402 BarLpwin, ANDRIST, AND PINSCHMIDT

Accounts of Chemical Research

Orbital-Symmetry-Disallowed Energetically Concerted Reactions

Joux E. Baupwin,* A. HArrRY AnprIsT, AND RoBERT K. PinscumipT, JR.!

Department of Chemastry, University of Oregon, Eugene, Oregon 97403
Received April 3, 1972

When a properly constructed molecular orbital cor-
relation diagram for a thermally activated chemical
transformation links all bonding levels in starting
material with bonding levels in product, the reaction
is a symmetry-allowed process. Orbital symmetry
relationships endow the reaction with a strong stereo-
chemical bias: other things being equal, the sym-
metry-allowed stereochemical alternative will be favored
over a symmetry-forbidden one. Reactions, then,
tend to oceur with conservation of orbital symmetry.2—4

The fundamental simplicity and physical significance
of these hypotheses have been partially obscured
through differing understandings of what a concerted
reaction is: too often concerted and allowed have
been used as interchangeable synonyms. This Ac-
count attempts to make clear a distinction between the
terms, and thus refute the mistaken supposition that
all allowed reactions are concerted, and all forbidden
reactions nonconeerted.

Orbital Symmetry and State Conservation

Reactions such as the thermally activated valence
isomerizations of even-clectron closed-shell hydro-
carbons usually occur with high stereoselectivity in the
sense predicted by orbital symmetry theory.* Cyclo-
butenes, for instance, rearrange thermally to butadienes
in a conrotatory fashion, it being the stereochemical al-
ternative giving correlation between bonding molec-
ular orbitals in reactant and product.

More fundamentally, this stereochemical mode gives
direct correlation between the most stable electronic
states of starting material and product. The ground
state of cyclobutene, with a molecular orbital configura-
tion or level occupation given by ....o%r?, correlates
with the ground configuration of butadiene. .. .x:%x.%in
the conrotatory mode only .58

The total activation energy for such processes may
be small or large, depending on all contributing factors,
but there is no orbital symmetry imposed barrier. The
state correlation diagram for a reaction predicted to
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be orbital-symmetry allowed is schematically a straight
line (Figure 1).

For the disrotatory cyclobutene opening, the ground
state starts toward a correlation with a doubly cx-
cited state of butadiene, ...xi1%x:?% but since states of
like symmetry never cross, this correlation is avoided:
ground states of reactant and product are directly
correlated, at a higher energetic cost (Figure 2).

For every orbital-symmetry forbidden reaction there
is a theoretical opportunity for reaction to occur in a
state-conservative manner as in Figure 2; but this
possibility would be irrelevant if the state-conservative
process had such a high activation energy that thermal
activation led instead to a state-crossing event,” giving
a triplet open-shell diradical species as an intermediate
which proceeded to one or a variety of products.

But some orbital-symmetry-forbidden reactions
might have such low activation energies for state-
conservative processes that singlet—triplet state cross-
ings would be precluded and even orbital symmetry
allowed alternatives would be unable to compete ki-
netically. Geometrical constraints can make some
particular allowed reactions energetically prohibitive;
the electronic features of certain molecules may enable
them to convert to symmetry-forbidden products by
one-step state-conservative reaction profiles when this
is energetically advantageous relative to alternatives
involving triplet diradical intermediates. Thus the
normal correspondences between facility and allowed-
ness, and between allowed and one-step processes, are
not absolute.

(1) National Institute of General Medical Sciences Predoctoral
Fellow, 1068~1971.

(2) R. B. Woodward and R. Hoffmann, J. Amer. Chem. Soc., 87,
395 (1965).

(3) R. Hoffmann and R. B. Woodward, Accounts Chem. Res., 1,
17 (1968).

(4) R. B. Woodward and R. Hoffmann, Angew. Chem., Int. Ed.
Engl., 8, 781 (1969); ‘‘The Conservation of Orbital Symmetry,”
Academic Press, New York, N.Y., 1971,

(5) H. C. Longuet-Higgins and E. W. Abrahamson, J. Amer.
Chem. Soc., 87,2045 (1965).

(6) R.Hoffmann and R. B. Woodward, ¢bid., 87, 2046 (1965).

(7) (a) W. Kauzmann, “Quantum Chemistry,” Academic Press,
New York, N. Y., 1957, pp 536-545, 696-697, 700-702; (b) T. L.
Cottrell, “Dynamic Aspects of Molecular Energy States,” Oliver &
Boyd, London, 1965, pp 68-61; (¢) E. E. Nikitin, “Theory of Ther-
mally Induced Gas Phase Reactions,” Indiana University Press,
Bloomington, Ind., 1966, pp 65-67; (d) E. E. Nikitin in 8. Claesson,
Ed., “Fast Reactions and Primary Processes in Chemical Xinetics,"’
Interscience, New York, N. Y., 1967, pp 165-183; (e) D. Phillips,
‘‘Photochemistry,”” Chem. Soc. Specialist Periodical Rept., 1,4 (1970);
£y G. 8. Hammond, Advan. Photochem., 7, 373 (1969); (g) T. I'6rster,
Pure Appl. Chem., 24, 443 (1970); (h) B. R. Henry and M. Kasha,
Annw, Rev. Phys. Chem., 19, 161 (1968); (i) 8. K. Lower and M. A.
El-Sayed, Chem. Rev., 66, 199 (1966); (}) L. Landau, Phys. Z.
Sowjet., 1, 89 (1932); 2, 46 (1932); (k) C. Zener, Proc. Roy. Soc.,
Ser. A, 137, 696 (1932); 140, 660 (1933); (1) R. A. Marcus, Annu.
Rev. Phys. Chem., 15, 155 (1964); (m) C. A, Coulson and K. Zalewski,
Proc. Roy. Soc., Ser. A, 268, 437 (1962); (n) 8. P. McGlynn, T.

Azumi, and M. Kinoshita, ‘“Molecular Spectroscopy of the Triplet
State,”” Prentice-Hall, Englewood Cliffs, N. J., 1969.



Vol. 5, 1972

2

.02 2 X X

Figure 1. Electronic state correlation diagram for the orbital
symmetry allowed conrotatory thermal isomerization of cyclo-
butene to butadiene.

Configuration Interaction and Chemical Reactivity

The wave function for a closed-shell reacting system
corresponding to the state correlation diagram of
Figure 2 cannot be described at all adequately by a
single Slater determinant. Such a single configuration
treatment would lead to the correlation of ground
state of reactant with doubly excited state of product,
which can never happen. A linear combination of
two or more Slater determinants and the mathematics
of configuration interaction provide a more accurate
description, and avoid the crossing of two states of
like symmetry, as the real molecules must.

In some respects the situation is similar to the more
familiar case where resonance involving two or more
canonical forms must be taken into consideration.
Approaching the transition state region of the thermal
disrotatory and symmetry forbidden eyclobutene
opening, the molecular wave function ¥ = C, 1 ..ok
wz[ + 02\...0—271-*2| is a fair approximation. (If
the two determinants were built from self-consistent
field orbitals, this simple two-term linear combination
would be a very good approximation, since, according to
Brillouin’s theorem, all matrix elements connecting
ground configuration and singly excited configurations
would be zero.)

Symbolizing such a wave function through struc-
tures has many advantages, as well as some pitfalls.
We are currently utilizing the device shown below,
giving the phase character of the doubly occupied
molecular orbital highest in energy in the two closed-
shell configurations, together with a configuration
interaction (CI) modified resonance arrow.

A more trouble-free and less informal notational
method will doubtless evolve.

Calculations comparing the conrotatory and dis-
rotatory modes in the thermal conversion of cyclo-
butene to butadiene give a striking indication of how
gignificant configuration interaction may be: the
energy difference between the two stereochemical
modes is 100 keal/mol according to valence-bond es-
timates,® 49 kecal/mol from self-consistent field cal-
culations,® and only 13.6 kcal/mol when configuration
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Figure 2. Electronic state correlation diagram for the orbital
symmetry forbidden disrotatory thermal isomerization of cyclo-
butene to butadiene,

interaction calculations are done on the SCF func-
tions.?

Configuration interaction has been recognized by
Schmidt® as necessary to account for the facile ther-
mal interconversion of 15,16-dimethyldihydropyrene
(1) and 15,16-dimethyl[2.2]metacyclophane-4,9-diene
(2). This reaction, formally a 6- or a 14-electron con-
rotatory electrocyelic conversion, is thermally forbidden.
It contains a symmetry-imposed barrier, for the highest
oceupied orbital of the reactant rises along the reaction
coordinate toward an antibonding level of the product
and crosses an antibonding orbital of opposite sym-
metry which correlates with the HOMO of the product.
The ground and doubly excited configurations based on
these orbitals, however, cannot cross; the transition-
state energy for the isomerization is estimated to be
some 5 keal/mol below the crossing point given by the
molecular orbital calculations.

Molecules such as dihydropyrene and tetrahydro-
pyrenei® !t derivatives have extended = systems and
therefore low-lying electronically excited states, facil-
itating configuration interaction and accounting for
the low activation energy orbital symmetry disallowed
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Figure 3. Abbreviated molecular orbital correlation diagram for
the automerization of bicyclopentane (3).

isomerizations they show. Indeed, a general rule has
been proposed for thermal reactions whereby a low-
lying excited state of the right symmetry is required
for a low activation energy process.?

The linear correlation we observed earlier!® for a
series of cyclic olefing between their lowest ultraviolet
electronic transitions and the activation energies of
their thermal isomerizations may be taken as a further
indication of reactions being facilitated by low-energy
virtual orbitals.

The bicyelo[2.1.0]pentane system provides another
example in which single determinant wave functions
are inadequate guides to chemical activity.

HH
4
= H
! H
3 3

In the ground state of 3, the C(1)-C(4) bonding
orbital, symmetric with respect to the symmetry plane
of the molecule, would be doubly occupied, and the
corresponding antibonding and antisymmetric orbital
would be unoccupied. Upon disrotatory ring-open-
ing leading from 8 to a planar species, the #(S) orbital
would increase in energy as ¢(A) decreased; they would
be expected to cross, for in the planar form the anti-
symmetric nonbonding orbital would be on the order
of 0.5 eV lower in energy than the ¢(S) orbital (Figure
3). 141

CI

4

The corresponding state correlation diagram would
be as shown in Figure 4. The nonplanar activated
complex and the planar intermediate would have singlet
wave funections corresponding to linear combinations

(12) R. G. Pearson, Accounts Chem. Res., 4, 152 (1971); Pure
Appl. Chem., 27, 145 (1971).

(13) J. E. Baldwin and A. H. Andrist, J. dmer. Chem. Soc., 93,
3289 (1971).

(14) R. Hoffmann, bid., 90, 1475 (1968); Accounts Chem. Res.,
4,1 (1971).

(15) E. L. Allred and R. L. Smith, J. Amer. Chem. Soc., 91, 6766
(1969), ref 38.

E
3

3 3

Figure 4. Abbreviated electronic state correlation diagram for
the automerization of bicyclopentane (3).

of ... .¢(S)2(A) and ... ¢(S)%¢(A)? configurations,
as represented by structure 4. The partially flattened
bicyelopentane or the planar intermediate could react
in a manner appropriate to either type of C(1)-C(4)
molecular orbital symmetry, for instance with an olefin
in a cycloaddition reaction as a two-center two-clectron
A component or intramolecularly as an S orbital
through collapse to bicyclopentane. An opportunity
for “orbital inversion’ is presented, but not required.

Substitution of conjugating groups at C(1) and C(4)
of a bicyelo[2.1.0]pentane skeleton would make pos-
sible “orbital symmetry inversion” at a less planar
geometry, and lower the activation energy required
for either cycloaddition or the automerization of bi-
cyclopentane.’® This is, we suggest, the factor ac-
counting for the smooth conversion of the tricyclic
hydrocarbon 5 to the quadracyclane derivative 6 at
100°Y:% when analogous systems lacking one or both
phenyl groups undergo reaction more sluggishly.

Ph
Ph oh CH,

—> Ph CH,

CH, 6
CH;

5

The reaction 5 — 6 could well oceur in a single step
without intervention of a 1,3-diradical triplet-state
intermediate susceptible to intramolecular trapping,®
and without prior rearrangement of the cis,anti,cis
tricyclic substrate 5 to the corresponding cis,syn,cis
isomer. %P, 19

Among mechanistic proposals for the facile thermal
isomerization of c¢is-bicyclo[6.1.0lnona-2,4-6-triene to
cis-3a,7a-dihydroindene are the two outlined in Scheme
1.#.21 Qne or the other of the orbital-symmetry
forbidden steps given by dashed arrows in this scheme
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Scheme I

seems a necessary postulate; simple molecular or-
bital analysis?' shows that a state-conservative and
concerted isomerization, 8 — 10, is an excellent pos-
sibility, while the alternative, 9 — 10, is hardly plaus-
ible. The estimated energy at the transition state,
defined by the projected crossing of ground and doubly
excited molecular orbital configurations, is 2.5 times
higher for 9 — 10 than for 8 — 10. The extent to
which the actual activation energies would be lower
than these crossing points could be estimated through
configuration interaction calculations, but a reversal
of the energetic ordering of the two activated complexes
is most unlikely. We therefore now favor 8 — 10
in Scheme I as a reasoned and reasonable proposal
and a possible break in the mechanistic opaqueness
the rearrangement has sported over the past decade.

The possible isomerization of [2.2.2]propellane (12)
to 1,4-dimethylenecyclohexane (13)22:2% represents an-
other case where a symmetry-disallowed reaction
may nevertheless occur in a facile and concerted man-
ner, and where configuration interaction is essential
for a decent theoretical treatment.

13
12

Conclusions

The original Woodward and Hoffmann communica-
tion? did not mention the word “concerted” or the
concept of ‘‘concertedness’”; neither does the most
succinet and general formulation of their results,
Chapter 4in “The Conservation of Orbital Symmetry.”’4
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Figure 5. Energy vs. reaction coordinate profiles for an energeti-
cally concerted (above) and a nonconcerted process (below),
one where an intermediate separates starting material and
product.

Yet, the page-1 formulation* “orbital symmetry is con-
served in concerted reactions” has made it seem that,
somehow, concerted reactions and orbital symmetry
theory formed an intimate and exclusive duality,
each dependent solely on the other.

When the term ‘“‘concerted” is taken in an energetic
sense, the energy profiles of Figure 5 may be viewed as
representative of concerted and nonconcerted reac-
tions.?* Either profile may correspond to a symmetry-
allowed reaction, for nothing in orbital symmetry
theory requires the reaction profile to have a single
maximum. Theory, rather, suggests that in some
symmetry-allowed processes such as the Cope rear-
rangement there is a local energy minimum between
reactant and product.?%

For reactions that are orbital symmetry forbidden,
vet state conservative, the same two reaction profiles
may obtain: calculations for the dihydropyrene isom-
erization 1 = 2 correspond to the first alternative,
those for the bicyclo[2.1.0]pentane inversion 8 = 3’ .
to the second.”

For state-conservative reactions, then, one cannot
predict from the classifications ‘“‘symmetry allowed”
or “‘symmetry forbidden” whether a reaction will be
concerted or not. The distinction between the two
types of reaction profiles shown in Figure 5 may be
attempted experimentally or theoretically, but not
with absolute reliability through orbital-symmetry
correlation diagrams alone. Orbital symmetry is
conserved in some but not all concerted reactions, and
not conserved in some but not all nonconcerted reac-
tions.
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While detailed configuration interaction calculations
are complex, the qualitative consequences of configura-
tion interaction and the import of state-correlation
diagrams are quite uncomplicated and accessible.

In some circumstances the dichotomy between or-
bital symmetry allowed and disallowed reactions may
be more profitably replaced by a dichotomy based
on how state-conservation may be achieved. Thus
the rearrangements leading to dihydroindene treated
above, 7 — 8 — 10 — 11, might be described as a
sequence of three state-conservative isomerizations,
[71'25 + 625 + 725] (OS)) [7r25 + U’QS] (CI); and [wQS +
25 + 22,] (08), giving in each case the stereochemistry
of utilization of the two-electron components and a
label (OS or CI) for the way in which state conserva-
tion may be realized. Tables giving orbital symmetry
allowed and disallowed reaction types might be use-
fully relabeled ‘‘state-conservative through OS” and
“state-conservative through CI.” Compounds having
no low-energy OS-dominated state-conservative path,
but having electronic structural features appropriate
for a low activation energy conversion (describable
through effective configuration interaction), might be
expected to show the Cl-dominated reaction path.

The recognition of delocalization accompanying
progress along a reaction coordinate as a great facil-
itator of effective configuration interaction and thus

Berson
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a patron of state-conservative CI dominant processes
may also provide an understanding of how calculations
based on thermochemical data and radical models may
be so successful in predicting activation energies® even
for hydrocarbon rearrangements that seem to be en-
tirely nonradical. Parallels between estimated radical
stabilization and bond delocalization capacities for
various substituents would not be surprising.

Better calculations of reacting systems Including
configuration interaction, and a wider appreciation of
its energy-influencing and “orbital-symmetry invert-
ing” manifestation, may contribute to a new stage
of work on cycloreactions, one in which the concepts
of orbital symmetry conservation and energetic con-
certedness are separate and independent. KExper-
iments testing for the energetic concertedness of reac-
tions and for the characteristics of short-lived singlet
intermediates, suggested by this new conceptual frame-
work, may well prove rewarding.
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The organic chemist, for all his modern sophistica-
tion, remains fundamentally a maker of compounds.
Heritage, training, and experience teach him that syn-
theses of complex molecules are laborious and require
construction of most of the bonds one at a time. This
accounts, as much as any other factor, for his abiding
fascination with concerted reactions, in which two or
more bonds are made or broken simultaneously.

The traditional criteria of concert follow directly
from the idea that bonding of the reactive sites is main-
tained throughout. Thus, the recovery of part of the
cost of bond breaking by bond making should depress
the activation energy below that expected for a rate-
determining complete rupture of any of the relevant
bonds of the reactant. Since the reactive sites must
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remain in close proximity to preserve bonding, con-
certed reactions would tend to be stereospecific. More-
over, the same proximity requirement often would re-
sult in a low Arrhenius preexponential term or low en-
tropy of activation because of the conversion of internal
rotational to vibrational degrees of freedom in the
transition state.

Not many thermal reactions clearly satisfy both the
kinetic and the stereochemical criteria of concert. In
the bimolecular group, perhaps the best known example
iz the Diels-Alder reaction,! while the unimolecular
cases include the cyclobutene — butadienc electro-
cyclic reaction,? the Claisen and Cope rearrangements,?
and the retroene reaction that converts cts-2-methyl-
1-vinyleyclopropane to cis-1,4-hexadiene.*

(1) A. Wassermann, ‘‘Diels-Alder Reactions,” Elsevier, New York,
N.Y., 1965.

(2) (a) E. Vogel, Justus Liebigs Ann. Chem., 615, 14 (1958); (b)
R. Criegee and K. Noll, ibid., 627, 1 (1959); R. Criegee, D. Seebach,
R. E. Winter, B. Borretzen, and H.-A. Brune, Chem. Ber., 98, 2339
(1965), and references cited therein.

(3) 8. J. Rhoads in “Molecular Rearrangements,” Part 1, P. de
Mayo, Ed., Interscience, New York, N. Y., 1963, Chapter 11; (b)
W.von E. Doering, V. G. Toscano, and G. H. Beasley, Tetrahedron,
7, 25299 (1971).



428 Accounts of Chemical Research

Additions and Corrections

Volume 5, 1972 Page 403. The drawing at lower left should be in-
verted.
John E. Baldwin, A. Harry Andrist, and Robert Page 405. Reference 27 should read: F. S. Collins,
K. Pinschmidt, Jr.: Orbital-Symmetry Disallowed J. K. George, and C. Trindle, J. Amer. Chem. Soc.,
Energetically Concerted Reactions. 94, 3732 (1972).


Administrator
Author Index

Administrator
Author x e 6, 297
Appelman, E. H. Nonexistent Compounds: Two Case
Histories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Arnett, E. M. Gas-Phse Proton Transfer-a Breakthrough
for Solution Chemistry . . . . . . . . . . . . . . . . . . . . . . .
Barnett, R. E. Encounter-Limited Rate-Determining
Steps in Carbonyl and Acyl Group Reactions . . . . . . . . .
Bergman, R. G. Reactive 1,4-Dehydroaromatics . . . . .
Berne, B. J. Chemical and Biological Applications of
Laser Light Scattering . . . . . . . . . . . . . . . . . . . . .
Botchan, M. See Hearst, J. E., 293
Breslow, R. Antiaromaticity . . . . . . . . . . . . . . . .
Brown. H. C. The 0uestion of u Bridging in the Solvolvs'is y y of 2-Norbornyl DeriGatives . . . . . . . . . . . . . . . . . . . . .".
Busch, M. A. See Clark, R. J., 246
Butler, W. L. Primary Photochemistry of Photosystem I1
of Photosynthesis
CarDino, L. A. New Amino-Protecting Groups in Organic
Synthesis
Chisholm. M. €1.. and Clark. H. C. Some AsDects of
Organoplatinum ' Chemistry. ' Significance of Metal-In-
duced Carbonium Ions . . . . . . . . . . . . . . . . . . . . . . .
Chiusoli, G. P. Catalysis of Olefin and Carbon Monoxide
Insertion Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . .
Chow, Y. L. Nitrosamine Photochemistry: Reactions of
Aminium Radicals . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Clark, H. C. See Chisholm, M. H., 202
Clark, R. J., and Busch, M. A. Stereochemical Studies of
Metal Carbonyl-Phosphorus Trifluoride Complexes . . . . .
Cooper, R. D. G., Hatfield, L. D., and Spry, D. 0.
Chemical Interconversion of the P-Lactam Antibiotics
Cowan, D. O., LeVanda, C., Park, J . , and Kaufman, F.
Mixed-Valence Ferrocene Chemistry . . . . . . . . . . . . .
Curtin, D. Y. See Paul, I. C., 217
Dunks, G. E., and Hawthorne, M. F. The Non-Icosahe
dral Carboranes: Synthesis and Reactions . . . . . . . .
Dunning, T. H., J r . See Goddard, W. A,, 111,368
Eberson, L., and Nyberg, K. Anodic Aromatic Substitu-
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Engel, P. S., and Steel, C. Photochemistry of Aliphatic
Azo Compounds in Solution . . . . . . . . . . . . . . . . . . .
Epstein, I. R. Compton Scattering and the Chemistry of
Momentum Space . . . . . . . . . . . . . . . . . . . . . . .
Viscoelastic Properties of Macromolecules in Ferry, J. D.
Dilute Solution
Finn, F. M., and Hofmann, K. The S-Peptide-S-Protein
d! stem: a \lode1 ror Hormone liecepror Interact ion
Iyzed by Weak Base;
Ford, W. T. \lechanirms or Elimindticm Reat rioni ('ala-
Gaines, D. F. I ' h t Chtmi.qtr! ot t'entaboranet51
Gielen, NI. From Kinetics to the Synthe-is oi Chirill Te-
Goddard, W. A., 111, Dunning, T. H., J r . , Hunt: y. J ,
Generalized i'altnce Hond I)tii,rlptwn or
traorganotin Compoundi
and Hay, P. J.
Bonding in Lo\v-I.\,ing States of \lolecules
Hagen, E. L. See %under+. 11.. 53
Harshbarger, W. R., and Robin, 11. B. 'Thc Opto-.\coui-
tic Eirect: l i e v i \ ~ a l or an Old Technique lor \lolecular
Specrro;c.op!,
Hartkopf, A., and Knrgcr, B. I.. Srudi. OI the Inrerracial
Properties or \\'ater by (;as Chromarography
Hatfield, L. I). See Cooper. K. 1). G.. 32
113
404
41
25
318
393
377
177
191
202
422
354
246
32
1
124
106
275
145
60
169
410
416
198
368
329
209
Havel, J. J. See Skell, P. S., 97
Hawthorne, M. F. See Dunks, G. €3.: 124
Hay, P. J. See Goddard, W. A,, 111,368
Hearst, J. E., and Botchan, M. Deoxyribonucleic Acid
Renaturation Kinetics and Hybridization. Probes to the
Structure of the Eukaryotic Chromosome . . . . . . . . .
Henry, P. M. Palladium(11)-Catalyzed Exchange and
Isomerization Reactions . . . . . . . . . . . . . . . .
Hochstrasser, R. M. Electric Field Effects on Oriented
Molecules and Molecular Crystals . . . . . . . . . . . . . .
Hofmann, K. See Finn, F. M., 169
Hunt, W. 9. See Goddard, W. A,, 111, 368
Jesson, J. P., and Meakin, P. Determination of Mecha-
nistic Information from Nuclear Magnetic Resonance Line
Johnson, C. R. The Utilization of Sulfoximines and beriv-
Shapes for Intramolecular Exchange . . . . . .
atives as Reagents for Organic Synthesis . . . . . . .
Karger, B. L. See Hartkopf, A , , 209
Kaufman, F. See Cowan, D. O., 1
Kokes, R. J. Characterization of Adsorbed Intermediates
on Zinc Oxide by Infrared Spectroscopy . . . . . . . . . . .
Lemmon. R. M. Reactions of Accelerated Carbon Ions and
Atoms
LeVanda, C. See Cowan, D 0 ,1
Levy, G. C. Carbon-13 Spin-Lattice Relaxation Studies
and Their Application to Organic Chemical Problems , ,
Lipmann, F. Nonribosomal Polypeptide Synthesis on
Polyenzyme Templates . . . . . . . . . . . . . . .
Lippard, S. J. Iron-Sulfur Coordination Compounds 'and
Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Lipscomb, W. N. Three-Center Bonds in Electron-Defi-
cient Compounds. The Localized Molecular Orbital Ap-
proach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Lowry, 0. H. An Unlimited Microanalytical System . , ,
McGlinchey, M. J. See Skell, P. S., 97
Meakin, P. See Jesson, J. P., 269
Micha, D. A. Long-Lived States in Atom-Molecule Colli-
Moore, C. B. The Application of Lasers to Isotope Separa-
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Nyberg, K. See Eberson, L., 106
Osborn, J. A. See Shapley, J. R., 305
Otocka, E. P. Modern Gel Permeation Chromatography
Ottolenghi, M. Charge-Transfer Complexes in the Excited
Ozin, G. A., and Vander Voet, A. Transition Metal Atom
sions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
State. Laser Photolysis Studies . . . . . . . . . . . .
Inorganic Syntheses in Matrices . . . . . . . . .
Park, J. See Cowan, 1
Paul, I. C., and Curtin, D. Y. Thermally Induced Organic
Reactions in the Solid State
Penfold, B. R., and Robinson, B. H. Tricobalt Carbon,
an Organometallic Cluster . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . .
Robin, M. B. See Harshbarger, W. R., 329
Robinson, B. H. See Penfold, B. R., 73
Rosenfeld, J. See Saunders, M., 53
Saunders, M., Vogel, P., Hagen, E. L., and Rosenfeld, J.
Evidence for Protonated Cyclopropane Intermediates from
Studies of Stable Solutions of Carbonium Ions . . . . . . . . .
293
16
263
269
341
226
65
161
361
282
257
289
138
323
348
153
313
217
73
53


