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to an attractive surface (or vice versa). Since the probability of
this transition depends on the position of the crossing relative to
rg, changes in the magnetic flux density indirectly alter the net
rate of reaction. Another commonly cited mechanism for magnetic
effects, the so-called Ag mechanism, will not be considered here.!4

It is widely believed that spin—orbit mixing of the singlet and
triplet states provides an additional mechanism for electronic
relaxation, thereby diluting the magnetic field effect.2 Because
spin—orbit coupling constants?® are nearly always larger than
nuclear hyperfine coupling constants?* (particularly in heavy
atoms),?® one might conclude that heavy-atom magnetic field
effects should be difficult to observe.?6 We believe that this view
is false and misleading because it fails to recognize that, in the
adiabatic limit, relaxation between spin—orbit states of heavy-atom
radicals occurs only as a result of other perturbations (e.g., hy-
perfine or radiative coupling or rotation of the radicals).

Our study outlined above is one of a growing number in which
heavy-atom magnetic field effects have been observed.?%?-% In
this communication we present an explanation for the large
magnetic effect involving reaction of Cl atom pairs. The argument
is extended to explain the observation of magnetic effects in other
heavy-atom systems.

A schematic diagram of potential energy surfaces relevant to
reactive Cl atom pairs generated in reaction 1 is presented in
Figure 2B. Photodissociation near 337 nm is known to occur
mainly by excitation from the ground 'Z; state to the repulsive
'TI, surface.3%3! As the atoms separate and these two surfaces
approach each other to within the spin—orbit coupling constant
(about 900 cm™'), spin and orbital angular momentum become
ill-defined, and the surfaces are instead characterized by total
spin—orbit angular momentum Q, which is quantized along the
interatomic axis. Thus, while the characters of the surfaces
change, they nonetheless retain a distinct identity. Transitions
between attractive and repulsive surfaces may be induced by
nuclear hyperfine coupling®” at crossing points such as that denoted
by the circle in Figure 2B. This is analogous to the scheme
represented by Figure 2A. The crossings depicted in Figure 2B
are quite general for pairs of atoms having magnetic nuclei.
Therefore, magnetic effects in heavy-atom systems may be just
as strong and prevalent as for light atoms.

In cases where a heavy-atom radical center is located in a
molecule rather than an isolated atom, the electronic state is often
orbitally nondegenerate (e.g., 2A, instead of 2E), so that the
asymptotic states are (essentially) degenerate despite the fact that
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spin and orbital motions of the unpaired electron are strongly
coupled. The correlations of the asymptotic states with the valence
states of the radical pair precursor are usually well-defined, and
magnetic effects can be interpreted by the scheme represented
by Figure 2A.
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We have recently described the generation and reactions of the
first boron-substituted carbenes, 1 and 2.2 In these papers we
argue from considerations of reactivity for the special prominence
of triplet-state reactions of these carboranylcarbenes.> Here we
report the EPR spectra of 1 and 2 and show that the triplets are
the ground states of these probably linear reactive intermediates.

H H CH, CHy
B/'c'H B/'C'H

23 £

1 2

Degassed solutions (~10 mM) of the diazo compound pre-
cursors? of 1 and 2 in methylcyclohexane were frozen at 10 K,
and the glasses were irradiated through Pyrex in the EPR cavity
with a 200-W high-pressure mercury arc for 30 min. The resulting
spectra were persistent at low temperature, but disappeared ir-
reversibly at about 32 K. For 1, a plot of peak height vs 1/T was
linear over the range 14-30 K. Thus the Curie law is obeyed,
and the ground state of 1 (and presumably the other 3-
carboranylcarbenes) is the triplet. At most, the triplet may lie
only a few calories above the singlet.

The zero-field splitting parameter, |D/he], for 1 and 2 is 0.657
and 0.661 cm™, respectively. This matches well the values of
0.6860 and 0.6920 cm™! reported by Hutton, Roth, and Chari for
two carbon-substituted carboranylcarbenes, 3 and 4. |D/hc| is
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related to 1/r%, where r is the average distance between the two
electrons. For a carbene in which delocalization is impossible,
methylene, |D/hc| = 0.76 cm™.5 For dialkylcarbenes such as
diadamantylcarbene or di-tert-butylcarbene in which delocalization
is minimal, |[D/hc| = 0.6823 and 0.689 cm™', respectively.”® By
contrast, for arylcarbenes in which one of the nonbonding electrons
is well-delocalized over one or more aromatic rings, |D/hc| is much
smaller.’> Phenylcarbene, for example, shows |D/hc| = 0.51 cm™.5°
Hutton, Roth, and Chari took their values of |D/hc| to mean that
there was little delocalization into the carborane cage,* and we
see no reason to disagree with their evaluation. The nonbonding
electrons of both carbenes 1 and 2 are strongly localized on the
extra-cage carbon.

The other zero-field splitting parameter, |E/hc|, is a measure
of the difference in magnetic properties along the x and y axes
and will vanish for a linear molecule. Although a zero |E/h¢] is
only consistent with a 180° angle at the divalent carbon, it has
generally been taken as diagnostic for a linear species. Most simple
triplet carbenes, including methylene,® diadamantylcarbene,’” and
phenylcarbene,> are bent, with |E/hc| = 0.052, 0.038, and 0.0249
cm™!, respectively. Carbenes with cylindrical symmetry such as
cyanocarbene! and a series of ethynylcarbenes!® are linear (|E/hc|
~ 0). Although the carbon-substituted carboranylcarbenes 3 and
4 are bent (|JE/hc| = 0.0302, 0.0293 cm™),* their boron-substituted
relatives 1 and 2 are linear, as |E/hc| < 0.002 cm™ in each case.
Clearly, this is an important difference in the two kinds of in-
termediate. Equally clearly, rationalization is perilous, as very
small energy differences may be involved.'> We have calculated
the structures of triplets 1 and 3 at the MNDO level. The B-C-H
angle for carbene 1 is calculated to be nearly linear, 173°, whereas
the related angle in 3 is only 155°. MNDO is known to over-
emphasize triplet linearity,!! but the observed experimental trend
is nicely reproduced.

Boron-substituted carbenes have been previously investigated
computationally.!* In H,BCH, overlap of a filled carbene orbital
with the empty 2p orbital on boron stabilizes the singlet state,
but there is a competing o effect in which the electronegativity
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difference between B and C acts to stabilize the triplet carbene.
For H,BCH, the two spin states emerge close in energy, with the
singlet favored by 4—6 kcal/mol.'* However, H,BCH is not a good
model for 1 and 2 as the 2p orbital that is so stabilizing to the
singlet state is missing in the icosahedral species, occupied as it
is in the network of three-center, two-electron bonding making
up the cage frame. Perhaps better models would be silylcarbenes, '
in which the carbene is also attached to a less electronegative
atom.!'® Here, too, linear triplets are found, as |E/hc| = O for
a series of alkylsilylcarbenes.!>!5

In summary, the first boron-substituted carbenes are ground-
state triplets and appear to be linear. It remains to verify linearity
through an analysis of the '3C hyperfine interactions and to ex-
amine the other possible isomers of 1 and 2.
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The majority of reactions between nucleophiles and electron-
deficient aromatic compounds can be separated into two classes.
The most common is nucleophilic aromatic substitution for halide
and, in particular, the reaction of nucleophiles with halogenated
nitroaromatics.! The second is nucleophilic aromatic substitution
for hydrogen, which formally requires the replacement of a hydride
ion. This reaction is often promoted by the addition of an external
oxidant such as oxygen.? Both of these reactions are believed
to proceed via attack of a nucleophile on the nitroarene generating
an anionic o-complex, 1, followed by departure of the leaving group
and rearomatization.’ More recently, the removal of a proton
and two electrons from g-complexes has been shown to be faci-
litated in a new class of reaction referred to as vicarious nu-
cleophilic substitution (VNS).* These reactions require a good
leaving group, such as sulfoxonium ion,* halide,® triazole,’ or

*Current address: Department of Chemistry, Washington University, St.
Louis, MO 63130.
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