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PROTON  SPECTRUM
F

Figure 2. Two-dimensional Fourier transform spectrum (absolute value
mode) of the methyl groups in camphor. Note the reversal of the proton
and carbon-13 shifts of the syn- and anti-methyl groups.

mension since the CH coupling provides useful structural in-
formation. By recording the two-dimensional spectrum of
tetramethylsilane, the frequency axes F; and F, have been
calibrated (in parts per million) with TMS as origin. This new
method of shift correlation emphasizes the importance of using
a common reference material for protons and carbon-13.

We concentrate on correlating the shifts of methyl groups,
since they give the clearest two-dimensional spectra, probably
because of a general tendency to be only weakly coupled.
Figure 1 shows the methyl region of the spectrum of menthone.
Along the right-hand margin of this diagram, in the £ di-
mension, runs the spectrum of three strong decoupled lines
from the unmodulated carbon-13 signals; they identify the
carbon-13 shifts of sites, a, b, and ¢, but have no significance
for correlation purposes. At each of these > frequencies there
is a proton spectrum running in the F; dimension, arising from
carbon-13 signals that are modulated as a function of ¢1. Each
such proton spectrum is basically a doublet due to the direct
CH coupling, with proton-proton fine structure. This may well
be one of the simplest ways of obtaining the proton spectrum
of carbon-13 bearing molecules unencumbered by the signals
from carbon-12 molecules. The mean frequency of the doublet
is a good measure of the proton shift. No analysis of the proton
fine structure was made, but it may be noted in spectrum ¢ that
there is an evident asymmetry attributable to strong proton-
proton coupling.

Of particular interest are the responses that appear near the
centres of the a and b doublets but are absent from spectrum
¢. These signals are transmitted through the two long-range
couplings J(C-C-CHj) across the gem-dimethyl group. Note
that the response of proton a is detected at the chemical shift
of carbon b, and vice versa. This characteristic pattern may be
used as a diagnostic test for geminal methyl groups, although
the absence of long-range responses may only mean that the
coupling is weak, leading to signal cancellation.

Figure 2 shows a section of the two-dimensional spectrum
of camphor, an example of the reversal of the chemical shift
effects for protons compared with carbon-13 in the ¢ (syn) and
b (anti) methyl groups. It is immediately clear that the low-
field proton shift is associated with the high-field carbon-13
shift, as has been established previously by careful selective
double-resonance experiments.!! Weak responses transmitted
through the long-range couplings in the ges-dimethyl group
are indicated by the arrows.
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Interaction of Acetylene and Ethylene
with Nickel Atom
Sir:

The interaction of w-bonded molecules such as acetylene and
ethylene with zero-valent metals, particularly organometallic
complexes, has long been of interest. Such species are involved
in a number of important homogeneous reactions including
metathesis,! cyclization,? hydrogenation, and dehydrogena-
tion.3 In addition, the smaller unsaturated hydrocarbons,
ethylene and acetylene in particular, have become very im-
portant in the study of heterogeneous organometallic systems.
The techniques of flash desorption,* UV PES,’ and LEED®
have been used extensively in an effort to elucidate the chem-
isorptive bonding of unsaturated molecules to metal sur-
faces.

To gain some detailed understanding of the electronic
structure of such species, we have carried out ab initio theo-
retical studies of w-coordinate Ni-acetylene and Ni-ethylene
complexes. The importance of such complexes as simple models
for heterogeneous and homogeneous reaction systems has re-
cently been emphasized by matrix isolation studies showing
strong similarities in the properties of zero-valent monoolefin
complexes and their respective chemisorbed counterparts.’
Accordingly, we have calculated the optimum geometry of
each complex, including electron-correlation effects (gener-
alized valence bond and configuration interaction) and char-
acterized qualitatively the low-lying states.

The results of the geometric optimization are presented in
Figure 1. We find that the geometries change only slightly from
those of the free molecules. In both cases the CC bond length
increases by ~0.02 A. For acetylene the HCC bond angle is
distorted by 5°, while for ethylene the H,C group is distorted
by 2°.

The calculated Ni-C bond distances of 2.01 and 2.07 A for
acetylene and ethylene, respectively, are somewhat larger than
the values for Ni-C covalent bonds (1.78 A for NiCH,? and
1.87 A for NiCH;%) or ¢ lone-pair coordination bonds (1.90
A for NiCO!9). Although comparison with known organo-
metallic complexes must be made with caution due to the other
ligands present in these systems, the results appear to be con-
sistent with the limited structural data available (e.g.,
[(C,H4)NiP(c-CgHy1)2]5 shows R(CC) = 1.39 A and R(NiC)
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Figure 1. Results of geometry optimization from GVB-CI calculations.
CH bond distances were fixed at free molecules values.

= 1.97 A!"). The small distortions found here are in agreement
with the interpretation of the UV PES data for these molecules
chemisorbed on Ni surfaces (these studies do not provide
geometric parameters directly). Similarly, the matrix isolation
studies of Ni-ethylene indicate little distortion of the olefin.

The orbitals important in bonding of the Ni-acetylene and
Ni-ethylene complexes are shown in Figure 2. Here we find
a slight delocation of the = bond (in the NiCC plane) onto the
Ni and a slight delocalization of the d=,. orbital into the 7*
orbital of the ligand. However, these delocalization effects are
quite small (certainly smaller than that envisioned in the
Dewar-Chatt-Duncansen model!?), and we view the origin
of the bond as follows. Bringing the 7 bond of the ligand up to
Ni* (3d%) leads to a significant bond (~60 kcal) owing to the
net attraction of the Ni center for the unshielded = pair. For
neutral Ni, the electronic configuration is effectively Ni
(4s13d®) with the 4s-like orbital hybridized (4s-4p.) behind
the Ni to decrease overlap with the ligand orbitals (a Pauli
principle effect). This results in a partially unshielded Ni atom
that interacts with the ligand much as does Ni*. The bond
energy for the neutral is smaller owing to the repulsive inter-
actions with the 4s orbital. This slight delocalization of the =
bond toward the Ni center weakens the 7 bond, partially ac-
counting for the increased CC bond distance. The slight
rehybridization of the 7- and ¢-bonding orbitals leads to dis-
tortion of the CH bonds.

For each of these systems, the lowest electronic states consist
of the five different possible occupations of the 3d® shell (triplet
coupled to the 4s orbital), in each case spanning a range of ~0.5
eV. The ultraviolet-visible spectrum has been recorded for
Ni-ethylene and is dominated by an intense broad band ~280
nm.” Preliminary calculations indicate that a strong transition
occurs in this region which is a mixture of Ni (3d,,) — 4p, and
Ni (3da,) = CoHy (72%).

The calculated bond energies are 16.7 kcal/mol for Ni-
acetylene and 14.2 kcal/mol for Ni-ethylene. (Both complexes
are bound at the Hartree-Fock level of calculation as well;
however, the orbital description is considerably different.) We
know of no available data for absolute bond energies; however,
the relative difference in bond energy of 2.5 kcal for the two
hydrocarbons is consistent with ligand displacement studies.!3
The bonding description found here may not apply to multin-
ickel systems. For binuclear metal complexes and for metal
surfaces, there are two new alternatives: (a) the acetylene li-
gand may make similar = bonds with two metal atoms (di-x
or u bonding) or (b) for either C,H, or C,H,4 one may convert
the bonding = orbital into a pair of ¢ bonds to two different
metal atoms (di-o bonding). Preliminary calculations indicate
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Figure 2. Contour plots of orbitals important in the bonding of Ni-ethylene
and Ni-acetylene. Long dashes indicate nodal lines and all contours are
uniformly spaced at 0.05 au.

that the transformation from = into di-¢ bonding is exothermic
by ~23 kcal; however, there may be a significant activation
energy for this process (for bonded Ni atoms it is formally a
[2s + 2s} cycloaddition and hence Woodward-Hoffmann
forbidden).

The results obtained here should apply to other nickel alkene
and alkyne systems. The degree to which the ligand distorts,
however, will be dependent upon the size (and environment)
of the substituents owing to repulsive interactions between the
4s orbital and substituent electron pairs.

In summary, we find that the bonding of Ni to acetylene and
to ethylene involves little delocalization of the orbitals, results
in small geometric changes, and leads to bond energies of ~15
kcal. These results are consistent with what little experimental
data are currently available.

Acknowledgment is hereby given to the National Science
Foundation for a grant (DMR74-04965) supporting this
work.
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Stereochemistry in the Di-w-methane Rearrangement:
Aryl Migration. Exploratory and Mechanistic
Organic Photochemistry!:2

Sir.

There are three known versions of the di-r-methane rear-
rangement:? the divinylmethane variety, the arylvinylmethane
type, and the oxa-di-w-methane34-¢variation. These differ in
many respects. The last generally uses a triplet reactant while
examples of the first two involving both singlets and triplets
are known. The first two also differ markedly. The divinyl-
methane rearrangement requires methane carbon substitution
while the arylvinyl type does not, the arylvinylmethane singlets
tend to react more slowly than their divinyl counterparts,* and
substituent effects are reversed for these two cases.*

The reaction stereochemistry has been studied in only two
of the three rearrangements. In our development of the di-
m-methane rearrangement, 325 we focussed attention on the
stereochemistry of the divinylmethane type. At the methane
carbon inversion of configuration was found.¢ In a parallel
oxa-di-r-methaneexample, Dauben® has noted almost complete
loss of stereochemistry. This is in agreement with the results
of Schaffner.”

We now report on the stereochemistry of the missing ex-
ample. Thus we have found complete inversion of configuration
at the methane carbon for the arylvinylmethane variation.

For our study we selected 3-p-methoxyphenyl-3-methyl-
1,1-diphenyl-1-pentene (1), since the central methyl, ethyl
substitution was that employed in our previous case*° and in
the study by Dauben. Also, this reactant and its photoproduct
(2) could readily be configurationally related to one another
using our earlier study®® as a basis. The interrelating scheme

Table I. Optical Purity of Photoproduct 2 vs. Percent Conversion?
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Chart L. Interrelationship of Configurations of Reactant and Di-
w-methane Photoproduct?

> 4*%
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@ Compounds labeled with solid dots are those whose configurations
needed to be related. Compounds labeled with solid squares are those
whose configurations were known from our earlier study.5¢ ® Exper-
imentally (—)-6, (—)-7, and (—)-5 enantiomers were actually inter-
related; reverse configurations are depicted for simplicity of presen-
tation. Optically pure, >99.5%, (—)-1 was used.

is depicted in Chart I® for the trans photoproduct 2. The cis
photoproduct configuration was determined in similar fash-
ion.

Experimentally, direct irradiation of (—)-3-p-methoxy-
phenyl-3-methyl-1,1-diphenyl-1-pentene (1) led to (+)-
trans-2-ethyl-2-methyl-3,3-diphenyl-p-methoxyphenylcyc-
lopropane (2) in addition to the (—)-cis isomer. This allows us
to formulate the di-7-methane rearrangement stereochemistry
asshownineq 1.

Me Et

Inspection of eq | reveals that for both diastereomers of
photoproduct the configuration at carbon-3 (i.e., the methane
carbon) of anisylalkene 1 has been inverted.

Since, even at conversions as low as 135%, 12.8% racemiza-
tion was observed, there was the question whether the entire
reaction mechanism was a concerted one.

However, the low stereospecificity was found to be an ex-
perimental artifact rather than real, and our findings indicate
how careful one must be in avoiding secondary effects in
photochemistry.

Thus, we repeated our irradiations with 10 and 5.6% con-
versions, and we found diminishing racemization of cyclo-
propane product with decreasing percent conversion. Owing
to overlapping ultraviolet absorption spectra of reactant and
product, even at 15% conversion, 4.0% of the light was captured
by cyclopropane photoproducts 2 and 8.

As noted in Table I and Figure 1 extrapolation to zero
conversion led almost precisely to zero racemization.

142+ 0.7
87.2+ 1.5

Percent conversion
Percent optical purity
of photoproduct 2¢

O —
- o
b.)»—‘

Zero conversion®
100.1 £ 1.7¢

5.6+£04
95.0+2.0

o

9 Measurements at 5 wavelengths, with rotations vs. A providing evidence of absence of contaminants. ® Extrapolated value. ¢ Each mea-

surement in Table 1 is the average of two, independent determinations.
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