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Gerhard L. Closs—Contributions to Science
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When Gerhard Ludwig Closs passed away on May 24, 1992,
the work of one of the great organic chemists came to an untimely
end. Professor Closs made significant contributions in four
areas: he was an early leader in the field of carbene chemistry,
he elaborated various significant aspects of the photosynthetic
pigments, he pioneered important applications of magnetic
resonance to characterize reaction intermediates, and he eluci-
dated intricate facets of electron-transfer chemistry. Thisspecial
issue of The Journal of Physical Chemistry, dedicated to his
memory, provides a welcome opportunity to pay tribute to one
of the outstanding chemists of the post-WWII era—and to a
friend.

Gerhard Closs was born in Wuppertal-Elberfeld, Germany,
on May 1, 1928, and received his elementary eduction there until
he was pressed into military service, as a 16 year old, in 1944.
Having survived the ordeal of war and having completed his high
school education, he decided on a career in chemistry. Hereceived
a Ph.D.in 1955 from Universitidt Tiibingen for work he had done
under the direction of Professor Georg Wittig. This work was
also the topic of his first publication, “Uber Ringerweiterungen
und Ringverengerungen durch Ylidumlagerungen.”! In 1955,
he came to the United States and joined R. B. Woodward’s group
at Harvard for 2 years, working toward the total synthesis of
chlorophyll. This work resulted in a 1960 Communication to the
Editor in the Journal of the American Chemical Society? and in
a full paper in Tetrahedron 30 years later.?

In 1957, Gerhard Closs joined the University of Chicago as
an assistant professor. Given his background, particularly his
work with Woodward, it may not be too surprising that he was
hired as a natural products chemist. It is an interesting question
whether he ever fulfilled the specific expectations of those who
hired him. He did publish a paper on tropane deuterio halides*
and another on the active constituents of Panaeolus Venenosus,’
and he continued to work on various aspects of the photosynthetic
pigments throughout his career. However, his most significant
contributions came in areas unrelated or less directly related to
natural products. They can be divided into three different areas,
one for each decade of his professional career.

Contributions to Carbene Chemistry

The emerging field of carbene chemistry was the first discipline
to which Gerhard Closs was a major independent contributor.
Formally, the recorded interest in divalent carbon species dates
back to Dumas’s attempts to dehydrate methanol;® of course,
these experiments were carried out well before the quadrivalence
of carbon was recognized. Thus, the actual roots of the carbene
field lie in a simple experiment, the base-catalyzed hydrolysis of
trichloromethane, which was first carried out and reported by
Geuther in 1862.7 This experiment was repeated in 1949/50 by
Hine, who recognized the ensuing reaction as a new reaction
type, an a-elimination, giving rise to dichlorocarbene.?

CHCl, + OH — CCl,” + HOH (1)
CCl;”— :CCl, + CI 1))

In 1954, Doering and Hoffman trapped the postulated species
by addition to cyclohexene, demonstrating its intermolecular
reactivity.?

The development of divalent-carbon chemistry since these
discoveries involved the notion of carbene spin multiplicity,!®
chemical studies probing the reactivity of these intermediates
and the stereochemistry of their principal reactions,!®-12 the
correlation between reactivity and spin multiplicity,!01314 and
the application of new physical methods which provided more
direct insight into the spin multiplicity and allowed the direct
observation of the intermediates.!*-26 Among these techniques
we mention electron paramagnetic resonance (EPR)!5-!7 and
electron nuclear double resonance (ENDOR),!? chemically
induced dynamic nuclear polarization (CIDNP),!8.19 and optical
spectroscopy, either in low-temperature glasses20 or in the liquid
phase with ever increasing time resolution.2-26 Gerhard Closs
was at the forefront of these developments and played a significant
role in introducing many of these techniques to the study of
carbenes.

Closs’s first entry into the carbene field involved the generation
of a new divalent-carbon compound, chlorocarbene, and its
addition to alkenes to generate chlorocyclopropanes.2’” When
allowed toreact with benzene, chlorocarbene gave rise totropylium
chloride;? the analogous reaction with phenol provided ready
access to tropone.?? When the base-induced a-elimination was
carried out on chloroalkenes, the resulting alkenylcarbenes formed
cyclopropenes via intramolecular cycloadditions.%:3! Finally, a
cyclopropenylcarbene was investigated as a potential precursor
for the then-unknown tricyclo[1.1.0.024]butane (tetrahedrane)
system but, instead, gave rise to a transient cyclobutadiene
derivative.32 Additional papers described the generation, reac-
tivity, and stereochemistry of various additional carbenes.
Gerhard Closs pioneered the reactions of alkyl and benzal halides
with organolithium compounds, all natural extensions of the
reactions of Geuther, Hine, and Doering. In the course of these
studies, the term “carbenoid” was introduced to denote carbenes
that appeared to be complexed with lithium halide.33

Many of these studies were carried out in collaboration with
Lieselotte E. Closs (née Pohmer), Gerhard’s wife and, surely, his
most productive co-worker—their collaboration resulted in 15
publications between 1959 and 1969. Lieselotte also received a
Ph.D. with Georg Wittig for work establishing the transient
existence of “dehydrobenzene” (benzyne).3435 She had come to
the United States for postdoctoral work at the Massachusetts
Institute of Technology. They were married on Aug. 17, 1956,
in Cambridge, Massachusetts, a year before the move to Chicago.

Gerhard Closs was granted tenure in 1961 and was promoted
to full professor only 2 years later. By the time of the first
promotion, he had developed a family of useful reagents that
gave him access to interesting products. The nature of these
intermediates and their mode of reaction were derived from the
structure and stereochemistry of the isolated reaction products,
applying carefully selected mechanistic criteria. These studies
were carried out with state-of-the-art methodologies and gave
rise to noteworthy results. Yet, they did not satisfy Gerhard
Closs. He asked reaching questions; he needed to know more
about the divalent intermediates. He wanted to characterize
them more thoroughly and, possibly, observe them directly.

By 1962 he had decided that electron spin resonance might
hold the key to the structure of carbenes, and he selected
diphenylmethylene as his first target. He used benzophenone as
a single crystal host for diphenyldiazomethane, from which
diphenylcarbene was generated by photolysis at cryogenic
temperatures. In collaboration with Clyde Hutchison, an ex-
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Figure 1. Structure of diphenylmethylene as established by the ENDOR
experiments of Doetschman and Hutchison.!?

perienced ESR spectroscopist, he observed the first ESR spectrum
of a ground-state triplet carbene in a single crystal.}6 About 2
weeks before the Chicago group observed their first results, the
identical species was generated in a glassy matrix at Bell
Laboratories.!® However, the single crystal results of the Chicago
collaborators lent themselves more readily to analysis and
interpretation. Ultimately, with the help of electron nuclear
double resonance, these results revealed the detailed structure of
this intermediate (Figure 1).!7

Gerhard Closs also pioneered the application of additional
physical methods to carbene chemistry, particularly time-resolved
optical spectroscopy?? and chemically induced dynamic nuclear
polarization.!®* The relative rates of various carbene reactions
had been determined since the mid-1950s, for example, by Skell
and Garner as well as by Doering and Henderson.3” Only one
isolated study had dealt with the application of time-resolved
optical spectroscopy to carbene chemistry?! when Closs studied
the rate of addition of diphenylmethylene to various alkenes by
this technique,?23 opening the field to the many studies that
weretofollow.23-26 Similarly, the first applications of the CIDNP
technique to carbene chemistry was carried out in Closs’s
laboratory (vide infra),'® breaking ground for the subsequent
studies of others,19-39-41

Various aspects of carbene chemistry remained the primary
topic of Closs’s work for the first decade of his scientific career.
Of his first 50 publications, more than 30 dealt with carbenes or
carbenoids and several others with the characterization of
cyclopropenes and bicyclobutanes which had become available
by his carbene reactions. Among these studies, we mention the
isomerization of 2,4-dimethylbicyclo[1.1.0]butane to butadiene.
The conservation of orbital symmetry, a concept developed by
Woodward and Hoffmann in the early 1960s,%2 requires that this
reaction proceed as a concerted [¢2s + o¢2a] process with
predictable consequences for the stereochemical fate of the
migrating carbon centers. The decisive experiment in favor of
the orbital symmetry controlled ring opening was provided by
Closs and Pfeffer, who delineated the rearrangement of endo,exo-
and exo,exo-2,4-dimethylbicyclobutane to E,E- and E,Z-hexa-
diene, respectively.*3

Closs’s successful excursion into the ESR spectroscopy of
triplets spawned other efforts, such as the study of fluorenylidene.#
It led to the detection of triplet carbenes by optical spectroscopy,s
including the microsecond time-resolved study of diphenyl-
methylene.22 Additional EPR studies described interesting
diradicals, including several species related to benzocyclo-
propenes* and some intermediates generated by addition of triplet
carbenes to alkenes,*’” and he was the first to observe and
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characterize cyclopentanediyl.#® Additional highly significant
EPR studies were carried out in the final decade of his life.

Contributions to Chemically Induced Nuclear Spin
Polarization

By the mid-1960s, Gerhard Closs had become an acknowledged
expert in the carbene field. At this time, several reports appeared
in the chemical literature describing various chemical reactions
leading to nuclear magnetic resonance emission.**-5! Since some
of the reactions were known to involve free radicals, the observed
effects were originally explained as electron—nuclear cross
relaxation phenomena, hence the term “chemically induced
dynamic nuclear polarization” (CIDNP) for the new phenom-
enon.’%52 However, the cross relaxation mechanism was soon
found wanting, as an increasing number of effects became known
that were incompatible with the cross relaxation mecha-
nism,!8:49.50.5354 Clearly, a more appropriate theory was needed,
and Gerhard Closs, with his unsurpassed understanding of organic
reaction mechanisms and his rigorous expertise in magnetic
resonance, was in a unique position to solve the puzzle posed by
the CIDNP phenomenon.

Closs entered the CIDNP field with all his considerable vigor.
In 1969 four back-to-back Communications appeared in the
Journal of the American Chemical Society,!8:5456 followed by
six more for a total of 10 Communications in only 20 months.
After two preliminary publications describing the effects observed
inphotoreactions of diphenyldiazomethane!8 and benzophenone,5
he was able to eliminate the Overhauser mechanism.55 He also
addressed several later claims of this mechanism57- and refuted
them decisively.606! Although a special variation of the Over-
hauser mechanism has been established in a few systems involving
the electron-transfer reactions of triplet ketones,5263 it is clear
that this mechanism is a rare exception, rather than the rule.

Having eliminated the cross relaxation mechanism, Gerhard
Closs began to probe the real origin of the spin polarization effects.
He recognized that all CIDNP effects required the involvement
of radical pairs,3 and he developed the underlying theory based
on elegantly designed experiments.56:64-67 Specifically, he was
able to show that the effects reflected the spin multiplicity (u)
of the precursor from which the pair was generated and suggested
CIDNP “asa tool for determination of spin multiplicities of radical
pair presursors.” 3¢ He also recognized, and demonstrated, that
the polarization pattern of CIDNP effects depends critically on
the relative g factors (Ag) of the paired radicals (Figure 2).65

At the time when Closs and his group were working on this
project, Oosterhoff and Kaptein in Leiden also considered the
theory and demonstrated additional elements of it. The Leiden
group noted the “dependence of the polarization upon type of
reaction”: in-cage combination products and cage-escape (free
radical) products were found to show the opposite polarization.5?
They also found that protons with hyperfine coupling constants
(hfc’s) of opposite sign will have opposite signal directions;5? for
example, in products derived from ethyl radical the a- and
B-protons (negative and positive hfs’s, respectively) were found
to show the opposite polarization.’> The theory resulting from
the work of the Chicago and Leiden groups (“Radical Pair
Theory”™) is now generally accepted and can explain the vast
majority of all nuclear spin polarization effects.®®-"! Occasionally,
the term CKO (Closs, Kaptein, Oosterhoff) theory is used in
tribute to the major contributors.

More than 20 additional publications dealing with the appli-
cation of CIDNP and with the elucidation of additional facets
followed. Closs and his collaborators made significant contri-
butions to the understanding of biradicals.#%.72-%6 For example,
the magnetic field dependence of the CIDNP effects observed
for a series of biradicals yielded their average singlet-triplet
splitting as well as the biradical lifetimes (Figure 3).76 In the
course of these studies, 1,3-cyclopentanediyl was recognized as
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Figure 2. CIDNP spectra (benzylic protons) of coupling products
generated following the photoreaction of benzaldehydes in the presence
of diphenylmethanes.6*
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Figure 3. Normalized intensity vs field curves of aldehyde proton signals
obtained on photolysis of cycloalkanones and a bicyclic ketone (BC). All
signals are in emission.”®

“a localized 1,3 carbon diradical with a triplet ground state” by
the combined application of CIDNP and EPR.#¥ Closs and
colleagues also treated relaxation and cross relaxational phe-
nomena (CIDNP pumped NOE).””7® They established both
scalar and dipolar contributions to cross relaxation, which give
rise to either the same polarization phase or the opposite one in
anucleus which does not interact with the unpaired electron spin.
These experiments demonstrated an important limitation to the
interpretation of CIDNP results, particularly in experiments
designed to delineate the electronic structures of reactive
intermediates (e.g., radical cations)™ based on the polarization
patterns of their reaction products.

Closs also pioneered flash photolysis with CIDNP detection,
a technique that combines the advantages of time-resolved laser
spectroscopy with the structural information content unique to
CIDNP.20-36 “The basis for the success of the time-resolved
method is the fact that geminate processes are complete in a
fraction of a microsecond, while combination of free ions and /or
exchange ... may take tens or hundreds of microseconds
depending on concentration.” 81 This method has been adopted
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Figure 4. Normalized line intensities of bibenzyl (A) and deoxybenzoin
(B) observed during the photolysis of deoxybenzoin as a function of delay
time 7. The deoxybenzoin polarization in the presence of a (thiol) free
radical scavenger is designated C.92

in several laboratories for a range of applications.87-%0 In Closs’s
own laboratory this technique was applied successfully to such
diverse areas as determining the relative hyperfine coupling
constants of radical ions of chlorophylls and derivatives®! and
probing the kinetics of triplet states and biradicals.8? In the former
experiment, CIDNP effects are generated by a photoinduced
electron-transfer reaction; the observed intensities at a delay time
of 1 us yield signs and a relative magnitude of hyperfine coupling
constants in good agreement with ENDOR results.??92 The
second experiment to be mentioned here involves the light-induced
a-cleavage of deoxybenzoin. The reactant can be regenerated
cither by geminate recombination of the resulting radical pair,
or, accompanied by bibenzyl, by combination of uncorrelated
pairs. At the shortest delay attainable at that time (1 us) the
reactant shows the expected geminate polarization; upon in-
creasing the delay time to 100 us, this signal grows due to the
free radical combination (Figure 4).

In the last decade of his life, Gerhard Closs became interested
in several aspects of chemically induced dynamic electron
polarization (CIDEP), a phenomenon related to CIDNP and
discovered several years before the first CIDNP effects.
Essentially all electron spin polarization effects observed in the
20 years following the initial discovery could be explained logically
either by the radical pair or the triplet mechanism or by a
combination of both.?495 In the mid-1980s, several time-resolved
CIDEP spectra with highly unusual features were observed upon
photolysis of ketones in micelles.?-97 The unusual appearance of
these spectra could not be explained adequately by any of the
existing theories. Gerhard Closs took an interest in these effects
and in collaboration with M. Forbes and J. Norris investigated
similar systems.”® The unusuval effects were recognized as
manifestations of electron spin-spin interactions which are rapidly
lost in solution but “remain observable because of limited diffusion
in micelles”.?® A similar explanation was offered independently
by McLauchlan and co-workers.?® The concept of “spin-
correlated radical pairs” is now generally accepted, and this
memorial volume contains several papers describing such spectra.
More recently, the time-resolved EPR method was applied to
electron spin polarized biradicals in solution, a natural extension
of Closs’s earlier work on biradicals.!00-102 The shape and time
dependence of the CIDEP spectra of acyl-alkyl as well as alkyl-
alkyl polymethylene biradicals can be simulated using a pertur-
bation theory approximation, yielding the electron spin—spin
interaction, J, and the end-to-end contact rate, which is inversely
related tothelifetime. Incharacteristic fashion, the paperscontain
the outline of how any as yet unanswered questions were to be
approached. These elegant studies represent the culmination of
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Closs’s ESR studies; remarkably, Gerhard Closs was still breaking
new ground at the onset of the seventh decade of his life.

There can be no doubt that Gerhard Closs’s significant
contributions have been instrumental in making the CIDNP
method a well-defined, sophisticated, powerful and reliable
technique with a broad spectrum of important applications; his
contributions to CIDEP were left unfinished. It is interesting to
note that the young assistant professor was assigned supervision
of the departmental NMR instrument when he first came to
Chicago. Surely, Gerhard Closs made the most of the oppor-
tunities this position offered.

Electron Transfer and the Marcus Inverted Region

In 1979 Gerhard Closs accepted the position of a section head
in the Chemistry Division at Argonne National Laboratory. He
kept this position for but three years, most likely because he was
not an enthusiasticadministrator. Nevertheless, this appointment
was to influence significantly the direction of his research in the
final decade of his life. At Argonne he began to collaborate with
Jim Norris on a variety of problems in the general area of EPR;
this collaboration yielded nine papers over the next 12 years,
among them the above-mentioned theory of spin-correlated radical
pairs,?® an elegant study of the structure and dynamics of the
trimethylcyclopropenyl radical,!%® and several significant con-
tributions to the understanding of primary states of bacterial
photosynthesi s.104-107

He also began to take an interest in the electron-transfer work
of John Miller, who had accumulated evidence for the existence
of the “Marcus inverted region”. Over 3 decades ago, Mar-
cus formulated the rate of an electron-transfer reaction as a
function of two parameters, its driving force, the free energy,
AG® and a “solvent reorganization energy”, A,, required to
accommodate the changing charge distribution.!08.109

kgr = A’ exp[~(AG® + \) (4N k)]

The most striking conclusion emerging from this work was the
prediction that electron-transfer rates increase with increasing
driving force to a maximum, at A, = AG®, but then unexpectedly
(and perhaps counterintuitively) decrease upon further increases
in driving force. The essential predictions of this theory were
reproduced by many theoretical approaches descending from the
original idea of Marcus.!!? It took almost 30 years before this
prediction was finally confirmed by experiment.

John Miller had studied intermolecular electron transfer
between randomly distributed entities in rigid glasses.!!! The
results were quite interesting but the data difficult to interpret.
In the collaboration that ensued and continued until Professor
Closs’s death, donor and acceptor were linked by a rigid steroid
spacer, allowing the study of intramolecular electron transfer at
a known distance. The results were the first to demonstrate
unambiguously the existence of the Marcus inverted region. Less
than five months after Gerhard Closs’s death, R. A. Marcus was
awarded the 1992 Nobel Prize in chemistry. Intheannouncement,
the Swedish Academy pointed out that the Nobel Committee
had long recognized the significance of Marcus’s theory but had
waited for experimental verification before awarding the prize.

Electron-transfer reactions had failed to reveal any evidence
for an “inverted” region in spite of detailed investigations.!!2113
The first indication for any reduction of the electron-transfer
rate with increasing driving force was observed by Miller and
co-workers in the (charge neutral) electron transfer from
radiolytically generated radical anions to aromatic hydrocarbons
infrozensolutions.!!! These reactions covered free energy changes
ranging from —AG® =0.01 to 2.75 eV; the rates of electron transfer
were found to decrease at high exothermicities.!!!

The analysis of these data is based on a random distance
distribution between donor and acceptor, an assumption that
cannot be confirmed readily. Gerhard Closs noted that any
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Figure 5. Intramolecular rate constants as a function of free energy
change in 2-methyloxacyclopentane solution at 296 K. The electron
transfer occurs from bipheny! anions to the eight different acceptor moieties
(shown adjacent to the data points), in eight bifunctional molecules of
the general structure shown in the center.!i4

ambiguities due to the random distribution could be removed if
intramolecular electron transfer were studied in a series of
molecules of the general type A—Sp-B, in which two potential
acceptors are linked by the rigid Sa-androstan skeleton. The
electron-transfer rates observed for the radiolytically generated
monoanions of these systems showed a striking deviation from
the classical Brensted relationship (Figure 5)!14115 and confirm
unambiguously the predictions of Marcus.!98:1% The original
confirmation of the inverted Marcus region in a charge-exchange
reaction!4115 stimulated other groups toinvestigate other systems,
leading to the discovery of inverted Marcus behavior in several
charge recombination reactions!!6-118 and possibly evenina charge
separation process.!!®

The continued collaboration between Miller and Closs in the
electron-transfer field produced many additional significant
results: they established the nonlinear dependence of electron-
transfer rates upon solvent polarity,!*4 they probed the distance
dependence using decalin and cyclohexane spacers,!20:121 and they
probed the temperature dependence as a function of driving
force'22and documented the temperature indepenence of electron-
transfer rates in the inverted Marcus region.!?* Having studied
both “hole”- and electron-transfer rates, it occurred to Closs that
triplet energy transfer could be considered the sum of the two
processes. This consideration spawned an illuminating, unprec-
edented comparison of the rates of hole, electron, and triplet
energy transfer (Figure 6).124-126 The extensive electron-transfer
work in Closs’s laboratory suggested that donor and acceptor are
coupled via interactions with the orbitals of the intervening
molecular fragments (superexchange). This may very well have
stimulated Gerhard Closs to reconsider this type of interaction
in biradicals, as mentioned earlier.

Conclusion

The work of Gerhard Closs has found wide recognition both
at the University of Chicago and in the scientific community at
large. At Chicago, he wasappointed the Michelson Distinguished
Service Professor, and his colleagues honored him along with
N.C. Yang with a symposium on the occasion of their 60th
birthdays. He was awarded the Jean Servas Stas Metal of the
Belgian Chemical Society, he won the James Flack Norris Award
and the A.C. Cope Award of the American Chemical Society,
he was awarded the Photochemistry Prize of the Inter-American
Photochemical Society (I-APS), and he was elected a member
of the National Academy of Sciences and the National Academy
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Figure 6. Experimental triplet-transfer rate constants plotted against
rate constants predicted from electron- and hole-transfer rates. Solid
line: perfect fit to the correlation equation; dotted line, least-squares fit
of points. Ellipses represent the estimated uncertainties. Note that the
estimated rate constants contain the cumulative error of two measure-
ments.!24

of Arts and Sciences. In honoring the memory of G. L. Closs,
the I-APS has instituted a Gerhard L. Closs Memorial Award,
allowing a student to attend the I-APS Winter Meeting.

Gerhard Closs also was honored as chairman of the Gordon
Research Conferences on Free Radical Reactions and on Radical
Ions, as well as by numerous distinguished lectureships, in several
European countries, Canada, and the United States. Thisincluded
the Bayer Lectureship at Universitdt Koln, where the author first
met him; a visiting professorship at Yale, where the acquaintance
was renewed; regular visits to (AT&T) Bell Laboratories; and
the Merck Distinguished Lectureship at Rutgers University, where
the author was privileged to be his host.

Professor Closs was a featured speaker at many national and
international congresses and symposia. Indeed, his participation
at meetings may well have been one of his most important
contributions to science. He brought to these meetings a keen
analytical mind and the command of an unequalled breadth of
chemical topics, ranging from the subtlest details of organic
synthesis to the intricacies of chemical physics. This combination
allowed him to probe proposed theories or mechanistic inter-
pretations, as they were being presented. Few of his peers made
more pertinent comments than Gerhard did, and few could offer
their comments in more impertinent fashion, when he felt it
appropriate. Even experienced and accomplished lecturers must
have felt at least a tinge of apprehension when he raised his hand
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in his characteristic fashion and, upon being recognized, uttered
his familiar “I would like to take issue with ...”. The presence
of Gerhard Closs in the audience kept many a speaker “honest”.

Gerhard Closs relaxed by sailing, sometimes racing his boat
on Lake Michigan for hours, days, or even weeks. Healso enjoyed
the arts: he relished his fine collection of graphic art, having
acquired many pieces on his worldwide travels. He was stimulated
by theater performances, including modern plays and the avant-
garde, and he enjoyed classical music. However, he never allowed
himself to be persuaded to attend an opera performance, having
sworn off opera following a performance of daPonte and Mozart’s
Cosi Fan Tutte in Wuppertal in the early 1940s.

With the death of Gerhard Closs, the chemical sciences have
lost one of their most formidable champions, a practitioner of the
highest intellectual standards, a keen mind, and a skilled
experimenter, unsurpassed in combining experiment and theory
to illuminate a problem, always probing accepted theories and
never afraid to break new ground. The scientific community
mourns a teacher, mentor, collaborator, and kindred spirit. A
few, who were privileged, mourn a friend.
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