37

APPENDIX ONE
The Wolff Rearrangement

Al.1 The History of the Wolff Rearrangement

In 1902, Ludwig Wolff reported that heating diazoketone 75 with water generated
carboxylic acid 77 (Scheme Al.1.1a)." At the time, Wolff did not predict the mechanism
of this transformation.

We now know that the Wolff rearrangement® proceeds from a-diazoketones (e.g.,
78) through a ketene intermediate (e.g., 79, Scheme A1.1.1b). On loss of nitrogen, a 1,2-
shift of ketone substitutent R' generates intermediate ketene 79. Ketene 79 is poised for
nucleophilic addition to generate carboxylic acid derivatives, or for a cyclization reaction
with an unsaturated system, such as [2+2] addition.

Scheme Al.l.1 The Wolff rearrangement: (a) first, and (b) general reaction
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The formation of an intermediate ketene during the Wolff rearrangement only
became apparent after Staudinger’ observed ketenes 83 and Schroter demonstrated that

ketene 83 could be formed from a heating of a diazoketone (e.g., 84, Scheme A1.1.2)*
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Staudinger reported his initial observation of ketenes,” when he determined that
dehalogenation of chloride 82 with zinc to formed diphenylketene (83). After the
discovery of ketenes, Schroter* obtained diphenylketene (83) by heating diazoketone 84.

Scheme Al.l1.2 Early contributions by (a) Staudinger and (b) Schréter
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Without straightforward methods to access o-diazoketones, the Wolff
rearrangement was impractical. The rearrangement experienced a renaissance when
Arndt and Eistert™ * disclosed the conversion of carboxylic acids to o-diazoketones
(Scheme A1.1.3a). The Arndt-Eistert homologation did not provide access to cyclic o-
diazoketones. Fortunately, this limitation was addressed in 1967, when Regitz’ developed
practical diazo transfer techniques (Scheme A1.1.3b, c).

Scheme Al.l1.3 (a) The Arndt-Eistert homologation and (b, c¢) diazo transfer strategies
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A1.2 Basic Mechanistic Descriptions of the Wolff Rearrangement
In both photochemical and thermal Wolff rearrangements, there are two operative
mechanisms en route to ketene formation: a concerted pathway (e.g., 78 — 79), and a

stepwise pathway (e.g., 78 — 85 — 79, Scheme Al.2.1). In the concerted pathway,
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nitrogen extrusion proceeds in concert with a 1,2-shift. In the two-electron stepwise
mechanism, nitrogen loss furnishes a singlet carbene intermediate that can undergo group
migration.

Scheme Al.2.1 Basic concerted and stepwise Wolff rearrangement mechanisms

The geometry of the a-diazoketone is relevant to assigning the operative
mechanism of the Wolff reaction (Figure A1.2.1). The concerted Wolff rearrangement
requires an o-diazoketone to have access to an s-Z conformation for proper orbital
overlap. a-Diazoketones are often planar about the O=C-C=N, group. The s-Z isomer is
stabilized by a Coulombic attraction between the partial charges on the oxygen (negative
electron density) and the nitrogen (positively charged). The s-Z isomer is destabilized by
steric repulsion between R' and R*. Therefore, the s-Z conformer is favored when either
substituent is small (R' or R> = H). The s-E geometry predominates in most other o.-
diazoketones. An s-Z conformation is a necessary, but not sufficient condition for a
concerted Wolff rearrangement.

Figure Al.2.1 Geometry of starting a-diazoketones
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Additionally, the operative mechanism depends on the reaction conditions. The
Wolff rearrangement can be promoted thermally (Section Al.4), photochemically
(Section A1.5), or by transition-metal catalysis (Section A1.7).

Table Al1.2.1 depicts the general mechanistic trends of the Wolff reaction for
representative substrates under either thermal and photochemical conditions. Upon
thermal exposure, cyclic substrates predominantly undergo a concerted mechanism,
whereas acyclic substrates primarily proceed through a stepwise pathway. Upon
photolysis, cyclic substrates predominantly undergo a concerted reaction, while acyclic

diazoesters proceed through a stepwise mechanism, and both mechanisms compete on

reaction of acyclic diazoketones.

Table Al.2.1 Summary of current predictive guidelines for operative Wolff mechanism
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These mechanistic trends have been elucidated experimentally by analyzing

product distributions, atom labeling, atom trapping,’ and observing intermediates
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spectroscopically. Additionally, calculations map potential energy surfaces to describe
thermal rearrangements.

A1.3 Migratory Aptitude and Stereochemical Retention

Retention of stereochemistry has been cited as evidence for a concerted Wolff
rearrangement; however, stereochemical fidelity may be maintained in rapid stepwise
reactions. Rather, retention of stereochemistry is evidence of an intramolecular Wolff
rearrangement.

Kirmse has recently reviewed the stereochemical retention in the Wolff
rearrangement.” Generally, the [1,2]-alkyl group migration proceeds with retention of
configuration at the migrating stereocenter (Scheme Al.3.1a). By contrast, migration of
oxygen and other heteroatoms can occur with some exchange (Scheme A1.3.1b). This
exchange indicates a partially dissociative mechanism of the [1,2]-heteroatom migration.

Scheme Al .3.1 (a) stereochemical retention® and (b) heteroatom exchange™
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Kirmse provided detailed descriptions of the relative migratory aptitudes of Wolff
rearrangement precursors™ by studying the Wolff rearrangement of 2-diazo-1,3-
dicarbonyl compounds (such as 75, Scheme Al.1.1), in which substitutents undergo a
competitive [1,2]-migration. Migratory aptitudes are influenced by the type of migrating

group, the substrate conformation, and the mechanism of reaction. The trend for
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migratory aptitude in thermal rearrangements is H > aryl = alkyl. Heteroatoms do not
often migrate in thermal rearrangements. The trend for migratory aptitude in
photochemical rearrangements is H > alkyl = aryl > SR > OR = NR. Aryl groups migrate
more quickly when they are electron rich. Unfortunately, alkyl groups often impact the
geometry of the a-diazoketone, obscuring most migratory trends.

A1.4 Basic Mechanistic Descriptions of the Thermal Wolff Rearrangement’

Popik employed B3LYP/6-31+G(d,p) level energy calculations to map the
potential energy surfaces for four diazocarbonyl compounds as they proceeded through
thermal Wolff rearrangements 2 Due to conformational constraints, thermal Wolff
rearrangements are stepwise for acyclic diazocarbonyl compounds, but concerted with
cyclic diazocarbonyl precursors.

A1.4.1 Thermal Wolff Rearrangement of Acyclic Substrates: A Stepwise Reaction

In computational studies, Popik found that acyclic diazocarbonyl compounds have
conformational access to more stable singlet carbene intermediates, and so proceed
through a stepwise thermal Wolff rearrangement.” When structurally accessible, carbene
intermediates adopt conformations with the m-system of the carbonyl in conjugation with
the lone pair of the singlet carbene. In these intermediates, the plane of the carbonyl -
system is approximately 81° skewed from the plane defined by the carbonyl carbon, the
carbene carbon and the migrating atom (Figure A1.4.1). This perpendicular conformation

renders these singlet carbenes more stable, and favored asynchronous Wolff

' This section is dedicated to Professor John Bercaw, who consistently asks about the

mechanism of the Wolff rearrangement.
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rearrangements. This perpendicular conformation is only accessible to the evaluated
acyclic carbene precursors, namely 3-diazo-2-butanone (93) and methyl diazomalonate
(101a).

Figure Al 4.1 Calculated geometry of singlet carbene formed from 3-diazo-2-butanone
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As support for a stepwise thermal mechanism in acyclic substrates, Popik'
demonstrated that during thermal Wolff rearrangement of ethyl diazomalonate (101b,
150 °C, MeOH), the intermediate carbene can be intercepted by MeOH through apparent
O-H insertion (Scheme Al.4.1). Popik found that O-H insertion by methanol into
dicarbomethoxycarbene (101a) proceeded in 1.5 x 10° M s'."

Scheme Al 4.1 Thermal O-H insertions attempted by Popik
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A1.4.2 Thermal Wolff Rearrangement of Cyclic Substrates: A Concerted Reaction
By contrast, Popik’ found that cyclic analogues proceed through these thermal
Wolff rearrangements in a concerted fashion. The thermally stable perpendicular carbene
conformation (e.g., 94, Figure A1.4.1) is inaccessible and so the local energy minimum

for their dicarboyl carbene is shallow (<1 kcal/mol)."”
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Popik'*'’ also undertook photochemical and thermal experiments to demonstrate

that diazo Meldrum’s acid (86) probably undergoes a concerted Wolff rearrangement.

Popik found that diazo Meldrum’s acid undergoes Wolff reaction without formation of

O-H insertion products (such as 105a), which would be available through interception of

any intermediate singlet carbene (Scheme A1.4.2). Given trapping timescales with

dicarbomethoxycarbene, rearrangement of diazo Meldrum’s acid likely occurs faster than
10° M s, and is likely concerted.

Scheme Al 4.2 Popik did not observe thermal O-H insertion with cyclic diazo precursors
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A1.5 Basic Mechanistic Descriptions of the Photochemical Wolff Rearrangement

As 1is true for thermal Wolff rearrangements, cyclic substrates primarily
participate in concerted reactions. For linear diazocarbonyl compounds, the mechanism
of the rearrangement is more substrate dependent. Photolysis induces a stepwise Wolff
rearrangement for linear diazoesters, whereas both the stepwise and concerted
mechanisms compete for Wolff rearrangements of linear diazoketones. Platz postulated
that relative to diazoesters, diazoketones undergo a Wolff rearrangement in a more
concerted fashion because the ketone has less resonance stabilization.”” Decreased
resonance stabilization increases the energy of the starting ketone, and the ketone excited
state. A higher energy excited state will result in a more exothermic, and consequently

faster rearrangement of the ketone.
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A1.5.1 Photochemical Wolff Rearrangement of Linear Diazoesters: A Stepwise
Reaction
Upon photolysis, linear diazoesters undergo stepwise Wolff rearrangements with
singlet carbene intermediates. Using ns time-resolved IR spectroscopy, Toscano found
that 2-NpCN,CO,CH; (96) forms the ketene 98 solely by a stepwise process with a
singlet carbene intermediate (Scheme A1.5.1)."

Scheme Al.5.1 Toscano observed stepwise Wolff rearrangement of 2-NpCN,CO,CHj;
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Carbene trapping experiments demonstrate efficient formation of carbenes from
acyclic diazoesters through photolysis (Scheme A1.5.2). Platz demonstrated that p-
biphenyldiazoester (90) undergoes primarily C-H insertion on photolysis in
cyclohexane."” Jones showed that diazomethylmalonate (101a) reacts with cis-4-methyl-
2-pentene to furnish 40% yield of cyclopropane, and provided good evidence for a
carbene intermediate.”’ Nikolaev and Platz reported efficient carbene trapping of
diazomethylmalonate (101a) on photolysis in or with methanol, to generate methyl ethers
(e.g., 103b), and in or with dimethyl sulfide, to form sulfur ylides (e.g., 103e), and in or

with pyridine, to form pyridinium salts (e.g., 103f).**
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Scheme Al.5.2 Reported trapping studies with linear diazoesters
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A1.5.2 Photolysis of Linear Diazoketones Induces Competitively Concerted and
Stepwise Wolff Rearrangements

On photolysis, linear diazoketones likely undergo competitive stepwise and
concerted Wolff rearrangements. Using ns laser flash photolysis, Burdzinski and Platz
determined that p-biphenyldiazoketone (90) forms ketene 91 by a combination of
concerted and stepwise processes (Scheme A1.5.3)."*"” They observed ketene formation
on two time scales: a rapid concerted Wolff rearrangement via a hot ketene (91°) that
undergoes vibrational cooling, and a slower stepwise process involving a singlet carbene.

Scheme Al.5.3 Concerted and stepwise pathways, as described by Platz and Burdzinski'®
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Indeed, trapping experiments verified the presence of a carbene intermediate

during Wolff rearrangements of linear diazoketones (Scheme A1.5.4). Tomioka

observed O-H insertion products (e.g., 109) and Wolff rearrangement products on

photolysis of diazoketone 108 in MeOH (at room temperature, or —196 °C)." Further,
upon reaction with cis-2-butene, diazoketone 108 formed primarily cyclopropane 110."

Scheme Al.5.4 Reported trapping studies with linear diazoketones
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A1.5.3 Photolytic Wolff Rearrangement of Cyclic Substrates Through a Primarily
Concerted Pathway

Alicyclic precursors undergo photochemical Wolff rearrangements primarily by a
concerted process. Brixner studied the photochemistry of a diazonaphthoquinone (e.g.,
88) by fs time-resolved IR spectroscopy, using DFT calculations to support their spectral
assignments (Scheme A1.5.5)."® They concluded that the primary mode of reaction is
concerted, though they cannot rule out stepwise Wolff rearrangement as a minor process.
Similarly, Platz and Burdzinski studied the photochemistry of diazo Meldrum’s acid (86)
by fs time-resolved UV—-vis and IR spectroscopy. They identified intermediates, and
concluded that the stepwise mode of Wolff rearrangement was minor, relative to the
concerted process."

Scheme Al.5.5 The concerted Wolff rearrangement of alicyclic compounds
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Platz and Burdzinski specified that upon photolysis, diazo Meldrum’s acid (86)
entered the S; and S, excited states, which rapidly converts to the S, state (<100 fs,
Scheme A1.5.6). From the S, state, direct Wolff rearrangement formed a vibrationally
excited ketene, which relaxes in 9 ps,” or the S, state relaxes to the S, state (<300 fs). In
turn, the S, state relaxed to the ground state, isomerized to diazirine, or fragments to form
an intermediate assigned as a singlet carbene. This intermediate underwent Wolff
rearrangement, or decomposed to other products.

Scheme Al.5.6 Concerted and stepwise pathways, as described by Platz and Burdzinski
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Platz and Burdzinski assigned the intermediate as a singlet carbene® due to
features in the transient absorption spectrum, as well as intermediate lifetime (Scheme
A1.5.6). TD-DFT calculations predict that the carbene dilactone has significant oscillator
strength above 300 nm, as is observed for the 305 nm absorbance. Also, when formed in
CH,CN or CHCI,, this intermediate has a 2.3 ps lifetime, the shortest measured lifetime
of any carbene to date. This, in accord with Popik’s potential energy surface

9-13

calculations, "~ would predict that this singlet carbene is blocked from a perpendicular

geometry that would involve more stabilizing orbital overlap.
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Carbene trapping experiments demonstrated minimal formation of carbenes from
cyclic diazo Meldrum’s acid through photolysis (Scheme A1.5.7). Jones found that on
reaction with cis-4-methyl-2-pentene, diazo Meldrum’s acid formed only 1-2% of
cyclopropane, indicating that the only a modest amount of diazo Meldrum’s acid
generated carbene with a long enough lifetime to undergo cyclopropanation.”’ Nikolaev
and Platz explored carbene trapping of 2,2-dialkyl-5-diazo-1,3-dioxane-4,6-diones on
photolysis in or with methanol, to generate methyl ethers, and in or with dimethyl sulfide,
to form sulfur ylides.> 1In all cases, these reactions furnished primarily Wolff
rearrangement products. Nevertheless, trace amounts of OH-insertion product were
detected following reaction in MeOH. Long-wave UV-irradiation provided <28% of the
sulfonium ylide, upon reaction in Me,S or Me,S-MeOH. Schuster” and Kirmse** looked
for OH—insertion products, without success.

Scheme Al.5.7 Reported trapping studies with alicyclic diazo precursors
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A1.6 a-Oxocarbene Interconversion In Stepwise Wolff Rearrangements
A more subtle mechanistic dispute involves the mechanism of a-oxocarbene-oi-
oxocarbene interconversions observed during stepwise Wolff rearrangements (Scheme

Al1.6.1b). The data for a-oxocarbene-a-oxocarbene interconversion is often interpreted



50
to favor an oxirene intermediate, which has not been conclusively demonstrated. An
oxirene is often calculated as a minimum, or intermediate, between isomeric carbenes.
The evidence, though suggestive, does not conclusively prove the existence of an oxirene
intermediate.

A1.6.1 Historical Understanding of a-Oxocarbene Interconversion In Stepwise
Wolff Rearrangements

In 1972, Shechter reported the carbene—carbene interconversion of 2-
methylbenzylidenes (Scheme Al.6.1a).® Strausz demonstrated that the ketocarbene—
ketocarbene rearrangement was operative in the decomposition of a-diazo ketones, and
postulated the intermediacy of an oxirene to facilitate o-oxocarbene-a-oxocarbene
interconversions during stepwise Wolff rearrangements (Scheme A1.6.1b).*2%*4%7

Scheme Al.6.1 (a) Shechter and (b) Strausz reported carbene-carbene interconversions
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A1.6.2 Evidence for o-Oxocarbene Interconversion In Stepwise Wolff
Rearrangements

There is extensive evidence for a-oxocarbene-a-oxocarbene interconversions
during stepwise Wolff rearrangements.”® The carbonyl and diazotized carbons switch
places during some Wolff rearrangements.

Strausz and Zeller studied a-oxocarbene-a-oxocarbene interconversions by using
photochemical isotopic labeling experiments involving linear a-diazoketones (e.g.,
Scheme A1.6.1b). In linear a-diazoketones, when either the carbonyl or diazotized
carbon was *C-labeled, this label was distributed over both carbons of the ketene.”’

In addition to labeling experiments, photolytic reactions of a-diazoketones
provided support for a-oxocarbene-a-oxocarbene interconversions (Scheme A1.6.2).”°
Photolysis of 3-diazo-4-heptanone (116a) provided the Wolff rearranged methyl ester via
a carbene in 28% yield, in addition to enones 117.® Mechanistically, enones 117a and b
arose from the directly generated carbene through 1,2-hydrogen shifts. Enones 117c—e
were also available by 1,2-hydrogen shifts; however, their direct precursor was an
isomeric o-oxocarbene, which was proposed to form via an oxirene intermediate.
Similar product mixtures were achieved with 4-diazo-3-heptanone (116b) as the starting
material. A similar equilibration was implicated when Tomioko demonstrated that both
a-diazopropiophenone and its isomer generate the same Wolff and O-H insertion

products."”
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Scheme Al.6.2 Product analysis demonstrated carbene-carbene interconversion
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Larger carbocycles, with more than 12-carbons, have conformational flexibility,
and likely undergo a-oxocarbene-a-oxocarbene interconversions (Scheme A1.6.3). On
photolysis (A>290 nm, dioxane:water 10:1), diazoketone 120 formed the Wolff
rearrangement product, as well as isomeric enones 122 and 124.>' Notably, enones 124
incorporated oxygenation at the previously diazotized position, which supported a a-
oxocarbene-o.-oxocarbene interconversion in this larger carbocycle.

Scheme Al.6.3 Larger carbocycles exhibited carbene-carbene interconversion
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A1.6.3 a-Oxocarbene Interconversions Are Not Apparent in Conformationally
Constrained Compounds that Seem to Undergo Concerted Wolff Rearrangements
a-Oxocarbene-a-oxocarbene interconversions were not apparent during
photochemical Wolff rearrangements of conformationally constrained carbocycles, in
agreement with of a concerted rearrangement pathway. The “C-label was not scrambled
in photochemical experiments with alicyclic a-diazoketones 125a—d,”***** or in thermal
Wolff rearrangement of linear a-diazoketone 125e (Figure A1.6.1).%*

Figure Al.6.1 Carbocycles that did not demonstrate carbene-carbene interconversion
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A1.6.4 The Mechanism of a.-Oxocarbene Interconversions

The data for a-oxocarbene-o-oxocarbene interconversions prompts speculation
about the mechanisms of these interconversions. It is clear that partial oxygen migration
does not proceed through intermolecular pathways. Intermolecular reactions between
two a-oxocarbenes are unlikely because their lifetimes are in the nanosecond range,” so
their local concentration is low. Further, Zeller disclosed that cross-over experiments
involving photolysis of singly-""C- and singly-'"*O-labeled o-diazoacetophenone in the
presence of water did not form bis-labeled or unlabeled phenylacetic acid (Scheme

Al1.6.4)7
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Scheme Al.6.4 Zeller’s cross-over experiments excluded intermolecular interconversion
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Platz employed femtosecond laser flash photolysis to study the decay of an
excited diazoketone to a ketene by three competing pathways: (1) concerted nitrogen
extrusion and Wolff rearrangement, (2) dediazotization to form an intermediate assigned
as the singlet carbene, and (3) oxygen migration to form a moiety assigned as the
rearranged carbene (Scheme A1.6.5).”” Using gas phase DFT calculations, Platz did not
locate the transition state between the isomeric carbenes, but identified the oxirene as a
minimum, 0.7 kcal/mol higher in energy than 'BpCOCMe, such that the activation barrier
for carbene interconversion would be close to 0.7 kcal/mol. This activation barrier was
consistent with the 1-15 ps delayed observation of rearranged 'BpCCOMe carbene.
Nevertheless, Platz did not observe any spectroscopic signals for any proposed oxirenes.

Scheme Al.6.5 Platz observed oxygen migration
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A1.7 Mechanism of Transition-Metal-Mediated Wolff Rearrangements

Finally, Wolff rearrangements may be promoted with silver(I) salts as pre-
catalysts. Sudrik and Vijayamohanan identified silver nanoclusters (Ag,) as the active
catalytic species in such Wolff rearrangements (Scheme A1.7.1).”* They demonstrated
that the Ag,"/Ag,’ redox couple initially extracted an electron from the c-diazoketone,
which underwent chemical transformations, and then accepted the electron. **** They
proposed two possible mechanistic pathways to explain their results.

Both mechanisms begin with electron abstraction to generate a radical cation,
which undergoes loss of dinitrogen to furnish another radical cation. At this point, the
mechanisms diverge. One possibility is that the radical cation undergoes a 1,2-shift to
provide a ketenyl radical cation, which upon 1-electron reduction furnishes the Lewis-
acid bound ketene. Loss of coordination generated the ketene. Alternatively, the radical
cation undergoes initial 1-electron reduction to form a silver nanocluster-bound
carbenoid. This carbenoid looses silver to provide a singlet carbene, which rearranges to
the ketene. To differentiate between these proposed mechanisms, further
experimentation is required.

Scheme Al.7.1 Electron-transfer mechanisms for Ag-mediated Wolff rearrangements
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A1.8 Concluding Remarks
The mechanisms of Wolff rearrangements is influenced by the geometry and
electronics of starting o-diazoketones and the reaction conditions. Consequently, the
Wolff mechanism is controversial. Concerted and stepwise mechanisms operate in
photochemical and thermal Wolff rearrangements. Stepwise transformations may be
subject to a-oxocarbene-o-oxocarbene interconversions, eliciting speculation about the
mechanisms of these interconversions. Investigations have only just begun to identify the
pathway for transition-metal-mediated Wolff rearrangements. It is now clear that Wolff
rearrangements promoted with silver(I) salts proceed through an electron transfer
mechanism.

A1.9 Notes and References

(1) Wolff, L. Ueber Diazoanhydride. Justus Liebigs Ann. Chem. 1902, 325, 129-195.

(2) The Wolff rearrangement has been reviewed: (a) Kirmse, W. 100 Years of the
Wolff Rearrangement. Eur. J. Org. Chem. 2002, 2193-2256; (b) Tidwell, T. T.
Ketenes. Wiley, Hoboken, N. J., 2006; (c) Ye, T.; McKervey, M. A. Organic
Synthesis with a-Diazo Carbonyl Compounds. Chem. Rev. 1994, 94, 1091-1160;
(d) Gill, G. B. in Comprehensive Organic Synthesis, Vol. 3 (Trost, B. M.; Fleming,
I.; Pattenden, G., Eds.) Pergamon, Oxford, 1991, pp. 887-912; (e) Maas, G. in
Methoden Org. Chem. (Houben-Weyl), Vol. E 19b (Regitz, M., Ed.) Thieme,
Stuttgart, 1989, pp. 1232-1264; (f) Meier, H.; Zeller, K. P. The Wolff

Rearrangement of a-Diazo Carbonyl Compounds. Angew. Chem. Int. Ed. Engl.



3)

4

)

(6)

(7)

57

1975, 14, 32-42; (g) Kirmse, W. Carbene Chemistry, 2" Ed., Academic Press, New
York, 1971, pp. 475-493.

(a) Staudinger, H. Ketene, eine neue Korperklasse. Ber. Dtsch. Chem. Ges. 1905,
38, 1735-1739; (b) Staudinger, H. Uber Ketene. 4. Mitteilung: Reaktionen des
Diphenylketens. Ber. Dtsch. Chem. Ges. 1907, 40, 1145-1148; (c) Staudinger, H.
Uber Ketene. XIX). Uber Bidung und Darstellung des Diphenylketens. Ber. Dtsch.
Chem. Ges. 1911, 44, 1619-1623.

Schroter, G. Uber die Hofmann-Curtiussche, die Beckmannsche und die
Benzilsdure-Umlagerung. Ber. Dtsch. Chem. Ges. 1909, 42, 2336-2349.

Arndt, F.; Eistert, B. Ein Verfahren zur Uberfiihrung von Carbonsduren in ihre
hoheren Homologen bzw. deren Derivate. Ber. Dtsch. Chem. Ges. B 1935, 68, 200—
208.

(a) Regitz, M. New Methods of Preparative Organic Chemistry. Transfer of Diazo
Groups. Angew. Chem., Int. Ed. Engl. 1967, 6, 733-749; (b) Regitz, M. Recent
Synthetic Methods in Diazo Chemistry. Synthesis 1972, 351-373.

For example, carbenes react with alkenes to form cyclopropanes, with alcohols to
furnish OH-insertion products, with thioethers to provide sulfur ylides, and with
pyridine to give pyridinium salts. These reagents were used to trap carbenes, and
provide evidence of their intermediacy. The absence of trapped products is not
sufficient proof of the absence of carbene intermediates because the timescales of
carbene trapping must be competitive with the timescales of further reaction. For

more information on the timescales of carbene trapping, see: (a) Ge, C.-S.; Jang, E.



8)

©)

(10)

(11)

(12)

58

G.; Jefferson, E. A.; Liu, W.; Moss, R. A.; Wlostowska, J.; Xue, S. The Kinetic
Range of Carbene-Pyridine Ylide forming Reactions. J. Chem. Soc., Chem.
Commun. 1994, 1479-1480; (b) Moss, R. A. Dynamics of intramolecular carbonic
rearrangements. Pure Appl. Chem. 1995, 67, 741-747; (c) Likhotvorik, 1.; Zhu, Z.;
Tae, E. L.; Tippmann, E.; Hill, B. T.; Platz, M. S. Carbomethoxychlorocarbene:
Spectroscopy, Theory, Chemistry and Kinetics. J. Am. Chem. Soc. 2001, 123,
6061-6068, and references therein.

Lane, J. F.; Wallis, E. S. Molecular Rearrangements Involving Optically Active
Radicals. X. The Retention of Configuration in the Wolff Rearrangement. J. Am.
Chem. Soc. 1941, 63, 1674—1676.

Popik, V. V. The role of molecular geometry in the Wolff rearrangement of o-
diazocarbonyl compounds — Conformational control or structural constraints? Can.
J. Chem. 2005, 83, 1382-1390.

Bogdanova, A.; Popik, V. V. Experimental and Theoretical Analysis of the
Photochemistry and Thermal Reactivity of Ethyl Diazomalonate and Its Diazirino
Isomer. The Role of Molecular Geometry in the Decomposition of Diazocarbonyl
Compounds. J. Am. Chem. Soc.2004, 126, 11293-11302.

Wang, J.-L.; Toscano, J. P.; Platz, M. S.; Nikolaev, V.; Popik, V.
Dicarbomethoxycarbene. A Laser Flash Photolysis Study. J. Am. Chem. Soc. 1995,
117,5477-5483.

This was calculated in the cases of 2-diazocyclohexanone and the diazo of

Meldrum’s acid.



(13)

(14)

(15)

(16)

(17)

(18)

(19)

59

Bogdanova, A.; Popik, V. V. Experimental and Theoretical Investigation of
Reversible Interconversion, Thermal Reactions, and Wavelength-Dependent
Photochemistry of Diazo Meldrum’s Acid and Its Diazirine Isomer, 6,6-Dimethyl-
5,7-dioxa-1,2-diaza-spiro[2,5]oct-1-ene-4,8-dione. J. Am. Chem. Soc. 2003, 125,
14153-1462.

Wang, Y.; Yuzawa, T.; Hamaguchi, H.; Toscano, J. Time-Resolved IR Studies of 2-
Naphthyl(carbomethoxy)carbene: Reactivity and Direct Experimental Estimate of
the Singlet/Triplet Energy Gap. J. Am. Chem. Soc. 1999, 121, 2875-2882.

Wang, J.; Burdzinski, G.; Kubicki, J.; Platz, M. Ultrafast UV—Vis and IR Studies of
p-Biphenylyl Acetyl and Carbomethoxy Carbenes. J. Am. Chem. Soc. 2008, 130,
11195-11209.

Burdzinski, G. T.; Wang, J.; Gustafson, T. L.; Platz, M. S. Study of Concerted and
Sequential Photochemical Wolff Rearrangement by Femtosecond UV-vis and IR
Spectroscopy. J. Am. Chem. Soc. 2008, 130, 3746-3747.

Tomioka, H.; Okuno, H.; Kondo, S.; Izawa, Y. Direct evidence for ketocarbene-
ketocarbene interconversion. J. Am. Chem. Soc. 1980, 102, 7123-7125.

Wolpert, D.; Schade, M.; Brixner, T. Femtosecond midinfrared study of the
photoinduced Wolff rearrangement of diazonaphthoquinone. J. Chem. Phys. 2008,
129,094504-1-094504-10.

Burdzinski, G.; Réhault, J.; Wang, J.; Platz, M. S. A Study of the Photochemistry of
Diazo Meldrum’s Acid by Ultrafast Time-Resolved Spectroscopies. J. Phys. Chem.

A2008,772,10108-10112.



(20)

21)

(22)

(23)

(24)

60

Platz and Burdzinski’s conclusions conflicted with those of Tanigaki and Ebbesen,
who identified signatures of ketene precursors by ns laser flash photolysis, and
assigned them as oxirene intermediates. This assignment was based on the fit of
kinetic measurements to lower level calculations, and the absence of reactivity with
oxygen, methanol, or acetic acid. See, Tanigaki, K.; Ebbesen, T. W. Dynamics of
the Wolff Rearrangement of Six-Membered Ring o-Diazo Ketones by Laser Flash
Photolysis. J. Phys. Chem. 1989, 93, 4531-4536.

Jones, M., Jr.; Wataru, A.; Hendrick, M. E.; Kulczycki, A., Jr.; Howley, P. M.;
Hummel, K. F.; Malament, D. S. Irradiation of Methyl Diazomalonate in Solution.
Reactions of Singlet and Triplet Carbenes with Carbon—Carbon Double Bonds. J.
Am. Chem. Soc. 1972, 94, 7469-7479.

(a) Nikolaev, V. A.; Korobitsina, I. K. Ylides from Carbenes. Zh. Vses. Khim. Ob-
va. 1979, 24, 495-505; (b) Nikolaev, V. A.; Kimich, N. N.; Korobitsyna, T. K.
Photolysis of 5-Diazo-2,2-dimethyl-4,6-dioxo-1,3-dioxane
(Diazoisopropopylidenemalonic Acid). Zh. Org. Khim. 1986, 22, 264-268;
(c) Nikolaev, V. A.; Shevchenko, V. V.; Platz, M. S.; Khimich, N. N. XXV.
Comparative Photochemistry of Diazo Compounds: XXV. Comparative
Photochemistry of Diazo Compounds and Sulfur Ylides of the 1,3-Dioxane-4,6-
dione Series. Russ. J. Org. Chem. 2006, 42, 815-827.

Schuster, G. B. Structure and Reactivity of Carbenes having Aryl Substituents. Adv.
Phys. Org. Chem. 1986, 23,311-361.

Kirmse, W. Carbenes and the O-H Bond. Adv. Carbene Chem. 1994, 1, 1-57.



(25)

(26)

(27)

61

Vander Stouw, G. G.; Kraska, A. R.; Shechter, H. Rearrangement and Insertion
Reactions of 2-Methylbenzylidenes. J. Am. Chem. Soc. 1972, 94, 1655-1661.

(a) Thornton, D.E.; Gosavi, R. G.; Strausz, O. P. Mechanism of the Wolff
Rearrangement. II. J. Am. Chem. Soc. 1970, 92, 1768-1769; (b) Csizmadia, I. G;
Gunning, H. E.; Gosavi, R. K.; Strausz, O. P. Mechanism of the Wolff
Rearrangement. V. Semiempirical Molecular Orbital Calculations on a-Diazo
Ketones, Oxirenes, and Related Reaction Intermediates. J. Am. Chem. Soc. 1973,
95,133-137.

Bodot raised excitement about this hypothesis when dimethyloxirene was assigned
by IR as a minor product of matrix photolysis of 2-diazo-3-oxobutane and
perdeuterated 2-diazo-3-oxobutane, see: Bachmann, C.; N’Guessan, T. Y.; Debii,
F.; Monnier, M.; Pourcin, J.; Aycard, J.-P.; Bodot, H. Oxirenes and Ketocarbenes
from o-Diazoketone Photolysis: Experiments in Rare Gas Matrices. Relative
Stabilities and Isomerization Barriers from MNDOC-BWEN Calculations. J. Am.
Chem. Soc. 1990, 112, 7488-7497. This assignment has been rejected, see:
(a) Maier, G.; Schmidt, C.; Reisenauer, H. P.; Endlein, E.; Becker, E.; Eckwert, J.;
Hess, B. A.; Schaad, W. J. Blausdure-N-methylid: Darstellung, spektroskopische
Eigenschaften und seine Beziehung zu anderen C,H;N-Isomeren. Chem. Ber. 1993,
126, 2337-2352; (b) Nakata, M.; Rei, H. Chemical Trapping of Electronically
Excited Biradicals upon Visible Light-Induced Oxygen-Atom Transfer from NO, to
Allene and Dimethylacetylene in a Cryogenic Matrix. J. Am. Chem. Soc. 1992, 114,

1363-1372.



(28)

(29)

(30)

62

Zeller, K.-P.; Blocher, A.; Haiss, P. Oxirene Participation in the Photochemical
Wolff Rearrangement. Mini-Reviews in Organic Chemistry 2004, 1,291-308.
Several "*C-labeling experiments involved symmetrical oxirenes: (a) Csizmadia, I.
G.; Font, J.; Strausz, O. P. The Mechanism of the Wolff Rearrangement. J. Am.
Chem. Soc. 1968, 90, 7360-7361; (b) Frater, G.; Strausz, O. P. Mechanism of the
Wolff Rearrangement. III. J .Am. Chem. Soc. 1970, 92, 6654-6656; (c) Zeller, K.-
P.; Meier, H.; Kolshorn, H.; Miiller, E. Zum Mechanismus der Wolff-Umlagerung.
Chem. Ber. 1972, 105, 1875-1886; (d) Fenwick, J.; Frater, G.; Ogi, K.; Strausz, O.
P. Mechanism of the Wolff Rearrangement. IV. The Role of Oxirene in the
Photolysis of a-Diazo Ketones and Ketenes. J. Am Chem. Soc. 1973, 95, 124—-132;
(e) Zeller, K.-P. Zur formylcarben-oxiren-isomerisierung. Tetrahedron Lett. 1977,
707-708. Additional studies incorporated unsymmetrically substituted -
diazoketones: (f) Zeller, K.-P. a-Oxocarbene—Oxirene Isomerization: Photolysis of
[1-°C]-2-Diazo-1-phenyl-1-propanone and [2-"“C]-1-Diazo-1-phenyl-2-propanone.
Angew. Chem. Int. Ed. Engl. 19717, 16, 781-782; (g) Zeller, K.-P. Zur a-Oxocarben-
Oxiren-Isomerisierung; Photolyse von [1-'>C]-1-Diazo-2-propanon und [1-"C]-2-
Diazopropanal. Liebigs Ann. Chem. 1979, 2036-2042; (h) Zeller, K.-P.
Kohlenstoff-Markierungsstudien zur oa-Oxocarben-Oxiren-Isomerisierung. Chem.
Ber.1979, 112, 678-688.

(a) Matlin, S. A.; Sammes, P. G. Decomposition of a-Diazo-ketones: the Oxiren-
Oxocarbene Equilibrium. J. Chem. Soc., Perkin Trans. 1 1972, 2623-2630;

(b) Cormier, R. A.; Freeman, K. M.; Schnur, D. M. Reinvestigation of the



€1y

(32)

(33)

(34)

(35)

(36)

(37)

63

Photodecomposition of 3-diazo-4-heptanone. Tetrahedron Lett. 1977, 2231-2234;
(c) Cormier, R. A. Chemical evidence for oxirene intermediates. Tetrahedron Lett.
1980, 27, 2021-2024.

Timm, U.; Zeller, K.-P.; Meier, H. Uber die Bildung von Oxirenen aus cyclischen
a-Diazoketonen. Chem. Ber. 1978, 111, 1549-1557.

Zeller, K.-P. Synthese und Photolyse von 5-Diazo-5-["*C]-homoadamantanon-(4).
Z. Naturforsch. 1976, 31b, 586-588.

Majerski, Z.; Redvanly, C. S. Mechanism of the Wolff Rearrangement of o-
Diazohomoadamantanone: Evidence against Oxiren Participation. J. Chem. Soc.
Chem. Commun. 1972, 694—-695.

(a) Zeller, K .-P. Photolysis of 2-Diazo[1-""C]naphthalen-1(2H)-one. J. Chem. Soc.
Chem. Commun. 1975, 317-318; (b) Zeller, K.-P. Die Photolyse von 2-Diazo-[1-
C]naphthalin-1(2H)-on und 1-Diazo-[1-">C]naphthalin-2(1H)-on Ein Beitrag zum
Oxiren-Problem. Chem. Ber. 1975, 108, 3566-3573.

Toscano, J. P.; Platz, M. S. Lifetimes of Simple Ketocarbenes. J. Am. Chem. Soc.
1995, 117,4712-4713.

Haiss, P.; Zeller, K.-P. Partial Oxygen Migration in the Photochemical Wolff
Rearrangement —  a-Oxocarben-Oxiren-Isomerization or  Intermolecular
Mechanism? Z. Naturforsch. 2003, 58b, 595-605.

Wang, J.; Burdzinski, G.; Kubicki, J.; Gustafson, T. L.; Platz, M. S. Ultrafast

Carbene—Carbene Isomerization. J. Am. Chem. Soc. 2008, 130, 5418-5419.



(38)

(39)

64

(a) Sudrik, S. G.; Maddanimath, T.; Chaki, N. K.; Chavan, S. P.; Chavan, S. P.;
Sonawane, H. R. Evidence for the Involvement of Silver Nanoclusters during the
Wolff Rearrangement of a-Diazoketones. Org. Lett. 2003, 5, 2355-2358;
(b) Sudrik, S. G.; Chaki, N. K.; Chavan, V. B.; Chavan, S. P.; Chavan, S. P.;
Sonawane, H. R.; Vijayamohanan, K. Silver Nanocluster Redox-Couple-Promoted
Nonclassical Electron Transfer: An Efficient Electrochemical Wolff Rearrangement
of a-Diazoketones. Chem. Eur. J. 2006, 12, 859-864.

Sudrik, S. G.; Sharma, J.; Chavan, V. B.; Chaki, N. K.; Sonawane, H. R.;
Vijayamohanan, K. P. Wolff Rearrangement of oa-Diazoketones Using in Situ
Generated Silver Nanoclusters as Electron Mediators. Org. Lett. 2006, 8, 1089—

1092.



