8) 0.11 (d8) 0 (d8) 0.36 (d8) 0 (d8)
d0/d8 ) 0.57 d0/d8 ) 1.2 d0/d8 ) 1.8 d0/d8 ) 1.2 d0/d8 ) 1.2
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