Communications to the Editor

Keggin structures.!* When a [PO4W030]°~ “half-unit” is
made from a Keggin structure by plucking off three WOg oc-
tahedra!® (caption, Figure 1), the PO, tetrahedron is free to
move a little closer to the remaining W atoms. Thus in
[P,W3045]¢~, formed by joining two of the 9-tungsto half-
units, the P-O-W distances remain slightly shorter than in
[PW;2040)3~. According to recent very accurate crystal
structures, the average P-O-W distance!? in the PW; com-
plex is 3.97 A; the average P-O-W distance!® for the six
“capping” W atoms in the P,W,g complex is 3,94 A; and the
average P-O-W distance!’ from each P atom to the six “belt”
W atoms closest to it is 3.90 A, These averages arg more ac-
curate than the individual distances.

The fact that the 2Jp_o_.w values are larger for the
[P,W,306,]%~ than for the [PW,040])3~ is consistent with the
slightly shorter P-O-W distances in the former complex. The
sharpness and simplicity (owing to I = 1)) of the spectra which
yield the respective J values, as well as the differences in the
6 values for the structurally very similar W atoms in these two
complexes, emphasize the clarity and potential sensitivity of
183 NMR for elucidating subtle structural differences.

Acknowledgments. We are grateful to the National Science
Foundation for support under Grant No. CHE76-05887 and
to the Spanish Fulbright Commission for partial support of one
of us (R.A.). We appreciate Dr. O. A. Gansow’s private
communication of his results for Na,WO4, WFg, and
WCls.

References and Notes

(1) L. C. W. Baker in ""Advances in the Chemistry of the Coordination Com-
pounds’’, S. Kirschner, Ed., Macmillan, New York, N.Y., 1961, p 608 ff.

(2) T.J.R. Weakley, Struct. Bonding (Berlin), 18, 131 (1974) (a review).

(3) K.-H. Tytko and O. Glemser, Adv. Inorg. Chem. Radiochem., 19, 239
(1976).

(4) J. Banck and A. Schwenk, Z. Phy.. B, 20, 75 (1975).

(5) O. A. Gansow, private communication, 1978.

(6) E. L. Muetterties and W. D. Phillips, J. Am. Chem. Soc., 81, 1084 (1959);

R. B. Johannesen, private communication, 1968; W. McFarlane, A. M.

Noble, and J. M. Winfield, J. Chem. Soc. A, 948 (1971).

Where § = 108 X (VNazWO4 - Vpeak)/VNazWCh-

The trimethylsilyl protons of sodium trimethylsilylpropanesulfonate.

L. C. W. Baker et al., J. Am. Chem. Soc., 88, 2329 (1966); Proc. Int. Conf.

Coord. Chem., th, 1966, 421 (1966).

L. C. W. Baker and J. S. Figgis, J. Am. Chem. Soc., 82, 3794 (1970).

M. T. Pope. Inorg. Chem., 15, 2008 (1976).

H. Wu, J. Biol. Chem., 43, 189 (1920).

G. M. Brown et al, Acta Crystallogr., Sect. B, 33, 1038 (1977).

R. Allmann and H. D'Amour, Z. Kristallogr., Kristaligeom., Kristallphys.,

Kristallchem., 141, 161 (1975).

H. D'Amour, Acta Crystallogr., Sect. B, 32, 729 (1976).

From a portion of the Georgetown University Ph.D. Dissertation of Rafael

Acerete, who is on leave from the Department of Chemistry, School of

Pharmacy, University of Valencia, Spain.

NN N

22 B2RIZ 883

-

Rafael Acerete,!® Charles F. Hammer, Louis C. W, Baker*
Department of Chemistry, Georgetown University
Washington, D.C. 20057

Received October 6, 1978

Optical Activity as a Mixed Parity Phenomenon
Sir:

It has been suggested that natural optical activity provides
a subtle example of broken symmetry, originating in the loss
of the inversion symmetry of the medium as a whole.! The
argument rests on the requirement that an ideal stationary
state (one that has an infinite lifetime and is independent of
the previous history of the system) must be an eigenstate of the
parity operator since it must have the full symmetry of the
complete Hamiltonian of the system. Consequently, a molecule
in an ideal stationary state cannot show optical activity because
the corresponding rotational strength vanishes. This is because
the rotational strength involves the scalar product of an electric
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Figure 1. The vibrational states of a molecule that can invert between two
cquivalent configurations. ¥, ™ and ¥,~ are two delinite parity states for
which there is complete uncertainty. and ¥, and ¥,R are two mixed parity
states for which there is complete certainty. about whether the molecule
is in the left or right well.

dipole and a magnetic dipole transition moment between the
same initial and final molecular states, and the electric and
magnetic dipole moment operators have opposite parity. A
gedanken experiment was proposed in which, on taking a re-
solved enantiomer of a small optically active molecule in the
gas phase and doing everything possible to eliminate inter-
molecular interactions and increase the resolution in energy,
the optical activity might disappear abruptly, signaling the
observation of transitions between ideal stationary states.’
While it may be necessary to abandon the molecular structure
hypothesis in order to savor fully the implications of such a
hypothetical experiment,!-? it is worth pointing out for 'the
benefit of the perplexed stereochemist that, by utilizing the
concept of mixed parity quantum states that are quasi-sta-
tionary in the sense that they are only stationary on the time
scale of our measurements, the molecular structure hypothesis
allows an individual, resolvable, chiral molecule to show optical
activity.

Odd Parity Observables and Mixed Parity States. Although
eigenstates of opposite parity can never be exactly degenerate
since they can never constitute a basis set spanning a degen-
erate irreducible representation, nonetheless they can often
be sufficiently close in energy so as not to be resolvable in
particular experiments, in which case the system appears to
be in a state of mixed parity. Measurements on a system in a
state of definite parity can reveal only observables with even
parity, examples being electric charge, magnetic dipole mo-
ment, electric quadrupole moment, etc., whereas measure-
ments on a system in a state of mixed parity can reveal, in ad-
dition, observables with odd parity, examples being linear
momentum, electric dipole moment, etc.> A famous example
of a system that can be observed in states of mixed parity is the
hydrogen atom: although the states withn =2,/ =0andn =
2,1 = 1arenot exactly degenerate because of a small relativ-
istic splitting, in all but the weakest electric fields! the first
excited state of the hydrogen atom shows a first-order Stark
effect, one interpretation of which is that the first excited state
possesses a permanent electric dipole moment.*

The optical rotatory parameter is a pseudoscalar? and so has
odd parity. It is easy to see that the optical rotation experiment
conserves parity because, if one inverts the entire experiment
(the light beam plus the active medium), the resulting exper-
iment is also realized in nature.® Consequently, resolved chiral
molecules exist in quantum states of mixed parity.

Mixed Parity States of a Chiral Molecule. The origin of
these mixed parity states can be appreciated by considering
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the vibrational wave functions of a molecule such as NH;
which inverts between two equivalent pyramidal configurations
(Figure 1).7 If the planar configuration were the most stable,
the clectronic potential would have the parabolic form shown
on the left with simple harmonic vibrational energy levels
equally spaced. If a potential hill is raised gradually in the
center, the two pyramidal configurations become the most
stable and the energy levels approach each other in pairs. For
an infinitely high potential hill, the pairs of energy levels are
cxactly degenerate, as shown on the right. The risc of the
central potential hill modifies the wave functions as shown, but
does not destroy their parity. The even and odd parity wave
functions ¢* and ¥~ describe ideal stationary states in all
circumstances. It can be seen that the wavefunctions ¢! and
Y,R, corresponding to the system in its lowest state of oscillation
and localized completely in the left and right wells, respectively,
are obtained from symmetric and antisymmetric combinations
of the even and odd parity wave functions:

¢o]' = '\}_5 (Yot + 7))

¢UR = -\}_E (¢n+ - ¢0_)

In fact ¢, and y,R are simply the time-independent part of
the general wave function’

Yo = -\/I_E (¢0+ + em:)erwoﬂ/h

takenatt = 0andt = 7/w, where hw = Wy~ — Wt is the
energy separation of the two parity states (the tunneling
splitting). Thus, if the system is prepared at r = 0 in the left
well, after a time ¢ = 7/w it will be found in the right well, «
being the frequency of a complete inversion cycle. The tun-
neling splitting is determined by the height of the potential
barrier, and is zero if the barrier is infinite.

Since v, and YR are states of mixed parity, the origin of
the mixed parity states of a resolved enantiomer is now obvious,
for a potential energy diagram with a very high barrier sepa-
rating the left and right wells can be drawn for any resolvable
chiral molecule.® If such a state is prepared, but the tunneling
splitting is finite, its energy will be indefinite because it is a
superposition of two parity states of different energy. Using
AW = h/T, where T is the average lifetime and AW is the
width of the level corresponding to a quasi-stationary state,’
the splitting of the two definite parity states is seen to be pro-
portional to the inverse of the L to R conversion time (cf. the
previous paragraph). A crucial point is therefore the relation
between the time scale of the optical activity measurement and
the lifetime of the resolved enantiomer. A manifestation of the
uncertainty principle appears to arise here which may be stated
loosely as follows. “If, for the duration of the measurement,
there is complete certainty about the enantiomer, there is
complete uncertainty about the parity of its quantum state. If
there is complete uncertainty about the enantiomer, there is
complete certainty about the parity of its quantum state.” Thus
experimental resolution of the definite parity states in an en-
antiomer of tartaric acid, say, which has a lifetime probably
greater than the age of the universe, is impossible unless the
duration of the experiment is virtually infinite, whereas for a
nonresolvable chiral molecule such as H-O», spectroscopic
transitions between states of definite parity are observed rou-
tinely.

Nonresolvable chiral molecules can be regarded as “‘self-
racemic” since the single molecules exist in states of definite
parity. On the other hand, definite parity states of resolvable
chiral molecules must embrace rwo opposite enantiomers,
which accords with the usual concept of a racemic mixture. The
states of the neutral K meson have been likened to the four
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possible states of a chiral molecule, the particle and antiparticle
states corresponding to ¥, and ¥ R, with “racemic” states
corresponding to o+ and ¥, ~.'0 However, since single neutral
K mesons can exist in definite parity (more precisely, CP)
states with different energies, the analogy would appear to be
with a self-racemic chiral molecule such as H-0-. The ana-
logue of a resolved enantiomer would appear to be a left or
right circularly polarized photon because such a photon is in
a state of mixed parity and only the combined states of rwo
such photons can have definite parity? (this analogy is not exact
because the parity operations are carried out in the combined
momentum-polarization space of the photon). The use of
mixed parity states appears to be essential in any discussion
of the symmetry aspects of reactions involving chiral molecules,
and interesting parallels with certain elementary particle re-
actions can be expected.

Although the existence of mixed parity quantum states is
a necessary condition for both a permanent electric dipole
moment and optical activity, it is not sufficient since a molecule
can possess a permanent electric dipole moment without being
optically active, and point group symmetry arguments must
be introduced to distinguish the two situations. The essential
distinction is that, while both the electric dipole moment and
the optical rotatory parameter have odd parity, the first is a
polar vector while the second is a pseudoscalar. This is why an
isotropic collection of molecules can show no bulk electric di-
pole moment, but can show optical rotation.
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Oxygen Transfer from Ligands:
Cobalt Nitro Complexes as Oxygenation Catalysts
Sir:

Recently, catalytic oxidations of phosphines to phosphine
oxides! and isonitriles to isocyanates? and co-oxidation of Ph;P
and terminal olefins to Ph;PO and 2-alkanones® have been
demonstrated using metal peroxo complexes. In these oxida-
tions, the formation of strong P==0 and RNC==0 bonds is an
important driving force. Since all known peroxo complexes
contain oxidizable ligands, co-oxidation of the ligands cannot
be avoided.!” In addition, coordinatively unsaturated metal
complexes which can be easily oxidized or reduced tend to
initiate nonspecific Haber-Weiss radical autooxidations.*

To avoid these problems, we would like to offer a new ap-
proach which involves oxidation of organic substrates via an
oxygen atom transfer from a /igand of the metal complex. The
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