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1. Introduction

In 1972, M. T. Reetz defined dyotropic (from the greek
dyo, meaning two) rearrangements as a new class of
pericyclic valence isomerizations in which two o-bonds
simultaneously migrate intramolecularly.”> Reactions in
which the two migrating groups interchange their relative
positions were designated as type I (Scheme 1A) whereas
those of type II involve migration to new bonding sites
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without positional interchange (Scheme 1B,C). The uncata-
lyzed and concerted nature of these processes was also
proposed.>*

Nowadays, dyotropic transformations are standard tools
for the construction of organic and organometallic molecules.
Frequently, this unique rearrangement is the single entry to
an efficient preparation of target molecules. Moreover, the
discovery of new dyotropic reactions involving transition
metals and excited states had widened the mechanistic scope
of these processes to new reaction pathways well away from
the original definition of uncatalyzed and concerted processes.

This review comprehensively reports the dyotropic reac-
tions studied since the seventies, accounts for the different
reaction mechanisms for these rearrangements, and discusses
their synthetic applications in organic and organometallic
chemistry.

2. Type | Dyotropic Rearrangements

Type I dyotropic rearrangements involve a 1,2-shift in
which two migrating groups interchange their relative
positions in a stationary scaffold (Scheme 1). The assumed
anti conformation of the reactive scaffold forces the groups
to migrate on opposite sides of the stationary framework,
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each suprafacially. This situation necessarily leads to inver-
sion of the configuration at both atoms of the scaffold.>*

Scheme 1. Type I (A) and Type II (B,C) Dyotropic
Rearrangements
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This section summarizes type I dyotropic rearrangements
according to the nature of the atoms of the static scaffold
(section 2.1), including processes which involve transition
metals (section 2.2).

2.1. Thermal Reactions Involving Group 14—16
Elements as the Static Scaffold

2.1.1. Group 14 Elements

C—C Bond as Stationary Framework. The mutarotation
of vicinal dibromides in stereoidal systems, first studied by
Grob and Winstein, was one of the earliest examples of a
dyotropic rearrangement involving a C—C bond as the
stationary scaffold.’ Heating compounds 1 leads to the 1,2-
migration of the bromine atoms with inversion of the
configuration on both carbon atoms (Scheme 2). In the
authors’ words: “It is considered probable that (...) an
intermediate or transition state is involved with negligible
charge separation, both bromine atoms being essentially
equivalent”. The transition state nature of structures 2 in
nonionizing solvents (heptanes) was subsequently suggested
by Barton and Head.®

Berti and co-workers (Scheme 3)” and Grenier-Loustalot
and co-workers (Scheme 4)3 reported similar conclusions in
the cyclohexanes 4 and cyclohexanones 7, respectively.
Recent computational work by us® and others'®!" showed
that these dyotropic reactions take place through highly
synchronous symmetry-allowed mechanisms (vide infra).
Both migrating bromine atoms are essentially equivalent in
these complex asymmetric systems, matching the geometries
postulated by Winstein® and Barton® in their pioneering
works.

The transformation of 4-substituted-/3-lactones to butyro-
lactones is one of the most used types of I dyotropic reactions
in organic synthesis. Mulzer and Briintrup found that upon
addition of MgBr, to a THF-solution of 10, a stereospecific
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dyotropic rearrangement occurs at room temperature, pro-
ducing butyrolactones 11 in excellent yields (Scheme 5).!2
This procedure allows the preparation of 3-substituted
butyrolactones having substituents not available via the
standard alkylation of the lactone enolates.'® This process
was formerly named as a Wagner—Meerwein type dyotropic
rearrangement by analogy with the carbocation 1,2-rear-
rangements.'*

Black and co-workers demonstrated the higher migratory
aptitude of the hydrogen atom compared to alkyl groups in
the above process.!> No carbon migration was observed in
the reactions depicted in Scheme 6. This experimental finding
agrees with a conformation of 12 where the carbon—oxygen
and carbon—hydrogen bonds are aligned in an anti-coplanar
fashion (Scheme 6). The synthesis of 4,5-dihydro-5-methyl-
3-(phenylthio)furan-2-(3H)-one (a key intermediate in the
syntheses of both 6-angelicalactone'® and ancepsenolide!”)
nicely reflects the synthetic power of this transformation.

Black’s group employed this procedure to prepare spiro-
lactones 16 from cyclohexanecarboxyaldehyde and acid
derivatives 14 (Scheme 7).'®!° In principle, the three bonds
to the cyclohexyl-carbon atom adjoining the lactone ring in
15 are capable of migration in the rearrangement step via
simple rotation around the single bond joining the cyclohexyl
and lactone moieties. However, the essentially unrestricted
rotation around the cyclohexyl—lactone bond favors the
hydride migration due to the trans-relative relationship
between the cyclohexane ring and the R-substituent. This
result supports the requirement for a dyotropic rearrangement,
namely that the migrating bonds should be capable of
adopting a trans coplanar conformation to favor the maxi-
mum bond overlap in the corresponding transition state.*

This approach was used for the stereospecific construction
of fused butyrolactones possessing three contiguous asym-
metric centers.'®?° Brief exposure of the f-lactone 17 to
MgBr;*Et,O in E,O at room temperature formed the
trans,trans-butyrolactone 18 (Scheme 8). It should be noted
that the three contiguous asymmetric centers in compound
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18 have the same relative configuration as different natural
products (i.e., a-santonin and o-artemisin).

When the spiranic C4 has hydrogen atoms at both
a-carbons, instead of the expected ring enlargement due to
a dyotropic transformation, a 3-elimination reaction occurs.
This fact was demonstrated in the reactions of f-lactones
19 and 21 with MgBr, (Scheme 9).2!"2

The stereospecificity of the type I dyotropic rearrangement
was addressed by Black’s group in the dyotropic rearrange-
ments of syn- and anti-f3-lactones 23 to butyrolactones 24.
The syn- and anti-relative positions of lactones 23 and 24
are maintained during the simultaneous o-bond migrations
(Scheme 10),%* which supports the concerted nature of these
transformations.

Interestingly, other Lewis acids such as BF; or Ti(O'Pr),
did not promote the rearrangement. In contrast, Cossio and
co-workers reported that the behavior of the benzyloxy-
substituted 2-oxetanones 25 is quite sensitive to the nature
of the Lewis acid used to initiate the dyotropic rearrange-
ment.”> Thus, MgBr, leads to the migration of both the
benzyloxy and methyl groups, forming an equimolar mixture
of products 26 and 27, whereas TiCl; only produces
butyrolactone 28 (Scheme 11).

The dyotropic reactions involving a C—C bond as station-
ary scaffold recently reported by Romo and co-workers are
related to the ring enlargement of S-lactones.”® Thus, the
addition of a Lewis acid to a CH,Cl, solution of -lactones
29, which possess the required antiperiplanar relationship
between the migrating C—O bond of the S-lactone and the
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C—C=0 bond, provokes the expected ring expansion,
leading to the spiro-y-lactone 30 at room temperature
(Scheme 12). Among the Lewis acids employed, the best
results were found using E(OTf); (E = Yb and In) and ZnX,
(X = Cl, Br, OTY). The use of Mg(Il) salts (MgBr,*Et,0 or
Mg(OTf),) fails to promote this process. The asymmetric
variant of this reaction has also been reported in the
conversion of (—)-31 to (—)-32. This transformation occurs
in excellent yield and with high stereochemical fidelity (99%
ee, Scheme 13). It has been suggested that the rearrangement
occurs concertedly through an 1,2-acyl migration via the
corresponding four-membered transition state.

Using the same methodology, spirolactone 34 (the core
of the natural product curcumalactone) is formed through a
1,2-0-lactone dyotropic rearrangement from bislactone 33
(Scheme 14).%¢

The transformation of tetraazafulvalenes 35 to the strongly
fluorescent 1,4,5,8-tetraazanaphthalenes 36 in the presence
of montmorillonite-clay occurs by a type I dyotropic rear-
rangement (Scheme 15).%” It has been suggested that the
inclusion of the extended 7z-electron system of 35 facilitates
this symmetry forbidden [,2+,2]-process. These results allow
the interpretation of earlier reactions reported for analogous
heterofulvalenes (Scheme 16)? and fulvenes (Scheme 17)%
as dyotropic rearrangements. The rearrangement of 35 in the
presence of K10 and DMF is an easy entry to otherwise
hardly accessible ring-fused pyrazines of type 36.

A [425+424] 1,2-dyotropic reaction has also been found in
compressed cage compounds. In fact, when a benzene
solution of d-lactone 41 is passed through a preheated quartz
column at 350 °C, formation of isomer 42 is observed
(Scheme 18).3° The mechanistic studies indicate first-order
kinetics with activation barriers ranging from 29 to 36 kcal/
mol and AS* in the range of —20 to —6 eu, which is in the
line of other type I dyotropic processes.* Despite the fact
that thermal [,2,+,2,] reactions are usually symmetrically
forbidden processes, these reactions may become thermally
allowed process due to the participation of the lone pair of
the oxygen atom (vide infra).

Knochel and co-workers reported the 1,2-migration de-
picted in Scheme 19. The sterically hindered organoboranes
44 thermally undergo a stereoselective 1,2-syn-dyotropic
migration (Scheme 19).3! Albeit predictable, the stereose-
lectivity of the migration strongly depends on the structure
of the initial alkene and on the reaction conditions. It should
be noted that this is an example of a type I syn-dyotropic
rearrangement.

The isomerization of 2-silyloxy-substituted pentenes 46
to 3-silyloxy-pentenes 47 (Scheme 20)* is the single
additional case of type I syn-dyotropic rearrangement. The
change from a type I anti-dyotropic rearrangement to a type
I syn-dyotropic rearrangement may point to a nonconcerted
mechanism as responsible for the observed reaction products.

Dyotropic rearrangements are also catalyzed in biological
systems by a family of isomerases that use adenosyl
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cobalamin (coenzyme B;,) as a cofactor (Scheme 21). In
these reactions, a Y group and an hydrogen atom interchange
positions with inversion of configuration at the two static
carbon atoms. The corresponding rearranged products play
important roles in many metabolic pathways.** Class 1 B»-
dependent isomerases catalyze transformations in which the
Y group contains a carbon atom (Scheme 21). The most
important members of this group are glutamate mutase,*
2-methyl glutarate mutase,> methyl malonyl-coenzyme A
mutase,*® and isobutyryl-coenzyme A mutase.’’ In class 2
B/,-dependent isomerases, the migrating moieties Y can be
amino or hydroxy groups and the resulting products are
hydrates or geminal amino alcohols 52 that yield the
corresponding carbonyl compounds 53 (Scheme 21). The
best known members of this family of isomerases involved
in dyotropic rearrangements are diol dehydratase,* glycerol
dehydratase,* and ethanolamine-ammonia lyase.*’ Finally,
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in class 3 Bi,-dependent isomerases, Y stands for migrating
amino groups of amino acids that are activated by pyridoxal
phosphate. The most representative examples of these
isomerases are L-3-lysine-5,6-aminomutase,*' L-f3-lysine-2,3-
aminomutase,*? and D-ornithine 4,5-aminomutase.*

Silicon to Tin in the Static Scaffold. Several type I
dyotropic reactions involving the heavier analogues of carbon
(mainly silicon) have been studied. The C—Si analogue of
dihalide migration in cyclohexanes and cholestanes (Schemes
2 and 3) has been reported by Haszeldine and co-workers
(Scheme 22).** This transformation, which exhibits a first-
order kinetics, uses a C—Si bond as static scaffold and
requires comparable temperatures to those needed for the
analogous rearrangement with C—C bonds as the static
scaffold. Similar processes involving phenyl groups and such
nucleofugal moieties as fluorine, chlorine, and acetate
moieties were reported earlier by Brook.*

Biirger and Moritz observed a similar 1,2-dihalide migra-
tion during the preparation of (fluoromethyl)silicon deriva-
tives from (fluorodibromomethyl)silane precursors.*® Thus,
compounds 59 were quantitatively obtained from 58 through
a dyotropic rearrangement (Scheme 23). In all cases and as
expected for this rearrangement, inversion of configuration
on both carbon and silicon atoms is observed.

The thermal quantitative exchange of acetate and methyl
groups in 60 is closely related to the above transformations
(Scheme 24).*” Mechanistic studies indicate first-order kinet-
ics with activation barriers of ca. 34 kcal/mol and AS* ca.
—6 eu. These values and the independence of the velocity
of the reaction with the polarity of the solvent are fully
consistent with related type I dyotropic processes.* The
phenyl—hydrogen exchange depicted in Scheme 25 requires
more drastic reaction conditions.*® The studies reported by
Claes and Deleuze® show significant entropic contributions
to the activation energies of these thermal rearrangements
upon increasing reaction temperatures. These data point to
dissociative pathways involving silyl radicals.

Heating of silacyclohexenes 64 in a degassed sealed tube
at 250 °C for 24 h results in a clean reaction to give the
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cis-silacyclohexenes 65 in excellent yields (Scheme 26).%

The corresponding trans-isomer is not detected in these
reactions, thus confirming the stereoselectivity of the trans-
formation. Furthermore, when R! = Me and R?> = Mes (see
Scheme 26), cyclopentene 66 was obtained. This example
shows that the dyotropic rearrangement can involve one
endocyclic methylene and the trimethysilyloxy group instead
of one trimethylsilyl group and one trimethysilyloxy group.

Silanes 67 lead to the formation of compounds 69 and/or
71 (Scheme 27).°!7>* Two main reaction pathways have been
explored for these transformations: the Brook rearrange-
ment>* (pathway A) and the 1,2-dyotropic process (pathway
B). Experimental and computational (vide infra) studies
indicate that the dyotropic process is both thermodynamically
and kinetically favored, with the Brook rearrangement being
competitive only at high temperatures.

Hydrogen—-chlorine™ or hydrogen—methyl>® exchanges
on a C—Si single bond have also been reported in the gas
phase. Experiments with labeled reagents suggest that
Si(CH3);™ (74) and HSi(CH3)-(C,Hs)* (72) cations inter-
convert by multiple low-energy collisions through a dyotropic
rearrangement via the corresponding cyclic transition state
73 (Scheme 28). Fragmentation to H,Si(CH3)" and C,H,
competes with the isomerization, suggesting that the isomer-
ization barrier is similar in energy to the fragmentation
barrier. In contrast, using the same multiple low-energy
collision method, it was found that H,Si(C,Hs)* and
HSi(CH3)," can be induced to interconvert without compet-
ing fragmentation. These results were later revisited by Graul
and Willard,’” who found a lower energy reaction pathway
for both interconversions, and therefore, the proposed dyo-
tropic mechanisms were discarded.

Type I dyotropic rearrangements involving silicon atoms
are not restricted to C—Si bonds. Jutzi and co-workers
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proposed a dyotropic transformation in the reaction of
decamethylsilicocene with group 13 halides.”® Thus, pen-
tamethylcyclopentadiene (Cp*) and the halide interchange
their relative positions on the static Si—E (E = group 13
element) bond (Scheme 29). According to the initial sug-
gestion by Reetz,** the presence of the sr-system of the Cp*
ligand facilitates the process, since it can easily interact with
and migrate to a neighboring element center.

1,2-Dyotropic rearrangements have also been proposed
within a Si=Si double bond. Compounds 77 experience a
stereoselective and intramolecular exchange of two aryl
substituents between the silicon atoms to produce compounds
E.Z-79 (Scheme 30).>°> When A = Mes and B = Xyl, the
rearrangement is found to be first order with AH* = 15.2
kecal/mol and AS* = —36.4 eu, which is in nice agreement
with a concerted dyotropic mechanism proceeding through
a bicyclic transition state (nevertheless, an alternative step-
wise mechanism involving disilene—silylsilynene rearrange-
ment may not be safely excluded). In clear contrast, similar
processes for the analogous tetraarylethenes have not been
reported to date. These differences occur because the Si=Si
double bond on compounds 77 is twisted with a planar
arrangement around each of the unsaturated silicon atoms.
The twisted Si=Si bond facilitates the dyotropic rearrange-
ment in silenes compared to the analogous ethenes.

The heavier elements of group 14 undergo a similar
process. Sekiguchi and co-workers found that the asym-
metrically substituted germastannene 80, a stable compound
at room temperature, easily and quantitatively isomerizes
upon heating to form the corresponding symmetrically
substituted isomer (E)-1,2-bis(di-tert-butylmethylsilyl)-1,2-
bis(2,4,6-triisopropylphenyl)-1-germa-2-stannaethene (82)
(Scheme 31).! Such an isomerization may proceed by the
simultaneous dyotropic 1,2-shifts of silyl and aryl groups
from Ge to Sn and from Sn to Ge atoms, respectively,
through the initial twisting of the Ge=Sn double bond,
followed by a bicyclobutane-type transition state to form the
more stable E isomer 82. This mechanistic proposal was
made on the basis of the experimental activation parameters
[AH* = 22 kcal/mol and AS* = —12 cal/(K mol)], which
are consistent with a concerted reaction pathway via a rigid
transition state 81.
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2.1.2. Group 15— 16 Elements

Most of the type 1 dyotropic reactions, which involve a
C—0 bond as static scaffold, were studied by the Reetz’s
group and have already been summarized in his review of
1977.* Therefore, only the most representative processes are
summarized, especially those related to further mechanistic
proposals.

The type I dyotropic exchange in a C—O bond as static
scaffold has been studied using compounds 83 (Scheme 32).5?
Aryl groups were chosen as the substituents attached to the
carbon atom both to avoid undesired side reactions, such as
silanol elimination, and to facilitate the rearrangement. The
mechanistic studies, which include deuteration experiments,
indicate that the reaction is intramolecular with an activation
barrier of ca. 31 kcal/mol and negative activation entropy
[ca. AS* = —9 cal/(K mol)]. Moreover, the reaction rate is
not influenced by the polarity of the reaction solvent while
the presence of sz-donor substituents in the aryl groups slows
the transformation. Retention of configuration is observed
in the migrating silyl groups whereas inversion is found at
the stationary carbon atom. Therefore, all data point to a
concerted reaction pathway through the corresponding bi-
cyclic transition state.*%3

The similar transformation using the thioether 85 was also
studied (Scheme 33).%* This reaction requires more drastic
conditions (>10 h at 230 °C) to produce only 10% of the
rearranged product 86. Compound 85 rearranges 4 orders
of magnitude more slowly than the oxygen analogue 83,
which is very likely due to the vastly different Si—X bond
strengths (Es;—o — Esi—s ~ 30 kcal/mol).®® The corresponding
compound 87, where the heteroatom of 85 was replaced by
a carbon atom, did not rearrange (Scheme 34).

The Wittig rearrangement is usually classified as a
sigmatropic shift in which an alkyl group migrates from
oxygen to the neighboring lithiated carbon atom.*® However,
should the counterion be included in the process,”’ a
dyotropic transformation will evolve (Scheme 35). Thus,
Wittig rearrangement may be interpreted as a type I dyotropic
rearrangement in which R migrates from oxygen to carbon
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with retention of the configuration while lithium migrates

from carbon to oxygen with “inversion”.*

Type I 1,2-dyotropic rearrangements involving a C—N
bond as stationary scaffold are rare. The single example
known was described by Malpass and co-workers in 1985.5
Upon addition of alumina to a solution of L-methyl-2-chloro-
2-azabicyclo[2.1.1]hexane 91, a rearrangement occurs to
produce the derivative 92 in 30 min with a 70% yield
(Scheme 36). The transformation may be either viewed
formally as a dyotropic shift or, alternatively, as producing
an intimate ion pair in which the buildup of positive charge
is, predictably, at carbon atom rather than at nitrogen atom.

In contrast, numerous type I dyotropic processes have been
found in the rearrangements of hydroxylamines, therefore
involving O—N bonds as the static framework. Frainnet and
co-workers® described this transformation in derivative 93
(Scheme 37). No symmetric products were observed, which
points to an intramolecular transfer of the silyl moieties.
Systematic studies on the rearrangements of tris(silyl)hy-
droxylamines 95 have been reported by West’s group
(Scheme 38).”° Thermolysis of compounds 95 reveals that
the intramolecular rearrangement is reversible and general,
but it is hampered by steric hindrance due to bulky
substituents at silicon atom. In fact, increased steric bulk at
silicon seems to decrease the ability to reach the optimal
geometry for a double migration. The reaction rates are
unaffected by changes in the concentration or solvent polarity
with activation parameters quite similar to those for other
related dyotropic transformations [AH* = 30 to 38 kcal/mol
and AST = —3 to —11 cal/(K mol)].

Similarly, Klinglebiel and co-wokers studied the analogous
rearrangement using halogen (F, Cl) substituted silyl groups
attached to the oxygen atom in compounds 97 (Scheme
39).71773 This group has reported a similar process involving
a silyl—stannyl exchange (Scheme 40).”' No significant
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differences with respect to the silyl—silyl exchange were
found (vide infra). A boron—silicon migration is also feasible
in hydroxylamines 101 (Scheme 41).7*

Hydrazines undergo a similar 1,2-silyl dyotropic rear-
rangement. Wannagat invoked a silyl—silyl valence isomer-
ization to explain certain transformations in silylated hydra-
zines 103 (Scheme 42).” More recently, it has been reported
that silylhydrazine 105 is transformed in 106 upon heating
in THF. This result shows that a N—N bond can also serve
as static scaffold for dyotropic processes (Scheme 43).76 The
computed activation barrier (ca. 37 kcal/mol) for the latter
reaction is similar to that found for 1,2-silyl migrations in
the parent silyl-hydroxylamines.

2.2. Thermal Reactions Involving Transition
Metals

1,2-Dyotropic rearrangements may involve transition met-
als either as the stationary scaffold or as the migrating
fragments.

Migrating Transition Metals in Type | 1,2-Dyotropic Rearrangements

Several examples of metal moieties acting as migrating
fragments in type I 1,2-dyotropic rearrangements within a
C—C stationary framework have been reported. Aumann
described the 1,2-migration of the Fe(CO); fragment in the
isomerization of complex 107 (Scheme 44).”7 Similarly, a
facile stereospecific 1,2-exchange of Rh(OEP) groups (OEP
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= octaethylporphyrin) has been observed in complex 109
(Scheme 45).” Despite the fact that the activation parameters
[AH* = 12.4 & 0.5 kcal/mol and AS* = —10.7 & 1.9 cal/(K
mol)] for the conversion of 109 to 110, determined by NMR
line-shape analysis, are in agreement with those reported for
other dyotropic processes, the possibility of the reaction
occurring through a stepwise mechanism cannot be safely
discarded.

The dynamic behavior of complex 111 in solution has been
rationalized through a 1,2-type I dyotropic shift (Scheme
46).7 Similarly, complexes 113 rearrange in THF solution
to their isomers 114 by simultaneous migration of the Nu
and CpFe(CO), groups (Scheme 47).% This process is closely
related to the 1,2-dihalide exchange in cyclohexanes.”® The
dyotropic rearrangement in enantiomerically pure organoiron
complexes 113 occurs with inversion at the two adjacent
carbon centers. Again, kinetic studies show that this process
follows first-order kinetics with activation parameters of AH*
= 19.4 kcal/mol and AS* = —12.9 cal/(K mol) at 25 °C,
which nicely supports an intramolecular concerted reaction
mechanism.

An unusual type I syn-1,2-dyotropic shift has been
proposed to explain the reaction products distribution of the
asymmetric Heck reaction between phenyl triflate and various
deuterated 2,3-dihydrofurans 116 (Scheme 48).8" No evidence
to support the usual anti-1,2-dyotropic shifts or anti-3-H Pd
eliminations during the formation of 118 and 119 was
observed. Nevertheless, whether these syn-rearrangements
occur via type I syn-1,2-dyotropic shifts or through a syn-
“chain-walking” mechanism remains unclear.

Erker and co-workers have studied the fluxional behavior
of binuclear zirconocene complexes 122 in solution.$>%3
Using dynamic NMR spectroscopy, the degenerate rear-
rangement of 122 to 123 can be studied by using unsym-
metrical bridging p-aldehyde ligands (Scheme 49). The
observed thermally induced isomerization of complexes 122
proceeds through a concerted intramolecular exchange of
Cp,ZrX units relative to the pivotal u-aldehyde ligand
bridging both transition-metal centers. Strikingly, the activa-
tion barrier of the process is in the range of around 20 kcal/
mol (when X = H; R = Me, Ph) to 7 kcal/mol (when X =
Cl; R = H). This contrasts with the analogous process
involving a silyl exchange, which requires temperatures
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above 170 °C. The surprisingly low activation barriers for H
the isomerization of complexes 122 may be the result of the Cp,Zr ) A szzr)\
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consequence is that the ground state of complexes 122 is SN
structurally much more akin to the transition state of the 130 131
dyotropic rearrangement than the one for the silicon com-
pounds 56 (see Scheme 22). Additionally, the migration of LB=Me Ph Siles

the second metal atom in 122 is favored by the presence of
an acceptor orbital which is ideally located to interact with
the carbon center of the pivot (Scheme 49).3* Analogous
rearrangements have also been observed in isostructural
Hf—Hf and Zr—Hf dinuclear complexes having p-benzophe-
none bridging ligands,®® in dinuclear zirconium hydride
complexes having fulvene as a ligand,* and in the corre-
sponding mononuclear complexes where a zirconocene unit
was replaced by a OSiR; (R = Me, Et, iPr, Ph) group.?’
These results clearly show that the type I 1,2-dyotropic
rearrangement is a general feature of this kind of organo-
metallic complexes.

Transition Metals in the Static Scaffold of Type I 1,2-Dyotropic
Rearrangements

Type I thermal dyotropic reactions in substrates having a
transition metal in the stationary framework are rare. Mintz
and co-workers reported the thermal 1,2-dyotropic rearrange-
ment of o-zirconocenyl thioethers 124, leading to the
irreversible formation of complexes 125 (Scheme 50). The
transformation follows first-order kinetics, and labeling
experiments clearly showed that the rearrangement is in-
tramolecular. The activation parameters were found to be in
the usual range of type I dyotropic reactions [AH* = ca. 20
kcal/mol and AS* = ca. —19 cal/(K mol)]. Methyl or benzyl

instead of aryl substituted complexes 124 fail to experience
the above isomerization, probably due to the lower migratory
aptitude of these groups in related nucleophilic migrations.®

Erker’s group has described a closely related dyotropic
transformation which also involves the zirconocene moiety.
Thus, bis(2-furyl)zirconocene cleanly undergoes a 1,2-
dyotropic rearrangement at 185 °C to yield the metallacyclic
oxazirconacyclohexadiene derivative 127 (Scheme 51).%
Complex 127 reacts with dimethyl acetylenedicarboxylate
in a Diels—Alder/retro-Diels—Alder sequence to produce
(CpyZrO); and dimethyl 3-(2-furyl)phthalate (129). This
methodology was used to thermally induce ring enlarge-
ments, thus forming novel metallacycles.”® Complexes 130,
where one of the two furyl groups of complex 126 is replaced
by a Me, Ph, or a SiR; group, also undergo a 1,2-type I
dyotropic rearrangement to produce the cyclic complexes 131
(Scheme 52). Strikingly, the analogous bis(2-thienyl)zir-
conocene complex decomposes at 185—200 °C to give
[Cp,.ZrS], as the major organometallic product.

Braunstein and co-workers recently reported a type I 1,2-
dyotropic rearrangement involving a Fe—Pt bond.”! Trian-
gular complexes 132 evolve to complexes 133 through the
migration of the silyl group from iron to platinum with the
concomitant 1,2 migration of CO from Pt to Fe (Scheme
53). Computational studies carried out on model compounds
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indicate that the corresponding transition state of the
transformation exhibits a triply bridged intermetallic bond
(which is expected for a concerted dyotropic rearrange-
ment).”> Moreover, the low computed activated barrier (vide
infra) shows that the isomerization process can be achieved
at room temperature, which agrees with the experimental
findings.

2.3. Photochemical Reactions

Type I 1,2-dyotropic rearrangements may also be promoted
photochemically. FEither concerted or stepwise reaction
pathways in the excited state have been proposed for these
processes.

Direct photolysis of disilacyclopentene 134 in pentane at
185—254 nm leads to the formation of 1,1,3,3-tetramethyl-
2-methylene-1,3-disilacyclobutane 135. A type I 1,2-dyo-
tropic rearrangement in the excited state has been suggested
to explain these results (Scheme 54).* According to this
proposal, the transformation of 134 to 135 proceeds stepwise
via the formation of the carbene 136 (through initial
migration of the silyl group) and subsequent 1,2-shift of the
hydrogen atom. However, no clear evidence has been found
to unambiguously discard the alternative route involving the
initial migration of the hydrogen atom to form the carbene
137 followed by 1,2-shift of the silyl group.

Closely related to the above process, the photoisomeriza-
tion of silene 138 to 139 may also occur via a dyotropic
transformation (Scheme 55).°* Thus, the excitation of 138
leads to an excited twisted state of this sterically crowded
molecule, which may be reasonably stable and long-lived.
The twisted geometry of this excited state (either as a singlet
or triplet), and its orbitals, appear appropriate to facilitate
the required siloxy and silyl shifts (by a 1,2-dyotropic
rearrangement), ultimately giving the rearranged silene 139,
presumably in its ground state. The invoked twisted geometry
strongly resembles that found in the thermal 1,2-dyotropic
isomerizations within Si=Si double bonds.>
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Photochemical type I 1,2-dyotropic rearrangements involv-
ing transition metals have also been reported. Irradiation of
aminophosphino-chromium(0) carbene complexes 140 in the
presence of MeOH yield new organometallic complexes 141
lacking the carbene moiety (Scheme 56).%° This transforma-
tion is formally a type I 1,2-dyotropic rearrangement where
both C—Cr and N—H bonds migrate intramolecularly; the
Cr and H atoms interchange their relative positions, with
the C=N moiety (structure II contributes significantly to the
description of the complex) being the static scaffold (Scheme
56).

Quantum chemical calculations show that the reaction does
not occur concertedly. Instead, a stepwise mechanism that
starts with a short-lived triplet state, formed after initial
photoexcitation of the singlet ground state Sy to the excited
singlet state S; and subsequent intersystem crossing, was
found (vide infra). This dyotropic reaction is not restricted
to chromium(0) carbene complexes. In fact, the correspond-
ing isostructural aminotungsten(0) carbene complexes also
form syn-N-metalated imines.’® This process represents the
very first photoreaction reported for Fischer type tungsten(0)
carbene complexes, which have been traditionally considered
as photoinert compounds. Computations indicate that tung-
sten(0) carbene complexes follow a similar reaction mech-
anism with no systematic differences between isostructural
chromium(0) and tungsten(0) complexes.”’

3. Type Il Dyotropic Rearrangements

As stated above, those reactions in which the two
migrating groups do not interchange their relative positions
but are placed in new bonding sites are designated as type
II dyotropic rearrangements. Thermally and photochemically
promoted examples of such processes shall be described in
sections 3.1 and 3.2, respectively.

3.1. Thermal Reactions

Reported type II dyotropic shifts mostly involve a double
hydrogen migration in a carbon skeleton. These transhydro-
genation reactions constitute a special class of the denomi-
nated double group transfer reactions as defined originally
by Woodward and Hoffmann.® In 1965 the thermal
[02sF62sF 2] rearrangement leading from 143 to 144
(Scheme 57) was initially described as a sigmatropic
hydrogen transfer in the isodrin series.”” %' This initial
finding was further extended to similar alicyclic frameworks
containing a cyclohexa-1,3-diene or a 2-pyrazoline moiety
(Schemes 58 and 59).!9271% Both syn-sesquinorbonene
derivatives 145 and 147 experience irreversible and exo-
thermic type II dyotropic shifts promoted by the aromatiza-
tion of the diene ring and the release of the ring-strain at the
receptor s1-bond. Although pyrazolines 147 are less reactive
than trienes 145, both compounds show similar reaction rates.
Interestingly, chlorine or alkoxy substitution of the sz-acceptor
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bond retards the 2H group-transfer, which indicates a truly
pericyclic behavior for this transformation. Moreover, the
activation parameters of the process are in the ranges of AH*
= 25 to 33 kcal/mol and AS* = ca. —8 to —14 cal/(K mol),
indicating that type II dyotropic rearrangements exhibit
activation values similar to those for type I dyotropic
reactions.

Kinetic and structural studies clearly show that the
internuclear proximity dcy as defined in Scheme 58 (also
called precompression) is decisive for the process. Thus,
changes in dcy of only 0.1—0.17 A translate into a rate spread
of 10* s”!. However, not only this structural parameter
controls the transformation. Other factors, such as the reactant
strain energy, also influence the reaction rate of the process.
Moreover, the corresponding transition state of the process
is particularly sensitive to incipient changes in the overall
m-energies (AE,) of the rearrangement. Small changes in
m-energy at the receptor sr-bond, occasioned by the proximity
of polarizing substituents on the adjacent methylene bridge,
contribute to the modest rate-spread observed for the series
of trienes 145 (about an order of magnitude).'*>% It is also
worthy of note that while primary deuterium kinetic isotope
effects in the rearrangements of compounds 147 reveal
unambiguous evidence for a tunneling contribution to the
kinetics, the analogous dyotropy of compounds 145 shows
comparatively smaller tunneling components.!0-107-108

Vogel and co-workers reported the thermally induced
[o2sFo2sF425] process in the endo,endo-11-oxatetracy-
clododecene derivative 149 (Scheme 60), a process similar
to the rearrangement observed in isodrins 145.'% The
thermochemical data [AH* = 35—39 kcal/mol and AS* =
2—11 cal/(K mol)] and the deuterium labeling experiments
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are consistent with a concerted intramolecular mechanism
involving the stereospecific 4,5-endo == 9,10-endo double
hydrogen atom migration. Moreover, the rate constant of the
rearrangement is not affected by the concentration, in
agreement with the intramolecular nature of the process.

Paquette and co-workers reported the closely related type
IT dyotropic hydrogen transfer in syn-sesquinorbornene
disulfones 151 (Scheme 61).''%!"! On the basis of extensive
kinetic and structural studies, it was found that the considered
intramolecular dyotropic reactions are not exclusively con-
trolled by the distance between the migrating hydrogen atoms
and the s-acceptor bond (dcy in Scheme 58). In agreement
with the findings by MacKenzie,'%~1%¥ although the proxim-
ity of the reaction centers is clearly a prerequisite for smooth
operation of the dyotropic shifts, the modulation of this
distance is not the sole contributor to the reaction rate. Other
key changes, which include but are not necessarily limited
to, the differences in the energy required to stretch bonds,
variations in the extent of strain release, changes in the
freedom of motion, and dissimilarities in developing sr-elec-
tronic effects, may determine the magnitude of the energy
barrier and possible changes in the reaction thermodynam-
ics.''? Quantum chemical calculations on model compounds
leave room for uncertainty about the reaction mechanism,
namely whether the endo-a-sulfonyl hydrogen atoms migrate
concertedly to the proximal double bond in a [,2,+,2+ 2]
fashion or do so nonclassically through a stepwise mecha-
nism, via a tunneling that would skirt the full energetic costs
associated with the formation of biradical intermediates.'"?

Grimme and co-workers reported similar 2H-dyotropic
transfers  in  dihydrosesqui- and  dihydro-syn-
sesterbicyclo[2.2.2]octenes 153 and 155—157 (Schemes 62
and 63).!"* Again, the kinetic data indicate that the activation
parameters of the process are in the ranges AH* = 20 to 36
kcal/mol and AS* = ca. —10 to —18 cal/(K mol). Therefore,
they are similar to those found for the analogous hydrogen
dyotropic shifts in the isodrin or isodrin-like frameworks (see
above). A closely related process involving a double
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hydrogen migration with a N=N double bond as 7z-acceptor
group has also been reported (Scheme 64).!13

Other precompressed systems have been used as frame-
works for the dyotropic transfer of hydrogen atoms. Chow
and Ding reported the clean thermal conversion of penta-
cyclotriene 161 in its dyotropomer 162 (Scheme 65).!1
Similarly, the aromatization process has been invoked as the
driving force for the dyotropic double hydrogen transfer from
dione 163 to 164 (Scheme 66).'" Finally, a first-order
dyotropic transformation has been observed in the 2,3-
bis(methylene)decahydroanthracene derivative 165 (Scheme
67).'"® Deuteration experiments as well as molecular me-
chanics calculations point to a concerted reaction mechanism
for the latter process.

Double hydrogen dyotropic transfer also occurs in the gas-
phase. Thus, the endo radical-cations 167 eliminate CsHg
via a retro-Diels—Alder reaction (Scheme 68).!"” The process
is hampered in the exo isomers. This highly stereospecific
fragmentation requires a double hydrogen transfer in the
molecular ions, which could take place in either a concerted
or stepwise fashion. Field ionization kinetic experiments
point to the concerted character of this double hydrogen
dyotropic migration. This suggestion has been recently
confirmed by means of density functional theory (DFT)
calculations.!?°
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The presence of a rigid, precompressed skeleton is not
necessarily a requisite for a type II dyotropic double group
migration. Reaction on anion 171, formed by desprotonation
of 170 with KH, produces 172 via a type II dyotropic
rearrangement. The process involves the 1,3-migration of the
SiMe; group from the methyne carbon of the CH(SiMes),
substituent with the concomitant reverse migration of a
hydrogen atom (Scheme 69).">! A concerted type II 8e-
dyotropic process has been proposed to explain the formation
of the side-compounds 175 in the thermal reaction of
azulenes 173 with dimethyl-acetylendicarboxilate, ADM
(Scheme 70).'?

Danishefsky and Lin reported the transformation of N-(a-
silyl)allyl amides 178 to cis-propenyl amides 180 upon
heating and subsequent hydrolysis (Scheme 71) during their
synthesis of proteasome inhibitor candidates TMC-95A and
TMC-95B (see section 5.2).'%3

In contrast to the numerous reported type I dyotropic
rearrangements involving transition metals (see section 2.2),
reactions of type II involving metallic frameworks have been
barely explored. Goldschmidt and Antebi reported a formal
1,3-diene to o,m-allyliron—tricarbonyl dyotropic rearrange-
ment (Scheme 72).!* In this [2,2]-shift, the iron fragment,
which is originally attached to the carbon atom in 181,
migrates to the neighboring carbon, forming the Fe—Cq
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o-bond, while the diphenylcarbinyl carbon migrates from C,
to C, to form the C;—Cy o-bond in 182. Unless the inversion
on iron occurs, the rearrangement has to involve a symmetry
forbidden thermal reaction and, therefore, it may alternatively
occur through the intermediacy of a polar zwitterion.
Dyotropomer 182 can be further oxidized by treatment with
cerium salts to produce highly condensed tricyclic ketones
183.

Collum and co-workers reported the rearrangement of
dinuclear complexes 184, which upon heating at 80 °C in
benzene rearrange to complexes 187 (Scheme 73).'% It is
proposed that dinuclear complexes 184 are in rapid equilib-
rium with complexes 185, which are able to undergo the
type II dyotropic reaction, forming complexes 186. Com-
plexes 186 finally afford the observed species 187. The
proposed type II dyotropic reaction mechanism is in agree-
ment with the kinetic observations: first order kinetics with
activation parameters of AH* = ca. 23 kcal/mol and AS* =
ca. —10 cal/(K mol).

3.2. Photochemical Reactions

Type II dyotropic rearrangements can also be induced by
irradiation.'”® Thus, the 9,10-dicyanoanthracene (DCA)
sensitized photolysis of a benzene solution of compound 188
gives two products in a ratio of 3:1 that are isomeric with
the starting material (Scheme 74). The major product was
identified as the endo,trans-tricyclic hydrocarbon 189 formed
by an intramolecular Diels—Alder reaction. The dyotropic

hydrogen transfer from the cyclohexene moiety to the
acceptor styrene group forms the minor product 190. This
photochemically induced type II transformation may also
occur stepwise by sequential transfer of the hydrogen atoms
and formation of the corresponding radical intermediates.
However, no experiments have been carried out to determine
the concerted or stepwise nature of this process.

4. Theoretical and Computational Studies on
Reaction Mechanisms

4.1. Type | Dyotropic Processes

Strictly speaking, dyotropic reactions are concerted and
take place via cyclic transition structures. This situation
corresponds to pathway (a) shown in Scheme 75, in which
transition structure 192 is under orbital symmetry control.
However, as it happens in pericyclic reactions such as
cycloadditions and sigmatropic rearrangements, the dyotropic
transformation from X-A-B-Y species 191 to the rearranged
product Y-A-B-X 193 can alternatively take place via
stepwise mechanisms involving ionic or radical species.
Thus, homolytic cleavage of the B—Y bond can yield the
radical pair 194 that rearranges to 196 via transition structure
195, as is shown in pathway (b) of Scheme 75. Alternatively,
if X has lone pairs available for intramolecular nucleophilic
attack and Y is a good leaving group, formation of ionic
pairs of type 198 could occur, whose ring aperture would
yield the rearranged product 193 via pathway (c). In the
subsequent subsections, examples of the mechanistic alterna-
tives postulated in Scheme 75 will be discussed.
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4.1.1. Concerted Pathways

If a type I dyotropic transformation involving a degenerate
isomerization of a X—CH,—CH,—X molecule is considered,
the corresponding D,,-symmetric transition structure (TS)
will be that depicted in Figure 1.° The diagram corresponding
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Figure 1.

to the orbital interaction between the migrating X groups
and the static ethylene subunit is also included in this figure.
Examination of this diagram shows that if the migrating
groups only interact with the static scaffold via the o-set A,
only the o, combination will interact with the 5 orbital, thus
generating the occupied 2bs, MO, whereas the o; subunit
remains unchanged. Therefore, if only the set A participates
in the type I dyotropic rearrangement, a pericyclic TS is not
possible and the reaction is symmetry forbidden. However,
if X has an additional set of nonbonding electron pairs or
sT-symmetric subunits, the n; combination of the B-set shown
in Figure 1 can interact with 7%, thus completing the cyclic
electronic circulation required for a pericyclic mechanism
(Figure 1).

The Stone—Wales rearrangement in fullerenes =’ belongs
to this kind of transformations. This reaction consists of the
rearrangement of /,-symmetric buckminsterfullerene 200 to
the C,,-symmetric Cg isomer 201 (Scheme 76). A similar
process has been investigated for Css.!”® Two general
mechanisms have been proposed: a concerted process ac-
cording to mechanism (a) of Scheme 75 that involves a C,-
symmetric transition structure 202 (Scheme 76),'” and a
stepwise mechanism involving a nonplanar carbene
intermediate.'?®!** High level calculations by Bettinger et
al.!*! have shown that the first mechanism exhibits only the
two-electron interaction involving the 7z and o7 orbitals
shown in Figure 1. As a consequence, transition structure
202 corresponds to a forbidden process. In addition, the same
authors did not find a stepwise reaction path but a transition
structure 203 that exhibits the carbene-like character. Both
processes have very high activation energies (ca. 167 kcal/
mol). It has been suggested that this high barrier can be lower
in endohedral metallofullerenes.!*?

127

Using the A and B sets in the interaction scheme shown
in Figure 1 should result in much lower activation energies.
Under this framework, the dyotropic rearrangement of
different vicinal dibromoalkanes has been studied.” Two
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Scheme 76. Coordinates of Transition Structures 202 and
203 Kindly Provided by Prof. Bettinger (Ref 131)*

“Bond distances are given in angstroms (see the corresponding reference
for computational details).

Scheme 77. Coordinates of Transition Structures 205 and
207 Taken from Ref 9¢
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representative examples are given in Scheme 77. In all cases,
the geometric and energetic features of the concerted
transition structures are in good agreement with this qualita-
tive model. It is noteworthy that more asynchronous transi-
tion structures such as 207 possess an asymmetric charge
distribution similar to that expected for intermediates such
as 198 (Scheme 75, mechanism (c)).

Williams and co-workers'* have described the transition
structures associated with the dyotropic rearrangements of
p-chloro-a-lactones 209 and 212 to o-chloro-f3-lactones 211
and 214 (Scheme 78). The geometries of transition structures
210 and 213 in water are also depicted in this scheme. The
authors found that these saddle points are quite polar, with
considerable chloronium carboxylate character, which is
related with intermediates 198 (Scheme 75, mechanism (c)).
They also rationalize their results in terms of a double Sy2-
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Scheme 78. Coordinates of Transition Structures 210 and
213 Have Been Taken from Ref 133“
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like reaction where the leaving group of one attack is the
nucleophile for the other and vice versa, thus resulting in a
concerted but highly asynchronous process, with the release
of ring strain acting also as a driving force. Since the Cg
atom of both 210 and 213 has a significant carbocation
character, the activation barrier for the 212 — 214 dyotropic
reaction is lower than that computed for the reaction
involving transition structure 210.

This kind of geometries is also found when a C—Si moiety
is the static scaffold. Thus, computations on model structures
related to the arrangements gathered in Scheme 26 revealed
that both the Si—O and Si—C rearrangements occur concert-
edly (but via asynchronous transition structures; see Scheme
79) with an activation barrier of ca. 43 kcal/mol for the 215
— 217 rearrangement (which is in the line of similar type I
dyotropic processes).* The alternative 215 — 219 transfor-
mation involves the migration of one methylene and one
silyloxy group via transition structure 218. The computed
activation barrier for this process was ca. 5 kcal/mol higher
than that associated with transition structure 216.%

Klingebiel et al.”'® have found similar geometries for
transition structures associated with dyotropic rearrangements
having a static N—O scaffold and two migrating silyl groups
(Scheme 80). Thus, O-trifluoromethyl-N,N-bis(trimethylsi-
lyDhydroxylamine 220 irreversibly isomerizes to the N-
trifluorosilyl derivative 222 via concerted transition structure
221 with a computed barrier of ca. 30 kcal/mol. The
calculations indicate that the anomeric stabilization of 222
by more favorable negative F—Si—N and O—Si—C hyper-
conjugation is important for the course of the reaction.

An interesting example of a type I dyotropic rearrangement
involving a concerted (albeit highly asynchronous) hydrogen
and carbon migration on a static C—C scaffold has been
proposed for the biosynthesis of pentalenene 227 from
farnesyl diphosphate 223 (Scheme 81).!** Carbocation 224
transforms stereospecifically into the more stable intermediate
226 via transition structure 225 with an activation barrier of
ca. 30 kcal/mol (225 is proposed to be stabilized by an
intramolecular cation—s interaction). Intermediate 226 is
thence transformed into pentalenene via a simple E1 pathway
(Scheme 81).
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Scheme 79. Coordinates of Transition Structures 216 and
218 Taken from Ref 50°
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Scheme 80. Coordinates of Transition Structure 221 Taken
from Ref 71b*
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4.1.2. Stepwise Mechanisms

Yu and Feng have reported theoretical studies on the
thermal rearrangements of silylmethanamine 228 to form
methylsilanamine 230 via a concerted transition state 229
or to form (methylamino)silane 234 through a stepwise
mechanism. This stepwise mechanism involves transition
structures 231 and 233 and the intermediate aminosilane—carbene
complex 232 (Scheme 82).'*>7137 These reactions are the
model reactions for the dyotropic transformations shown in
Scheme 27. The computed activation barrier for the concerted
dyotropic rearrangement via transition structure 229 (corre-
sponding to a mechanism of type (a), Scheme 75) has an
activation barrier of 66.8 kcal/mol. In contrast, the 228 —
232 and 232 — 234 steps (corresponding to a mechanism
of type (b), Scheme 75) have activation barriers of 59.2 and
12.4 kcal/mol, respectively. Interestingly, when the same
reaction takes place with a-silylalcohols, the mechanism of
both dyotropic rearrangements is concerted.'?’

Similarly, the isomerization reactions indicated in Scheme
21 cannot proceed under physiologically available conditions
and require catalysis by coenzyme B,-dependent enzymes.
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Scheme 81. Coordinates of Transition Structure 225 Taken
from Ref 134°
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Scheme 82. Coordinates of Transition Structures 229, 231,
and 233 Taken from Ref 137¢
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Two general stepwise pathways to isomerize reactants 49,
51, and 54 (Scheme 21) to products 50, 52, and 55 can be
envisaged. Pathway A in Scheme 83 involves the initial
homolytic dissociation of cofactor 48 to yield 235. The
reactions of substrates 49, 51, and 54 with 235 form the
organometallic intermediate 237 and deoxyadenosine 236.
The 1,2-dyotropic rearrangement occurs in intermediate 237
and leads to cofactor bounded products 238. The reaction
products 50, 52, and 55 are released by homolytic recom-
bination of 236 with 238 to regenerate the cofactor 48.'3

Pathway B in Scheme 83 may be considered as an
extension of the stepwise mechanism (b) shown in
Scheme 75. Now, the radical moiety of intermediate 239
isomerizes to 240 with no covalent interaction with the
deoxyadenosine—cobalamin complex. Hydride radical
recombination within 240 complex yields the reaction
products, in a process which occurs with double inversion
of configuration and concomitant recovery of cofactor 48.
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The model depicted as pathway B in Scheme 83 has
proven to be compatible with experimental results,'* and
it has been used in many computational studies.'*® Thus,
Radom and co-workers'*!' have found that the key step in
the isomerization of (R)-methylmalonyl-CoA is a radical
isomerization facilitated by a basic residue of methylmalonyl-
CoA mutase (presumably His244), as is shown in the model
transformation gathered in Scheme 84. Transition structure
242 is referable to the transition structure of type 195
(Scheme 75) but not to a concerted dyotropic rearrangement
of a Co-bound intermediate such as 237 (Scheme 83). This
assistance by positively charged residues has also been
observed in diol dehydratase, in which a synergistic retro-
push—pull effect induced by acidic, basic, and metallic
residues promotes a significant lowering of the activation
barrier.'+?
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Scheme 85. Coordinates of Transition Structures 245 and
247 Taken from Ref 143
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A slightly different mechanism has been proposed on the
basis of computational results for the reactions catalyzed by
the Bj,-dependent enzymes lysine 2,3-aminomutase and
lysine 5,6-aminomutase. These enzymes also use pyridoxal
5'-phosphate as cofactor, and the resulting intermediate Schiff
bases 244 isomerize to product-like radicals 248 via forma-
tion of intermediate N-benzylaziridine radicals of type 246.'#
Therefore, in this case mechanism (b) depicted in Scheme
75 is modified by the presence of ring-opening/-closing
transition structures 245 and 247 (Scheme 85).

Stepwise mechanisms have also been proposed for struc-
tures involving bimetallic static moieties. Thus, computa-
tional studies on model Fe—Pt heterodimetallic compounds
249 have shown that, in the double migration of CO and
silyl groups, there is a previous migration of one CO from
Pt toward Fe to form a 4>-CO intermediate 251 (Scheme
86).%% This local minimum 251 proceeds to the rearranged
compound 253 via transition structure 252, which apparently
corresponds to a concerted mechanism of type (a) (Scheme
75).

The photochemically induced stepwise dyotropic reaction
of certain cyclic Fischer carbenes has been also reported
(Scheme 56).>7%7 A computationally tractable model is
reported in Scheme 87. Carbene 254 yields N-coordinated
imine 260 upon irradiation. The rearrangement occurs on
the triplet potential energy surface by migration of the
chromium atom from the carbon to the nitrogen atom,
yielding an intermediate carbene species 257 via transition
structure 256. Rotation about the N—C bond and subsequent
1,2-prototropy yields the rearranged product via transition
structure 259. This mechanism was found to be in agreement
with the experimental findings.*>~%’
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Scheme 86. Coordinates of Transition Structures 250 and
252 Taken from Ref 92¢
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Scheme 87. Coordinates of Transition Structures 256 and
259 Taken from Ref 95°
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4.2. Type Il Dyotropic Reactions

These reactions can take place on different scaffolds,
depending on the nature of the ;-system and the number of
atoms involved (Scheme 88). Thus, molecules having ar-
rangements such as 261 can rearrange to compounds 263
via a six-membered transition structure 262 (Scheme 88,
pathway (a)). Alternatively, more extended sr-systems 264
can rearrange to unsaturated compounds 267, either through
concerted mechanisms involving transition structures such
as 265 or through stepwise mechanisms involving zwitteri-
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onic species of type 266 (Scheme 88, paths (b) and (c),
respectively). Dyotropic reactions involving (trialkylsiloxy)-
enones'* belong formally to the transformation reported in
Scheme 88B, although no computational studies on the
reaction mechanisms of these rearrangements have been
reported to date.

4.2.1. Concerted Pathways: Synchronicity and Aromaticity

A MO-based analysis has been reported for systems such
as 261 in which X =Y = H (Figure 2)."*> When the model
structure corresponds to two ethylene units and two hydrogen
atoms arranged in a D,,-symmetric system, the perturbed
MOs associated with a double hydrogen transfer are those
depicted schematically in Figure 2. The ;14 combination of
bonding MOs of ethylene interacts with the g component
to yield two aj, MOs. Similarly, the 7% —o; combination
yields two aj, symmetric MOs, with the s7— combination

Figure 2.
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Scheme 89. Coordinates of Transition Structures 269, 272,
and 275 Taken from Ref 146°
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“Bond distances are given in angstroms (see the corresponding reference
for computational details).

remaining essentially unchanged and becoming the b,
-symmetric LUMO of this model transition state. Therefore,
this model double-hydrogen transfer involves six electrons
in a cyclic arrangement and is symmetry allowed. Indeed, it
has been reported'® that the MOs shown in Figure 2 are the
in-plane equivalent of the MOs of stable aromatic molecules.

The structures of the concerted transition structures as-
sociated with different dyotropic reactions have been reported
(Scheme 89).!13146 These rearrangements have been described
as highly synchronous transformations that take place via
in-plane aromatic transition structures similar to 262 (Scheme
88A). Some examples are given in Scheme 89.

The driving force for these processes is the aromaticity
of the final products. Thus, reaction 268 — 270 has a
calculated activation barrier of only 19.9 kcal/mol, with the
corresponding reaction energy being —41.1 kcal/mol. Simi-
larly, reaction 271 — 273 has calculated barrier and reaction
energies of 36.6 and —6.8 kcal/mol, respectively. In contrast,
the 274 — 276 transformation exhibits a late transition state
275, with the calculated barrier and reaction energies being
63.3 and 46.6 kcal/mol, respectively (Scheme 89). Since the
reactions gathered in Scheme 89 involve formation of
substituted benzene, furan, and cyclobutadiene (archetypal
examples of aromatic and antiaromatic compounds), it has
been suggested that the activation and reaction energies of
concerted type II dyotropic reactions similar to those depicted
in Scheme 89 may be used to quantify the aromatic
stabilization of cyclic molecules. Thus, excellent linear
correlations between activation and reaction energies and
aromatic stabilization energies (ASE)'*” were found (Figure
3).146

A double hydrogen transfer has been located computa-
tionally in the thermal dimerization of cyclopropenes (Scheme
90).1*8 The features of transition structure 278, resulting from
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Figure 3. Plot of the ASE values vs the activation (E,, circles)
and reaction (Eg, squares) energies for different dyotropic reactions
involving aromatic, nonaromatic, and antiaromatic molecules. '

the degenerate dyotropic rearrangement of 277, are similar
to those found for saddle points 269, 272, and 275. However,
the computed activation energy (52.1 kcal/mol) for the
rearrangement of 277 is higher than in the cases where the
formation of aromatic species in the final products is involved
in one cyclic moiety.

Scheme 90. Coordinates of Transition Structure 278 Taken
from Ref 148°
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“Bond distances are given in angstroms (see the corresponding reference
for computational details).

4.2.2. Stepwise Pathways

To date, the single paper reporting a computational study
on stepwise type II dyotropic reactions was reported by
Houk, Danishefsky, and co-workers'* on model system 280
for the transformation depicted in Scheme 71. This process
involves a 1,4-silyl migration coupled with a 1,4-hydrogen
shift, and therefore, it can be considered as a formal 10-
electron type II dyotropic rearrangement. DFT calculations
reveal that the first step of the transformation of 280 to the
product 284 (Scheme 91) involves the formation of inter-
mediate 282 by the 1,4-migration of the silyl group to the
oxygen atom via transition structures such as 281. Intermedi-
ate 282 is then transformed to the final product by a 1,4-
hydrogen shift through transition structure 283 (Scheme 91).
The competitive concerted mechanism is hampered, since it
is highly demanding in terms of geometric organization for
the corresponding concerted transition state. Moreover, the
stability of the 1,3-dipolar azomethine ylide intermediate 282
(formally equivalent to zwitterionic intermediate 266, Scheme
88B, path (c)), which profits from charge stabilization by
allylic resonance and phenyl conjugation, favors the stepwise
pathway. In fact, the analogous intermediate formed after
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Scheme 91. Coordinates of Transition Structures 281 and
283 Taken from Ref 149*
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the 1,4-hydrogen migration as the first step of the transfor-
mation is computed to be highly unstable and would instantly
convert into another product, which was not observed
experimentally. The initial migration of the silyl moiety over
the hydrogen group agrees with the well-documented higher
migratory abilities of silyl groups compared to hydrogen
atom."® An additional factor favoring the initial silyl group
migration is the facile formation of azomethine ylides by
1,2-silyl shifts.!!

5. Applications of Dyotropic Rearrangements in
Total Synthesis

The deep changes in the molecular skeleton derived from
a dyotropic rearrangement resulted in powerful synthetic
transformations. Thence, it is not surprising that dyotropic
transformations have been used in the construction of
complex molecules, since they allow introduction of struc-
tural features which are difficult, when not impossible, to
obtain using other synthetic procedures. The following
examples clearly illustrate the synthetic usefulness of these
processes.

5.1. Synthesis of 23'-Deoxy Cephalostatin
1-Analogues

The first-generation synthesis of South 1 subunit 288 of
cephalostatin analogues requires 36 operations from 285,
which makes this approach unattractive on the strategic level.
However, Fuchs and co-workers have recently reported a
remedy to this shortcoming.'>? Thus, one of the key steps of
the new strategy involves the stereospecific 1,2-type I
dyotropic rearrangement of 286 to spirolactone 287 (Scheme
92). The transformation provokes the contraction of seven-
membered fused lactones to their more stable spiro 6-ring
counterparts.'> Subsequently, the total synthesis of 23'-
deoxycepholostatin was accomplished in only 16 operations
with an overall yield of 9%. This clear reduction of the
number of steps necessary to accomplish the synthesis of
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36 steps \\\

the target molecule definitely shows the synthetic power of

dyotropic reactions.

5.2. Synthesis of the Proteasome Inhibitors
TCM-95A and TCM-95B

The type II dyotropic reaction of o-silylallyl amides to
produce cis-propenyl amides (Scheme 71) constitutes the key
step during the synthesis of cyclic peptides TCM-95A and
TCM-95B. This transformation was successfully applied in
the final steps of the synthesis of the target molecules TCM-
95A,B to accomplish the stereospecific cis-propenyl amide
formation (Scheme 93).'?3

5.3. Applications of the Dyotropic Rearrangement
of 5-Lithiodihydrofurans in Total Synthesis

Sato and co-workers reported that the reaction of dihy-
drofuran 295 with n-BuLi (5§ equiv) in the presence of Cul
(1 equiv) gave the trans-homoallylic alcohol 296 in 83%
yield with high stereoselectivity and therefore proceeded with
inversion of configuration (Scheme 94).'3* A possible reac-
tion mechanism, postulated by Kocienski and co-workers,
involves a formal type I 1,2-dyotropic rearrangement of the
high order cuprate 298 to cuprate 299, which can further
react with electrophiles to stereoselectively produce trisub-
stituted alkenes (Scheme 95).15%1%¢

This transformation has been profusely used in the
synthesis of natural products.””® The synthesis of the anti-
hypotensive agent Lacrimin A (Scheme 96) provided the first
significant application of the Cu(I)-catalyzed dyotropic 1,2-
migration to the construction of complex molecules.!*” The

tatin 1)

Scheme 93

1.140°C
2. Hy0

3. HF/pyr
then Me;SiOMe

Scheme 94
~ 1.5eq. n-BuLi 2 Y
1 eq. Cul
1 oo Go J/\/
2. H,0 HO
296 (83%)

trisubstituted alkene intermediate 305 was generated by a
sequence of reactions beginning with the formation and
rearrangement of higher order cuprate 303. The putative
oxycuprate 304 was quenched with Mel to give the alkene
305 in 29% overall yield, which was further transformed to
the precursor of Lacrimin A.
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The synthesis of the C16—C23 fragment 311 of the potent
immunosuppressive agent FK-506 was achieved (Scheme
97)!8 by reaction of the lithiated dihydrofuran 308 with the
homocuprate 309. This reaction forms the oxycuprate 310
via the expected 1,2-dyotropic rearrangement, which affords
the desired trisubstituted alkene 311 in ca. 50% overall yield
on quenching with Mel in the presence of HMPA. These
transformations exemplify the value of the method for the
construction of trisubstituted alkenes in sterically encumbered
environments.

Different applications of the same Cu-promoted 1,2-
dyotropic rearrangement based methodology by Kocienski’s
group also include the synthesis of the polyketide fragment
47 of the antifungal cyclodepsipeptide Jaspamide,'>® the
precursor of Milbemycin f33,'% and the total synthesis of the
natural product Zoapatanol (Chart 1).'

Recently, Betzer, Ardisson, and co-workers applied a
similar procedure toward the total synthesis of Discoder-
molide,'¢"!92 The C8—C14 subunit of Discodermolide pos-
sesses a trisubstituted Z double bond which is in principle
readily accessible by a Cu-promoted 1,2-dyotropic rear-
rangement from the 5-lithiodehydrofuran 313. Thus, the
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“ The dotted box indicates the fragment of the molecule which has been
constructed by a 1,2-dyotropic rearrangement.

addition of Me,CuLi*LiCN and subsequent trapping with
tri-n-butyltin chloride as electrophile result in the stereose-
lective formation of the unique Z-vinyltin derivative 314 in
an optimized yield of 68%. Compound 314 is further
transformed in 315, which after reaction with 316 is
converted in the Discodermolide precusor 317 (Scheme 98).

Interestingly, it has been proposed that the above dyotropic
rearrangement is not restricted to Cu-compounds but also to
boron,'® zinc,'** zirconium,'®® or aluminum.'®® However,
there are few mechanistic details available and no firm
evidence to suggest that all metallates abide by the same
formal type I dyotropic mechanism.'®

5.4. Synthesis of Azafenestrane

During the synthesis of azafenestranes 326, Denmark and
co-workers'®”1% reported an unexpected dyotropic transfor-
mation which hampers the synthesis of the target molecule.
The initial retrosynthetic plan involves the formation of
nitrosoacetal 321 from the [4 + 3]/[3 + 2] tandem cycload-
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dition of nitroalkene 319 and vinylether 320. Compound 321
is easily transformed in 322, which in the presence of SiO,
unexpectedly rearranges to 323 at room temperature (Scheme
99). This process is a type I 1,2-dyotropic rearrangement,
which obviously is favored due to the anticoplanar relation-
ship between the migrating fragments. In order to overcome
this problem and form azafenestrane, the authors used the
bulkier vinylether 324, which ensures the formation of
nitrosoacetal 325. The conformation of the latter compound
avoids the possibility of the undesired dyotropic rearrange-
ment and allows the synthesis of the target molecule (Scheme
100).

6. Conclusions and Outlook

Reetz in his review in 1977* stated “...The purpose of this
chapter is not only to describe the present author’s own
systematic studies involving organosilicon compounds, but
also to motivate others in investigating dyotropic processes
in general”. This review compiled the substantial advances
made in the study of these processes, especially in their scope

and mechanisms. In our opinion, Reetz’s purpose is three
decades later fully accomplished. The herein discussed
advances in these transformations have extended the initial
view of dyotropic reactions as thermally induced and
concerted processes to new photochemical reactions, involv-
ing transition metals and in many cases occurring by stepwise
mechanisms. As one reviewer rightfully pointed out, “dyo-
tropic reactions have been developed from exotic reactions
into very useful tools for the construction of organic and
organometallic molecules with interesting properties”. How-
ever, the search for new dyotropic transformations in general
and particularly the study of the reaction mechanisms of these
intramolecular reactions continue unabated. The synthetic
potential of these processes is far from being mature, and in
many cases this unique rearrangement may solve essential
steps to prepare target molecules. We will use again the
words by Reetz and conclude, hoping that this review
motivates researchers in investigating new dyotropic pro-
cesses in general and, in particular, in developing the full
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potential of these rearrangements in organic and organome-
tallic synthesis.
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