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CONSPECTUS

his Account highlights William von Eggers Doering’s important discoveries in many fields of chemistry. His synthetic and

mechanistic studies have contributed to areas induding non-benzenoid aromatics, carbenes, pericyclic reactions, and diradi-
cal intermediates. Doering'’s synthesis with L. H. Knox of the highly stable tropylium ion and their investigation of its reac-
tivity were the starting point for the development of the field of non-benzenoid aromatics. Working with A. K. Hoffmann,
Doering demonstrated the synthesis of dichloro- and dibromocarbene by base-induced o elimination of HCI or HBr from
CHCl; or CHBr; under anhydrous conditions. These results allowed for the synthesis of a variety of cyclopropanes and deriv-
atives including allenes. Using '*C labeling experiments, Doering and Prinzbach showed that the mechanism of insertion
of singlet methylene into a C—H bond was a concerted process.

In their work on the Cope rearrangement, Doering and Roth’s outstanding stereochemical analysis showed that the rear-
rangement of acyclic 1,5-hexadienes proceeds concertedly, passing over a chairlike transition state. This work has had an
enormous impact on the understanding of stereochemical control in synthetic organic chemistry, and many fruitful appli-
cations in synthesis have stemmed directly from this finding. Transition-state resonance structures analogous to those for
ground-state aromatics can qualitatively explain the relatively large substituent effects on the rate of the Cope rearrange-
ment. However, quantum chemical calculations have quantitatively described these effects. The rapid degenerate Cope rear-
rangements in the cis-divinylcyclopropane units of 3,4-homotropilidene, barbaralone, and bullvalene establish these molecules
as having fluxional structures. The unique molecule bullvalene has more than 1.2 million possible structures intercon-
nected by degenerate Cope rearrangements, which average all H and all C atoms. Doering has also examined stepwise ther-
mal reorganizations that pass through intermediary 1,3- or 1,4-diradicals and do not show conformational equilibration as
would be expected for classical intermediates. Doering calls these processes “not-obviously concerted”. He discusses “con-
tinuous diradicals” as transition states and rationalizes the course of these reactions through the concept of a “caldera” (a
flat surface with small energy wells as found on the top of volcanoes).

The understanding of fundamental chemical reactions remains the focus of Doering’s research. In his terms, “under-
standing” means not only gaining deep insight but also the intellectual control that allows researchers to predict a reac-
tion’s course. Because the interplay between theory and experiment has led to great progress in this predictive ability,
Doering’s experimental work has provided an important input for computational chemistry and to the essential understand-
ing of chemical reactions.
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Introduction

In 1944, just at the beginning of his scientific career, W.
von E. Doering and R. B. Woodward received much atten-
tion when they published the brilliant synthesis of quino-
toxine, a precursor of quinine." This work is remarkably
fresh and has been recently reviewed in great detail by J. I.
Seeman.? Most recent experimental work by Smith and Wil-
liams? confirmed the conversion of d-quinotoxine into qui-
nine reported by Rabe and Kindler in 1918. Throughout his
career and continuing today, the elucidation of reaction
mechanisms has been a central topic of Doering’s research.
His pioneering work has had great impact on the research
of many other scientists and has been the starting point of
many areas of chemistry. His most recent work has had an
exceptionally strong influence on the dynamic picture of
chemical reactions.

In this Account, we focus on the following topics: non-ben-
zenoid aromatics, carbenes, Cope rearrangements, and reac-
tions involving diradical intermediates. Figure 1 shows
Doering with the structures of tropylium ion, dichlorocarbene,
bullvalene, and the chairlike transition state of the Cope rear-
rangement of 1,5-hexadiene as symbols of these research top-
ics. With this selection, we know that we omit many important
contributions. Indeed we omit entire areas! Among these are
the mechanism of the Baeyer—Villiger oxidation, asymmet-
ric induction, the Doering—Zeiss mechanism for solvolysis, [2
+ 2] and [4 + 2] cycloadditions, conjugative stabilization of
closed-shell dienes, trienes, polyenes, and styrenes and open-
shell radicals such as allyl, pentadienyl, and heptatrienyl
radical.

Non-benzenoid Aromatics: Synthesis and
Reactions of Tropylium lon

Doering started his work in this area together with L. H. Knox
in 1950. First they prepared tropolone by addition of meth-
ylene (photochemically generated from diazomethane) to ben-
zene and subsequent oxidation of 1,3,5-cycloheptatriene with
KMnO,.* That tropolone behaves more like a carboxylic acid
than like a hydroxy ketone can be explained by its dipolar res-
onance structure containing the tropylium ion as substruc-
ture (Scheme 1).> The tropylium ion itself was synthesized 4
years later by Doering and Knox.®” Bromination of cyclohep-
tatriene produced a complex mixture of isomeric dibromocy-
cloheptadienes, which was not characterized. On heating, this
mixture underwent a thermally induced HBr elimination lead-
ing to the desired tropylium bromide as a stable salt. In those
days, the spectacular stability of the tropylium ion was sur-
prising, and its isolation was also one of the first demonstra-
tions that “carbonium ions” (as they were then called) were
real and sometimes even isolable species. Prior to this, their
existence was implied indirectly by Kinetic, stereochemical,
and other studies. This work certainly provided the most
important experimental evidence for the validity of the Huickel
rule concerning aromatic systems and opened the field of
non-benzenoid aromatics that was extensively investigated in
the following years by many scientists, including Ronald
Breslow, Virgil Boekelheide, Franz Sondheimer, and Emanuel
Vogel. A similar route starting with the methylene addition to
anisole was used to synthesize tropone. Tropone is a stable
unsaturated ketone with a highly polarized C=0 bond owing
to the importance of the dipolar resonance contributor “cyclo-
heptatrienylium (tropylium) oxide”.®

FIGURE 1. Bill Doering and the structures of (a) the tropylium ion, (b) dichlorocarbene, (c) bullvalene, and (d) the chairlike transition state of

the Cope rearrangement of 1,5-hexadiene.
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SCHEME 1. Synthesis of Tropolone,** Tropylium Bromide,®” and Tropone®
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Tropylium bromide undergoes a variety of reactions
(Scheme 2).° It adds alkyl- or aryllithium reagents and alkyl-
or arylmagnesium bromides, respectively, to give the corre-
spondingly substituted cycloheptatriene derivatives. The addi-
tion of other nucleophiles like cyanide, methoxide, and
cyclopentadienide occurs in a similar fashion. Oxidation with
chromate leads to benzaldehyde, whereas reduction by Zn
powder gives cycloheptatrienylcycloheptatriene, which can be
converted in two steps into heptafulvalene, a dark violet
unstable and air-sensitive conjugated polyolefin. Heptafulvene,
another conjugated polyolefin, could be prepared in two steps
starting from 7-cyano-1,3,5-cycloheptatriene.'®

The finding that the amide from hydrolysis of 7-cyano-
1,3,5-cycloheptatriene is identical to that obtained from ami-
nolysis of the Buchner ester (produced by carbomethoxy-
carbene addition to benzene) provided the first evidence that
the Buchner ester does not exist in the norcaradiene form
(methyl bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate) as pro-
posed by Buchner but largely as the cycloheptatriene deriva-
tive (Scheme 3). However, Diels—Alder reaction of the Buchner
ester with dimethyl acetylenedicarboxylate gave the adduct
derived from the norcaradiene structure. Thermally induced
retro-Diels—Alder reaction leading to dimethyl phthalate and
methyl cyclopropene-3-carboxylate confirmed the structure
assumed for the primary Diels—Alder adduct.'’ Later, the
Buchner ester was confirmed by NMR analysis to be, indeed,
a cycloheptatriene derivative.'>'® The equilibrium concentra-
tion of the valence tautomeric norcaradiene is just below the
limit of NMR detection but is still the reactive diene in the
Diels—Alder cycloaddition.

Heptafulvene reacts with dimethyl acetylene dicarboxy-
late in the fashion of an [8 + 2] cycloaddition (Scheme 4).'°
Although it could not be recognized at the time, this reac-

SCHEME 2. Reactions of Tropylium Bromide®
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tion is a good example of a process described by the
Woodward—Hoffmann rules as [#®s + x%s] cycloaddition.'®
The cycloadduct can be oxidized by air to give dimethyl azu-
lene dicarboxylate, a non-benzenoid aromatic 10z system.
Parent azulene was also prepared in two steps by methylene
addition to indane followed by catalytic dehydrogenation of
the methylene adduct.'” A further outstanding example of a
higher type of cycloaddition is the reaction of heptafulvalene
with tetracyanoethene (TCNE) leading to the adduct whose
structure has been established by X-ray crystallographic meth-
ods."* Later Woodward and Hoffmann'® emphasized that this
adduct is the expected product of the symmetry-allowed
ground-state [7'“a + %s| process and noted that the twisted
shape of the heptafulvalene molecule sets the stage ideally for
the antara addition to the 14 x electron system. Finally in this
section on non-benzenoid aromatics, we want to mention dia-
zocyclopentadiene prepared by the reaction of lithium cyclo-
pentadienide with tosylazide.'> This diazo compound is
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SCHEME 3. Elucidation of the Structure of the Buchner Ester'!
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SCHEME 4. Cycloadditions of Heptafulvene'® (Synthesis of Dimethyl Azulene Dicarboxylate) and Heptafulvalene'* and Preparation of

Diazocyclopentadiene'®
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particularly stable because of its dipolar resonance structure
containing an aromatic cyclopentadienide unit.

Carbenes: Generation, Addition, and C—H
Insertion

The addition of carbenes, methylene and carbomethoxycar-
bene generated by photochemically induced elimination of N,
from the corresponding diazo compounds, to arenes and alk-
enes has been mentioned. These carbenes also add to alkynes
producing the corresponding highly strained cyclopropene
derivatives.'® The addition of carbenes generated in the elec-
tronic singlet state proceeds stereospecifically,'°*2° whereas
stereochemical integrity is lost in the addition of triplet car-
benes. Methylene is one of the most indiscriminate reagents
known in organic chemistry. It undergoes a totally nonselec-
tive insertion into the different kinds of C—H bonds of pen-
tane and 2,3-dimethylbutane.'®® Doering and Prinzbach?'
investigated the mechanism of the C—H insertion of methyl-
ene by labeling the CH,, group of isobutene with '*C. The for-
172 = ACCOUNTS OF CHEMICAL RESEARCH
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mation of 1-['*C]-2-methyl-1-butene as the only product
provides unambiguous evidence for a concerted C—H inser-
tion of singlet methylene into an aliphatic C—H bond (Scheme
5). This finding excludes the alternative possible mechanism
consisting of a hydrogen abstraction—radical pair recombina-
tion; had that been the case, scrambling of the T4C label
between C-1 and C-3 in the product would have been
expected.

J. Hine?? explained the basic hydrolysis of chloroform in
aqueous solution leading to sodium formate and carbon mon-
oxide through the formation of dichlorocarbene as a reactive
intermediate. A very useful preparative reaction studied by
Doering and A. K. Hoffmann?? is the a-elimination of HCl or
HBr from chloroform or bromoform under anhydrous condi-
tions using potassium tert-butylate as base. Under these con-
ditions, dichlorocarbene or dibromocarbene adds to double
bonds producing the corresponding dichloro- or dibromo-sub-
stituted cyclopropane derivatives (Scheme 6). The chloro or
bromo substituents can be used for further transformations.
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SCHEME 5. Elucidation of the Mechanism of C—H Insertion of Singlet Methylene by '“C Labeling
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SCHEME 7. Synthesis and Degenerate Cope Rearrangement of Homotropilidene and Barbaralone?52¢
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For example, the reduction of dibromocyclopropane deriva-
tives with Mg or Na leads to allenes.>* Nowadays the o-elim-
ination of HCl or HBr from chloroform or bromoform can be
carried out in a water/organic solvent two-phase system using
NaOH or KOH as base and a phase-transfer catalyst, which
transports the CCI;™ or CBr;~ anion from the aqueous to the
organic phase, so that CCl, or CBr, is generated in the organic
phase and adds to the sz bond without hydrolysis.

Cope Rearrangement: Molecules with
Fluxional Structures, Stereochemical
Analysis, and Substituent Effects

The copper(l)-catalyzed decomposition of diazomethane in
1,3,5-cycloheptatriene leads to the two possible cyclopropane
derivatives, 1,2- and 3,4-homotropilidene, which can be sep-
arated by GC. 1,2-Homotropilidene undergoes a degenerate
butadienylcyclopropane rearrangement at 110 °C, whereas

3,4-homotropilidene isomerizes to tetrahydropentalene at
high temperature (305 °C) via a formal vinylcyclopropane
rearrangement presumably passing through a diradical inter-
mediate. The temperature-dependent '"H NMR spectrum of
3,4-homotropilidene shows that at room temperature it under-
goes a rapid degenerate Cope rearrangement averaging the
cyclopropane (a,b), vinyl (d), and methylene (e) atoms in struc-
ture I with the corresponding atoms in structure Il (Scheme 7).
In the case of barbaralone (prepared by an intramolecular car-
benoid addition to the central cycloheptatriene double bond),
the activation barrier determined by temperature-dependent
'H NMR spectroscopy is even lower than that of 3,4-homotro-
pilidene because in barbaralone the reacting cis-divinylcyclo-
propane system is fixed by the C=O bridge in the syn
conformation that is necessary for the Cope rearrangement. In
the case of 3,4-homotropilidine, the sterically more hindered
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FIGURE 2. Synthesis of bullvalene and (a) degenerate cope rearrangements in bullvalene and (b) temperature-dependent 'H NMR spectra of

bullvalene.

syn conformation has to be produced by ring inversion of the
more stable anti conformation prior to the Cope rear-
rangement.?>26

In 1963, Doering and Roth?* predicted that bullvalene
would be a fluxional molecule with over 1.2 million possible
structures interconverted by degenerate Cope rearrangements
averaging all H- and all C-atoms of the molecule. In 1964,
Schroder (who had been a postdoctoral associate in Doering’s
laboratory few years earlier), Oth, and Merenyi?”-?® observed
that the photochemically induced [2 + 2] cycloreversion of
one of the cyclooctatetraene dimers produces bullvalene. This
process is still the best synthesis of the molecule. Doering et
al.?? accomplished a rational synthesis of bullvalene in 1967
starting from barbaralone (Figure 2). The "H NMR spectrum of
bullvalene at +120 °C shows only a sharp singlet for all pro-
tons as predicted for a Cope rearrangement proceeding rap-
idly on the NMR time scale. At —85 °C, at which temperature
the Cope rearrangement is slow with respect to the NMR time
scale, separate signals are observed, which can be assigned to
the vinylic and aliphatic protons in the fixed structure.

Another highlight is the elucidation of the transition-state
geometry of the Cope rearrangement of acyclic 1,5-hexa-
dienes.?®3° The transition-state structures of the already dis-
cussed rearrangements of the cis-divinylcyclopropane units in
homotropilidene, barbaralone, and bullvalene are restricted to
a boat geometry. To determine the preferred transition state
geometry for an acyclic diene, meso- and rac-3,4-dimethyl-
1,5-hexadiene were shown to undergo nearly stereospecific
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Cope rearrangement (Scheme 8). The meso starting material
produced 99.7% of cis,trans-2,6-octadiene and only 0.3% of
trans,trans-2,6-octadiene. The racemic reactant led only to
trans,trans- and cis,cis-2,6-octadiene; no cis,trans-2,6-octadi-
ene could be detected in this reaction. These findings exclude
a boatlike transition state of the Cope rearrangement: if the
boat were operative, rearrangement of the meso starting mate-
rial would be expected to produce cis,cis- and trans,trans-2,6-
octadiene, whereas the racemic would give cis, trans-2,6-
octadiene, just opposite of the experimental results. These
results, therefore, provide unambiguous evidence that the
Cope rearrangement of acyclic 1,5-hexadienes proceeds
through a chairlike transition state. If the trace of trans,trans
diene from the meso reactant is an actual reaction product
(and not the result of a small amount of racemic isomer in the
starting material), then one can calculate that the reaction via
the chairlike transition state is favored by AAG* = —5.8 kcal/
mol over that via the boatlike transition state; if it is an arti-
fact, then the preference is even larger. In the case of rac-3,4-
dimethyl-1,5-hexadiene, the absence of detectable cis,trans-
diene suggests a preference for a chairlike transition state that
is at least as great.

The enthalpy, AH*, and entropy, AS*, of activation have
been determined for the Cope rearrangement of parent 1,5-
hexadiene by means of specifically labeled 1,1-deuterio-1,5-
hexadiene.®" The experimental AH* value (AH*.,, = 33.5
kcal/mol) agrees very well with a value (AH* ;. = 33.2 kcal/
mol) calculated by ab initio methods for the concerted reac-


http://pubs.acs.org/action/showImage?doi=10.1021/ar800100h&iName=master.img-009.png&w=385&h=232

William von Eggers Doering’s Research Achievements Kidrner et al.

SCHEME 8. Stereochemical Course of the Cope Rearrangements of meso- and rac-3,4-Dimethyl-1,5-hexadiene?®3°
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tion passing through the chairlike transition state.*? The
energy of concert (which is defined analogously to the reso-
nance energy of aromatic ground states) can be derived from
the comparison of the experimental AH* value with that deter-
mined or calculated for a suitable stepwise model reaction
(Figure 3). The magnitude of the energy of concert depends
on the choice of the model reaction. If the homolytic dissoci-
ation of 1,5-hexadiene into two allyl radicals and their recom-
bination is used as potential stepwise reaction, then the
energy of concert is calculated to be 26 kcal/mol, but if cyclo-

hexane-1,4-diyl is assumed to be an intermediate, then the
energy of concerted is calculated to be only 10 kcal/
mol.33'34

High-pressure induced acceleration of rearrangements is a
good criterion for the formation of cyclic transition states.
Indeed, all of the Cope rearrangements shown in Scheme 9
are accelerated by high pressure, and the activation volumes
determined from the pressure-dependence of the rate con-
stants are negative. This finding is further good evidence that
all these Cope rearrangements proceed through pericyclic

PR Tkcarmol AN
A i Energy of Concert:
g L H
79.9 . H
26.1 ¥ 63.5 (calc.
- + 99
S
1 +538 R
59.6 (exp.}
33.5 (exp.)
i y
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FIGURE 3. Activation parameters of the Cope rearrangement of 1,1-dideuterio-1,5-hexadiene and comparison of the enthalpy of activation
with those calculated for stepwise dissociative and associative model reaction in order to determine the energy of concert.3334
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SCHEME 9. Volumes of Activation (cm3/mol) Determined from the
Pressure Dependence of the Rate Constants of Various Cope

Rearrangements3>36
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transition states in which the rotational degrees of freedom
existing in the acyclic starting materials are restricted, lead-
ing to the decrease in the partial molar transition-state vol-
umes observed by the negative AV* values.3>3¢

The rearrangements of trans-1,2-divinylcyclobutane and
meso,trans,trans-1,3,4,6-tetraphenyl-1,5-hexadiene (Scheme
10) are retarded by high pressure. The activation volumes are
positive indicating dissociation in the rate-determining step of
these reactions. The comparison of these examples with those
of the Cope rearrangements shows that high pressure is a
good tool to distinguish between associative and dissocia-
tive rearrangements.

Substituents such as phenyl or cyano groups in the 2,5-
positions or 1,3,4,6-positions of the 1,5-hexadiene molecule
accelerate the Cope rearrangement substantially compared
with the parent system (Scheme 11).3437 This effect can be
explained with the classical concept of resonance structures
applied to transition states. The cyclohexane-1,4-diyl-like res-
onance structure explains the stabilizing effect of substituents
in the 2,5-positions and the bisallyl-like structure rationalizes
the stabilizing effect of substituents in the 1,3,4,6-positions.
Accordingly, the transition state is like a chameleon favoring
one or the other resonance structure depending on the sub-
stitution pattern. An interesting question, which cannot be
answered by qualitative inspection of the transition-state res-
onance structures, is the following: What is the effect of sub-
stituents at C-1, -3, and -5 in a single hexadiene molecule?
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SCHEME 10. Volumes of Activation (cm3/mol) Determined from
the Pressure Dependence of the Rate Constants of Stepwise
Rearrangements
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The substituents at C-1 and -3 should favor the bisallyl-like
and at C-5 the cyclohexane-1,4-diyl-like resonance structure.
Does the transition state behave like a centaur; is it a hybrid
beast? Indeed, the effect of substituents in these positions is
larger than that of the separate 1,3- or 5-substituted system.
However, the cooperative effects of phenyl groups in 2,5-di-
phenyl- and 1,3,4,6-tetraphenyl-1,5-hexadiene are larger than
the competitive effect in the Cope rearrangement of 1,3,5-
triphenyl-1,5-hexadiene. Ab initio calculations are in very
good agreement with the experimental data. The calculated
transition structures show very nicely the substitution-depen-
dent shift of the geometry toward one or the other transition-
state resonance structure.3%38

Rearrangements Involving Diradical
Intermediates: Continuous Diradicals and
the Caldera

In the final topic, we will discuss a few rearrangements involv-
ing diradical intermediates. In 1961, Benson compared
the activation enthalpies experimentally determined for the
cis—trans isomerization of 1,2-dideuteriocyclopropane and the
rearrangement of cyclopropane to propene with the enthalpy
of formation calculated for 1,3-propanediyl by the use of bond
increments. He concluded that ring closure and isomerization
of the potential intermediate of these reactions, 1,3-pro-
panediyl, should have substantial activation barriers
(Table 1).294° Thus, a conformational equilibration of the
diradical intermediate was expected to occur prior to the ring
closure or isomerization.

In the 1960s and 1970s, the Doering group studied the
kinetics and stereochemical course of several rearrangements
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SCHEME 11. Substituent Effects on the Enthalpies of Activation (kcal/mol) Determined from the Temperature Dependence of the Rate

Constants of Various Cope Rearrangements?34:36
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9 AAH* = AH*(subst) — AH*(parent) is corrected for the conjugative phenyl—vinyl interaction in the 1-, 2-, 5-, and 6-phenyl-substituted systems.

TABLE 1. Thermochemical Estimate of the Enthalpy of Activation of
the Ring Closure and Isomerization of 1,3-Propanediyl to
Cyclopropane and Propene, Respectively
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involving 1,3- and 1,4-diradicals in great detail. In most cases
conformationally equilibrated diradical intermediates could be
excluded. A very fine example is the vinylcyclopropane rear-
rangement and stereomutation of optically active specifically
deuterium-labeled A3-thujene (Scheme 12).43~*> An interme-
diate conformationally equilibrated diradical is expected to
give the three products a (1:1:1) ratio. The preferential forma-

tion of one product excludes a diradical intermediate in a well
deep enough to experience conformational equilibration. Sim-
ilar results were obtained by Cooke and Andrews** and Bald-
win and Keliher*> for the degenerate rearrangements of
parent bicyclo[3.1.0]hex-2-ene only labeled by deuterium.

Similar results were obtained for the stereomutation and
vinylcyclopropane rearrangement of optically active 1-cyano-
2-isopropenylcyclopropane (Scheme 13).%¢47 Here no prefer-
ence of double over single rotation around the two substituted
cyclopropane C atoms was observed as it was predicted by R.
Hoffmann*® for the parent cyclopropane. The single rotation
around the cyano-substituted cyclopropane C atom was found
to be faster than that around the isopropenyl-substituted C
atom. In this system, the formal sigmatropic [1,3] carbon shift,
the ring expansion of vinylcyclopropane to cyclopentene, pro-
ceeds slower than the stereomutation. The nonstereospecific
course of the vinylcyclopropane rearrangement excludes an
orbital-symmetry-controlled process. All these findings were
explained with “continuous diradicals” as transition states.

In 1981, Doering*' used a newly available value of the
enthalpy of formation of the ethyl radical (higher than the ear-
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SCHEME 12. Stereomutation of Optically Active
3,4,4-Trideuterio-A3-thujene?3~4°
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SCHEME 13. Stereomutation and Ring Expansion of Optically
Active 1-Cyano-2-isopropenylcyclopropane®®4”
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lier one used by Benson) to resolve the contradiction between
the experimental results and the Benson estimate. This new
value puts the 1,3-propanediyl only 1.3 kcal/mol below the TS
enthalpy calculated from the enthalpy of formation of cyclo-
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propane and the activation enthalpy of its stereomutation. This
estimate is strongly supported by the most recent ab initio cal-
culation.** These calculations found no barrier to the ring clo-
sure of 1,3-propanediyl (the transition structure for conrotatory
cyclopropane stereomutation) and put the calculated enthalpy
of formation ca. 2 kcal/mol below the experimental barrier.
Thus, ring closure and rotation around single bonds in the
diradical are competitive processes, and the path of reaction
depends on the conformation in which the diradical is initially
formed and has to be described by an analysis of the dynam-
ics. Dynamics calculations by Doubleday, Suhrada, and
Houk*® of the various pathways in the degenerate rearrange-
ment of bicylo[3.1.0]hex-2-ene derivatives are in very good
agreement with the experimental data.** *° Independent
experimental evidence comes from studies with femtosecond
spectroscopy. In the time-resolved flash photolysis of cyclo-
pentanone and cyclobutanone, A. H. Zewail et al.>° were able
to observe 1,4- and 1,3-diradicals and found that the lifetimes
of these diradicals are very short, in agreement with experi-
mental and theoretical results described above.

The understanding of thermal reorganizations that pass
through diradical intermediates (which Doering has called
“not-obviously concerted” reactions) can be applied to the fol-
lowing question: Do diradicals continue on their way from
educt through a “caldera” to products as “diradicals-in-tran-
sit” or do they pause in the “caldera” as “diradicals-as-inter-
mediates” long enough to establish, or approach, equilibria
among product-related conformations prior to exit. The divi-
nylcyclobutane derivatives shown in Scheme 14 (in which the
double bonds are fixed in transoid conformations by incorpo-
rating these bonds into six-membered rings) can only undergo
stereomutation and formal [2 + 2] cycloreversion.>'>? Both
processes are expected to pass through the bisallyl-stabilized
diradical intermediate. The volumes of activation of the dicy-
ano-substituted systems (as representative examples) were
determined from the pressure dependence of the rates of
reaction and the product ratio (Scheme 15). While the posi-
tive volumes of activation are consistent with the breaking of
the weakest bond in the cyclobutanes leading to the interme-
diary diradical, the insensitivity of the product-determining exit
channels to pressure argue against the obligatory second
bond-breaking or bond-forming being significant factors for
fragmentation and stereomutation, respectively. Evidently,
pressure-independent bond rotations rather than bond cleav-
age or bond formation (which are expected both to be pres-
sure-dependent in the diradical states positioned in the
caldera) determine the product ratio. Today quantum chemi-
cal calculations combined with the calculation of reaction
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SCHEME 14. The Lifetime of 1,3- and 1,4-Diradicals Generated by
Time-Resolved Flash Photolysis of Cyclopentanone and
Cyclobutanone by Means of Femtosecond Spectroscopy®°
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SCHEME 15. Volumes of Activation (cm3/mol) Determined from
the Pressure Dependence of the Rate Constants of Stereomutation
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dynamics are performed with the aim to gain further insight
into these reactions and to understand them. There remains
much to do.

Concluding Remarks

The understanding of fundamental chemical reactions has
been and still is the focus of Doering’s research. In his terms,
“understanding” means gaining not only deep insight but also
the intellectual control that allows the prediction of the course
of reaction. In order to explain what he means by intellec-
tual control, Doering often uses the examples of concerted
and “not obviously concerted” reactions, which have been
investigated by his group in great detail. In the case of con-
certed reactions being controlled by orbital symmetry, the
stereochemical course can be predicted by means of the
Woodward—Hoffmann rules. But it is more difficult or even
almost impossible to make a reliable prediction of the activa-
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tion enthalpy. In the case of “not obviously concerted” reac-
tions, the activation enthalpy can be mostly predicted by the
use of the reliable thermochemical parameters available
today. There is, however, no general way to make a reliable
prediction for the stereochemical outcome of these reactions.
Most recently, great progress in the understanding of chemi-
cal reactions has been achieved by the interplay between the-
ory and experiment. Doering’s experimental work provided an
important input for computational chemistry and, hence, to
the understanding of chemical reactions in his sense.
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FOOTNOTES
Dedicated to Professor Bill Doering on the occasion of his 90th Birthday.
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