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Abstract: The group 11" metal atoms Cu, Ag, and Au (M) react with allene in a rotating cryostat at 77 K to give the
organometallic allyls CH,C(M)CH, but not the substituted vinyls MCH,C==CH,. These substituted allyls have g factors
close to the free-spin value and small metal hyperfine interactions which arise by sgin polarization.

It is interesting to note that matrix isolation electron spin
resonance (ESR) spectroscopic studies have demonstrated that
while group 11 metal atoms (Cu, Ag, and Au) readily add to
alkynes at cryogenic temperatures (4-77 K) to give organometallic
vinyls®~* there is no direct evidence that they add to alkenes to
give B-substituted organometallic alkyls. Instead they appear to
give, almost exclusively, the mono- and diligand » complexes, e.g.,
with ethylene they give M[C,H,] and M[C,H,],.¢®

During the course of our search for an authentic metal atom
addition to an alkene we decided to investigate the reaction of
Cu, Ag, and Au atoms with allene in a rotating cryostat®!! at
77 K. This alkene is an interesting candidate for study because
addition could occur either at the central carbon to give an allyl
(reaction 1a) or at the terminal atom to give a viny! (reaction 1b).
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Reaction might be expected to occur principally at the least
substituted carbon,!? but this reaction would give the vinyl. On
the other hand, although central atom addition gives a resonance
stabilized allyl this pathway requires contra-twisting of the two
terminal CH, groups through 45° so that the two = orbitals, which
are orthogonal in allene, can become coplanar to allow the full
delocalization energy of the allyl to be achieved. It is, therefore,
not easy to predict where addition would occur.

Direct ESR studies of the initial free radical products have
shown that the hydrogen atom, which bears a formal resemblence
to the group 11 atoms in having the free electron in an s orbital,
adds almost exclusively to the terminal carbon of allene in ada-
mantane at 77 K!? and in ethane at 101 K.!* Central carbon
atom addition does, however, occur for a range of radicals reacting
with two substituted di-ter¢-butylvinylidenecyclopropanes!® but
thay are rather atypical allenes, and allyls with the semioccupied
p; orbital on the « carbon orthogonal to the = bond of the double
bond are formed.'¢

Conventional studies of the final molecular products have shown
that most free radicals also add at the terminal position of allene.!”
The exceptions to this are Br- and RS. which add at both car-
bons.'®1%  The effect of concentration and temperature on se-
lectivity in these cases has been interpreted in terms of a reversible
attack at the terminal carbon accompanied by an irreversible
attack at the central carbon,!® but the results can be equally well
explained by a competition between an intramolecular 1,2 shift
of the Br and RS groups and a chain transfer reaction to produce
the final molecular product; a bridged radical intermediate may
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also be involved.® Clearly central addition is exceptional and
the reasons for its occurrence remain obscure.

In the rotating cryostat isolated Cu, Ag, and Au atoms trapped
on the surface of an inert matrix at 77 K were bombarded with
allene and the primary product species themselves trapped in the
interleaving spirals of matrix and reactants. Reactions probably
occurred near 77 K,* and the deposits were transferred at this
temperature for examination by ESR. The spectra of the primary
paramagnetic products from reaction of allene with group 11 metal
atoms in cyclohexane are shown in Figure 1.

In the spectra from Cu and Au the main absorptions at g =
2 clearly show proton hyperfine interactions (hfi) of about 14 G
which are typical of an allylic species,!* and we assign these
absorptions to the metal-substituted allyls CH,C(Cu)CH, and
CH,C(Au)CH,. The values of the proton hfi make it unlikely
that the spectra are of bridged radicals.® Similarly the spectrum
from Ag, although not showing the 14-G interaction so clearly,
is also readily assignable to a silver-substituted allyl. Computer
simulations based on the Lefebvre and Maruani program?! gave
good fits with the principal features by using the following ESR
parameters: CH,C(Cu)CH,, a4; = 13 £ 0.5 G, ay(2) = 14 £
0.5 G, ay(2) = 15 £ 0.5 G, g = 2.0020; CH,C(Ag)CH,, a;¢; =
7 £ 1G, ay(2) = 14 G, ax(2) = 15 G, g = 2.0045; CH,C-
(Au)CH,, as, = 6.5 % 0.5 G, ay(2) = 14 G, ay(2) = 15G, g
= 2.0020. The stick representation of the simulated spectra is
shown beneath each spectrum. For Ag all the lines are accounted
for by a single species with the parameters given. However, in
the Cu and Au spectra there are less intense residual lines which
can be fitted reasonably with simulated spectral lines based on
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Figure 1. ESR spectra from reaction of allene with (a) ®Cu, (b) 'Ag,
and (c) Au atoms in cyclohexane at 77 K in a rotating cryostat.

the g and ay parameters already given but having values of ag;
and a,, of 8 £ 0.5 and 4 £ 0.5 G, respectively. It appears that
another trapping site is occupied in these cases and that the metal
hfi, which arise by spin polarization, is particularly susceptible
to the environment of the radical. It is worth stressing that the
spectra for all three metals show no trace of a substituted vinyl
with its characteristic large interactions of 58 and 33 G for the
two B-protons.2?  On annealing all the spectra decayed but a
residual central line resolved into a quintet with 2-G spacing and
g = 2.002. We assign this line to the allene negative ion (C-
H,CCHj,)" because of the smallness of the proton hfi which is even
lower than those observed in the benzene and butadiene negative
ions.?*?*  Further details of this new species will be published
later.
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The ay values in the metal allyls are close to those in most allyls.
The ag, a7, and a,, values give spin populations? of 0.006, 0.01,
and 0.006 at the metal atom compared with 0.008 for hydrogen
at the central carbon atom. All the interactions probably arise
by spin polarization and are, therefore, negative.

Three aspects of our results are of interest: (i) the first direct
observation of metal atom addition to a carbon—carbon double
bond; (ii) the first observation of a metal-substituted allyl; and
(iii) that the group 11 metal atoms add selectively at the central
carbon in complete contrast to terminal addition by the hydrogen
atom. This last aspect probably indicates that the energy needed
for twisting the two orthogonal = bonds has somehow been lowered
in the case of the metal atoms. The lowering can be most readily
understood if the metal atom approaches the central carbon atom
along the C,’ axis of the allene at an angle of 45° to the two =
systems. Two interactions are then possible; first the two lobes
of a d orbital of opposite sign can readily overlap with both =*
systems at the central carbon which can lead to a population of
the 7* orbitals by electrons from the filled d orbitals; secondly,
the unfilled metal p orbitals can overlap with the two 7 systems
again to form 6 bonds but in this case electrons will leave the
bonding = orbitals for the metal.

iy at center ®
carbon

iy at center
carbon

Viewed along the allene Cz. S 4 axis

The depopulation of the bonding = orbitals and population of
the antibonding w* orbitals both lead to a weakening of the =
bonds and hence a reduction in the energy barrier to the twisting
of the terminal CH, groups.

It is possible that central addition results from a 1,2 atom shift
or even a reversible dissociation of the terminal C-M bond followed
by readdition at the central carbon. We disfavor this explanation
because of the low temperatures being used which in the case of
Br- and RS: result in addition to the terminal and not the central
atom. However, we cannot discount this possibility completely
since the strengths of the C—M bonds are unknown. These aspects
together with studies of the reaction of other metal atoms and
of the !*C hfi in the metal-substituted radicals will be reported
in a future paper.
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