Section A + Historical Background

The poseibility that divaleant carbon compounds might be
intermediates in certain chemical reactions was suggested more
than hundred years ago to account for the products of the
alkaline hydrolysis of chlo;'ofom (1). Divalent carbon inter-
medlates were 2lse involved from time to time during the first
half of the present ceatury, particulerly as iantermediates in
the decompositions of diazoalkanes and of ketenes, but it was
not until last decade that the 'carbenes' and thelr reactions
were subjescted to close scrutiny.

Ihe generic name "c¢arbene" was 'collaborately conceived
by Doering, Wiastein and \Woodward (2), 1o be descriptive
methylene (CHy), in analogy with the derivation of “carbinols"
methanol.

OUne of the major problems of egarbene chemistry has been
the deteruination of the coafiguration of the non-bonding eleo-
trons on the divalent carbon atom. It has now been established
that in most, but not all divaleat carbon intermediates which
have been identified, these electrons are paired, i.e. their
spin quantum numbers have opposite signs. It has been suggested
that the term carbene should be reserved for those species, ‘ihﬂe
those with unpaired electrons, and which exibit the reactions
characteristic of free radicals, should be termed methylenes(3).
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The current interest in the divalent carbon species
seems to date from 1950, when Hine published his first paper
on g reinvestigation of the alkalline hydrolysis of chloroform,
and concluded that dichloro carbene (# CCly) was probably an
intermediate in this reaction (4:).

It was not wntil 1954 that Doering and Hofmann ahowed
that dihalo carbenes from the haloforms could be trapped by
addition to olifins to give cyclopropane derivatives (5).

Thus cyclohexene, chloroform (or bromoZform) and Potassium

t-butoxide gave 7,7-dihalo nor carane - (eguation 1).

CXg'l‘ O = (>'Cx8 e (1)

While oC-elimination reactions have furnished a route
to the dihalocarbenes, and more recently, to variety of other
substituted carbenes, a second route to divalent carbon inter-
mediates involves the thermal, photo chemical or catalytic
decomposition of diazZo alkanes and ketenes. Dyakanov - = made
an extensive study on the decomposition of diszomethane, and
more particularly of ethyl diazoacetate, catalysed by copper or
copper salts in the presence of olefin which rainltsﬁfavﬁlopmo-

pane derivatives.
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The interest in divalent carbon may, perhaps, be divided
into three main categories. Two of these are of a physiochemical
nature; namely, the study of the energetics of methylene produc-
tion and of its reactions, and the configuration of the non-
bonding electrons.

The third major aspect of carbene chemistry concerns
the synthetic utility of divalent carbon intermediates with
olifins. A further synthetic application makes use of the
"insertion reaction", in which methylene itself, and more rese-
tive carbenes can directly insert into a carbon hydrogen bond

(Equation-2).
N o
:CH-E + —}-C—"H e -7(:‘_' CH.-a"‘ H .. (2}

Now attention is drawn to the electrophilic and nucleo-
cronadin of divaledl conbem spunian , Siglel canbamio ane
philic‘aleotron deficient species, comparable to carbonium
ions; on the other hand they possess a non-bonding pair of
elecirons, coumparable to that of carbanions.

The electrophilic and nuecleophilic character of siaglet
carbenes depends, therefore, largely on the ability of adjacent
groups to withdraw electroas from or supply electrons to, the
carbene carbon. Iriplet carbenes may be considered as diradical.
The formal relationship of carbenes to other simple intermediates

ie presented in table-1.



Name of the intermediates lumber of covaleant MNos. of valence

bond Electrons.
Carbanions 3¢ 1 ) 3 8
Radical SCr 3 7
Carbonigumion 2 GG) 3 6
Carbene > 019© 2 6
Section Bt

Thus there are two chemically accessible kinds of carbene,
singlet (1CH2) and triplet (3032)- As consiructed with carbon
25 and 2p and the orbitals of hydrogen, halogen ete., the triplet
methylene ie linear or near-linear sgpecies (X-C-X angle close
o 1800) ginglet methylene
ie a bent species (X-0-X)
angle nearer 120° actually
103°. Triplet carbeme has two
unpaired electrons in mutually

perpendicular p orbitals and
Big- 14 singlet carbene has none (127).
Studies by Hertzberg and associates demonstrated a linear triplet

ground state for carbenes which, in the gas phase, is rapidly
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formed by collisional guenching of the imitial short lived bent
or singlet carbence - |

Studies of carbenes have shown singlet ground state for
halomeno and mixed halogenocarbene derivatives aud triplet
ground state for arylcarbenes. The latter are probably generated
as singlets but trapped in a solid host at a very low temperature,
they decay to their triplet ground state more rapidly than reac-
ting with neighbouring molecules.

Studies at very low teumperatures, verify singlet ground
states for halogeno carbenes. The reaciion of a triplei carbene
gives dimeric product. Several asgeoet of carbene chenistry have
fascinated a lerge number of chemists during the pasi quarter
of a ceatury. Firsv, their reactions are novel insertions into
$ bonds addition to M bonds, and the various carbene rearrange-
ments are all sufficiently distinctive from the reactions of
other species to excite curiosity about their scope, mechanisms
and synthetic poseibilities. Second, the electronic structures
of carbenes are unusual in that most carbenes have two low-
lying electronic states near enough to each other in energy both
may participate in the chemistry of the intermediate. Third, many
carbenes are small enough to be treated by a variety of quantum
mechanical calculations that provide insight into oarhaﬁe
gtructure and reactivity.

Carbenes are, among the few simple molecules (Op is
another) that have more than one accessible low-energy state.

If we exclude the carbon 1s atomic orbital, which is not strongly
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involved in chemical bonding, there are four valence atomic
orbitals of carbon, the 28 and the three 2Z2p orbitals, that
contribute to bonding in carbenes. Two combinations or hybrids
of the valence atomic orbitals contribute to the bonds to the
central carbon atom, whereas two other combinations of the
valence orbitals accommodate the unshared eleciroans on the
central carbon atom.

The two non-bonding molecular orbitals of a carbene are
identical only if the H~C-H bond angle is 180°. For all other
angles the non-bonding orbitals are non degenerate. The distri-
bution of the non-bonding elecirons of the carbene beiween the
two valence shell non-bonding molecular orbitals has been an
important theoretical problem. The distribution depends on a
play off between the orbital energies and electron-electiron

repulsion. Three possibilities are displayed in Piz. 2,

Bonding orbitals .U‘. 1 - (5 k08 Non-bonding orbitals

Triplet state (linear)
1 Non-bonding orbitals

Bonding orbitals -‘u- -U- 1
Triplet state (Non-linear)

(&3 Non bonding orbitals
Bonding orbitals 14 j—'l-
Singlet- state
11'1%—2
If the difference between the energies of the non bonding

molecular orbitals is greater than the energy reguired to bring
a pair of electrons together in a siagle molecular orbital then



both electrons will occupy the lower energy non-boading molecular
electronic state. If, however, the difference in molecular orbital
energies is less than the increase in electson~-electron repulsion
energy for the non-bonding electrons when they are brought
together in the same special orbital, thea the non-bonding
electrons will oceupy different orbitals. Hund's rule tells us
that two electrons occupying different orbitals achieve minimum
energy when their spin functions are the same, and thus a triplet
alectronic state resultse.

In this @description we have used a simple picture of
molacular structure wiich sssumes that an accepiably accurate
descrintion of a molecule cau be given in terms of the unigue
ailocation of electrons to molecular orbitals (7). Even in this
gimple pleture we should add that the energlies of the four
bonding electrons are affescted by the non-bonding eleetrons.
Therafore, we showld be camparing the sum of all the orbital
snergies, bonding and non bonding, with the sum of a2l electron-
eleetron repulsion energies, bonding and non bonding, to obtain
estimates of the totel ehergy for eaeh allocation of electrons
to carbene molecular orbitals.

Iwo extremes of carbene molescular structure are more
easily described than the intermediate struciures that belong
to most real carbenes. As shown in Fig., 3 if CHy were linear,
eymmelry arguments demand that the two non boading molecular

orbitals musi be degenerate, pure p atomiec orbitals. Hence the
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lowesl energy linear form of methylene must be a iriplet state.
However, as Vialsh pointed out in 1853, this degeneracy is removed
on bonding. As the H-C-E angle is decreased from 1800, one of

two Zp orbitals which comprise the non bonding orbitals of the
lincar molecule tmies on S gharacter and i1s lowered in energy (8).
At the other extreme, in perpendicwlar methylene one bonding
orbital is a nearly pure 28 carbon orbital (plus some hydrogen
18), and the other is pure P. The very large splitting between

S and P would certainly lead to a doubls ooccupation of the 3

orbitel, making the state a2 singlet.

2
(a) p"-methylene (Perpendicular); (b) 5P Methylene (linear).
Fig. 3
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Walsh was the first to correlate the molecular orbltals
of linear methylene (designated by the J and T Symmetry
classifications of the Dy, point group) with the molecular
orbitals (designated by the a3, a5, by, Dy irreducible repre-
sentations of the C 2 point group) of the beat molecile. Such
correlation diagrams are now called Walsh diagrams. Walsh pre-
gsented qualitative arguments aboul the energy change for each
orbital, with change in bond angle for AHy molecules. Compariaon
of Walsh's original diagram of 1953 Fig. 4 with one based on an

ab initio calculation “or CH, meade in 1969 Pig., & shows consi-
derable similarity. The b, (4 ) orbital is antibonding between

the hydrogens but bonding between carbon and hydrogen. Therefore
an increase in H-U-H angle deoreasses repulsion between the
bonding electrons and decreases The bg molegcuklar orbital emergy.
The ay ( d ) molecular orbital increases in 5 character as the
bond angle increases, and this factor was belicved by wWalsh to
lead to a decrease in energy, that is, a stronger 4 bond.

The molecular orbital energies vary in derivatives of
mgthylene (3CRR') depending on the groups attached to the
divalent carbon atom (9). Therefors, the determination of the
electronic structures of the lowest energy and first excited
atates of carbenes has been a problem requiring sophieticated
thepeetical caleulations and elaborate spectroscopic experi-

ments.
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Caleulated variation of orvital energies with bond

angle in 1,, state of methylene.



Accordfng to the Frontier orbital theory il the carbene
approaches the olefin in a straight line the HOMO/LUMO interac-
tions would be antibonding. But as the reaction i3 common The
anomaly is explained by the probability of a sideways approach
at the initial stage when overlap beginds to develop (12).

A lot of mechanistic work has beea done which ceatres
on correlation of reactivity and stereochemistry with spin
multiplieity and excess energy of the divalent carbom unit e
( ). Moreover it is !mown that methylene produced in the
phase photolyses of diazomethane adds stereospecifically to
olefine and it has been shown to be in the singlet state. Under
high pressure and in presence of inert gas iatersystem crossing
to the triplet state occurs ( 20 ).

IThus the nature of subatituents, nature of medium,
presence of catalysts aud reaction conditions easily influence

the course of reactions of these divalent carbon species,

Observation and analyeis of the spectra of a spacies as
simple a8 methylene should give very detailed information con-
cerning both ground and excited states of the molecule.

Assignment of a group lines at 4050 L° in the spectra
of comets to methylene (10) gave a great deal of useful guidance
in early discussions of methylene even though it later turned
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out the lines were due to Oy rather than CHy (11). In 1989
Herzberg (12,13) finished a 17 years hunt for the elusive
methylene and obtained spectra of both the lowest singlet and
triplet states. 3traight forward observations show that, since
the singlet state decays to the triplet, the latter must have
the lower energy content.

Attempts to preserve CHy for speciroscopic observation
by matrix isolation (14,15) have let to ambiguous resulise.
Pimental and his co-workers (14,16) irradiated diazomethane in
argon and nitrogen matrices at 20%¢. iinder various conditions.
They observed infrarad abzorption bands at 4182, 3968 possible
methylene absorption bands.

A new band system spread from 5500 - 9500 a° was observed
when higher ratios of CHyllo /8 were used. Apparently the first
product of photolysis has long wave lenglh absorption but decays
rapidly to the triplet ebsorbing at 1415 A°. The fotational fine
atructure of the three bands 1ndieato& the absorbing species
is bent with 2 bond angle of about 103° (0-H) distance =
1.12 AP) and & linear upper state. No triplet splitting of
spectral lines could be found.

It is interestingthat Herzberg mlso saw faint bands in
the 3000 - 3500 A region. Appearance of the lines was not
favoured by condition which maximize the fg;plet_ahaorption at

13,1.If

the absorption is to be associated with the sharp lines found

1415 K. Consequently Herzberg feels species must be
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by Robinson end MeCanly, and attributed to CHp, a problem arises
since the species seen at 4.2°K, was obviously loag lived.
Shortly before Harrison's paper was submitted for publication
once again one of the periodic revolutions in the experimental
view of the geometry of ground state methylene occurred. Schaefer
has described BSR speciroscopic evidence for the structure of
methylene as “an experimental break through® (17).

In the August 1, 1970, issue of the Journal of chemileal
physice Serrheim, Dernaard, Wang, Wood and Skell reported the
detection of the ESR spectrum of itriplet methylene observed
from the photolysis of diazirine in solid Xenon at liguid
nelium (4.2°K) temperature (18). The D and B derofield para-
meters that measure the dipolar interaction of the uapaired
electrona and their deviation from cylindrical symmeiry, res=
vectively, were #educed from the specira. 3ince B was found
to be non zZero, Zrouad state triplet methylene was certainmly
bent at least slightly in the xenon eavironment. Shortly there-
after in lpvember 1370 wasserman, Yager and Kuck slso resorted
the EOR spectrum of triplet methylene from the photolysis of
diazomethane and diaziine in xenon at 4.2°K. These workers
deduced on H-C-H angle of 128-143° from the zerofield splitting
paramsters, with the most probable value. 136 , in splendid
agreenent with latest theoretical predictions. It should be
pointed out that the bond angle is related in a quite complicater
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manner Lo the mamitude of E for a stationary unperturbed
methylene molecule. Very soon Bernheim, Bernard, Waang, Wood
and Zkell deduced and even more precise bond aangle, 137.7°,
from the 1%C hyperfine interaction in OD, (20). It was noted
that the isotopic shift in the zerofield aplitiing parameters
observed in going from CH, to 032 mizht be due to elither pota-
tional motion or a matrix interaction.

In 1971 Hersberg and Jolms cited the recent ESR work
and alaéo the theoretical studies of Harrison and Allen and
_ Bender and Schaefer as indicating that the ground triplet is
bent (21). On the assumption that the molecule is bent, re-
analysis of the spectroscopic data gave a bond angle of 136°
and bond length of 1.07810. in splendid agreement with latest
theorstical and ESR spectiroscoplc comclusion.

Such measuremant has been used to characterlze triplet
states subatituted carbenes also (21, 23, 24). These indicate
that diphenyl carbene, phenyl carbene md'fluurenylidene have
triplet ground states. The magnitude of the triplet splitting
at zerofield and the hyperfine interactions with protons indi-
cate that in diphenyl carbene, the two phenyl groups lie close
to, but not exactly, perpgendicular planes. Surprisingly, the
extent to which the unpsired e¢lectrons are conatrained to stay
at the central carbon atom is about the same in diphenyl carbene
and in fluorenylidene despite their different zeometry. 'ig. o.
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Diphenyl methylene Muorenylidene
¥ig. 6

CHEMICAL SVIOBNCE

Carbenes of agll asgrits lave been detected by a variety
of speetroscopic technijuea,; and valuable struciural informa-
tion haa been ohtained. The spectroscopic resulis have been
reviewed receatly (28).

How attempts to draw inference concermiing the spin state
of mathylene from chemical reactivity, and vice-versa, have a
long and some times undistinguished history. darly attempts to
gharacterize methylene in gas streams involved removal of
tellurium, selenium, aresnic and antimony mirrors, and the
tellurium-method (£6) was favourite for detection watil it was
shown (27) that mirror removal was due largely to reaction with
other species, at least when methylene was produced by photo-
lysis of ketene. iMethylene and its derivatives would probably

73918 . 6;‘\}'_'5'_:‘.:.,
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resct with many other materials if givea the chauce, since in
either the singlet or triplet state, it is a highly reactiive
apecies. It is doubtful that any but the most detailed study
of randomly chosen reactions would yield much information
conceraing the charasteristic chemical propertiss of singlete
and triplsts. In retrospect, sssumpiions such as low reactivity
of singlet methylene (28) or clearly "radical like reactivity®
of the triplet seem either wrong or harmfully gversimplified.
neactions which have been mpat studied insertign

reasctions (egn. 3)

$ OHo+ Hy —— CH,
$ CHpo+ RH —— RCH;

avh £3)

and addition to carbon-Sarbon double bonds. (ega. 4)

N\, i N ¥
Gz

these reactions hawve beean studied in great detail and

muech of the related discussions ralate to chemisiry of singlets
and triplets. Sinzlet and triplet methylene show significantly
different behaviour and that study of insertion and addition
reactions can distinguish between the species, An opposite
view was given by Demore and Benson (29).

Meerwein, Rathjen, and Werner reported in 1942 C-H
insertion products from irradiation of diazomethane in diethyl
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ether, tetrahydrofuran, and isopropangl (31). It was not until
1956, however, when Doering, Buttery, Laughlin and Chaudhuri
investigated the photolysis of diazomethane in the preseace of
alkanes, that the real nature was rascognized (32). The addition
of dichloro methylene to cyclohexane, reported in 1954, was the
first autheaticated cyclopropanation via carbene or carbencid
species (33). The addition of methylene to olefines was establish-
ed in 1956 (34,35).

Stoichiometrically the U-H insertion reaction takes the forms

R H
Ve i
BR'C B - 0 ~—— B-0—O- K
R

A mechanistic ambiguity in description of the reaction
was recognised guite early (56,37). Abstraction of a hydrogen
atom followed by coupling of the radical pair could give rise

Yo the same products as concerted inseption. (egn. 5).
-

’ /
RRG: H — + RRCH+ C—

R’
W—t = c
:,/ c\ ..(B)
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Doering and ?rinzhach demonstrated that direct insertion
is the major path was in the photolysis of dimzomethane in the
absence of moderators and sensitizers (37). leaction of methylene
with labeled isobutene gives the rearranged product expected
from the radical path was in only 8% yield in the gas phase and
2% yield in the liguid phese. lhis means that a maximum of 16§
of the methylenea Iollow the radical mechanism in the gas phase
and 4% in the ligquid phese. (equ. &)

s * T .
{CHy + CH3— C=CHy—> CHg+ CH,— C—CHp

o

*
———> CHz— CHp— cI::—.. CHa+ CHo = cl.— CHz—CH3 .. (6)
Cﬂa CHg

Lhis is also supported by the work of Zell and Kistia-
kowsky who found CpH D, To be the major product from the phiote-
lysis of diazomethane in the presence of methane - dg (38).

But insertlon resction mechauism is a concerted one
which have shown by Xirmse and Buschoff who have demonstrated
that the insertion into. C-H bonds retains steric configurations
about the carbon atom (39). (Ban. 7)
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| H CHDa
HCM )

3 Hy H.c”/H

C?j}\\<3 CHg — CDaNp— 3 C77L\EH3

CHg
H H |
+ H3C17L\1>7%\\
CH.CHD
o/T\<3 2 CHDz
CHg oo ()

Another ezample of retention of configuration was given
by Doering and Helgen (40). So retention of configuration is

consistent with a one step insertion mechanism. (Egn. 8)

CO,CHg: COOCH3
hv I + other producls
CHz0— IC_ H+Nza CHCOOCHy —— CH3O-CI:- CH,CO0CH3

CHy CHg

Even intramolecular 30 C-H insertion goes with reten-—
tion of configuration (44). Although the evidence is strong
that, at least in solution, methylene often inserts primarily
in a concerted reaction, Frey showed some time ago that pro-~
ducts derived from all possible radical coupling reaction are

formed in gas phase experiments (41} / Eqn. 9;7



CH, + RH s CHz+R4R' other radicals
0E; + R »CHzR

OHz + R' > CHgR'

2CH, —» CH;CHg .« (Egn. 9)
bl 4

28 » R'R

ﬁ+ 1'3'{r —» R -3'

Recent WMR experdments heve reinforfed the view that
singlet methylene undergoes direct insertion into C-E vonds
and that triplet methylene abstracta hydrogen atoms even in

solution.

Observation in 1969 of emidfion sud emhanced absorption
in the MR benzylic proton signal from an irradiated solution
of diphenyl digZomethane in toluene was important both for the
understanding of the chemically induced dyanemic nuclear
polarization (CIINP) phenomeson and for the verification of
hydrogen abstraction by triplet carbenes (42).

Section-C ¢ g

Iwo hypothesis concer.ing the tramsition state Dr

OeH direct insertion have been presented. Doering and skell,
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having demonstrated that methylene is a vigorous electrophile,
proposed a triangular transition state for direct insertion

(43,48,45,57). The trianguler transition state accommodates the
one step nature of singlet methylene insertion.

- /—
Ho—pc=| u s
) / \\‘ ’.“C\ \ /C\
'CHa+H—C— —» ¢ — ¢
H B H H

Dempre and Benson on the other hand have proposed @nd
ot attack of the C~H bond. A transition state with diradical
character is probably intended, with stabilisation due %o con-

tribution by ionic terms to the wave function (38).

H H H H
o
Ci+ H—ciu S \----H e \c-—H ----- G
" v Ve el S
\—: A ert® = + _—
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Some confusion has arisen as to whether an intermediate
radical pair rather than a transition state was intended. Stereo-
gpecific insertion seems to preclude the formation of a radical
pair of finite life time. The mechaniem is much like that favoured
by Hofmann on theoretical grounds (45). Three kinds of evidence
have been brought to bear on the micro mechanism of concerted
CeH insertion by singlet methylene (46,47,48). One step, three
centre, direct insertion mechaunism is common for singlet
carhenae’(scﬁz ) reacta with two step abstraction recombination
mechanism. Ylide mechanism is possible when atoms with one pair

electrons are presant at or near the subgtrates reactive site.

woon aiter the discovexy of the addition reaction it
wae proposed by SkESll and co-~workera that siaglet aud triplet
carbenes could differ both iy their seleotivity (49) and in the
stereospecificity of addifion to olefins (43).

In 1956 Skell and Wood“we#d proposed that the spin state
of carbene can be deduced from the stereochemisgtry of sy clooropene
formation (43). The zeneralization has come to be known as the
Skell rule. The rule states that singlet carbenes are expected
to add to a olefin in single step and therefore preserve the
cis-trany stereochemistry of the olefin in the oyolodrspane
product. Oonversely, it was argued that since a triplet carbene

cannol give a singlet ground state cyclopropane in a single fast
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step, two step addition must occur. Rotation about single
bonds in the diradical intermediate should be rapid compared
with spin inversion followed by ring closer, and therefore
non stersospecific addition by triplet carbenes was expected.
Both these cases are showm in Fig. 7.

Emparically, Skell's rule has been found to be very
succeseful. Although a singlet carbene may add io an olefin
In = single step, there is uo selection rule prohibiting spin
conservation, step wise path. Conversely, although a triplet
carbene very likely does add in two steps, the result could
be stereospecific addition, if spin iaversion and ring closure
are sufficiently rapid. A two step reaction will indeed always
give non stereospecific addition in the zas phase. Thus if
stereospecific addition in the zas phase is obaserved, {he reac-
tion of a singlet carbene is indicated. The converse need not
hold, nonstereospecific addition in the gas phase is not dia-
gqnistic of a triplet.

R k3 ..'R R\‘. : "g i R‘ R
- o 'C.___ c/ iy



Transition state

Pig. 7

In solution prediclions are more @lfllcult because of
wide variations in inter system crossing rates. To assign
nonstereaspecific addition to a triplet carbenes, sterspspecific
addition by tThe singlet muat also be deumoasirated. Thus, for
only in the cases of methylene itself, fluorenylidene, dicyano
methylene and most recently dicarbomethoxy methylene and subs-—
tituted cyclopents dienyledenes has the stereospecifieity of
the addition of both singlet and triplet has been shown %o
conform to the Skell rule,

Stereospecific addition of methylene is obtained in the

irradiation of gaseous mixtures of diasomethane and cis or

’
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trans-2-butene (50). In the ligquid phase the sterepspecilicity
is believed to be even higher, the "wrong" isomer in the gas
phase coming principally from the geomelirical isomerisation of
the vibrationally excited primary adduct. This result was inter-
preted as indicating thet methylene from diaszomethane reacts
vhile in ite loweSt singlet state, which was recogniszed as not
necaesaarily being its ground svate (35,51). This was the

experimential basis for the Skell's ule.

Section-D s Effect
(a) Effects mainly electroniec in origin:

Carbene addition to an olefin has been regarded as an
electrophilic process. A theoretical analysis of the addition
of Y0H, to ethylens suggeste initiation of the reaction as in
Pig, 8, a " approach" in which the vacant P orbital of the
carbene begine to overlap with thewsystem. As the reactants
move along the reaction coordinate toward product geometry
the m approach goes over to Fig. 9, a " 4 approach" (52).

Tr approach 6- approach
Fig- 8 Fig- 9
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The important point &8 the nature of the initial stage,
the T approach, in which transfer of electron density Trom
the olefin's 1 -system to the carbenes P orbital occurs;
this is an electrophilic addition. More recent calculation
suggest that - approasch Fig. 10: is esnergetically preferable
to W -aporoach Pig. 11, ' . in the addiftion of 1032 to
ethylene (63). Addition ot OFy is calculated to follow &
similar course, with less chargs transfer from olefin to

carbvene at the transition state.

Sxperimentally, the charge separation in generalised
transition state Mig. 12 can be probed uy variation of either
olefinic substitueantis, B - 34 or carbenic substituents X
and Y. This procedure, however, can alter both steric and
electironic factors; the separation d chonges in response to

altered carbenic or olefinic reactivity. ¢



Fige 12

It has been shown that 1,2 aryl migratory sptitude of
the aryl group to aun electron deficient centre, the carbenic
P orbital is increased with g donating substituents oao the

aryl ring (54,55,56).

Ar—C—C—CgHs , Ar—C—CH , Ar—C——CH

| l |
CHy CHa CeHs

This resction may be viewed as intramolecular attack
by the carbenic P-orbital on the aryl Tr -syetem st -1,

The intramolecular reactions of thermally generated
carbethoxy carbene with benzene derivatives, are corrslated
by Hammet treatuent, P = 0.38 (@) (57). Here too the carbene

acts as an glectrophile, impinging on the aromatic T -agystem.
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Bxpectations are clear for variatioa of olefinic substi-
tuents; olefin reactivity will parallel TJ -electiron availabi-
1ity. The substirate ability to bear a positive charge in Fig.
12 will be paramount.

Additions of GCLy (80°C) to Pig. 13, b and o are
corpelated by P ; values are -0.619, -0.65 and -0.378
respoctively. Phese @ values are much smaller than the
observed in 0Cly additions to alkenes (58). There, substituent
variation is mcoomplished directly at ithe reaction centre;

response is great.

2 Z~ 2
0 s \0\
G CHa. ) g /c: CH,

Fig- 13a Pig-13b Fig- 13¢c

Por 1%s-c, the effect of substifuent vardation on
reactivity is attenuated because it is mediated by the aromatic
system. The order of increasingly negative P , 0{ bv(a, which
is the order of decreasing substrate reactivity. Substrate "a'
should }:Leld the most "advanced" transition state, with largest
charge separation; the strongest response to substituent varia-
tion is expected. After incorporation the concept of Hoffmann
(62,53) the transition for Cclz addition to 13 C is represented
Fig. 14 (59).



Some carbenes like thioxanthenylidene (/4Q) are nucleo-
philic also M.0 caloulations show nucleophilic character aand
triplet ground state for these carbenes ( 2R).

Steric effect:

Both sterie aund electronic effects muat be considered
in order to correlate relative addition ratea with subsirate

structure (80).

A l-cyclohexyl substituent is 7.4 times less effective
than a l-methyl substituent at promoting the addition of CCly
to cyclohexene (61). Even pheayl, which should help electroni-
cally is less effective than methyl and 1-  -napthyl substi-
tution retards the addition. These trends must be largely
steric in origin. Similarly CBrp experience greater steric
hindrance to addition than does CCly (62). Relative to cycle-
hexene styrene, and 2,4,8-trimethyl styrene are equally reactive
toward CClg. Toward CBry, atyrene is more than three times as

reagctive. The hindrance arises at the ortho subatituents.
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Sadler cites a related effect of ortho substituents (63).
The reactivity sequence for additions off¥Clg to oC -methyl
styrene derivatives is unsubstituted ) 2-methoxy ) 2-methyl ==
2,2-dimethoxy (68). A progressive twisting of the isopropeayl
group from the plane of the aromatic ring is suggested. This
steric inhibition of resonance decreases possible stabilisation
of the traaesition state. Dirsct hindrance to!0Ulp approach 1is
also possible. The coplanarity of aryl aud olefiniec zgroups
enforced on l-methyleneteiralin and l-methylene indeng§e by
their fused ring structures maximises favourable resonance
interaction. These olefins are more reactive than l-methyl
styrene towardiOCly .

Steric Mindrance is responsible for the decreasing rates
of addition of COlp to various alkenes at the sane substitution
level as the chain of single substivront is lengthened (64).
Yor examnls, reolacamens of methyl by othyl halves ths reacti-
vitye

The low rate of addition of 2,2-diphenyl cvclopropyli-
dene to tetramethyl ethylene (65) is attributed to steriec
hAindrance caused by opposition of carbenes pheayl substituents
and the olefinic alkyl groups. Cis-Butene and cyclohexene, which
permit the phenyls to pair off with olefinic protons, react
more rapidly than tetra methyl ethylene.

Dimethyl ethylidene carbene is moat interesting. If the

carbeiic centre is Sp hybridized, then the vacant p-orbital is
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in the plene of the methyl carbons. In a traasition state,
rig.16, tizese methyl sroups impinge on the olefinic substi-
tuents. This picture rationalizes the very slow rate of addi-
tion of Fig. 16 to tetra methyl ethylene.

I
iC——=C—CH3
Ra\\\ /'l" \“ ’(RE
a/b Q;\
R4 R
Mg. 10 Pig. 16

Here no arrangement aporoximating to Pig. 186 avoids
costly steric interactions. The more facile addition of\§ to
cyclopentene, compared with i-methyl cyclopentene can be
aimilarly explained (66). However, it is not clear why addi-
tion of 16 to tetre methyl allene is 46 times more rapid than
addition of 15 with tetrs methyl ethylene.

Photolytically zenerated aryl carbenes (67) do not
exibit characteristic steric effects with simple alkenes.

There appears to be a substantial over all selectivity
difference between photolytically (68) and thermally (69)

generated carbethoxy carbene. Lhe former does not discriminaste
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between cis and trads butene; the latter prefers cis-butene

by a factor of 2.3. The role of steric effects here is not

yet defined.

The second "handle" for probing Fig. 12 is variation
of ecarbenic substituenta properly. sSubstituied carbenes
develop the olefins irreapective of their poteatial reactivity
dill'erence.

2,2 diphenyl oyeld propylidene (65) zud dimethylethyli-
dene carbene show far more shRectivity of dimethyl vinylidene
carbene (70) appears to lie betweeu that at O0lg and CBrp .
Resonance stabilization of the carbene ¥ig. 17 is suggested %o
aceount for its selectivity; the vacant carbenic P orbital is

part of an allylic cation system.

W cHy @
= >l
CH3 CH3

o0

Mge. 17
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Singlet carbonyl carbene (71) is perhaps more selective
than 1359, for it reacts, 2.17 times faster with tetra methyl
ethylene than with ethylene (71).

The substituted Phenyl carbenes also show ouly modest
ability to distinguish between simple alkenes (72). The
isobutene trans-butene reactivity ratio varies with carbeaic
aryl substituent in the order, m-Cl ) p-0l) H) p-CHz ) 0~CHgz,
whiich parallels the expected order of increasing carbene stabi-
1ity. Repreaeating these carbenes as in Fig. 18, the system ia
seen to be isoelectronic with a benzylic cation. It follows
that Feg. 18, & = OCHs, should be the most stabilised and

seleciive species.

g, 18

The greater selectivity of bromo carboethoxy carbene
compound with carbosthoxy carbene, suggests stabilization as
in Fig, 19 in addition to stabilization due to the carboethoxy

substituent.
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The latter factor Fig. 20 is presumably reaponsible
for stabilising carbethoxy carbene relative to CHg; that is

it has somewhat greater selectivity ia the C-H iasertion reac-

tion (73).
G P
o W S Y i
Mg, 19
-+~ =V +
G c
r il ~

H C—0CaHg B \\\Cf““Qca“s

Mg. 20

Little of this slectivity difference appears in the
addition reamctions, however, dicarbomethoxy carbene is more
selective than either 032 or carboethoxy carbene toward the
O-H bond (73). It is also more selective in addition reaction.
The added selectivity presumsbly corresponds to exteasion of
the stabilization depioted in Mig. 20 by the second carboalkoxy

Zroup.
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In a sense, then, there is a "competition" betusen the
substituents X and ¥ and the olefinic 7 bond over donation
‘of electrons to the carbeuic P-orbital; the balauce of this
competition changes during the course of addition of Fig., 21

to an olefin.

g, 2

_*“he more strongly X and ¥ interact with the carbenic
centre, the higher will be the activation energy for addition
toa 7 bond. The transition state will be further advanced
along the reactioa coordinate, =id more importaut will be the
ability of the olefinic carbon atome to support a positive
charge. Thus stroag resonance interaction in Pig. 21 will
"develop" olefin structure reactivity sequence. Doering recog-
aised this long ago when he spoke of relative relative carbene
selectivity as reflecting the "internal stabilisation" of the

carbene.
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A varisty of methods is available Ior The seneration

of carbenes, but rfor synthetic purposes they are usually
obbained by thermal or photolytic decomposition of diaZo~
alkanes, or by o¢ —elimization of hydrogen haliide irom a
hgloform or of halomen from a gem—dihalide by action of base
ar a metal. In many of these latter reactions it is doubtful
whether & "free" carbene is actually lormed. It scems more
likely that in these reactions the carbene is complexed with
a metal or held in a solvent cage with a salt, or that the
reactive intermediate is, in lact, an organometallic compound
sud ot a carbene. Such orgauometallic or complexed iaterme-—
diates which, while not "free" carbenes, zive rise to products
expected of carbenes asre usually called Siamons-3uith reactaat.
Dichlore carbens addition- Svia -Makosza reaction (129a,be,c,
d) are also interesting. Qhermal decompositioa of diazoalianes

often produces a less energetic and more selective, carbeane,
particularly ia preseuce uf copper powder or copper salts,
copper carbeue complexes are probably ianvolved in these reac-
tions. Ailother coanvenient and widely uged route to alkyl car-
benes is by thermal or photolytic. Decomposition of the lithium
or sodium salte of toluene p-sulphonyl hydrazones (76). The
diazo alkane is f{irst formed and decomposes under the reaction

conditions. Keto carbenes and alkoxy carbenes are usually



produced by heating or photolysing diaZoketonss mud diaszoesters.
Generally, the reactions for generation may be classed as 3
Decomposition reactions (thermal or radiative sctivation) aud
elimination reactious (Participation of a reactant such as
base). Sources are diazoalkanes, Diazirnes, aliylhalides,
ylides, olefins, tosyl hnydrazones, orgaunometgllics and the like.

A common precursor is tie diazo compounds RR'M, . These
are obtained either from amines, by way of nitroso urethans
nitroso amides or nitroso ureas or from carbonyl, yis the
oxidation of their hydrazones, Photolysis of these derivatives
affords singlet carbenes. Zxcept Lor diaryl species, they react
in this state. Garbenes may also be generated by Zamford-
itevens reaction (130).

The decomposition of diazo compounds with copper or
copper salte leads to carbene -copper complexes. lhese deri-
vatives often add to olefins stereospecifically and are less
energetic than the free carbenes.

Diagirines, isomeric fomms of diazom, afford
carbenes leas coaveniently than the corresponding diazo-
alkanes (131la,b,c).

Photolysis of phenylbromodigzirine is a conveaient
Source of phenylbronocarbene (Ph- C-3Br) (132). Phenyl carbene
may be generated by photolytic decomposition of £ollowing (133).



Cyanocarbene (Ph-C-0) is produced by the photolysis
of snitable oxirane(131 e¢) or from 1,3,2-dioxaphosoh (v)
alane (134).

#
NC:[ |_:F'1‘l
Ph CN <f::>*_*q

3inglet carbene is generated by the photolysis of
aryleyclopropane. The reaction of esters of trichloro acetic
acid with alkoxide produces dichloro carbene (78). - .

One of the most convenient method for generating halo-
genocarbenes is the thermal decomposition of organometallic

precursors (135 a, b).
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PE—Hg—CClo— br ————»  Ph—-Hg— Br+ :0CLy

PE—Hg— CBry ————  PH-Hg—5r+:CBry

Organolithium resgent gives PH-C-H carbene with
PHCH I, whereas pH-C-Cl is obtained from pHCH Clp, in the
letter reaction orzanolithium works as a base, removing a
proton. Whereas with tosylhydraZone, orgauolithiwn compound
react in two ways depeading on whether it reacts with oaly one

mole or with an excess of orgznolithium?

R R
|
C=NHHTS —— \C.._—"NN'TS
!/

l with one mole R-U

R a”
Li .
Nugr NS . l!&—c'rs \ N=N—LU
i e fi
R [ with exclss
C C
/l\H ‘) R-Li] o
\ / 6.5 /Li
C H C
I sl i
o4 C

" Vb
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Vinyl carbenss can be generated in various ways the
initial work by Newman which involves the reaction of bases

with nitro oxazolidinones (136 a,b).

0 CI-.-O +Ho8 - OH <:XOCOQH H CO
-HiN-N" CHa—N=N-0OH

H
O 2 Omeome — O
N—-

NOH

Basic hydrolysis of haloforms results in the generation

of dialkylcarbenes wia the invermediate carbamion (137).

GHOlz+ 3B — 3 "00l; + BH
P O00ly; —— 5 U0, 4+ 1

Olofson gt al have reported interestimg synthesis of
+ ==
carbene by tresatuent of stable cations, visz. (Ma:!)z CH BPRs)

(MQB; g OH TBRy 28, (ies), O

]

(eody cH B, Base.  (q), s
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d. Thermal and photo cheusiecal resctions are also the genera-
ting source of dihalo carbene which are shown by the following
reactions (79,80). [ Ban: 157

OL<C ~B1CL 250° Si01,+ $0C1 (15)
3 3 = 4 2

0 (¢] -
B&PHG—&:S .._.80_.,_ %Hg—x'!'l 312 (x = 0L, BI‘)



