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CHEMISTRY OF STABLE CARBENES AND «GREEN» TECHNOLOGIES

The fundamental researches in the chemistry of stable carbenes carried out by the L.M. Litvinenko Institute of Physical,
Organic & Coal Chemistry of the NAS of Ukraine (IPOCC) over the last decade and applications in the field of «green»
technologies based on the results of these researches have been described. Carbene versions of Claisen ester con-
densation with the formation of zwitterionic compounds, the Leuckart-Wallach reaction with the autoreduction of car-
benoid azolium salts, the Hofmann cleavage of aminocarbene insertion products, induced tandem autotransformation of
1,2,4-triazol-5-ylidenes into 5-amidino-1,2,4-triazoles have been discovered. New carbene reactions of addition, de-
esterification, oxidation, and complex formation have been found. Effective methods for obtaining stable carbenes and
carbenoids have been suggested. New types of carbenes, benzimidazolylidenes, superstable conjugated bis-carbenes,
and carbenoids have been synthesized. The existence of hypernucleophilic carbenes has been theoretically predicted
and experimentally confirmed. Prospects for the use of carbenes and their derivatives, in particular, carbene complexes
of transition metals in the catalysis of organic reactions and the search of biologically active compounds have been
outlined.
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Chemistry of stable carbenes as compounds of | of application, in particular, for the catalysis of
RR'C: type divalent carbon study has been being | organic reactions and the search for biologically
studied since the mid-twentieth century [1], but | active compounds.

a significant progress in this area was reported af- At the early stages of studying the carbenes,
ter Bertrand (1988) [2—4] and Arduengo (1991) | their instability in the environment (oxygen, mo-
[5] discovered the first stable carbenes, the hete- | isture, carbon dioxide) made it impossible to iden-
rocyclic carbenes and the phosphonylsilylcarbe- | tify their individual compounds. After establish-
nes. Since chemistry is developing very intensive- | ing the fact that the steric factors significantly
ly, the carbenes in both fundamental and applied | affect the radical stability, the approach to steric
fields open up new possibilities for the use of the- | shielding of reaction center as a stabilizing factor
se substances in practice [6]. In this review, we | has been applied to the carbenes. Therefore, the
will focus only on some aspects of the chemistry | first carbenes were sterically complicated bis (di-
of stable carbenes and their derivatives with a de- | isopropylamino) phosphonyltrimethylsylilcarbe-
scription of certain types, properties, and transfor- | ne and 1,3-di(1-adamantyl)imidazol-2-ylidene.
mations, which are the most promising in terms | They are much less sensitive to environmental
factors as compared with the sterically open struc-
tures (although still very active), which enables

©§S§§££F§ﬁﬁéif£\?§§&iﬁ?&: their fiimerization in ethylene derivatives. How-
KNISHEVITSKY, A.V., and SHVAIKA, O.P, 2015 ever, it has been found that not all carbenes are
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inclined to dimerization; such structures as the
imidazole-2-ylidene [7] and 1,2,4-triazole-5-yli-
dene [8] are stable even in the absence of steri-
cally voluminous substituents due to a strong
electronic stabilization.

INCLUSION REACTIONS AND SYNTHESIS
OF STABLE CARBENES

Like their simpler counterparts, the stable he-
teroaromatic carbenes undergo reactions of in-
clusion into polar bonds NH, OH, and SH [8, 9]
forming carbenoid azolines in which the carbon
atom is functionally secured. The authors of [10]
have showed that also, the heterocyclic carbenes
enter into reactions of inclusion into the C—H
bond of acetonitrile (see 1B, Scheme 1). In con-
trast to triphenylimidazole-1,3,4,5-2-ylidenes and
benzimidazole-2-ylidene which react very easily
even in the cold, 1,2 4-triazole-5-ylidenes are
much less active and form solvates only. These
observations have allowed the authors to develop
new ways of obtaining the stable carbenes. The
first of these methods is deprotonation of steri-
cally shielded 1,3-di(1-adamantyl)benzimidazole
salt by sodium hydride in acetonitrile [11—14]
(see 1A). Firstly, 2-cyanmethyl derivative is ob-
tained (1B); thereafter, having been heated in
vacuum, it readily forms a stable carbene (1C).

@E CEK ©[>

B Ad
Scheme 1

The second way is to deprotonate in the cold
1,2,4-triazole salts (2A) by sodium hydride in ac-
etonitrile, which enables obtaining very pure de-
rivatives of 1,2,4-triazole series (2B) [15], not
only the monocarbenes, but also the biscarbenes,
including those of conjugated type 2C, D (Scheme
2) [16—18]. Heating the carbenes (2B) with ac-
etonitrile results in the formation of products of
carbene inclusion into the C—H bond of ace-
tonitrile [15].

NaH
CH;CN

180 °C

-CH;CN
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In both cases, for the successful synthesis of in-
dividual compounds, the carbene center was pro-
tected by acetonitrile (due to the formation of
decomposable product of inclusion) or by solvent
solvation. An alternative way to protect the car-
bene center has been implemented during depro-
tonation of 1,2,4-triazole salts by potassium tert-
butoxide in toluene mixed with isopropanol or
other alcohols. The latter protects the carbene
center by creating alcoxiazolines that easily de-
compose when carbene is separating. In this way,
about 30 individual structures of triazole series
carbenes have been obtained. Also, a scheme for
the synthesis of these carbenes based on oxadia-
zoles has been designed (Scheme 2).
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Scheme 2

For the diaminocarbene series (3B), the prod-
ucts of inclusion into the C—H bond are unstable
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and undergo unusual Hoffman carbenoid split-
ting in non-aqueous medium with the formation
of aminoakrylonitriles (3C, Scheme 3) [19] un-
der very gentle conditions.
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To study the properties of carbenes with en-
hanced steric shielding, stable imidazole-2-yli-
denes (2E) with aromatic branched substituents
(2,6-dibenzhydryl-4-methyl(ethyl)phenyl —
dbmp, dbep) have been synthesized. The proper-
ties of these structures are important for the ca-
talysis of organic reactions.

The IPOCC was the first to synthesize a de-
rivative of hypernucleophilic carbenes (4B) by
reaction of triazole salt (4A) and potassium tert-
butoxide in tetrahydrofuran (Scheme 4) [20, 21].
The proton affinity (PA) of 1-tert-butyl-3,4-di-
phenyl-1,2,4-triazole-5-ylidene is theoretically
estimated at 265.2 kcal/mole (DFT, B3LYP5,
3-21G, RHF), with that of all nucleophilic car-
benes ranging within 247—-283 kcal /mole, carbe-
ne 4B (286.2 kcal /mole) is major basic and po-
tassium-free anion carbene (from 4B) is hyperba-
sic (330.5 kcal /mole). Under the action of nickel
salts, 4B complex easily exchanges potassium for
nickel to form a very stable heteroaromatic com-
plex 4C.

B X= ClO4 C

Scheme 4

GENERAL PROPERTIES
OF STABLE CARBENES

The total energy of stabilization of hetero-aro-
matic nuclei without substituents (E;) for carbe-
nes synthesized is estimated at 92.4 kcal /mole for
imidazole-2-ylidene, 100.1 kcal /mole for 1,24-
triazole-5-ylidene, and at 138.2 kcal/mole for
benzimidazole-2-ylidene [22]. The aromatic sta-
bilization energy (R)) is estimated at 27.5, 30.4,
and 21.9 kcal /mole, respectively. Chemical rigid-
ity of these nuclei (5.47, 6.38, and 6.68 V) ranges
within the limits typical for the nucleophilic car-
benes. However, depending on the type of struc-
ture and substitutes, the properties of these com-
pounds vary widely. For example, in the catalysis
of transesterification reactions, benzimidazolyli-
dene (1C) (and imidazole-2-ylidenes close to it)
are the most active compound, while 1,2,4-tria-
zole-5-ylidenes (2B—D) and, especially, imidazo-
le-2-ylidenes (2E) with branched aromatic sub-
stituents show a significantly less activity.

CARBENE TRANSFORMATIONS

Auto-transformations. Unlike for the simple car-
benes, for the heteroaromatic carbenes, the rear-
rangements with proton migration and the for-
mation of olefins are not typical, while the migra-
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tions of electrophilic groups from the nitrogen
atom to the carbene carbon atom are often re-
ported [23]. 1,3-di(1-adamantyl)imidazole-2-yli-
dene is thermally stable up to 240 °C [5]. 1,2,4-
triazole-5-ylidenes undergo thermolysis with the
formation of nitrile and carbodiimides. In the ca-
se of 1-tert-1,2,4-triazole butyl-substituted-5-yli-
denes (5A), there is observed an induced tandem
reaction resulting in the formation 5-amidine-
1,2,4-triazoles (5D) (Scheme 5) [24, 25].
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Formation of zwitterionic compounds. Claisen
carbene reaction. The heteroaromatic carbenes
(6A) can form zwitterionic compounds (6C) when
reacting with esters as exemplified by a reaction
with malonic ester (Scheme 6) [26].

/t—Bu
N CH,(COOEt),
| —
Ar N
}Ar'
A

Scheme 6
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The transformation if the first carbene version
of the Claisen reaction.

Reactions with other esters result in deesterifi-
cation with the formation of salts of respective
acids (7C, D) (Scheme 7) [27].
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The reactions with cyclic sulfoesters and elec-
trophiles containing conjugated fragments run
towards the formation of zwitterions (8B, C)
(Scheme 8) [27].
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Addition and cyclization reactions. The addi-
tion and cyclization reaction of carbenes with
diarylcarbodiimides goes through the zwitteri-
onic (9C) to the spirocyclic compounds (9D)
(carbenospirocyclization) (Scheme 9) [23].
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Nitrene addition of diazocompounds to the
carbenes gives conjugated azines (10B, C) and
opens up a way to polymeric structures of simi-
lar type (Scheme 10) [28].
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Carbene version of the Leuckart—Wallach reac-
tion (carbenoid auto-reduction of azolium cations).
When heating the formiates of imidazolium and
benzimidazolium, the auto-reduction (i.e. intra-
molecular reduction) takes place with the forma-
tion of 2H-azolines (11C) (Scheme 11) [29].
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Carbenoid reactions of 2-cyan-methyl-azoli-
nes. The products of inclusion of carbenes into
C—H-bond of acetonitrile (2-cyan-methyl-2H-
benzimidazolines) are capable of not only gener-
ating stable carbenes (see Scheme 1), but also of
reacting with salts of transition metals with the
formation of carbene complexes (12B, C) (Sche-
me 12) [28, 30].
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Carbene reactions of mezoionic compounds. Me-
zoionic 1,4-diphenyl-1,2,4-triazole-3-phenylami-
de (13A) under the action of potassium tert-bu-
toxide forms hyper-nucleophilic carbene (13B)
that in the presence of even small quantity of ox-
ygen undergoes oxidation with the formation of
azoamidine (13C) (Scheme 13) [27]. While be-
ing heated, the compound 13A generates a car-
bene (13D) that easily reacts with sulfur to form
respective thione (13E) and with copper salts to
form carbene complexes (13F, G).
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Hence, it has been established that the fol-
lowing reactions are typical for the heteroaro-
matic carbenes and can be used for the synthe-
sis: 1) inclusion into C—H bonds, 2) auto-in-
duced tandem reactions, 3) formation of zwit-
terionic compounds with the esters (the Clausen
carbene reaction), 4) reactions with electro-
philes having conjugated fragments, 5) carbene
spirocyclization (formation of spirocyclical com-
pounds) with carbodiimides, 6) Hofmann carbe-
noid splitting, 7) deesterification, and 8) addi-
tion reactions. New carbenoid reactions of re-
duction, oxidation, and complex formation have
been found.

CATALYTIC PROPERTIES OF CARBENES
AND THEIR DERIVATIVES

Individual carbenes can catalyze organic reac-
tions, including transesterification and benzoin
condensation [31].

Carbene catalysis. For the transesterification of
ethyl benzoate in methanol (4 hours, r.t.), the most
effective are adamantyl derivatives (14A,B,D—F),
cycloheptaylidene (14C), and polymeric carbene
(14G) (up to TON 2350, TOF 588 hour! at a
reactant ratio of 1:10 and TON up to 4300, TOF
1075 hour at a reactant ratio 1:20) (Scheme 14)
[32, 33] (TON is number of catalytic transforma-
tion cycles, which is equal to the ratio of the mole
number of product to the mole number of cata-
lyst under given conditions and describes the ef-
fectiveness of catalyst; TOF is TON per unit of
time (usually, 1 hour); describes the productivity
of catalyst).
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The individual carbene 14D is more effective
(TON 6150, TOF 1538 hour™") than any kind of
in situ generated carbenes and shows the highest
effectiveness in transesterification reactions. The
reaction is used for production of biodiesel.

Carbene 14D is the most effective in benzoin
condensation reaction (TON 120) surpassing the
well-known Enders carbene (TON 78).

Catalysis by carbene complexes of transition me-
tals. For the haloarene hydrohalogenation that is
important for the disposal of persistent organic
pollutants (POPs), the most effective are the pal-
ladium carbenes complexes with branched aro-
matic substituents (15A,B), especially 15A (TON
up to 318000, TOF 13350 hour!) (Scheme 15)
[34—37]. Effectiveness of 15A (R = dbep) exceeds
10-30 times that of well-known catalysts.
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Complexes 12C, 15C have been established to
be the most effective catalysts for the hydrogen
transfer reaction (TON up to 50000—85000, TOF
up to 20000—32000 hour") [30, 38, 39]. As com-
pared with the widely used catalysts, the copper
complexes (I) are much more (orders of magni-
tude more) effective and cheaper.

Catalyst 15D has manifested itself to be more
effective than the best known one for the reaction
of azide cyclic addition to acetylenes (click-che-
mistry) (TON 20000, at ambient temperature, ver-
sus almost same values, at 50 °C).

CONCLUSIONS

The above examples show prospects for the ap-
plication of carbonates and carbene transition
metal complexes in the industry. The effective-
ness of the created catalysts for biofuel synthesis
(in five years, Japan plans to switch the whole
aviation fleet to seaweed biofuel) and the cata-
lysts for POPs deactivation even today is suffi-
cient for industrial applications. New effective ca-
talysts offer opportunities for the development of
«green» chemistry methods aimed at eliminating
wastes and improving safety substantially.

It should be noted also that the carbene com-
plexes of transition metals as well as their precur-
sors have antimicrobial and, according to publish-
ed data, antitumor activity, which is very promis-
ing for the healthcare industry, for the search of
new drugs [40—44].
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M_.I. Kopomxix?, B.III. Cabepoé?, I.D. Paecnxo’,
H.B. Iunsina’, A.B. Kniwesuypkuii?, O.I1. Illsatixa’
! TaetuTyT (hisuKo-opranivHoi XiMmii i Byrueximii
im. JLM. JIurBunenka HAH Ykpainu, Kuis
2 Incruryt opraniunoi ximii HAH Ykpainu, Kuis
XIMIA CTABIJIBHUX
KAPBEHIB TA «3EJIEHI» TEXHOJIOTTI
Haseneno xoporkuii anamis pesyJbTaTiB QyHmaameH-
TaJbHUX JTOC/IIKEHb 3 XiMil cTabiibHuX KapOeHiB Ta npu-
KJIaJHIX PO3POOOK Ha IX OCHOBI 3 «3€JIeHOI» XiMil, 110 Ipo-
BezieHi B IHCTHTYTI hiduko-opraniuHoi XiMii i Byrieximii
im. JILM. JlurBunenka HAH Ykpainu 3a ocranue aecsatu-
aitrst. Bigkpuro kapbeHoBi Bepcii peakiiii ecTepHOI KOH-
nencariii Kusgiizena 3 yTBOpeHHAM I[BITTEPIOHHUX CHOJYK,
peakuii Jlefikapra—BaJaxa 3 aBroBigHoBIeHHAM KapOe-
HOI/IHNUX a30JIiE€BUX COJIEl, PO3IIETITIeHHS TTPOTYKTIB BKJIN-
HeHHs aminokapbenis 3a [odmanoM, iHAYKOBaHY TaHEM-
my aBroTtpancdopmario 1,2,4-tpuazosn-5-irigenis y 5-ami-
mHo-1,2 4-Tpuasosiu. 3HalifleHo HOBI KapOGeHOBi peakiiii
NpueaHanHs, feectepudikallii, OKCHIAIll Ta KOMIIJIEKCOYT-
BOpEHHA. 3alporoHOBaHO e(EeKTUBHI METO/N OJlepKaHHS
crabinbHuX KapbOeHiB. Ta KapOenoinis. CuHTe3oBaHi HOBI
Tunm KapOeHiB: GensiMigasorimigeny, HaacTabiIbHi KO-
HbtoroBani GickapOGenu Ta HOBI Tunu KapOeHoinis. Teo-
pPeTUYHO nepeadaveHo i eKCcrepuMeHTaabHO J0BEIEeHO ic-
HyBaHHs TinepHykaeopiapHux kapoenis. ITokasana mep-
CIIEKTUBHICTh BUKOPHCTaHHS KapOeHiB Ta X moxigHux (30-
KpeMa KapOeHOBUX KOMILIEKCIB TIEPEXiHUX METasliB) B
Kartajisi opraHivHuUX peakiliii Ta nmouryky 6i0JIOTiYHO ak-
THUBHUX CIOJIYK.
Kuwouoei croea: rerepoapomarudni kapOeHU, CUHTES,

BJIACTMBOCTI, TIEPETBOPEHHS, KaTasis, 6ioJoriuna akTHB-
HICTb, «3ejleHay XiMid.
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H.U. Kopomxux', B.III. Ca6epos®, I.®D. Paenxo’,
H.B. Dunsnas', A.B. Knuwesuyxuii®, O.I1. Ilsatixa’
" MHerutyT GUBHKO-OPTaHUUYECKONH XUMHUK U YTJIEXUMUN
uMm. JL.M. JlurBunenko HAH Ykpaunsi, Kuen
2 MncrutyT oprannyeckoit xumun HAH Yipantns, Kues

XUMUA CTABUJIbHBIX
KAPBEHOB U «3EJIEHBIE» TEXHOJIOTUU

[TpesncraBien KpaTKuii aHAIN3 Pe3y/IBTATOB (DY HIAMEHTATb-
HBIX MCCJIEJIOBAHMIT 110 XUMUN CTAOUIIBHIX KapOEHOB U IpH-
KJIaJIHBIX Pa3paboTOK Ha UX OCHOBE B 0GJIACTH «3EJICHOI» Xi-
MUH, TIPOBOAMBIIMXCS B MHcTHTYyTE (DUBNKO-OpraHnuecKoit
xuvun u yrorexuvun um. JL.M. Jlutunenko HAH Ykpaunbt 3a
nocnezsee pecstunerue. OOHAPYKeHbI KapOEHOBbIE BEpPCHU
auproii koupeHcarmn Kistiizena ¢ 00pazoBaHueM [[BUTTEPH-
OHHBIX coeftmHenuii, peakiyn Jlefikapra—Basiaxa ¢ aBroBoc-
CTaHOBJIEHITEM KapOEHOMIHBIX A30JIMEBHX COJIEH, DACIIIETIIEHST
1o TodhmaHy NPOIYKTOB BHEAPEHUST aMUHOKAPOEHOB, HITY1[H-
poBaHHas TaHjeMHast aBroTpanchopmaiust 1,2,4-Tpuaszon-5-
WIHIEHOB B S-amuinno-1,2,4-Tpuasosisl. Haiizies: HoBbie Kap-
GEHOBBIE PEAKIINH [IPUCOEIANHEHMSI, IeaTePI(DUKAIILL, OKUCIIE-
HUST ¥ KOMILIeKcooOpasoBanust. TIpeioxkensl adderTuBHbie
METOJIbI TOJyYeHUsT CTAaOHIBHBIX KapOEHOB M KapOEHOWIOB.
CUHTEe3UPOBaHbI HOBbIE TUIIbI KAPOEHOB: OEH3UMUIA30/IHIIH/Ie-
HbI, CBEPXCTAOMIbHBIE CONPSIKEHHbIE OUCKAPOEHbBI U HOBbIE
THIBI KapOeHou10B. TeopeTyecKy pecKa3aHo U 9KCIIepU-
MEHTAJIBHO TIOJTBEPKAEHO CYIIeCTBOBAHNE THIEPHYKJIEO-
utbHbIX KapOeroB. ITokazaHa nepereKTHBHOCTD MCIOJIb30Ba-
HUST KapOEHOB U MX MPOMU3BO/HBIX, B YaCTHOCTH KapOEHOBBIX
KOMILJIEKCOB MEPEXO/IHBIX METAJIIOB, B KATAIN3€ OPraHNYECKUX
peaxiiuii u norcKe OUOJIOrMYECKU aKTHUBHBIX COSIMHEHUIL.

Kurwuesoie cioea: rerepoapoMariueckiie KapOeHbl, CUH-
Te3, CBOIWCTBA, MTPEBPAIIEHHUsT, KAaTaIn3, OMOJIOTNYECKas aK-
THUBHOCTb, «3€JICHAST» XUMHS.
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