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Carbenes traditionally have been used for cyclopropane syn-
thesis but little else, since their reactions are difficult to con-
trol. However, the burgeoning discipline of supramolecular
carbene chemistry—reactions in which highly reactive, di-
valent carbon intermediates are generated within the con-
fines of host compounds—is making steady progress towards

solving this problem. Various carbenes generated within
cyclodextrins, hemicarcerands, and zeolites demonstrate in-
creased selectivities and lifetimes since their usual decay
pathways are blocked.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

1. Introduction

Herein, various supramolecular modifications of carb-
enes and their precursors are reviewed. The reactivity/sta-
bility of a carbene@host inclusion complex (IC) can be
markedly different from that of the unconstrained carbene.
Indeed, there are instances in which carbenes persist for
days, that is, bottleable carbenes.[! The results of these reac-
tions should help physical organic chemists better under-
stand the detailed mechanisms by which carbenes decay.

[f] Carbene Rearrangements, Part LXIV; for Part LXIII, see: J.-L.
Mieusset, U. H. Brinker, J Org. Chem. 2006, 71, 6975-6982.
Carbenes in Constrained Systems, Part XI; for Part X, see:
M. G. Rosenberg, U. H. Brinker, Adv. Phys. Org. Chem. 2005,
40, 1-47.
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1.1. Carbenes

Carbenes are neutral molecules that have divalent carbon
atoms (Figure 1) and react in various ways to complete
their valence shells,! for example, by (1) intramolecular re-
arrangements (Scheme 1) and (2) intermolecular C-H o-
bond insertions and C-C n-bond additions (Scheme 2).
They are often generated as short-lived reaction intermedi-
ates during the thermolysis/photolysis of nitrogenous pre-
cursors,?l such as diazo compoundst* and 3 H-diazirines,!
which sometimes undergo rearrangement in the excited
state (RIES), circumventing carbene intermediacy.[*®! De-
spite their electron-deficient character, carbenes can also act
as Bronsted—Lowry bases. Carbenium ions may be formed
by protonation of carbenes (Scheme 1), but also by
protonation of diazo compounds!!'?l and 3H-diazirines.['*]
Typically, carbenes have a short lifetime (), but they can be
detected transiently if they are paramagnetic!'¥ or possess
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Scheme 1. Generation of a hypothetical carbene (>C:)/carbenium ion (>CH") conjugate pair from nitrogenous precursors and their

subsequent intramolecular reactions: Ts = p-SO,C¢H4CH3.

chromophores.!'”! Their fleeting presence may also be ob-
served spectroscopically using ylide-forming Lewis bases,!
such as pyridine (Scheme 2).[7!
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Figure 1. Structure and spin multiplicities of the four types of carb-
enes: (a) typical singlet (S), (b) typical triplet (T), (c) atypical p>
singlet, and (d) atypical open-shelled singlet.

The spin multiplicity of a carbene is dependent upon
whether or not its nonbonding electrons are magnetically
paired (Figure 1). The spin states of carbenes are important
since singlet and triplet carbenes do not react in the same
manner. For instance, a singlet carbene adds to C—C double
5424
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bonds with retention of the substrate’s geometric configura-
tion, whereas a triplet carbene reacts without stereospecific-
ity under nonconcerted conditions.I'8! In fact, triplet carb-
enes,['>2% which are geminate diradicals,!'>® behave much
like other organic free radicals, for example, they can ab-
stract hydrogen atoms from organic solvents.?!l Moreover,
electron spin resonance (ESR) spectroscopy can be used to
detect triplet carbenes since they are paramagnetic.!'*->%
Unless a triplet photosensitizer is used, all carbenes are
generated as singlet species because the precursors and by-
products are closed-shell species.>3] Therefore, a nascent
carbene having a triplet ground state (GS) is electronically
excited and needs to undergo intersystem crossing (ISC) to
relax. For gaseous 'CH,, collisional deactivation to *CH,
is facilitated by increased N, pressure.** Owing to their
comparatively large molar masses,”>! a similar mechanism
for ISC may be provided by cavitand (3D) hosts. Supramo-
lecular inclusion of a carbene having a triplet GS could
therefore increase the yield of radical-type reactions, for ex-
ample, hydrogen abstraction/recombination. Exciting new
chemistry might also be fostered from carbenes having
ground and excited states of unlike spin multiplicity
that are close in energy, for example, AEgr =
1-2 kealmol 1.1152:261 For such carbenes, the dormant and
reacting spin states might be reversed since constraint could

Eur. J. Org. Chem. 2006, 5423-5440
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Scheme 2. Intermolecular reactions of a hypothetical carbene (>C:): XH = H,0, AcOH, MeOH, iPrOH, n-C,H,,+,, ¢-C,H,,, etc.

Figure 2. Persistent triplet carbene (t;;, = 40 min).

alter the carbene’s bond angle (¢), which is a major factor
that determines carbene ground and excited spin states.[*”]

Much time and effort has been spent in recent years seek-
ing stable carbenes.!'?®! This flurry of activity has had no-
table success in the form of persistent triplet car-
benes.'&19-2%1 For example, triplet bis(3-bromo-5-trifluoro-
methyl-1,1'-biphenyl-4-yl)carbene (1) has a half-life (t;,) of
around 40 min and was detected in degassed solution at
room temperature even after 24 hours (Figure 2).3% The
longevity of carbene 1 is attributed to judicious placement
of the bulky and inert —Br and —CF3 groups that shield the
carbene center and impede its direct dimerization to the
corresponding alkene atropisomers. Of course, carbene 1
has several resonance forms, so it is not a typical geminate
diradical.

Another promising area of research involves ylide-like
singlet carbenes (Figure 3),*!1 such as thiazol-2-ylidenes
(2),*? imidazolidin-2-ylidenes (3),3334 imidazolin-2-ylid-
enes (4),?8834351 and cyanine-like cyclopropenylidenes
(5).13%1 Again, such intrinsically stabilized species are not
representative of the majority of carbenes. Thus, extrinsic
stabilization of carbenes by host compounds is warranted.

Eur. J. Org. Chem. 2006, 5423-5440
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1.2. Hosts

1.2.1. Cyclodextrins

Cyclodextrins (CyDs), or Schardinger dextrins,?” have
been known for over 100 years.*8] They are formed by Ba-
cillus macerans, a bacteria that macerate starch using the
enzyme cyclomaltodextrin gluconotransferase.3% A CyD is
a nonreducing, cyclic oligosaccharide molecule composed
of a-D-glucopyranose (0-D-Glcp) monomers linked at the 1-
and 4-glycosidic positions. The general structure of CyDs
is shown in Figure 4. Their prefixes depend on the number
of pyranose units present: six (a-CyD), seven (f-CyD), and
eight (y-CyD).[40]

A variety of guest molecules can reside within the nonpo-
lar cavities of these toroidal hosts. There are several driving
forces responsible for CyD IC formation: (1) van der Waals
(London dispersion) forces, (2) hydrophobic interactions,
(3) dipole—dipole (electrostatic) interactions, (4) hydrogen
(O-H-N, O-H-+0, and/or O-H-F) bonding, (5) release
of CyD distortional energy by the merging guest, and (6)
expulsion of “high-energy water” from the CyD cavity upon
IC formation.*!l The strength of the noncovalent interac-
5425
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Figure 3. Stable ylide-like singlet carbenes.

tion is evaluated by an association constant (K),?! which
can be measured in various ways, for example, by spectro-
fluorometric methods based on competition experiments.[*3]
Recently, induced circular dichroism (ICD) was introduced
to assess K for 3H-diazirine@CyD ICs.#4

The host—guest stoichiometries of CyD ICs are difficult
to predict because CyDs are versatile hosts that can act
either as nonstoichiometric channel-forming inclusion com-
pounds or as stoichiometric cage-forming clathrates. There-
fore, direct proof of a guest@host IC should be obtained
so that structural information, such as host-guest stoichi-
ometry and reactant orientation,*! can be ascertained.
This can be achieved by using well-developed methods: IR
spectroscopy; NMR spectroscopy,® including 'H nuclear
Overhauser effect (NOE) difference spectroscopy, 'H two-
dimensional rotating-frame Overhauser effect spectroscopy
(2D ROESY),*" solid-state '*C cross-polarization/magic
angle spinning (CP/MAS) spectroscopy,*® induced circular
dichroism (ICD),** powder and single-crystal X-ray dif-
fraction,[**#9 and fast atom bombardment mass spectrom-
etry (FAB MS).0

5426
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a-CyD:n=0
p-CyD:n=1
y-CyD:n=2

Figure 4. Structure of cyclodextrin (CyD) depicting the O'-C* a-
linkage of D-glucopyranose monomers and inward pointing H? and
H?® atoms.

1.2.2. Zeolites

Zeolites have been known for 250 years.’!! There are
many naturally occurring forms.>?! Faujasite (FAU) zeolites
are crystalline, highly polar, multicameral aluminosilicates
wherein guest molecules may be entrapped. There are two
types, that is, X and Y, which are characterized by a tetrahe-
drally arranged network of interconnected sodalite cages
(Figure 5).131 The voids that are created are called su-
percages. Positively charged counterions, which balance
(AlO,)” moieties, are found within the FAU lattice. They
can also be a source of acidity, for example, H* ions. These
cations may be exchanged,> thereby allowing the free vol-
ume of the supercages to be altered by choosing ions of
certain radii.l>>! The loading factor (<) is a measure of the
ratio of guest molecules to supercages and can be deter-
mined experimentally.’®! Shape selectivity (vide infra) has
been demonstrated within FAU zeolites. For example, meta
selectivity was observed in the NaY-mediated Friedel-
Crafts alkylation of benzyl chloride (BnCl) with itself.5”]

1.2.3. Hemicarcerands

Carceplex chemistry was pioneered by Cram and co-
workers.’8 A carceplex is an IC formed when a guest mole-
cule is imprisoned within the inner phase of a carcerand
host, which consists of two hemispherical cavitand mole-
cules linked together. Later, hemicarcerand (HC) variants
were introduced (Figure 6),5°1 for example, Pac-Man®-

Eur. J. Org. Chem. 2006, 5423-5440
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Figure 5. Structure of multicameral faujasite (FAU) zeolites X and Y depicting 13-A diameter supercages and the tetrahedral arrangement

of 7.4-A apertures, cf. the diamond structure.

(a)

Figure 6. Hemicarcerand (HC) structures: (a) Pac-Man®-shaped, for example, R = CH,CH,Ph (phenethyl), and (b) bird-cage-shaped, for

example, R’ = n-CsH;; (pentyl), depicting the host’s hydrogen atoms.

shaped HCs “gobble” guest molecules at high temperatures
and retain them when the temperature is lowered. A mile-
stone in organic chemistry was achieved when 1,3-cyclobu-
tadiene was “tamed” within a HC.[®¥1 Similarly, the genera-
tion of o-benzyne within a HC has been reported.[!! Like
1,3-cyclobutadiene, strained o-benzyne is a very unstable re-
active intermediate.[®? Its r was limited, however, by unwel-
comed innermolecular Diels—Alder reactions with its HC

Eur. J. Org. Chem. 2006, 5423-5440
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host and also by the presence of adventitious water mole-
cules.

1.2.4. Fullerenes

Fullerenes are polyhedral allotropes of carbon that can
accommodate metal atoms and clusters. Buckminsterfuller-
ene [(Ceo—1,)[5,6]fullerene] has 60 identical carbon atoms
that are bonded to each other in the shape of a truncated

5427
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icosahedron, cf. a soccer ball, in which a carbon atom occu-
pies each vertex (Figure 7a). The 20 hexagonal and 12 pen-
tagonal faces form two distinct ring fusions: (1) 6,6-ring
junctions and (2) 5,6-ring junctions. The C-C bonds at the
6,6-ring junctions behave like alkene moieties whereby full-
erenes undergo addition reactions with diazo com-
pounds!®63-641 and carbenes.[03-9] Indeed, multiple additions
can occur.

(a)

(b)

Figure 7. Structures of (a) (Ceo—1)[5,6]fullerene and (b) (C7—Dsy))-
[5,6]fullerene.

1.2.5. Crystals

Carbenes have been generated in the crystalline solid
phase of their precursors at both ambient temperature and
below.[°¢-¢7] Reaction selectivities are markedly different
from those found in solution at various temperatures and
within rigid glassy matrixes at very low temperatures be-
cause various conformers can exist in liquid solutions and
amorphous solids.

1.2.6. Argon Matrixes

Carbenes have been routinely generated within cryogenic
argon matrixes.[°®%] Their motions are so restricted at 7 =
10 K that annealing the matrix to around 7' = 35 K is usu-
ally required to allow the constrained carbene to adopt its
most stable geometry.B%7% Diffusion of trapping reagents,
like O, or HCI, is also promoted by annealing. At such
low temperatures, classical decay pathways, even those with
small activation enthalpies, are unattainable. So, nonclassi-
cal transformations due to quantum mechanical (QM) tun-
neling can predominate under frozen argon matrix condi-
tions.”!l
5428
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1.2.7. Phase Transfer Catalysts

During the 1970s, carbene reactions were performed in
the presence of micelles, for example, quaternary ammo-
nium salts, and crown ethers (Figure 8).I”2! However, car-
bene@host ICs were not formed, nor were they sought. In-
stead, these systems enable phase-transfer catalysis (PTC)
of Lewis acid/Lewis base reactions.

(a) (b)

Figure 8. (a) Triethyl(benzyl)ammonium chloride (TEBA) micelle
and (b) 18-crown-6 crown ether.

1.3. Supramolecular Chemistry

In 1987, supramolecular chemistry attained worldwide
recognition when the Nobel Prize in Chemistry was
awarded to Cram,”?) Pedersen,’ and Lehn “for their
development and use of molecules with structure-specific
interactions of high selectivity.”[’>] Supramolecular chemis-
try involves the use of host compounds to entrap guest
molecules.l”®! Carbenes have been generated in multicameral
inclusion compounds, such as FAU zeolites, and in cage
compounds (clathrates), such as CyDs and HCs.

Clathrates act like molecular straitjackets.””! They can
exert a positive cage effect on entrapped reactive intermedi-
ates.’>78 Intermolecular reactions can thus be con-
trolled.l”] Moreover, clathrates can shield certain reaction
sites during radical recombination.[’>80 The ability of a
host compound to bind a specific type of guest, particularly
from a mixture, is known as molecular recognition,®!
which is reminiscent of Fischer’s “lock and key” metaphor
used to describe the specificity of enzymes.®?! Indeed,
supramolecular hosts are often called enzyme mimics,®?!
because shape selectivity can bias competition reactions to
favor one product over the other.

Since carbene intermediates are high in energy, their de-
cay processes often are spontaneous and mostly indiscrimi-
nant. Indeed, with a low enthalpic barrier, that is, AH* =
(but AG* # 0) for most carbene reactions, the entropic term
TAS* can become decisive in bimolecular reactions. Not
surprisingly, the decay rate of a carbene in a nonviscous
organic solvent is often diffusion limited, cf. k4(MeOH) =

Eur. J. Org. Chem. 2006, 5423-5440
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1.20 X 10 M !'s7! at 25 °C.°®1 However, the diffusion/per-
colation of a guest molecule within a host compound is
much less than in conventional solvents.[*®! So, reactants are
mostly isolated from one another and intermolecular reac-
tions are diminished. In addition, limited guest mobility
also prolongs the 7 of a carbene having no intramolecular
modes of decay.

2. Results and Discussion

2.1. Methylene

In the early 1980s, the conversion of MeOH to gasoline
over synthetic zeolite catalysts was studied. One set of ex-
periments using MeOH@H-ZSM-5 led to the hypothesis
that carbenes, like CH,, were involved in this industrially
important process.®¥ However, a more explanatory mecha-
nism was proposed,® and by the decade’s end a rigorous
study of this reaction using MAS '3C NMR spectroscopy
showed carbon monoxide (CO) to be the key intermedi-
ate.3¢] Recently, the precise role of H-ZSM-5 in this conver-
sion has been questioned.®7]

The formation of the CH,@(Cr7—Dys6))[3,6]fullerene I1C
by the Kratschmer-Huffman method was recently commu-
nicated,’®¥ although not independently confirmed. The
putative fullerene IC was isolated in >90% purity by HPLC
and characterized by ESR and IR spectroscopy. To rule out
the formation of an exohedral fullerene, such as 3'H-cy-
clopropa[1,2](C7g—Dsy))[5,6]fullerene  or 3’ H-cyclopro-
pa[2,12](C707D5;,(6))[5,6]fullerene, (C707D5h(6))[5,6]fullerene
was independently treated with diazomethane and the re-
sulting adduct’s spectra were compared with those of the
fullerene IC. Indeed, the formation of 1,2(endo)-3'H-cy-
clopropa[2,12](C7—Dsy,))[5,6]fullerene by an innermolecu-
lar reaction of CH, with the concave endohedral surface of
the fullerene cage is expected to be slow as a result of poor
orbital overlap.[®'Y] Moreover, the resulting cyclopropane is
highly energetic since two of its carbon atoms comprise a
flattened geometry. It is therefore not surprising that, ac-
cording to the authors, the fullerene IC harbored the usu-
ally short-lived CH, intermediate for months.[38!

2.2. Dichlorocarbene

Carbene chemistry was revolutionized after Makosza’s
discovery of the biphasic generation of dichlorocarbene
(CCL,) in the presence of catalytic amounts of triethyl(ben-
zyl)ammonium chloride (TEBA).8-°11 Previously, CCl,
could only be generated under strictly anhydrous condi-
tions, for example, by the Doering-Hoffmann method,®?
since CCl, is rapidly decomposed by H,O to
CO—particularly in the presence of base.[”’l It is doubtful,
however, that carbenes are generated within TEBA
micelles.® Rather, this system exemplifies PTC leading to
carbene formation,®! for example, the addition of CCl, to
(Cgo—1,)[5,6]fullerene (Scheme 3).[%! Like micelles, crown
ethers have been used as phase-transfer catalysts during the

Eur. J. Org. Chem. 2006, 5423-5440
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biphasic generation of CCl, from CHCl;.°3 Sometimes, the
aqueous phase itself may be omitted because ionic com-
pounds, like rBuOK, experience enhanced solubility in or-
ganic solvents doped with crown ethers, cf. polar aprotic
solvents.

‘ 50% KOH
.0 +CHCl, —————,

-

~H,0
-KCl

Scheme 3.  Formation of 3’,3’-dichloro-3’' H-cyclopropa[l,9]-

(Coo—1,)[5,6]fullerene by PTC.

Enhanced regioselectivity was observed when the
Reimer—Tiemann reaction®® was conducted in the presence
of CyDs (Scheme 4).°7] The dehydrochlorination of CHCl;
by OH was retarded owing to the formation of armored
CHCl;@CyD ICs. Thus, the overall yield of p-hydroxybenz-
aldehyde (7) was even lower than usual. Indeed, at pH =
13, CyDs were unprotonated to some extent and behaved
much like anionic micelles, which cannot transport the elec-
trically repulsive OH ™ base needed for CHCI; dehydrochlo-
rination, thereby inhibiting CCl, formation.®®! However, a-
elimination of CHCl; by the deprotonated CyD host itself
was inexplicably deemed to be “less important.”®”?l Encap-
sulation of CCl, within the CyD hydrophobic cavity is ex-
pected to impede hydrolysis of the carbene to CO. No in-
nermolecular chlorination of the CyD hydroxy groups of
the CCL@CyD ICs occurred,®”®! which should have been
possible.’44l Instead, the aryl end of the phenolate anions
(PhO") dipped into the nonpolar cavity of the CyD and
reacted with the ordinarily short-lived CCl, intermediates.
Thus, increased para selectivity was observed, that is, p-7/0-
7 = 4.65. In the absence of a-CyD, p-7/0-7 = 0.71,°7% which
is close to the theoretical limit of 0.50.

o _
J o o) OH
OH™ OH™
ek o [Q]/ -2cT
crecl CgNe HY0
p-6 p-7

Scheme 4. Enhanced para selectivity was observed for the Reimer—
Tiemann reaction inside a-CyD.

2.3. Cycloalkylidenes

2.3.1. 1,3-CH Insertion

The constraint of 2-adamantanylidene (11) by CyDs
markedly alters its chemistry.?*-1°11 Its precursor, 2-aziada-
mantane (8),1'°?1 has been widely studied.['93-194 Believed to
have a singlet GS,['%] carbene 11 does not readily undergo
a 1,2-H shift to form the strained anti-Bredt compound sin-
glet adamantene (12) (Scheme 5).['%! Thus, other re-
arrangements of carbene 11 can flourish. Indeed, carbene
5429
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11 undergoes 1,3-CH insertion to 2.,4-didehydroada-
mantane (13) exclusively in the gas phase.l'%”! In contrast,
only traces of 13 are formed by photolysis of diazirine 8 in
solution,®! because bimolecularly derived products pre-
dominate, for example, azine 10 and adducts 14d.e
(Scheme 5). Likewise, photolysis of diazirine 8 in the solid
phase yields no detectable 13.°% So, it is not surprising that
less than 1% of 13 was formed during the photolysis of a
physical mixture of diazirine 8 and B-CyD.[*”) However, the
increased yield of 13, that is, 10-30%,°%1%8] when 8@CyD
ICs are photolyzed is demonstrative of the powerful influ-
ence clathrates can have on reaction outcomes. Since there
are no solvent molecules with which supramolecular car-
bene 11 can react and 1,2-H shift by carbene 11 is pro-
hibited, decay by 1,3-CH insertion is greatly enhanced. The
formation of the three-membered ring of 13 is indicative of
the intramolecular 1,3-CH insertion of carbene 11. Indeed,
more 13 may have formed had the rims of CyD hosts been

EQ
@{ PNty
e

/\
o B

H 14
13

Scheme 5. Generation of 2-adamantanylidene (11) and its subse-
quent reactions: RH = (a) a-CyD, (b) B-CyD, (c) H,O, (d) MeOH,
(e) l’l-C7H16.

According to reversed-phase (RP) HPLC, FAB MS, MS/
MS, and H/D exchange in D,O, carbene 11 inserts into all
three types of the B-CyDs 21 OH groups, but predomi-
nantly into the primary OH group, to give covalently bound
O-(adamantan-2-yl)-B-cyclodextrin (14b) host—guest ad-
ducts.”?! Indeed, bis(2-adamantanyl) adducts were formed,
putatively by the innermolecular insertion of two carbene
11 intermediates into two OH groups of one B-CyD. This
finding, in addition to the observation that much azine 10
was formed, indicates that a 2:2 host-guest IC (8@p-CyD),
was responsible.[*”] Similarly, it was found that a 2:1 host—
guest IC 8@(a-CyD),*! gave 2-O-(2-adamantanyl)-a-
cyclodextrin (2-14a) and 3-O-(2-adamantanyl)-a-cyclodex-
trin (3—14a), which are formed by chemoselective O-H in-
sertions by encapsulated carbene 11 into the wider rims
only (Figure 9).11 Although innermolecular insertion
products from B-CyD (7 = 30 °C) were isolated in only
35% yield, as much as 58% of 2— and 3-14a were formed
within the smaller confines of o-CyD.['%! However, the
5430
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yield of the intramolecular insertion product 13 remains un-
changed at around 10%. Innermolecular insertion products
2— and 3-14a were separated by RP-HPLC and identified
by 600 MHz pulsed-field gradient-enhanced 'H-detected
'H-13C heteronuclear correlation through binary quantum
coherence (HMBC) NMR spectroscopy and FAB MS.l!%]

Finally, carbene 11 generated within NaX zeolite gave 13
in 45% yield after correction for in situ decomposition of
13 to 14c by hydrolysis,*®! which demonstrates that a sig-
nificant amount of H,O remains inside thermally activated
NaX. The primary yield represents a 225-fold increase when
compared with the reaction in n-C;H;¢ solution.*®!

Proper orbital alignment plays a crucial role in carbene
rearrangements,[''% such as 1,2-H shifts.[''%!"] But host-
induced topological distortion of a pliable carbene guest
could misalign its frontier orbitals and reduce their overlap.
Hence, its usual reactions would be foiled.l''?! Indeed, intra-
molecular hydride and alkyl shifts might be tunable even in
the absence of bystander effects.[''3] To determine whether
the selectivity of a flexible cycloalkylidene is altered by
supramolecular  constraint,  1-azi-2-methylcyclohexane
(18)11141151 was photolyzed within CyDs to gauge the reac-
tivity of 2-methylcyclohexylidene (19), which can also be
generated by the Bamford-Stevens reaction!!'®! of the 2-
methylcyclohexanone p-tosylhydrazone sodium salt (15)
(Scheme 6).1115:117]

The formation of azine 17 was inhibited in MeOH solu-
tion as well as in a- and B-CyD ICs.I'!3] Rapid protonation
of diazo compound 16, which was transiently observed,!!!]
to the corresponding diazonium ion (16H™) by the protic
media’s -OH groups could account for this.[**!2 However,
molecular confinement is more likely responsible since
small amounts of azine 17 were formed in the larger y-CyD
clathrates due to two molecules of 18 being included within
one vy-CyD. Indeed, if the tight fit within o- and B-CyD
clathrates force carbene 19 to adopt its more compact axial
conformation, that is, 19,,, then the hydrogen atom at the
C? position will assume an equatorial position (Figure 10b).
Misalignment of the filled C-H orbital (HOMO) with the
empty divalent carbon orbital (LUMO) would suppress the
formation of 1-methylcyclohexene (21). Thus, the less sub-
stituted alkene 3-methylcyclohexene (22) could proliferate
(Scheme 6). Moreover, the axially positioned -CHj3 group
in 19,,, would be more susceptible to a 1,3-CH insertion, cf.
11 — 13 (Scheme 5), and yield bicyclo[4.1.0]heptane (20).
Conformational control over carbene 19 inside CyD cavities
would therefore alter its regioselectivity and chemoselectiv-
ity (Figure 10).

Statistically, the amount of alkene 21 formed through a
1,2-H shift of carbene 19 should be half that of alkene 22
because of the 1:2 ratio of hydrogen atoms at the respective
migration origins. Of course, this is not the case due to the
unequal inherent migratory aptitudes of each hydrogen
atom,['!8] ¢f. Saytzeff’s rule. Thus, the 21:22 ratio from the
2-methylcyclohexyl cation (19H*) is around 5.4,[1'°1 al-
though the microwave-induced dehydration of the
23c@NaY FAU IC gave 21:22 = 2.2.[1291 The 21:22 ratios
for the conjugate base, that is, carbene 19, in solution were

Eur. J. Org. Chem. 2006, 5423-5440
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(a)

(b)

Figure 9. Innermolecular insertion products: (a) 2-O-(2-adamantanyl)-a-cyclodextrin (2-14a) and (b) 3-O-(2-adamantanyl)-a-cyclodextrin

(3-14a).

18

Scheme 6. Generation of 2-methylcyclohexylidene (19) and its sub-
sequent reactions: RH = (a) CyD, (b) MeOH, (c¢) H,O, (d) n-CsH;5».

H
H H—gHH
H H
H {i'|
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H

19,

L3

Figure 10. Two conformeric isomers of carbene 19.

around 1.8-2.3 and 1.9-2.6 for 19@CyD ICs.l''*l Moreover,
trace amounts of the 1,3-CH insertion product 20 were pro-
duced only by the thermal Bamford-Stevens reaction!!'®l in
N-methyl-2-pyrrolidinone.'!”] These findings indicate that
the more stable conformer 19., (Figure 10a) predominates
both in conventional media and inside CyDs.

Eur. J. Org. Chem. 2006, 5423-5440
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2.3.2. 1,4-CH Insertion

The Bamford-Stevens reaction!!!'®l of the 3-nortricy-
clanone p-tosylhydrazone sodium salt (24) (Scheme 7) gen-
erates 3-nortricyclanylidene (28).['2!l Quadricyclane (29)
was anticipated from an intramolecular C-H insertion of
carbene 28 but was not observed. Instead, 4-ethynylcy-
clopentene (30) was formed by cyclopropylcarbene frag-
mentation,'>2l a process similar to the well-known
Eschenmoser fragmentation.['?3] The carbene rearrange-
ment is believed to proceed through a coarctate transition
state (TS) that requires strict orbital alignment of the di-
valent carbon with the cyclopropane ring.'?*! A bilateral

symmetry and an endocyclic configuration are
required—both of which are exemplified by carbene 28.112%
N NTsNa_ A 25
7NaTs
: —NZ

Al

29 31 32
30
Scheme 7. Generation of 3-nortricyclanylidene (28) and its sub-

sequent reactions: RH = (a) a-CyD, (b) B-CyD, (¢) MeOH, (d)
iPrOH, (e) AcOH, (f) H,O, (g) c-CsHj,.

In lieu of the unsuitable Bamford—Stevens reagent 24, 3-
azinortricyclane (27)['%°) was used as a precursor of carbene
28. The CyD ICs were determined to be 27@(a-CyD), and
5431
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(27@P-CyD), by structural analysis.[#+46:47-126] Indeed, the
results are in agreement with these structures. No azine 26
was formed upon photolysis of the sandwich-like 27@(a-
CyD), IC because of complete encapsulation of the reactive
guest. However, bimolecular reaction of the guests within
the (27@p-CyD), dimer produced azine 26 by virtue of
their geminated assemblage. Of the two possible intramolec-
ular products, 29 and 30 (Scheme 7), only enyne 30 was
observed after photolysis of the 27@CyD ICs. Control ex-
periments with 29@CyD showed it to be stable under the
reaction conditions. Thus, no 29 was formed by photolysis
of the ICs of 27. In addition to intramolecular fragmenta-
tion to 30, innermolecular reaction of carbene 28 with the
O-H bonds of both CyDs predominated, giving O-substi-
tuted CyDs (31a and 31b) detected by FAB MS analysis.[!2]
Photolysis of the diazirine 27@NaY FAU IC («> = 0.25)
yielded some 30 but no 29, which was found to be stable
under the reaction conditions. The principal formation of
3-nortricyclanol (31f, 76%), which is also stable within
NaY,['?”l by hydrolysis of carbene 28 demonstrates that a
significant amount of H,O remains inside thermally acti-
vated NaY as well. The presence of bimolecularly derived
azine 26 and ether 32 indicates some diffusion of ephemeral
carbene 28 within the lightly loaded FAU zeolite.
Confinement of carbene 28 within CyDs and FAU zeo-
lites did not hamper its fragmentation to enyne 30 and
awaken the dormant 1,4-CH insertion to 29. Apparently,
there is still enough space within the hosts’ cavities for the
unraveling process. Moreover, 1,4-CH insertions are too
slow to compete due to improper orbital alignment.['28:12°]
The absence of C-H insertion by carbene 28 is noteworthy
because 2-norbornanylidene (33), which merely lacks the
C?—C® zero-atom bridge in 28, undergoes C—H insertion to
nortricyclane (35) almost exclusively (Scheme 8).1128:130]

Ards A

(05%)  (99.5%)

Scheme 8. Intramolecular reactions of 2-norbornanylidene (33).

2.3.3. 1,5-CH Insertion

The effect of molecular confinement on reactant confor-
mation can be astounding. If a reactive intermediate is de-
prived of its normal decay route then new reaction alterna-
tives may flourish. This is the case with cyclooctylidene (37)
(Scheme 9).146-129-13L.1321 Jpon photolysis of azicyclooctane
(36), cis-cyclooctene (38) is readily formed, but so too are
products derived from intramolecular C-H insertions of
carbene 37. Of special interest is bicyclo[3.3.0]octane (40).
Created from a 1,5-CH insertion within carbene 37,133 ¢is-
fused 40 needs space to form. Since the free volume of a
CyD depends on the number of monomer units of which it
is comprised (Figure 4), it is not surprising that these fac-
tors conspire to limit the formation of 40 when diazirine 36
5432
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is photolyzed within a-CyD.['*!1 The occurrence of a trans-
annular C-H insertion becomes less probable as the cavity
within the molecular reaction vessel gets smaller (Table 1).

2

Ney Moy / 38
04100 —
N
36 37 \ 39

H H

e

Scheme 9. Competing intramolecular reactions of cyclooctylidene
37).

Table 1. Propensity of transannular 1,5-CH insertion of cyclooc-
tylidene (37) within CyDs decreases as the size of the host cavity
decreases.

CyD Free volume [A3](] Yield of 40 [%]!
. 427 )
B 262 37
o 174 29

[a] See ref.#1bl [b] See ref.l131,

2.4. Alkyl(aryl)carbenes

Photolysis of 1-(1,1’-biphenyl-4-yl)-1-diazo-2-phenylpro-
pane (41) in solution yields products derived from 1,2-H
and 1,2-Ph shifts and intermolecular reaction of the corre-
sponding carbene. In contrast, only a 1,2-H shift, leading
to 1-(1,1'-biphenyl-4-yl)-2-phenylpropene (42), is observed
when polycrystalline 41 is photolyzed in the solid phase
(Scheme 10).1672-67dl Moreover, the 1,2-H shift is highly ster-
eoselective in the solid phase as a result of conformational
constraints and orbital alignment,['!”) and the more steri-
cally crowded stercoisomer (Z£)-42 was formed almost exclu-
sively (4 > 380 nm). However, RIES within the diazo com-
pound!® could not be fully discounted.

v
_nv . 4
HY—pp N, . . Spp . . N—cH,

H,C H,C PH
41 (E)-42 (7)-42
(3%) (96%)

Scheme 10. High stereoselectivity for the (Z) isomer is observed in
polycrystalline media.

2.4.1. Methyl(phenyl)carbene

With the intention of selectively derivatizing CyDs,['34
nitrogenous carbene precursors have been enlisted as labile
guests.['31 The involvement of supramolecular carbenes
was inferred based on intramolecular products stemming
from 1,2-H shifts and intermolecular additions to these
products. However, 3H-diazirines that possess relatively
weak a-C—H bonds are susceptible to RIES.[7*b] During the

Eur. J. Org. Chem. 2006, 5423-5440
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photolysis of 3-methyl-3-phenyl-3 H-diazirine (43), RIES of
43* and/or a 1,2-H shift of methyl(phenyl)carbene (45) pro-
duces styrene (46), which undergoes a secondary reaction to
give cis- and trans-1-methyl-1,2-diphenylcyclopropanes (48)
(Scheme 11).13%3] Of course, these three-atom rings are not
necessarily formed by carbene 45 addition to 46. Homolytic
scission of pyrazoline 47,['3¢ which may be formed by the
facile [3+2] dipolar addition of diazo compound 44 to al-
kene 46, can give cyclopropanes 48 (Scheme 11). The par-
ticipation of carbenes was also surmised from the formation
of the innermolecular O-H insertion products of CyDs that
were originally sought. The innermolecular products, that
is, O-(1-phenylethyl)cyclodextrins, can also be explained
without invoking carbenes. Since most of the diazo com-
pounds that were used decomposed during CyD IC forma-
tion,['33<1 CyD derivatization may have occurred by a diazo-

nium ion route.[#a-12]
N=N hv N=N
Ph” T CH, ™ Ph)k(?H;
43 43"
N / -N, -N>
i,

P (H; _N2 {P CIIJ

46
46

/K/E\Ph -N, PhY

CH,
47 48

Scheme 11. Formation of styrene (46) and 1-methyl-1,2-diphenylcy-
clopropane (48) within CyDs.

2.4.2. Phenylcarbene

The intramolecular rearrangement of phenylcarbene (49)
to 1,2,4,6-cycloheptatetraene (50) is a well-known transfor-
mation (Scheme 12).['37-138] When carbene 49 was generated
within the confines of a HC,[!¢13] innermolecular C-H

L
=[]

51 52

Scheme 12. Phenylcarbene (49) ring expansion.

insertion was mostly observed. However, allene 50 was
formed in low yield by photochemical ring expansion (4 >
416 nm) of carbene 49. Incarcerated allene 50 was protected
from dimerization, so the 2D 'H NOESY NMR spectrum
of 50@HC was obtainable.

2.5. (Aryl)halocarbenes

Base-induced a-eliminations of benzal halides (53) were
performed in the presence of 18-crown-6 (Scheme 13).[140]
However, it was not the carbenes, but rather the alkali metal
cations, that were ensconced within the coronand (2D)
hosts. The halo(phenyl)carbenes (54) produced in this man-
ner behaved much like those arising from 3-halo-3-phenyl-
3 H-diazirines, which are reported to yield free carbenes.
Since crown ethers are known to encompass the cations of
the salt byproducts,'*!l it was reasoned that a transforma-
tion from carbenoid to carbene character was being ob-
served.

2.5.1. Chloro(phenyl)carbene

Photolysis of neat 3-chloro-3-phenyl-3H-diazirine
(55)114?] yields azine 57 as the sole product (Scheme 14).[143]
In solution, chloro(phenyl)carbene (54-Cl) inserts into sol-
vent molecules to give 62;['#4 indeed, no azine 57 is formed
in either THF or alcohols.'*31 In anhydrous alcohols, trans-
formation of a-chloro ethers 62c,d provides the acetals
61c,d exclusively. However, base is required to neutralize the
HCI byproduct and quench subsequent hydrolysis, which
leads to benzaldehyde (PhCHO). Finally, the formal car-
bene dimer 60 is formed in minor amounts (up to 5%) only
in nonpolar solvents.!'43]

s @*?

hviA 55 —ZH

N:N
hv N,

@T |
54- c1 RH
-HCl
cl
X LRH ¢l R=OH
“Tho Than

Scheme 14. Generation of chloro(phenyl)carbene (54-Cl) and its
subsequent reactions: RH = (a) CyD, (b) H,O, (¢) MeOH,
(d) iPrOH, (e) HCI, (f) n-CsH,», (g) ¢-C¢H;», (h) THF, (i) CHCl;,
(j) PhH, (k) PhCH(OH)CH(OH)Ph.

o™

N>

/Z

59

X
.. . 0 o)
x _t:?;;%l; XKX 18-crown-6 X+ [ K ] X
0 8
53 54KX 54 o/

Scheme 13. Free halo(phenyl)carbenes (54) via crown ethers: X = Cl, Br.
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The structures of the 55@CyD ICs were found to be
55@(0-CyD), and (55@B-CyD),.'431  Photolysis of
55@CyD ICs in the solid phase produced azine 57,
PhCHO, and HCI. But when the 55@CyD ICs were pho-
tolyzed as slurries in alkaline buffer (pH = 9.3), RP-HPLC
and FAB MS revealed the presence of derivatized CyDs.[143]
Their structures were not fully ascertained, but FAB MS
analysis ruled out 6% 6B-O-(benzylidene)cyclodextrinst!4’]
and related isomers (Scheme 15). Upon formation, carbene
54-Cl immediately reacts with H,O to form a zwitterion or
ion pair,['%!" which yields the hydrolysis products P\CHO
and HCI (Scheme 16). However, ring scission of the CyD
host by the ion pair would yield an a-chloro ether capable
of eliminating (a) HCl to form CyD-PhCHO and (b)
PhCHO to form CyD-HCI.

X

X T~ Ph Y

541 HOXOH, b6y 07¢-n O\C/O
<o AL g

Ph H

Scheme 15. Derivatized CyDs, such as the isomers 2,3- and 6°,65-
O-(benzylidene)cyclodextrins, were not formed by 54-Cl@CyD in-
nermolecular insertion: HO-X-OH = CyD (as polyol).

X HO-X-Cl
Ph)g(,l o, |
C PhCHO
)
Ph H
+
PhCHO + HCL HCI

Scheme 16. Hydrolysis within 54-Cl@CyD ICs likely precedes
innermolecular reaction: XO = CyD (as polyether).

Photolysis of 54-Cl@FAU ICs also gave azine 57,
PhCHO, and HCl as the major products.'*3] The formation
of the carbene 54-Cl hydrolysis products demonstrates that
a significant amount of H,O remains inside thermally acti-
vated FAUs. Carbene S4@FAU ICs were also studied by
transient diffuse reflectance UV/Vis spectroscopy and laser
flash photolysis (LFP) using 4,4’-bipyridine.l'*?) The 7 of
carbene 54-Cl was measured within Y-type FAUs ex-
changed with group 1 cations. Though never exceeding
3.2 s, it was found to depend on the counterion’s Lewis
acidity and increases in the series LiY < NaY < KY <
RbY < CsY. Thermolysis of the 55@NaY FAU IC resulted
in PhnCHO and 2,5-diphenyl-1,3,4-oxadiazole (59), which is
usually formed by the hydrolysis of azine 57. Note that 59
was also formed after photolysis of diazirine 55 in neat
PhCHO, likely by aldehyde trapping of diazo compound
56.[143,147]

Carbene 54-Cl was shown by LFP to be insensitive to
the presence of 30, in solution.[!>b-148:14] Similarly, no reac-
tion with H, (by abstraction/recombination) in an H,-
doped argon matrix was observed.!'”] However, singlet car-
bene 54-Cl reacted slowly with O, in a spin-forbidden pro-
5434
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cess when it was photolytically generated in an argon ma-
trix.['47a1511 Indeed, carbene 54-Cl may be capable of inner-
sphere electron transfer (IS-ET).['>?l Nevertheless, pro-
nounced matrix effects on carbene 54-Cl, like increased hy-
drogen-abstraction by QM tunneling, are unlikely.[08-153]

The 7t of carbene 54-Cl is reported to be around 3.6 us
(max = 310 nm;[134 2.2 4-trimethylpentane), as determined
by LFP of diazirine 55.1148:155 At T' = 10 K, matrix-isolated
54-Cl completely undergoes ring expansion to 1-chloro-
1,2,4,6-cycloheptatetraene (DL-63) when exposed to short
wavelength irradiation (4 > 254 nm) (Scheme 17). Neither
7-chlorobicyclo[4.1.0]hepta-2,4,6-triene (64) nor 2-chloro-
2,4,6-cycloheptatrien-1-ylidene (65) was observed during
prolonged irradiation (4 > 338 nm) of carbene 54-
CL137¢.1561 Hence, cyclic allene DL-63 apparently derives
from a direct 1,2-C shift within the frozen argon ma-
trix.['12:1571 However, if 64 were to lie in a shallow potential
energy well then it would be very fleeting and perhaps un-
observable.l'37d¢l (2-Chlorophenyl)carbene (iso-54-Cl) also
rearranges to cyclic allene pL-63.137¢1511 According to one
study, the two carbenes do not interconvert,['3!] since car-
bene 54-Cl has a singlet GS and carbene iso-54-Cl likely has
a triplet GS. In another report, irradiation (4 > 212 nm) of
cyclic allene pL-63 (produced from iso-54-Cl) did generate
some carbene 54-CL['37¢ Finally, the 1,3-CH insertion of
carbene 54-Cl to 1-chloro-1H-cyclopropabenzene (58) has
never been observed (Scheme 14).

e g

54-Cl DL-63 is0-54-Cl

7 TN
HU(J]Q;&H@

64 65 iso-64

Scheme 17. Ring expansion of chloro(phenyl)carbene (54-Cl).

2.5.2. ([1,1'-Biphenyl]-4-yl) chlorocarbene

Photolysis of crystalline diazirine p-Ph-55 yields the cor-
responding azine as the sole product.l®’"! As mentioned ear-
lier, similar results were found with neat liquid diazirine
55.11431 Since azines are likely formed via carbene-diazirine
ylides,!'>®] the carbene t becomes crucial. The 7 of ([1,1'-
biphenyl]-4-yl)chlorocarbene (p-Ph-54-Cl) was determined
to be 24.7 us (Amax = 360 nm; 2,2,4-trimethylpentane) by
LFP of 3-([1,1’-biphenyl]-4-yl)-3-chloro-3 H-diazirine (p-Ph-
55).[155]

2.6. (tert-Alkyl)halocarbenes

Like carbene 54-Cl and other (aryl)halocarbenes, (fert-
alkyl)halocarbenes cannot undergo a 1,2-H shift. Neverthe-
less, other types of intramolecular rearrangements can
flourish.

Eur. J. Org. Chem. 2006, 5423-5440
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2.6.1. (tert-Butyl)chlorocarbene

The decomposition of 3-zert-butyl-3-chloro-3 H-diazirine
(66), by either thermolysis or photolysis (Scheme 18), yields
mainly 1-chloro-2,2-dimethylcyclopropane  (70).[15°1  2-
Chloro-3-methyl-2-butene (68) is also formed, but to a
lesser extent.['®l Cyclopropane 70 stems from a 1,3-CH in-
sertion of (tert-butyl)chlorocarbene (67) (v = 1.1 us; Tyncor
= 90 nsl1o]) [17.113d,160-162] Iy fact, the C—H insertion product
70 was observed even at 7 = 11 K and was likely formed
by QM tunneling.[!61-163]

NN g N=N
%Cl Pra— \\)QCI
66 66"

H
67 68
/I\/ \
H
Cl a
69 70

Scheme 18. (tert-Butyl)chlorocarbene (67) mostly undergoes 1,3-
CH insertion.

2.6.2. (Adamantan-1-yl) chlorocarbene

In a related case, photolysis of 3-(adamantan-1-yl)-3-
chloro-3 H-diazirine (71) in an argon matrix at 7 = 10 K
yields both 1-[chloro(diazo)methyl]adamantane (72) and
(adamantan-1-yl)chlorocarbene (73) as primary photoprod-
ucts (Scheme 19).'%4 It was not clear, however, which reac-
tive intermediate formed anti-Bredt 4-chlorotricy-
clo[4.3.1.138]undec-3-ene (74) by a 1,2-C shift, that is, ring
expansion. The formation of minor amounts of 4-chlorotet-
racyclo[4.3.1.138.03*Jundecane (75) by 1,3-CH insertion
could not be ruled out. Nevertheless, the predominance of
a 1,2-C shift is in sharp contrast to the 1,3-CH insertion
featured with CHjs-bearing carbene 67, which can also be
considered an unscaffolded version of carbene 73.

N=

=N
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Scheme 19. (Adamantan-1-yl)chlorocarbene (73) may undergo a
1,2-C shift.
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2.7. (Aryloxy)halocarbenes

Most recently, spectroscopic characterization of a singlet
carbene@HC IC was achieved as a result of supramolecular
carbene v enhancement. Photolysis of 3-fluoro-3-phenoxy-
3 H-diazirine (76) within a HC (Figure 6b) generates fluoro-
(phenoxy)carbene (77), an electronically stabilized carbene
that does not undergo innermolecular reaction inside the
HC host.['%] However, adventitious water molecules de-
stroyed carbene 77 (Scheme 20). When pyridine was added
as base to inhibit this acid-catalyzed reaction, carbene 77
persisted for days within its HC cage. NMR spectroscopy
was used to characterize incarcerated carbene 77 and its
spectrum indicated that the carbene adopts a more compact
cisoid conformation within the clathrate even though this
conformer is less stable than the transoid form.

N=N OH
o F v o | ILO oﬁF
olsiile

76 71 78

HF —HF
F O
O)\F O)LH
79 80
Scheme 20. Formation of fluorophenoxycarbene (77) within a HC
and reaction with adventitious H,O.
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