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[. Introduction

Transformations of organonitriles play an impor-
tant role in both the laboratory and industry due to
their well-recognized chemical versatility. In particu-
lar, in organic chemistry the addition of nucleophiles?!
or electrophiles? or asymmetric dipolar cycloaddition?®
to the C=N triple bond offers an attractive route for
the creation of novel C—C, C—N, C-0, and C-S
bonds.

One of the main problems encountered in reactions
of nucleophilic addition is the insufficient electro-
philic activation even by very strong electron-accept-
ing groups R at RC=N, e.g., CI3CC=N, to perform
the addition. These difficulties, however, can be
overcome with the use of metal ions—sometimes even
in low oxidation-states*°—as extremely strong activa-
tors toward nucleophilic attack. This activation can
result in enhancement of the rate of the addition
commonly in the range from 108 to 10'° and occasion-
ally to 10'8.67 Moreover, metal-mediated processes in
many instances allow the performance of certain
reactions which are not feasible without the involve-
ment of metal ions.

The reverse form of activation (i.e., toward electro-
philic attack) can result upon coordination of a nitrile
to a low-valent electron-rich metal center with a
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strong m-electron-releasing ability, leading to azavi-
nylidene (methyleneamide) and derived species. Al-
though this topic still remains little explored, it is of
particular synthetic interest and will also be ad-
dressed in this review (see sections VIII and IX),
which thus comprises a duality of behavior of orga-
nonitriles that parallels that recently reviewed for
isocyanides.8?®

Before the 1990s the growth of metal-mediated
reactions of organonitriles was summarized in a
number of review articles including early surveys and
textbook considerations (see ref 7). In the past
decade, as a result of basic and applied interests in
conversions of RCN, the number of investigations has
increased to the point where the subject cannot be
dealt within a single article and various excellent
reviews considering particular aspects of such addi-
tions emerged in the literature. In most of them
metal”1°~13 and metal—enzyme (for recent reviews on
the subject see refs 14—21) catalyzed hydrolysis of
organonitriles was analyzed due to its superior
industrial importance for the production of amides,
e.g., acrylamide and nicotineamide. Some other works
considered the addition of pyrazoles to ligated
pseudohalides containing cyano groups,?? the metal-
promoted reactions of f-dicarbonyls with nitriles
leading to carbon—carbon bond formation,?® [2 + 3]
cycloaddition of organonitriles and azides involving
metal centers and giving tetrazoles (for recent re-

views see refs 24-—28), platinum-promoted addi-
tions,?® and reactions at particular electron-rich
binding metal centers.?%3! The most relevant and so
far the most representative (ca. 200 references)
review, focused mainly toward coordination chemists,
was published by Michelin and colleagues,” and it
covers the significant reactivity patterns of ligated
organonitriles known until early 1994. Such a broad
coverage became possible only when processes were
considered just selectively rather than comprehen-
sively, and not surprisingly, a number of important
points, e.g., application of metal-mediated reactions
in organic synthesis, cycloadditions, formation of the
C—C and C—P bonds, couplings with heterocycles,
formation of metallacycles, were treated either briefly
or omitted. Furthermore, a number of intriguing
transformations, e.g., couplings with oximes, imines,
or sulfimides and some cycloadditions, were discov-
ered after the appearance of that review.”

Indeed, throughout the last five years, reactions of
nitrile ligands have experienced a rapid growth.
Recent applications of the homogeneous catalytic
behavior of some metal compounds*?? have also
sparked many new challenging directions motivated,
in part, by industrial demands. In view of the
emerging importance of metal-assisted additions to
organonitriles for both coordination and organic
chemistry, a comprehensive critical review in this
area was thought to be timely.
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The essential goals of this review are 3-fold: (i) to
attempt, based on recent advances, to systematize
and explain many diverse observations and reports
and to give a general picture of reaction routes,
mechanisms, and driving forces; (ii) to draw attention
to the advantages which metal-mediated conversion
of organonitriles gives to synthetic organic chemistry;
(iii) to indicate possible metal-catalyzed routes which
open up economically favorable and environmentally
friendly ways for obtaining new products derived
from organonitriles. We anticipate that the review
will stimulate interest in this area and that further
experimental studies and theoretical calculations will
be performed.

[l. Hydrolysis of Organonitriles Involving Metal
Complexes

Hydrolysis of organonitriles involving metal com-
plexes is treated here only briefly since up-to-date
accounts on this area have been recently pro-
vided,*1°712 as well as on nitrile hydratases.’* 2! We
now give only a short overview of experimental works
which appeared in the past few years and were not
included in those surveys.

The field is of a highly recognized synthetic sig-
nificance in particular toward the preparation of
amides, in view of their industrial applications and
pharmacological interest.»32735 Although most of the
known synthetic transformations leading to amides
are based on the reaction between an activated
carboxylic acid and an amine or ammonia, an alter-
native preparative pathway involves hydrolysis of
organonitriles. However, in the vast majority of cases
a base-catalyzed reaction leads to a carboxylate salt,
because the second step of the hydrolysis (conversion
of amides to carboxylic acids) is often faster than the
first one (conversion of nitriles to amides), and the
reaction thus proceeds to the final hydration product
rather than stopping at the amide stage.3?7%¢ Al-
though in strong acidic solutions it can be possible
to obtain amides, careful control of the temperature
and of the ratio of reagents is then required in order
to avoid the formation of polymers, which is promoted
by the exothermic character of the hydrolysis.3?-36
Moreover, the final neutralization leads to an exten-
sive salt formation with inconvenient product con-
tamination and pollution effects.*®

These difficulties can be overcome with the use of
metal ions which can behave as extremely strong
activators (see section 1) of RCN toward nucleophilic
attack by OH/H,0O. Throughout the past decade,
metal-catalyzed or metal-mediated hydrolysis of ni-
trile ligands have experienced a rapid growth in two
main directions, namely, (i) the homogeneous cata-
lytic hydrolysis when the amides formed are expelled
from the coordination sphere of the metal ions and
(i) the metal-mediated hydrolysis giving amides
which remain ligated. The former direction is strongly
motivated by practical applications, and the latter
one gives useful information about structures, coor-
dination modes of metal-bound amides, and stereo-
chemistry of plausible intermediates involved in the
catalytic hydration.
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A. Homogeneous Catalytic Hydrolysis Involving
Metal Complexes

Many metal-mediated processes for the hydration
of nitriles with selective formation of metal-bound
carboxamides are known from the literature,*7:10-12
but most of the systems are not catalytic and only a
few of them are able to hydrate RCN under homo-
geneous catalytic conditions, usually exhibiting a low
activity. The most active ones are based on the
platinum(11) phosphinito complexes®”~4° [PtX(R,PO-
+*H+:-:OPR;)(PR,0OH)] (X = H or halide; R = alkyl or
aryl), typically [PtH(Me,PO:---H---OPMe,)(PMe,OH)]
which acts as an effective catalyst not only for the
hydration of nitriles to amides but also*® for the
amidation of nitriles to N-substituted amides (ter-
tiary amides). Other less active systems—apart from
those few reviewed by Parkins'23"—include the fol-
lowing ones: the rhodium complex generated in situ
in an aqueous solution from [Rh(u-Cl)(cod)], and P(m-
CsH4SO3Na);*t and various mononuclear complexes
of Pd(Il) with aqua, diamine, triamine, methionine
methylester, etc., ligands*? besides some hydride
phosphine complexes of low-valent ruthenium* or
iridium.*®

Other systems are based on nitrile hydratases,'* %!
Fe- or Co-containing enzymes which catalyze the
hydration of nitriles in vivo, and on complexes that
mimic or are relevant to these enzymes (although so
far presenting a much lower efficiency),'344-53 and
various processes for the preparation of amides by
this enzymatic route have already been the object of
patents (for recent patents, see refs 54—70). In
industry, nitrile hydratases have been successfully
applied for more than a decade to the kiloton produc-
tion of acrylamide and more recently to the smaller-
scale production of nicotinic acid, R-(—)-mandelic
acid, and S-(+)-ibuprofen. There is also a rapidly
growing catalog of other potentially useful conver-
sions of complex nitriles, by use of the nitrile hy-
dratases, in which the regioselectivity of the enzyme
coupled with the ability to achieve high conversion
efficiencies without detriment to other sensitive
functionalities is a distinct process advantage.’""?

Most of the above catalysts, however, are rather
expensive, and their preparation and use require
some particular skills, thus restricting their applica-
tion. A system of higher simplicity has very recently
been found,”® and it consists of cheap and widely
commercially available compounds, i.e., a zinc(ll) salt
(zinc nitrate) and an oxime (2-propanone oxime). It
operates in air and under neutral conditions and
without needing an excess of water (thus facilitating
the isolation of the amide product) and has been
applied to a variety of liquid organonitriles. Carboxy-
lic acids, the full hydrolysis products, are also formed,
although in low vyields, and can be removed by
recrystallization from the carboxamide main prod-
ucts.”® The study on Zn(ll)/ketoxime-catalyzed hy-
drolysis of nitriles” is relevant to the Co(ll)/ketoxime-
promoted conversion of RCN to amidines™ which will
be considered in section V.

Other examples are known of association of nitrile
hydrolysis with different reactions in more complex
metal-promoted processes that can lead to various
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types of products distinct from carboxamides or
carboxylic acids, as discussed below.

B. Metal-Mediated Hydrolysis

1. Formation of Bimetallic Metallacycles

Treatment of [Rh,Cp*,(u-CHy)2(u-O.CO)] (Cp* = °-
CsMes) with acetonitrile in aqueous solution followed
by addition of KPF affords the Rh—Rh complex [Rh,-
Cp*2(u-CH>)2(u-n*:n*-NHC(=0)Me)][PFs] (Scheme 1),

Scheme 1
+
Hp Hy —|
O~ MeCN/H,0 s
Rh\c/th CTHe Rh\C/th
H -HCO;™ H
I
(0] Me

which is the first example of a bimetallic metallacycle
where the amidato ligand [NHC(=0)Me]~ links the
metal—metal site.”

A similar amidato dimetallacycle containing a Re—
Re quadruple bond has recently been prepared upon
hydrolysis of 1,4-dicyanobenzene,’® benzonitrile,”” or
acetonitrile’7 in the presence of (BusN),[Re,Clg]76~7°
or [Res(u-Cl);Cl;(H,0),]°".8° The molybdenum-based
metallacycles Moy(u-MeCONH) were obtained by
hydrolysis of ligated acetonitrile in [Mox(MeCN)g]-
(BF4)48* or [M0,Cp2(MeCN)2(u-SMe);](BF4).82 Some
other reactions occurred at multimetallic centers, e.g.,
involving the molecular clusters with [Re4] core,®®
dinickel(11),8485 or disilver(1)8 complexes, are known.
Syntheses of iridium(l11) carboxamides via the bi-
metallic reaction® between [Cp*Ir(Ph)(OH)(PMes)]
and [Cp*Ir(Ph)(NCR)(PMe3)]" and also mediated by
the mononuclear complex [Cp*Ir(73-CH,CHCHPh)-
{NH=C(OR)Me}]* 828 have recently been described.

2. Formation of Metallacycles Involving Hydrolytic
Conversion of Nitriles

Hiraki et al.®® reported the formation of metalla-
cycles upon reaction of the hydridoruthenium(ll)
complex [RuCI(H)(CO)(PPhs)s] with aromatic nitriles
ArC=N in the presence of water. Thus, in the case
of p-tolunitrile, heating of the complex and the
nondried nitrile in a sealed tube at 120 °C for several
hours followed by addition of hexane led to the
precipitation of the N-imidoylimidate complex A.ll
in 92% yield, depicted in Figure 1.

MeCgHy
_H PPhy Cl t/S(=O)Mez
\| _-co o~ Yo
F{u\ . :
\ /‘ Cl N ,)\
O pph ClsC N cel
MeCgH,4
Al B.I
Figure 1.

The authors® convincingly show that water is
essential for the occurrence of the reaction. Chemical
experiments indicate that the formation of the met-
allacycle proceeds via initial hydrolysis of ArCN to
give the carboxamide species followed by the coupling
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with one more molecule of the nitrile. The carboxa-
mide formed in the reaction also serves as the
hydride-abstracting reagent.

A somehow similar reaction was observed when
K[PtCl3(Me,SO)] was treated at pH ca. 7 with
trichloroacetonitrile.®® The platinum(ll) complex which
contains a novel metallacycle B.11, depicted in Figure
1, was isolated in good yield along with an insignifi-
cant amount of the expected [PtCl,(CI;CCN)(Me,S0)]
and the aqua complex [PtCl(H,0)(Me,SO)]. A plau-
sible mechanism?®! involves the hydrolysis of carboxa-
mide (in the amide or in the tautomeric iminol form),
coupling with another CI;CCN molecule, and hy-
drolysis of the imino group formed. The ligand is
stabilized by deprotonation to give the ring system,
including the Pt center, with delocalized z-electron
density.

3. Other Examples of Metal-Mediated Hydrolysis

In the vast majority of cases diverse metal centers
facilitate the first step of the hydrolysis of nitriles
giving either free RC(=0O)NH, or metal-bound car-
boxamides in iminol or amide forms. The second step
of the metal-mediated hydrolysis, i.e., conversion to
carboxylic acid and ammonia, was—to the best of our
knowledge—observed extensively only in a few cases
including Pt(1V),%? Os(1V),*® and Nb(V)% systems.
This little explored type of reactivity of metal-
activated nitriles might be relevant to the investiga-
tion of a not well-known enzyme system, nitrilase,’%%
which catalyzes the direct conversion of nitriles to
carboxylic acids, an important process not only for
the production of organic materials but also in the
detoxification of compounds contaminated with highly
toxic organonitriles or inorganic cyanides.®®

1. Metal-Mediated Alcohol—-Nitrile Coupling

A. General Considerations

In organic chemistry, the Pinner reaction®” (for
recent examples see refs 98—104) is widely applicable
for the preparation of imino ester hydrochlorides.
Interaction between an organonitrile and an alcohol
(RSH can also be used for the addition, a so-called
Thio-Pinner reaction%>1%) js typically performed in
the presence of substantial amounts of hazardous
hydrogen chloride and requires dried conditions.
Otherwise, the iminium salts formed are subject to
hydrolysis to give the corresponding carboxylic esters,
Scheme 2.

Scheme 2
R—C=N + ROH —< R—C=—NH,*CI" MO
-NH,Cl
OR!'
R——(l::o
OR'

The reaction with an alcohol differs in one major
way from that with water—the intermediate cannot
tautomerize and an imino ester is obtained. The
Pinner reaction for nitriles was also extended to the
nitrilium salts, RC=N'R", and the addition per-



Additions to Metal-Activated Organonitriles

formed in the presence of a base catalyst led to the
N-alkylimino esters, RC(OR')=NR" (see, e.g., ref
107).

Probably the first metal-mediated addition of al-
cohols to organoniriles was reported by Rouschias
and Wilkinson,*% who heated the rhenium(1V) com-
plex [ReCl4s(MeCN);] in either methanol or ethanol
and isolated the corresponding imino ester complexes
[ReCl,{ NH=C(OR)Me},] but failed to react the com-
plex with phenol. Further treatment of [ReCl,{ NH=
C(OEt)Me},] with triphenylphosphine resulted in
substitution and gave [ReCl4(PPhs),] along with the
liberated imino ester, i.e., NH=C(OEt)Me, which was
detected by GLC. The reaction described'® illustrates
some advantages of the application of metal-bound
imino esters over the hydrochlorides.

Imino esters are useful synthetic intermediates in
organic chemistry,'® but in the vast majority of cases,
their utilization involves the free R'(RO)C=NH rather
than its hydrochloride, R'(RO)C=NH-HCI. Careful
neutralization of 1 equiv of HCI in nonaqueous media
is sometimes a technically complicated task especially
when the synthesis is performed in microscales.
Moreover, products of neutralization, e.g., H,O, can
affect the condition of either the imino ester or a
product of its transformation. Similarly to protona-
tion, coordination to a metal center makes imino
esters quite stable, and they can be stored in this
form for a prolonged time. Their liberation in many
instances is easier to perform than that of dehydro-
chlorination. If the replacement is carried out in
nonaqueous dried solvents and the complex formed
is precipitated and can be removed by filtration (see,
for example, ref 110), the liberated imino esters
retained in the filtrate are stable toward hydrolysis
and can be used in situ for further reactions.

Attention should be drawn to the fact that imino
ester metal complexes are interesting by themselves,
and some of them are the subject of rapt attention.
Indeed, recent interest in the chemistry of, for
example, platinum complexes!'112 with imino esters
stems from the discovery of an unusual antitumor
activity of some of these complexes which breaks the
rule of higher antitumor activity of cis isomers of
platinum(ll) complexes with N-donor ligands as
compared to the trans form.

B. Metal-Mediated ROH Additions

The organonitrile—alcohol coupling has been stud-
ied at metal centers of different characters. Inspec-
tion of these reactions shows a tendency in the
formation of imino ester complexes, i.e., monodentate
imino esters are, more often, formed with soft metal
centers such as platinum or iridium where they
display a high stability toward both hydrolysis and
substitution. Alcoholysis also occurs at hard metal
centers giving monodentate imino ester ligands, but
it is especially effective when their additional stabi-
lization, by chelation, is feasible. In accord with that,
we divided the material on the addition of alcohol to
RCN species in two conditional parts. In the first,
given below in sections 111.B.1—4, we consider, with
small deviations, reactions at soft (Pt, Pd, Ir, Rh) or
borderline (Ni) metal centers giving in the vast
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majority of cases monodentate imino esters. Alco-
holysis of nitriles at hard metal centers giving stable
metallacycles will be considered in section 111.B.5.

1. Reactions at Platinum Centers

Treatment of the platinum(11) acetonitrile complex
[PtCIx(MeCN),] with KOH (1 equiv) or KOPh (3
equiv) in anhydrous alcohols ROH (R = Me, Et, i-Pr)
at room temperature resulted in the precipitation, in
a rather good yield (50—70%), of the corresponding
imino ester complexes [PtCl,{ NH=C(OR)Me} ] that
were also converted to the platinum(lV) compounds
[PtCl,{ NH=C(OR)Me},] by oxidation with a so-called
solid chlorine equivalent, i.e., PhICl,, in chloroform.13
The addition of ROH is considered to be base-
catalyzed, and the authors report that the bases
which were added to the reaction mixture to facilitate
the reaction are not consumed in the course of the
reaction. It is remarkable that the starting platinum-
(11) complex reacts selectively with the alcohols in the
presence of other strong nucleophiles such as OH~
or PhO™. In contrast to platinum(ll) systems, addi-
tion of R'"OH to the organonitrile platinum(lV) com-
plexes occurs under mild conditions and does not
require a base as a catalyst.'*° It is also worthwhile
to mention that attempts to make the reaction
catalytic failed because the imino ester species are
better ligands to platinum(ll) than RCN.'3 The
stereochemistry of the addition of alcohols to (nitrile)-
Pt(I11) complexes, including [PtCl,(MeCN),], has been
studied by Natile et al.,'** and it is discussed in
section I11.E.

When 2 equiv of KOH was added to the propioni-
trile platinum(I1) complex [Pt(EtCN)4][CF3SOs]; in
ethanol, the formation of the homoleptic imino ester
complex [Pt{E-NH=C(OEt)Et}4][CF3:SO3], was ob-
served.'® Ros et al.'*® prepared the cationic platinum-
(“) Complexes [thz-C,N-CH2C6H4CEN)L2]2[BF4]2
(L, = 2PPhs, dppe) and studied the addition of
alcohols with a variable sterical hindrance along the
nitrile group. They reported that, under similar
reaction conditions, the rate of the coupling decreases
in accord with the bulkiness of the alkoxy group in
the following order MeOH ~ EtOH > i-PrOH >
PhCH,0H, while the addition of either t-BuOH or
PhOH does not proceed at all.

The cyanoguanidine complex cis-[Pt{N=C—N=
C(NHo>)2} 2(PPhs)2][BPh4]. readily reacts with metha-
nol or cyclopentanone oxime to give complexes that
contain an azametallacycle (Scheme 3).117:118

At least formally the reaction proceeds via coupling
of cyclopentanone oxime (other metal-mediated
oxime—nitrile couplings are given in section 1V) or
methanol with the electrophilically activated nitrile
group of cyanoguanidine, loss of the other cyan-
oguanidine, and ring closure with concomitant depro-
tonation. On the basis of X-ray structural results, it
was suggested that the six-membered ring can be
described as a delocalized s-electron system.17.118
Although a related reaction can be performed with
methanol as a nucleophile at other metal centers, e.g.,
Cu(Inte-12t and zZn(11),%?2 the platinum(ll) system?*?’
is the only one fully characterized starting from an
individual cyanoguanidine starting material.
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Scheme 3

N C=N /Pt\N =c— N=<

(C4Hg)C=NOH MeOH
~NCNC{NHz), —NCNC(NHy)
_H* _H*

+
P.. - +
'l/// \\\\“" —t ""Il \\\“ —'

HN/ \NH \NH

D B
0"

2. Reactions at Palladium Centers

%\

/
/

A kinetic study??® of the methanolysis of dichloro-
acetonitrile involving palladium(ll) systems will be
considered in section I11.E. Michelin and Angelici'?*
reported the synthesis of 4-hydroxybutyronitrile, HO-
(CH,)3C=N, from the reaction of 3-bromo-1-propanol
and [EtyN][CN] in CH.CIl, at room temperature.
Although stable and unreactive as the free ligand,
the hydroxyalkanenitrile undergoes spontaneous in-
tramolecular cyclization in the presence of Nay[PdCl.]
to afford the bis-2-iminotetrahydrofuran complex
indicated in Scheme 4.

Scheme 4

I
Nag[PdCly] + 2 N=C—(CHy)3-OH —» [— Pd—N=C
| }

H,0, 3 day HO

, ays
o [PdC|2(HN—C\/O\/| )2l

The intermediate Pd(I1)—nitrile complex could not
be detected by IR or 'H NMR spectroscopy.

The palladium hydroxo-bridged complex [Pd2(CsFs)4-
(u-OH)2]?~ reacted with either benzonitrile or aceto-
nitrile in MeOH or EtOH to give the imino ester
complexes [Pd(CsFs).{ NH=C(OR')R};] (R = Ph, Me,
R' = Me, Et), and the alcoholysis has been studied
in a parallel way to hydrolysis of nitriles mediated
by [Pd2(CsFs)a(u-OH),]2~.225 If bifunctional 2-cyan-
opyridine, NCsH;(C=N), or succinonitrile, N=CCH,-
CH,C=N, is employed, the reaction furnishes the
palladium(l1) complexes with bidentate imino ester
ligands, i.e., [Pd(CsFs)2{ NCsH4C(OR')=NH}] and [Pd-
(CsF5)2{ NH=C(OR")CH,CH,C(OR")=NH}], in the lat-
ter case containing an unusual seven-membered
chelate ring. The complexes with monodentate imine
esters [Pd(CesFs).{ NH=C(OR')R},] exist in acetone-
ds solution as equilibrium mixtures of EE, EZ, and
ZZ isomers. The authors!?® succeeded to isolate the
solid isomerically pure [Pd(CsFs).{ E-NH=C(OMe)-
Me},] complex and to characterize it by X-ray dif-
fraction. They observed that this complex on disso-
lution in acetone-ds rapidly converts to the equilibrium
mixture of EE, EZ, and ZZ isomers.
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3. Reactions at Nickel Centers

Wada and Shimohigashi'?® described the reactivity
of the nickel(ll) complexes [Ni(CsCls)(NCR)(phos-
phine),][ClO,] toward alcohols and found some factors
affecting the addition. Among them, attention should
be drawn to the type of alcohol used and the electron-
acceptor properties of the radical R at RCN as well
as to the presence or absence of a catalyst and the
sterical hindrance of other innocent ligands. Thus,
both methanol and ethanol can be added to acetoni-
trile in [Ni(CsCls)(NCMe)(PPhMe,),][CIO,], in the
presence of NEt; as a catalyst, to give the [Ni(C¢Cls)-
{HN=C(OR)Me} (PPhMe,),][CIO4] complexes in a
mixture of E- and Z-forms. The benzylcyanide com-
pounds  [Ni(CsCls)(NCCH,Ph)(phosphine),][CIO.]
(phosphine = PPhMe; and PPh,;Me) exhibit a much
higher susceptibility toward the addition, and MeOH
adds along the CN triple bond even without the
catalyst.'?® However, ethanol is unreactive in the
latter reaction. Eventually the coupling of MeOH and
benzonitrile was observed in [Ni(CsCls)(NCPh)-
(phosphine);][CIO,] where the phosphine is PPhMe;
but not in the case of the more sterically hindered
PPh;Me.

The reaction of a rather complicated system that
contains a mixture of Ni(NOz3),, pyrazole, and the
nitrosodicyanomethanide salt NaON=C(C=N), (A.111
in Figure 2), in aqueous methanol, gave the nickel-

O Na* |

~ N
N NC——

)J\ Ni(pyrazole),
~
NC CN MeO N™ /2

H

Al B.lI
Figure 2.

(I11) complex B.111 (Figure 2), characterized by X-ray
diffraction, containing ligands formed due to the
addition of MeOH to the nitrile group. Unfortunately,
neither information about involvement of the metal
ion in that transformation was given nor a plausible
mechanism was suggested.'?”.1282 The same type of
reactivity was observed for the process involving a
copper(11) system.129130 Alcoholysis of pyrazinecarbo-
nitriles?%®.¢ mediated by a nickel(l1) center has been
studied. Two more works which deal with alcoholysis
of nickel(ll)-bound nitriles will be considered in
section I11.E.

4. Reactions at Iridium and Rhodium Centers

The liberation of the imino ester from the metal
has been reported only rarely, and therefore, the
possibility for application in organic syntheses of the
metal-mediated alcohol addition to a nitrile has not
yet been developed. Nevertheless, the imino ligands
NH=C(OR)Me (R = Me, Et, i-Pr) in [Cp*Ir(n3-CHy-
CHCHPh){NH=C(OR)Me}]" (derived from ROH ad-
dition to the parent acetonitrile complex®) are dis-
placed by PPh; in dry deuterated solvents. It is also
established that [Cp*Ir(3-CH,CHCHPh)(PhC=N)]-
(SO3CF3) catalyzes the methanolysis of benzonitrile
in the presence of Na,CO3 at 70 °C.88 In this context,
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it is noteworthy that the addition of ROH (R = Me,
Et) to organonitriles R'CN (R' = Me, Et) in the
presence of AuCl; in chloroform gives rise to the
imino ester salts [R'"C(OR)NH;][AuCl,4].*3*
Intramolecular coupling of alcohol and a metal-
bound organonitrile was observed by Thorn and
Calbrese,'*? who discovered that the hydroxymethyl
complex [Ir(CH,OH)(MeCN)(PMes)4]>" undergoes base-
catalyzed (e.g., by pyridine or PMejs) intramolecular
attack (Scheme 5) by the oxygen atom of the hy-

Scheme 5
Me 2+ 2+
{ —l Me —|
o}
I H\N%
| l/
/I|r/—CH20H — —/lr/—CH2

droxymethyl group to form a metallacyclic complex
which has been structurally characterized.%?

The cyclization proceeds, although much slower,
without addition of the base. Moreover, the coupling
is suppressed by HBF4-Et,0, but the etherate also
leads to the overall decomposition of [Ir(CH,OH)-
(MeCN)(PMe3)4]2+.

A similar, in some respects, transformation was
observed by Gal and co-workers,'®3 who treated the
rhodaoxetane complex [Rh(tpa)(CH,CH,O)]" [tpa is
the tripod-type ligand N,N,N-tri(2-pyridylmethyl)-
amine] with NH4PFs in MeCN. NMR monitoring of
the progress of the reaction allowed the detection of
an acetonitrile intermediate solvento complex formed
on protonation and ring opening of the rhodaoxetane
ring. Subsequent intramolecular cyclization led to the
metallacycle depicted in Scheme 6.

Scheme 6
" MeCN. H_ RA"] OH —»[Rh”']\ o}
[Rn"}—o0 _
N=C-Me /N—(
H Me

5. Reactions at Other Metal Centers

Cimitidine, the potent histamine H,-receptor an-
tagonist, has the same structural unit as cyan-
oguanidine (indicated in the box in Scheme 7) and a

Scheme 7
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|
-
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— s : Me
)A\/ \/\E"NJ\N
Me iH
| MeQ ‘|+
S
3
Cu?*, MeOH, OH HN/§N—Cu—N NHMe
— S
Me

similar reactivity in a metal-assisted reaction toward
such a nucleophile as methanol. Thus, it has been
reported that its reaction with copper salt in metha-
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nol in the presence of KOH at 60 °C leads to the
chelate depicted in Scheme 7.13* X-ray diffraction
data show that both Cu—N bonds have essentially
the same length. Moreover, the distribution of bond
distances and angles in the six-membered ring proves
the formation of a delocalized s-electron system in
the metallacycle.

Refluxing 1,2-bis(2-cyanoguanidino)ethane or 1,2-
bis(2-cyanoguanidino)propane, N=C—N=C(NH;)NH-
(CH2)n NHC(NH,)=N—-C=N (n = 2, 3) in methanol
or ethanol in the presence of copper(ll) salts led to
the addition of two ROH molecules to each nitrile
group and formation of the imino chelates C.I11
depicted in Figure 3.1%5

H 2+
HZN\rN\rOR —l MeQ H H OMe
| N N—
N NH \ /,
He0) Seu N Q HE)'
N| |NH \/ N/ \N (
)\ /k H o H
HoN N OR MeO OMe

c.u D.lIl
Figure 3.

The pseudohalide dicyanamide ~N(C=N), also
interacts with methanol in copper(l1)- or zinc(ll)-
mediated'361372 processes with the addition of the
alcohol to both nitrile groups to give metallacycles
D.111 (Figure 3), which are isoelectronic with the
appropriate s-diketonate compounds, like [M(acac)].
Methanolysis of pyrazinecarbonitrile in the coordina-
tion sphere of copper(ll) has been studied.’37"

C. Alcoholysis of 2-Cyanopyridines and
Synthesis of Oxazolines

Reaction of 2-cyanopyridine (N=CCsH4N) with
copper(ll) chloride in MeOH gives, besides the simple
substitution product [CuCIl;(NCCsH4N),], two other
complexes, i.e., [Cu(H20),{ NH=C(OMe)CsH4N},]|ClI;
and [CuCly{ NH=C(OMe)CsH,N}], containing the
imino ester which is derived from metal-promoted
addition of the alcohol to the CN triple bond of the
ligand. A similar reaction was observed with ethanol
and n-butanol.'® It was also found that the imino
ester formed in the course of the addition can be
liberated by reacting the complexes with Na,Y (H.Y
= EDTA) and is subject to fast hydrolysis to give O=
C(OMe)CsH4N in good yield. The metal-assisted
alcoholysis of 2-cyanopyridine was also observed in
cases of Ni(ll), Pd(11), Co(ll), Cu(ll), and Fe(lll)
Systems_125,1387l40

Metal-mediated addition of alcohols to 2-cyanopy-
ridine has an interesting application for organic
preparations of oxazolines42~%%2 which were inten-
sively utilized in different branches of chemistry,
including asymmetric synthesis and catalysis (for
reviews see refs 153—155), and these heterocycles
also have some biological and insecticidal implica-
tions (for recent works see refs 156—158); the coor-
dination chemistry of oxazolines has been reviewed.!%°
The Ni(ll)- or Cu(ll)-catalyzed reaction of N=CCsH4N
with bifunctional reagents,#1~147 i.e., amino alcohols,
led to the oxazolines, e.g., depicted in Scheme 8.
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Scheme 8
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Dinitriles react likewise with amino alcohols in a
zinc(l1)-catalyzed process to give bis(oxazolines).148~152
The corresponding reaction giving oxazolines is known
in the so-called pure organic chemistry as a two-step
procedure (diimino ester formation from 1,3-dinitriles
followed by the reaction with amino alcohols?¢), but
this method can only be applied to a rather restricted
subclass of nitriles.

D. Reactions with Halo Alcohols and the
Oxirane/Cl~ System: Synthesis of Oxazolines
and Oxazines

Michelin, Angelici, and colleagues reported an
elegant method for generation of oxazoline species,
which is based on the platinum-mediated addi-
tion of halo alcohols to organonitriles.'61-166 Nitrile
ligands in the complexes [PtCI,(NCR);] (R = alkyl,
aryl)!61.182 or trans-[Pt(R')(NCR)(PPhg).]* (R' = H,
CHs;, CF3; R = alkyl, aryl)'%31%4 react with the
alkoxide "OCH,CH,CI (which can be generated in
two ways, i.e., by deprotonation of HOCH,CH,CI with
a base or by oxirane ring opening with CI~) to give

1
the oxazoline complexes [PtCl,{ N=C(R)—OCH,CH},]

S ——
and trans-[Pt(R'){ N=C(R)—OCH,CH,} (PPhs),]*, re-
spectively. Recently some chiral oxazoline complexes
were obtained by the cyclization reaction of the
platinum(ll) nitrile complexes with chiral halo alco-
hols in the presence of 2 equiv of n-BuLi (Scheme
9)_165

Scheme 9
CH,OH
[PICI(N=CR)] + 2 = wC 2 n-BuLi
H™/ ¢ -2LiCL-2 nBuH

R Me

.

PtCl, N /
W
H

Me 2

The reaction was also extended to 3-chloro-1-
propanol, HOCH,CH,CH,CI, to give complexes that

contain six-membered 1,3-oxazines [PtCIl,{ N=C(R)—

OCH,CH,CHy},]. Both oxazoline and oxazine species
are rather poorly bonded to the platinum(ll) center

and were liberated either by reaction with dppe or
Cl—_163,166

E. Stereochemistry and Kinetics of Alcohol
Additions

To the best of our knowledge, currently there are
two basic but not coherent reports on the stereochem-
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istry of alcohol addition to coordinated nitriles. In the
first, Natile and colleagues described the reactions
of K[PtCI3(RCN)] and cis- and trans-[PtCI,(RCN);] (R
= Me, Et, Ph, t-Bu) with R'OH that occur readily at
ambient temperature in the presence of a catalytic
amount of KOH to give the corresponding imino ester
complexes with ligands in the Z- and E-configura-
tions.'** The progress of the KOH-catalyzed addition
of methanol to K[PtCI3(RCN)] was monitored by 'H
NMR spectroscopy, and the initial formation of the
Z-isomer, i.e., [PtCls{Z-NH=C(OR')R}]~, correspond-
ing to a trans-addition (the alkoxide and the hydro-
gen add to the C=N bond from opposite sides) of the
alcohol to the nitrile triple bond was detected,
Scheme 10.

Scheme 10
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Subsequently, under the same reaction conditions,
[PtCIl{Z-NH=C(OR')R}]~ isomerizes to the E-form,
and this transformation depends on the sterical
hindrance of the radical R' in R'OH. The transforma-
tion is complete for R' = Me or Et, but for R = Ph an
equilibrium between the two isomers was observed,
while in the case R = t-Bu only the Z-form exists and
does not isomerize to the E-form. The rate of the Z—E
transformation is slow under normal conditions, but
it becomes faster in the presence of a catalytic
amount of MeO~, which presumably adds reversibly
to the azomethine residue of the imino ester group,
thus facilitating the conversion (Scheme 10).114

In the second work,® which appeared recently, the
methanol or ethanol additions to coordinated aceto-
nitrile in the iridium(l11) cationic complex [Cp*Ir(°-
CH,CHCHPh)(NCMe)](SOsCF3) proceed readily at
room temperature to give mixtures of E- and Z-
isomers of [Cp*Ir(i3-CH,CHCHPh){ NH=C(OR)Me}]"
(R = Me, Et). In the presence of the appropriate ROH
or Na,COg3, the complete E—Z isomerization occurs
and this direction is opposite to that found4 for the
platinum(ll) complexes. In the case of the more
sterically hindered i-PrOH, the addition leads exclu-
sively to [Cp*Ir(53-CH,CHCHPh){Z-NH=C(OPr')-
Me}]™ and no evidence for the E-isomer was obtained.
When a mixture of the E- and Z-isomers of [Cp*Ir-
(73-CH,CHCHPh){ NH=C(OEt)Me}]* was stirred in
a MeOH solution in the presence of Na,CO3 for 24 h
at room temperature, the pure Z-isomer of [Cp*Ir-
(73-CH,CHCHPh){ NH=C(OMe)Me}]" was obtained,
and the authors argue that this observation suggests
that the isomerization, likewise in the case of plati-
num(ll) complexes, is initiated by the nucleophilic
attack of MeO~ to the imino carbon of the ligand,
giving the amido—ketal complex followed by elimina-
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tion of the ethoxy group. It is obvious that more
examples of E/Z addition/transformation at different
metal centers should be found to make the system
predictable.

A wide series of reactions of alcohols and amines
with the Ni(Il) nitrile complexes [NiL(NCR)][CIO,]
(L = a S,N,N-tridentate anion; R = Me, Et, Ph) has
been reported.t67:168 The complexes react under reflux
with dry alcohols R'OH (R' = Me, Et, n-Pr) in the
presence of excess free RCN (dimerization to give
u-OR complexes rather than the addition would
otherwise be observed) to give the corresponding
imino ester complexes [NiL{ NH=C(OR')R}][CIO4].1¢"
The reaction seems to be controlled by sterical
properties of both R and R'. Indeed, the rate falls off
strongly with an increase in the chain length of the
alcohol. Concurrently, the addition occurs smoothly
with the use of MeCN and EtCN complexes, but in
the case of PhCN, the reaction is very slow irrespec-
tive that the nitrile carbon in benzonitrile should be
more activated toward the nucleophilic attack. It is
important that the rate of the alcohol—nitrile cou-
pling can be dramatically accelerated, e.g., by more
than 4 orders of magnitude,*®® by use of sodium
alkoxide as a catalyst.

If the alcohol used is wet, the product is a carboxa-
mido complex [NiL(NH,COR)][CIO,]. The latter re-
sults upon attack of water to the imino ligand rather
than direct attack at the nitrile carbon, while reaction
of [NiL(NCR)]" with water led solely to the substitu-
tion of organonitrile, Scheme 11.

Scheme 11
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The kinetics and mechanism of these additions
with MeOH were investigated,'®® and it was sug-
gested that the addition might occur in two stages.
The first one involves direct nucleophilic attack of
the alcohol to the nitrile carbon atom yielding a labile
adduct which can either revert to the starting reagent
(preequilibrium stage) or proceed (second stage) to
the final imino ester product via a four-membered
cyclic transition state a (Figure 4) (first-order rate

Me
= N N
: [Ni]—N H
H—OMe H—0o
Me
a b
Figure 4.

dependence on MeOH concentration) and/or inter-
molecularly through the participation of another
methanol molecule (second-order term on MeOH
concentration) which behaves as a catalyst in a six-
membered activation state b.
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The palladium(ll) solvento complexes [Pd(solv),-
{S,S-H()(CHz)zs(CHz)zs(CHz)z()H}]2+ (solv = D0,
(CD3),CO, CD30D) catalyze the methanolysis of
dichloroacetonitrile to produce CI,CHC(OMe)=NH.*?3
A Kinetic study showed the following: (i) in the
metal-catalyzed process, the addition of methanol is
10° times faster than in the uncatalyzed reaction; (ii)
the methanolysis has almost an identical rate con-
stant to that of the hydration of CI,CHCN which is
also catalyzed by the same palladium complex; (iii)
the first-order reaction with respect to [CD3;OD]
indicates an intermolecular reaction between metal-
bound dichloroacetonitrile and CD3;0OD. A plausible
mechanism for the methanolysis involves displace-
ment of the solv ligands and coordination of the
nitrile to the metal center which activates it toward
the addition. The imino ester formed is expelled from
the coordination sphere by substitution with solv
ligands. Some other palladium(l1) solvento complexes
containing innocent bi- or tridentate ligands also
display the same type of catalytic activity.'?

F. Final Remarks

The alkoxylation of coordinated nitriles is dramati-
cally affected by the electronic and steric properties
of the substituent R in the alcohol. Indeed, the
reaction proceeds smoothly with sterically unhin-
dered alkyls, e.g., R = Me, Et, n-Pr, while it is less
efficient with more sterically demanded alcohols, e.g.,
R = i-Pr, or does not proceed at all, e.g., t-Bu.
Moreover, no R'CN—ROH coupling was observed
with phenol or even phenolate. The nature of the
substituent R’ in the nitrile also affects the addition,
and the reaction proceeds smoothly with less bulky
substituents. Furthermore, the coupling occurs easier
with nitriles bearing acceptor groups rather than
with donor ones, e.g., Ph > PhCH; > Me.

The addition strongly depends on the oxidation
state of the metal. In the case of high oxidation state
metal ions, the R"CN—ROH coupling does not require
a base which, for a reaction promoted by low oxida-
tion state metal ions, catalyzes the process.

Imine esters are much better ligands for soft metal
centers than nitriles. Hence, the high stability of the
imino ester complexes, which is a useful property for
stoichiometric reactions, prevents, however, their
usage in catalytic processes, and only one catalytic
reaction of this kind has been reported. We assume
that further progress in the search of catalytic
processes for the metal-mediated conversion of ni-
triles to imino esters could well be connected with
the application of hard metal centers, where the
stability of the imino ester species formed should be
lower and they could be involved in catalysis.

IV. Metal-Mediated Nitrile—Oxime Coupling

In organic chemistry, it is well-documented that
oximes are ambidentate nucleophiles, and their reac-
tions with electrophilic reagents, e.g., alkylation,
arylation, or acylation, have been extensively studied
and reviewed.1%9-174 Similar processes involving metal
complexes are also known although scarce.’5176
Metal-mediated iminoacylation of oximes is even a
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less explored area, and only recently have publica-
tions on this subject started to emerge in the litera-
ture.

After the first evidence on the coupling between
metal-bound benzonitrile and 3,3-dimethyl-2-bu-
tanone oxime reported at a conference,”” Grigg et
al.'’8 found the (formally) reverse reaction between
a coordinated oxime and a nitrile. The authors!®
studied the conversions of the oxovanadium(lV) al-
doxime and ketoxime complexes in solutions of vari-
ous nitriles and observed the oxime—nitrile coupling,
Scheme 12.
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Since the novel ligand cannot be generated from a
direct combination of the nitrile and the oxime, a
metal-ion-assisted mechanism for this reaction was
suggested. It is anticipated'’® that the mechanistic
pathway of the reaction involves initial coordination
of the organonitrile to the oxovanadium(lV) center,
prior to oxidation followed by the loss of an oxime
bidentate ligand and the addition of the oxime OH
group across the C=N bond. The nature of the
oxidant for the V'V center remains unelucidated.
Later, Zerbib et al.”® prepared the salicylaldoximato
oxovanadium complex [VO(OCsH4CH=NOH),] and
found that its heating in MeCN gives the iminoacy-
lation product [VO{OCsH,CH=NOC(Me)=NH},].
Similarly, the salicylamide oximato complex [VO-
{OC6H4C(NH2)=NOH}2] giVES [VO{OC6H4C(NH2)=
NOC(Me)=NH} ;] in refluxing acetonitrile.

The authors of this review article recently reported
on the metal-mediated iminoacylation reaction of
various ketoximes, aldoximes,'®° chloroximes, and
amidoximes,¥? HON=CR;R;,, or vic-dioximes,!8?
HON=C(R')C(R")C=NOH, upon treatment with the
organonitrile platinum(lV) complexes trans-[PtCl,-
(RCN);] (R = Me, CH,Ph, Ph) that proceeds under
relatively mild conditions to give, in almost quantita-
tive yield, the platinum(lV) complexes trans-[PtCl,-
{NH=C(R)ON=CR;R;},]*8%18% or trans-[PtCl,{ NH=
C(R)ON=C(R')C(R')C=NOH]},]*®¥? with O-imino-
acylated [or (alkylideneaminooxy)imines] ligands (see
Scheme 13, reaction with vic-dioximes).

It is remarkable that the reaction of trans-[PtCl,-
(MeCN),] and the oximes in acetonitrile as a solvent
led almost quantitatively to the metal-bound iminoa-
cylated oximes despite the incomparably higher
concentration of free MeCN. *H NMR experiments
show that neither MeCN nor the other nitriles react
with the oximes under the reaction or even more
harsh conditions, and this also supports the idea of
the metal-mediated reaction. It is worthwhile to
mention that the metal-mediated nitrile—oxime cou-
pling has certain parallels with the reported addition
of 2-propanone oxime to nitrilium salts [R—N=C-—
R'T* giving the adducts R—(H)NT=C(R')—O—N=
CMe,.183
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The platinum(1V)-mediated oxime—nitrile coupling,
initially performed for [PtCI4(RCN);], was then ex-
tended to the other platinum(lV) complexes, i.e.,
[PtCI4(RCN)(Me,SO)] and [PtCls(EtCN)].%2182 Fur-
thermore, the reaction was proved to be efficient for
rhenium(1V)#* and rhodium(111)8518 systems. An
unusual example of activation of a nitrile by two
metal centers has also been reported.’®” Thus, the
dialkylcyanamide complexes cis-[Pt(N=CNR2),(PPhs),]-
[BF4]2 react with oximes, HON=CR'R" (R'R" = Me;
or C4Hg), in the presence of a catalytic amount of Ag-
[BF4] or Cu(MeCOy,), to give a novel type of azamet-
allacycle, cis-[Pt{ N,N-NH=C(ON=CR'R")NRz} (PPhz),]-
[BF4]2, upon coupling of the organocyanamides with
oximes in a process that proceeds via the mixed
oxime—organocyanamide species cis-[Pt(NCNRy)-
(HON=CR'R")(PPh3),][BF4]> (Scheme 14).18"
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In contrast, in the complexes cis-[Pt(N=CR),(PPhs),]-
[BF4]2 (R = C¢H4sOMe-4 or Et), the ligating nitriles
were inactive toward the coupling even in the pres-
ence of the Lewis acids. This observation led the
authors®” to the assumption that the nucleophilic
attack by the oxime was facilitated via, on one hand,
ligation of the dialkylcyanamide to the platinum(Il)
center and, on the other hand, by interaction of the
Lewis acid metal ion with the amido-N of the
cyanamide ligand (see boxed intermediate in Scheme
14), thus enhancing the electrophilicity of the nitrile
carbon. As described above (Scheme 3), for the related
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cyanoguanidine Pt(ll1) complex cis-[Pt{N=C—N=
C(NH2)2} 2(PPh3);][BPhy]2, the oxime coupling with
the cyano group does not require the presence of the
second Lewis acid, being assisted by ligand cycliza-
tion to yield a six-membered azametallacycle prod-
UCt.ll7'118

The iminoacylation of oximes was also observed,
by Pavlishchuk and colleagues,'® at a nickel(ll)
center. The authors'® studied the reaction between
4,7-dithiadecane-2,9-dione dioxime (DtoxH;) with 1
equiv of Ni(ClQ4),:6H,0 in 96% ethanol under reflux
conditions, giving a precipitate which was then
recrystallized from acetonitrile to form a product that
was subject to X-ray analysis. It appears that in the
course of recrystallization both OH groups of the
dioxime couple with two molecules of MeCN to give
a hexadentate ligand bound to the nickel(ll) center
via four N and two S atoms (Figure 5). The addition

s S. S S.
LA WL A
WSy e e e

OH HO Me\ﬂ/o O\IrMe

DtoxH, NH NH
Figure 5.

is metal-mediated insofar as there was no reaction
observed between 4,7-dithiadecane-2,9-dione dioxime
and acetonitrile upon reflux for several days. The
coupling of the dioxime and MeCN is reversible, as
confirmed by the fact that the treatment of the
iminoacylated complex with sodium acetate furnished
[Niz(Dtox)(DtoxH),]?" with the regular oxime/oximato
groups.

The nitrile—oxime coupling was investigated by ab
initio methods for [PtCls(NCMe)]~, which were also
applied to the related neutral platinum(lV) [PtCl,-
(NCMe),] and platinum(ll) [PtCl(NCMe),] com-
plexes.?? The calculations included the geometry
optimization of the starting and final complexes,
location of possible transition states for the reaction
discussed, and the intrinsic reaction coordinate cal-
culations for one of the reactions. The results ob-
tained provided an interpretation, on the basis of
kinetic (activation energies) and thermodynamic
(reaction energies) effects, for the order of observed
reactivity [neutral Pt(1V) > anionic Pt(IV) > neutral
Pt(11)] and indicated that the mechanism based on
the nucleophilic addition of the protic nucleophile
(undeprotonated oxime), to form a transition state
with a four-membered NCOH ring, is energetically
favored relative to the alternative one involving the
prior deprotonation of the oxime, unless base-
catalyzed conditions are operating.®?

The iminoacylation of oximes, as modeled on Ki-
netically inert systems (see above), has recently found
an unusual application in organic synthesis involving
kinetically labile metal complexes. Thus, sterically
unhindered organonitriles RCN (R = Me, Et, n-Pr
or n-Bu) are converted, in the presence of Co(NO3),*
6H,0 or of a nitrile Co(ll) complex (nitrate salt) and
the ketoxime R,C=NOH (R, = Me, or CsHyg), into
the corresponding amidines, RC(=NH)NH,, isolated
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as their nitrate salts, and carboxylic acids.” This
process was rationalized in terms of competitive
nucleophilic attacks to ligated NCR by H,O (to give
ammonia and carboxylic acid) and by the oxime
yielding, in the latter case, an iminoacylated inter-
mediate [Co]-NH=C(R)ON=CR, (reaction 1,
Scheme 15) which, on further reaction with ammonia,

Scheme 15

(1)
[Col-N=CR + HON=CR, —» [Co]—H:C(R)—ON:CR'g
NH; [-HON=CR?,
(2

[Col-N=C(R)NH,

furnishes the amidine product (reaction 2, Scheme
15). The addition of water to the ligated RCN is the
favorable process for the sterically hindered organo-
nitriles which hamper the attack by the bulky ke-
toxime, thus preventing the formation of the ami-
dines.™

The nitrile—oxime coupling is also believed to play
a relevant role in another kinetically labile system,
consisting of a Zn(ll) salt and an oxime, which acts
as an efficient catalyst for the hydrolysis of nitriles
to carboxamides,” as described in section I1.

It is also worthwhile to mention (i) that the oxime—
nitrile-type coupling was extended to dialkyl and
dibenzylhydroxylamines, see section V.D, and (ii) to
nitrones which can be viewed as a “frozen”, by
alkylation, form of the other oxime tautomer, see
section X.B.

V. Formation of the C—N Bond

A. Formation of Amidines

It is well known that the development of efficient
and catalytic methods for the formation of the C—N
amide linkage is of paramount importance due to the
high synthetic utility of amides in general and
amidines, RC(=NH)NR'R", in particular and a num-
ber of their industrial applications. The organic,!89-1%
medicinal,1%21% and coordination®®*% chemistries of
amidines have been reviewed in a number of articles.
Their direct synthesis from RCN and R'R"NH can
only be achieved when the nitrile bears a strong
electron-acceptor group R, e.g., CCl;. A general,
although more time-consuming, method for prepara-
tion of amidines is based on the Pinner reaction (see
section I11) and involves the reaction between RCN
and R'OH (or RSH, so-called the Thio-Pinner reac-
tion) in a nonaqueous solvent containing substantial
amounts of HX (X = ClI, Br) followed by interaction
of the imino ester salt RC(OR')=NH-HX thus formed
with ammonia or primary or secondary amines to
give the amidines RC(NR'R?)=NH. The metal-medi-
ated synthesis of amidines opens up a new route to
achieve these important compounds, as described in
the current and the following sections (sections V.A
and V.B), the latter dealing with organic synthesis
involving metal complexes.
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1. Additions of Ammonia

In the vast majority of cases complexes containing
the RC(NH,)=NH species are prepared by direct
addition of the amidine to a complex, but metal-
assisted reactions of coordinated organonitriles and
ammonia lead to a very attractive route for the
preparation of complexes containing the RC(NH,)=
NH ligands. This exciting chemistry is little devel-
oped, although additions of substituted amines to
RCN ligands (see section V.A.2) are fairly well-
documented. Thus, it was found*®6-1% that the com-
plexes [PtCI,(RCN),] (n = 2, 4) react with NHj3 to give
products of both substitution of chloride ligands and
addition to RCN, and the formation of amidines
occurs faster in platinum(lV) complexes than in the
appropriate platinum(l1) compounds.

The alkyl and arylnitrile complexes of the series
[Co(NH3)s(NCR)]®" were treated with liquid NH3 at
—76 °C, and after evaporation of ammonia, the
corresponding amidine compounds [Co(NH3)s{ NH=
C(NH2)R}]®* were isolated in quantitative yields. The
cyanamide complex [Co(NH3)s(N=CNH,)]** deproto-
nates in liqguid ammonia to give the unreactive ion
[Co(NH3)s(N=CNH)]?", whereas N=CNMe,%22% (at
Co(111),62200 Os(111),52 or Pt(11)%2 centers) or N=CCH,-
NH>,2°1 which cannot be deprotonated in the same
way, underwent the addition to give the amidine
derivative.?00.201 Diffusion of ammonia into a solution
of mer-[RhCI3(RCN)3] (R = Me, CH2Ph) in neat RCN
at 20—25 °C for 1 day led to the addition of NHj3
across the C—N bond, giving the rhodium(l11) com-
plexes containing neutral amidine ligands mer-[RhCls-
{RC(=NH)(NH>)}3].?% Tungsten-mediated addition of
ammonia or amines with concomitant unusual cou-
pling with alkyne or CO ligands?®® will be considered
in section XI, while a Co(ll)/ketoxime-promoted con-
version of RCN to amidines RC(=NH)NH, was
treated in section IV.

2. Additions of Primary and Secondary Amines and of
Aziridine

Aziridine, in contrast to oxirane, which is involved
in the ring expansion (see section Il1), undergoes
addition to the nitrile carbon in the platinum(ll)
complexes [PtCI,(RCN),] to afford the amidine com-
pounds depicted in Scheme 16.204

Scheme 16
R
[PICIo(NCR),] + 2HNQ — [PtC|2fH:< )]
N 2
l>
2 PhyPCH=CHPPh,
— [Pt(PhyPCH=CHPPh,),ICl,
Ph /Pi
HN:< + N7 TNH
N \_/

>

The newly formed ligands were liberated by reac-
tion with 2 equiv of Ph,PCH=CHPPh, at room
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temperature to give, along with the free amidine,
2-(phenyl)imidazoline. When the liberation is per-
formed at 90 °C, 2-(phenyl)imidazoline is the only
product from the reaction. The authors believe that
only after displacement of the amidine from the
coordination sphere and release of the electron pair
of the amidine N does this atom start to attack
intramolecularly the aziridine ring. The correspond-
ing palladium complex [PdCIly(PhCN),] reacts differ-
ently with aziridine to give only the substitution

—
product, i.e., [PdCI,(NHCH,CHy,),].2%

A study, indicating a different reactivity, i.e.,
addition vs substitution, was performed for tungsten
and molybdenum complexes. Thus, organonitriles in
the tungsten complexes [Cp,WX(NCR)]* (X = Br,
SPh; R = Me, Et, Ph) couple with secondary amines
NHR, to give the W-bound amidines [Cp,WX
{NH=C(R)NR'2}]+. In contrast, the molybdenum
complexes [CpMoX(NCR)]" react with the amines to
give substitution products rather than amidines.?%
A similar observation on different reactivity of struc-
turally similar W and Mo complexes has recently
been done by McGaff et al.”® We assume that the
difference in reactivity might be explained by the
difference in kinetic lability of the ligated nitrile
species, giving the preference to addition for more
kinetically inert compounds. Indeed, in the platinum-
(1) complex trans-[Pt(CF3)(NCEt)(PPhs),][BF,4], where
the CF; group exhibiting a high trans-effect should
labilize the nitrile, only substitution by aziridine was
observed.?%4

Complexes cis-[ReCl,{ NH=C(Me)NHR};] (R = Ph,
p-CsHsMe) were prepared from cis-[ReCl4(MeCN),]
and aniline or p-toluidine.?%¢ Recrystallization of the
piperidine adduct AICI3-2{ HN(CH;)s} from acetoni-
trile resulted in the release of crystals, which were
subject to an X-ray crystallographic study that showed
that piperidine coupled to MeCN to form the homo-
leptic compound [A{HN=C(Me)N(CH;)s}4]Cls*
MeCN.2%7 Reaction of [Mo(OBuUY{(2,2'-NCgH4)2(CH2-
CH>)}] with p-tert-butylcalix[6]areneHs (HeL) in
refluxing toluene followed by removal of the solvent
in a vacuum and extraction of the residue formed
with acetonitrile affords the amidine complex [Mo-
{2-NC5H4CH2CH2C5H4NHC(ME)zNH} LH2] contain-
ing an 11-membered ring which originates from
intramolecular addition of the pendant amino group
to MeCN activated by coordination.?®® Suspending
Cul in a solution of pyrrolidine, HN(CH)4, in aceto-
nitrile in oxygen-free conditions leads to the iminoa-
cylation of the amine to yield [Cu{NH=C(Me)N-
(CH2)4}2]1.2°° The cyclic anhydride ligand in the

—_——
tungsten complex [W(®-CsHs)(CO){ #°>-CHCHC(Me)C-

1

(=0)OC(=0)}(MeCN)] does not react with Me,NH,
while the coordinated acetonitrile is active toward the
addition giving the amidine compound [W(#5-CsHs)-

[ |
(CO){#3-CHCHC(Me)C(=0)OC(=0)}{ NH=C(Me)-
NMe,}]1.2*° Primary and secondary amines R;NH [R»
= Me,, Me(H), i-Pr(H), (CHy)s] were successfully,
although under rather harsh conditions, added to the
acetonitrile moiety in the complex [Cp*Ir(33-CH,-
CHCHPh)(MeC=N)](SOs;CF3) to give the amidine
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compounds  [Cp*Ilr(#3-CH,CHCHPh){NH=
C(NR2)Me}](SOsCF3).88 The newly formed ligands
were released after the addition of triphenylphos-
phine in dry solvents and identified by *H and **C
NMR spectroscopy. It was also reported that tertiary
amines, e.g., NMe; and NEtz, do not undergo the
coupling with the coordinated MeCN.8 Reaction of
excess NH,CH,CH,OH with [PtCl,(PhCN),] gives
rise to the addition of the amine and substitution of
the two chloride ligands to form the amidine complex
[Pt{NH=C(Ph)NHCH,CH,OH},(NH,CH,CH,-
OH),]>". The latter was isolated as the [PtCl4]?>~
salt.?

The above reactions are noncatalytic, and the
metal-catalyzed additions of amines to nitriles will
be considered below in section V.B.

3. Additions of Diamines

Two early works on nucleophilic additions of a
diamine to the coordinated nitrile have been analyzed
in a previous review.” Reaction of cis- and trans-
[PtCI>(PhCN),] with 3 equiv of 1,2-diaminoethane in
water leads to [Pt{NH=C(Ph)NHCH,CH,NH;},]*"
precipitated as the PFs~ and SbFs~ salts.?*? The bis-
hydrate [Pt{NH=C(Ph)NHCH,;CH;NH,},]Cl,-2H,0
was also obtained upon treatment of the platinum-
(1V) complex [PtCl,(PhCN),] with 1,2-diaminoethane
under the same reaction conditions. The X-ray dif-
fraction analysis of [Pt{ NH=C(Ph)NHCH,CH,;NH_} ;]-
[SbF¢]. showed that the complex ion contains two
unusual seven-membered organic metallacycles com-
prising the same platinum(ll) center.

A different reaction was obtained for the copper-
(I)-mediated coupling of RCN (R = Me, Ph) and NH,-
CH,CH,;NH,. It was reported?®® that the reaction
occurs in the presence of a stoichiometric amount of
CuCl. The process performed in MeOH results in
disproportionation of Cu(l) to Cu(ll) and Cu(0), and
the authors?!3 believe that the addition is copper(l1)
assisted. After completion of the reaction, an inor-
ganic material was precipitated by addition of excess
aqueous NaOH, and the organic products, i.e., 2-m-

—_
ethyl and 2-phenyl-2-imidazolines R—C=NCH.-

CH2NH, were extracted with Et,O. Unfortunately,
the mechanism of that conversion was not studied,?*?
and it is unclear which advantages give the copper
system over purely organic methods?*42%5 based on
the Thio-Pinner reaction for generation of imidazo-
lines. A process involving titanium compounds and
giving cyclic amidines, e.g., 2-imidazoline, has been
patented.2®

4. Stereochemical and Mechanistic Studies on the
Addition of Amines

The reaction of trans-[PtCl,(NCMe),] with a 5-fold
excess of MeNH; in dichloromethane at —10 °C yields
the bis-amidine complex trans-[PtCly{ N(H)=C(NHMe)-
Me}.], where the amidine ligands assume both the
Z-configuration corresponding to the trans addition
of the amine along the nitrile triple bond.?’2 An X-ray
study revealed that the Z-configuration of N(H)=
C(NHMe)Me species is determined by the formation
of strong intramolecular hydrogen bonds between
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each chlorine atom and the amino proton of the
NHMe moiety to give a six-membered ring. Treat-
ment of cis-[PtCI,(NCMe),] with Me,NH gives cis-
[PtCI{ N(H)=C(NMey)Me},] with the amidine ligands
in the E-configuration.?’

The kinetics and mechanism of nucleophilic attack
of amines to coordinated nitriles have been studied
only in a few cases. In particular, the formation of
the amidino complexes cis-[Pt{0-CH,CsH,C(=NH)-
(NHAn)} (PPhs3),][BF4] by reaction of the dinuclear
o-cyanobenzyl complex [Pt(u-0-CH,CsH4,CN)(PPh3),].-
[BF4]. with primary anilines ArNH, (Ar = Ph,
p-MeCgH,, p-MeOCsH,) in 1,2-dichloroethane occurs
as a two-stage process.?'® The first stage is fast and
involves displacement of the nitrile group by the
amine leading to a labile mononuclear amino complex
with a dangling —CN group. In the second and slower
stage this intermediate reacts with the amine via
external nucleophilic attack of the amine nitrogen on
the nitrile carbon in a cyclic four-center transition
state I” (Figure 6) to yield the final Pt(Il)—amidino

R\ /Ar
R
H N//Ar " IIN H\‘ /R %
[ H N-ar
PhaP\ +,;N=CJ© PhaP\ +”N=CD
RI R
VN VN,
Phsp”” i CH Php”” | CH;
NHRAr NHRAr
r i
Figure 6.
species.

Related reactions of [Pt(u-0-CH,CsH4CN)(PPhs).].-
[BF4]> with secondary anilines?'® Ar(R)NH (Ar =
p-MeCsH,4, p-MeOCsH,4; R = Me, Et) comprise the
same first stage, but the second step is different
following a two-term rate expression of the form
k[complex][Ar(R)NH] + k'[complex][Ar(R)NH]?. The
first-order dependence of the rate law on the aniline
concentration corresponds to a process identical to
that mentioned above, but the second-order term in
aniline concentration is interpreted by considering
a rapid preequilibrium formation of an aniline dimer
which adds to the nitrile via a six-membered cyclic
activated complex 11* (Figure 6). This mechanism
also appears to occur for the reactions of primary
amines RNH; (R = n-Pr, n-Bu) with the dinitrile
complexes [PtCI,(NCAr),] (Ar = Ph, o-, m-, p-
M9C6H4).7

The reaction proceeds via two stages, and the
kinetics (investigated for n-butylamine as the nu-
cleophile) of the first one, which leads to trans-[PtCI-
(NH2R)Y{HN=C(Ar)(NHR)}.]*, follows a second-order
dependence on the amine concentration which has
been rationalized on the basis of the addition of an
amine dimer to the ligated nitrile. The second stage
involves addition of amine to the second nitrile
ligand, replacement of ClI~ by amine, and isomeriza-
tion.

The Kinetics is dependent on both electronic
and steric effects,” following the order PhC=N >
p-MeC6H4CEN > m-MeCgH4sC=N > 0-MeCgH,C=N.
The inductive electron-donor character of the methyl
group deactivates the nitrile carbon toward nucleo-
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philic addition, which is further hampered by steric
hindrance of that group.

B. Amidation and Hydrolytic Amidation in
Metal-Mediated Organic Synthesis

It was established that unactivated organonitriles
RCN, i.e., with electron-donor groups, can be acti-
vated toward the coupling with amines by application
of Lewis acids such as FeCls, AICl;, ZnCl,, or
MeAI(CI)NR'R"".220-223 |n the latter case the alumi-
num amidine complexes formed were decomposed in
SiO; and extracted with MeOH to yield, after evapo-
ration, purely organic material.??° Similarly, reaction
of (N-alkyl-N-alkoxyamine)methylaluminum chlo-
rides, MeAICI,{ NHR'(OR)}, with alkyl or aryl nitriles
R""CN under reflux conditions followed by passage
of the reaction mixture through silica gel afforded
N-alkoxy amidine hydrochlorides, R"C(=NH)-NR'-
(OR)-HCI, with moderate to excellent yields depend-
ing on the substituent R’.2?*

Other metal-based systems, e.g., Ln(SO3CF3)s (Ln
= lanthanide)?®® or CuCl,?*® are also proved to be
useful in organic synthesis for generation of amidines
from nitriles and primary or secondary amines. In
fact, lanthanide(l11) triflates catalyze the reaction of
nitriles (N=CR) with primary amines (R'NH;) and
diamines [H2N(CH2)nNH,, n = 2—4] to form N,N'-
disubstituted amidines RC(=NR')NHR’' (R = Me, Et,
Ph; R" = alkyl, Ph) and cyclic amines A.V (Figure 7),

N Me N Me
~— =
e own [ ]

NR‘Z
vV B.V

P I—=Z

Figure 7.

respectively, with loss of NH3.2%°

The reaction proceeds via the intermediate forma-
tion of the corresponding N-substituted amidine, RC-
(=NH)NHR' or RC(=NH)NH(CHy,),NH,. Further con-
densations yield heterocyclic compounds as bypro-
ducts, in particular triazines when using excess
nitrile.??> Triazines were better obtained from the
direct reaction, also catalyzed by a Ln®" ion, between
ammonia and the nitrile or between the latter and
an N-substituted amidine.??®

Secondary alicyclic amines, R;NH, react with ac-
etonitrile to yield pyrimidines B.V (Figure 7) and
2,4,6-trimethyltriazine via the corresponding amidines
MeC(=NH)NR).225> Monosubstituted and N,N-dis-
ubstituted amidines, RC(=NH)NR'R" (R = Me, Ph;
R', R" = H, alkyl), are formed by copper(l)-induced
addition of primary or secondary amines, respec-
tively, to acetonitrile or benzonitrile.?*® The obtained
yields are not catalytic in relation to the metal salt,
CuCl or CuBr.?'3 Rather recently a facile synthesis
of amidines involving the intermolecular reductive
coupling of nitriles with organic nitro or aza com-
pounds induced by Sml,,226-228 TiCl,/Sm,?2° or TiCl,/
Zn?30 has been reported.

It has been shown?3! that the phthalonitrile cobalt
complex reacts with liquid ammonia to form the
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stable diiminoisoindolino complex [(NH3)sCo{—N-—

C(=NH)—CsHa—C(=NH)}]?* where the newly formed
ligand bonds via the deprotonated endocyclic nitro-
gen. Pentaammine(2,5-diiminopyrrolidino)cobalt(l11),

[(NHs)sCof —N—C(=NH)(CH);C(=NH)} ], was pre-
pared analogously starting from the succinonitrile
precursor.?3!

An interesting study has been undertaken by
Cobley et al.,*® who discovered that the platinum(ll)
complex [Pt(H)(POMey){ P(OH)Me;} ;] in dimethoxy-
ethane homogeneously catalyzes (0.1 mol %, auto-
clave, 160 °C) the hydrolytic amidation of unactivated
nitriles with primary and secondary amines to give
carboxamides RC(=O)NR'R" along with RC(=O)NH,
as the only byproduct. The mechanism of the ami-
dation is yet unclear, but presumably it consists of
either amidation of nitriles followed by hydrolysis of
the amidine RC(=NH)NR'R" formed or, vice versa,
hydrolysis of the nitrile to give RC(=0O)NH, followed
by its amidation to produce RC(=O)NR'R" and NHs.
A similar hydrolytic amidation of organonitriles by
use of [RuH,(PPhs)4] as the catalyst was previously
described by Murahashi et al.*5

C. Addition of Hydrazines

In organic chemistry one of the most important
methods for generation of amidrazones,?®? RC(NH,)=
NNHR' or RC(=NH)NR'NH,, is the reaction between
organonitriles and hydrazine or substituted hydra-
zines. The addition is efficient in the case of electron-
deficient nitriles, e.g., R = CF3; or CN. When a
compound with an R donor group should be obtained,
activation can be achieved by two ways, i.e., applica-
tion of AICI; as a Lewis acid which binds nitriles
making them more electrophilically activated and the
use of hydrazides, NHNHR'~, insofar as these anions
are more reactive than the parent hydrazines.?3?

Reactions of coordinated organonitriles are still a
little explored area, and only a few works in this dir-
ection are known. The amidrazone complexes [M{#?-
NH=C(R)N(R')NH}{ P(OEt)3}4][BPhs]> (M = Ru,?*
0s;?%* R = Me, p-tol; R" = H, Me) were prepared and
isolated in ca. 50% yield upon treatment of the appro-
priate nitrile precursors [M(N=CR),{P(OEt)s},]**
with an excess amount of either hydrazine or meth-
ylhydrazine in 1,2-dichloroethane followed by reflux
for 3 h. The authors argued that a plausible mech-
anism of the coupling involves initial substitution of
one organonitrile ligand giving one-end-bonded hy-
drazine followed by intramolecular nucleophilic at-
tack at the nitrile carbon by the free end of the
hydrazine, and the addition eventually furnishes the
chelated five-membered amidrazone ligand. A rel-
evant formation of amidrazone iron(ll) compounds
has been described by the same group.?%

Formation of tungsten-ligated amidrazones was
observed by Wu and co-workers,?%¢ who studied
conversions within the system WS,2~/P,Ss/NH,NH-
2HCI in acetonitrile and propionitrile. Products of the
reaction were subject to X-ray structural determina-
tion, and it was proved that the new compounds, i.e.,
[W(=0)(S2){ RC(=NH)NHNH}] (R = Me, Et), con-
tain the amidrazone chelate ring.
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It is worthwhile to mention that ligation to a metal
center results in stabilization of the other amidrazone
tautomer,?33-2% j e, RC(=NH)NHNH,, rather than
that existing in the free state,?® i.e., RC(NHy)=
NNHo,. This observation, in turn, suggests that the
reactivities of the coordinated and free species could
be different, a point that deserves further investiga-
tion.

D. Addition of Hydroxylamines

Although hydroxylamine is an ambidentate nu-
cleophile and its N- and O-additions to the nitrile
group are known,2377240 in the vast majority of cases
NH,OH adds to RC=N by its nitrogen and this
reaction leads to the generation of amide oximes, RC-
(NH2)=NOH, through the intermediate formation of
RC(=NH)NHOH. Strong acceptors R in RC=N make
the nitrile carbon increasingly susceptible to nucleo-
philic attack by the more electronegative oxygen—
rather than by the nitrogen atom—and conventional
N-additions are accompanied by less usual O-addi-
tions giving, in the latter case, carboxamides RC(=
O)NH, along with NH3; and N,.240

To the best of our knowledge, there is not even a
single example of addition of hydroxylamine itself to
organonitriles in metal-assisted reactions, but ex-
amples of metal-mediated additions of alkylated
hydroxylamines to organonitriles are known, al-
though scarce, and they were not analyzed in previ-
ous reviews on nitrile ligand reactivity. Weighardt
and co-workers?*! reported on the reaction between
[MoO,(MeNHO),] and acetonitrile in the presence of
MeNHOH-HCI, which furnishes the complexes with
ligated N,O-NH=(Me)C—N(O—)Me (M = Mo, R = Me
in Figure 8). It is highly probable that the tendency

y
/ QrMe
M]
\O/N\R
Figure 8.

for the N-additions of even alkylated hydroxylamines
is so strong that when WO,Cl, was treated with Et,-
NOH in MeCN the reaction yielded [WO2{ N,O-NH=
(Me)C—N(Et)O} 2] (M =W, R = Et in Figure 8) due
to dealkylation/N-addition reactions.?*?

In contrast to the above-mentioned addition of Et,-
NOH to acetonitrile in the tungsten-mediated sys-
tem,?*2 the reaction of the platinum(lV) complex
[PtCl4(MeCN),] with R,NOH in MeCN proceeds in
an unusual direction giving the O-iminoacylated
dialkylhydroxylamine complex trans-[PtCl,{NH=
C(Me)ONR3};] in good (R = CH,Ph) to almost quan-
titative (R = Me or Et) yield.?*® Although attempts
to carry out similar reactions with NH,OH failed, the
iminoacylated hydroxylamino species, NH=C(R)-
ONHy,, can be obtained indirectly by selective metal-
mediated hydrolysis of iminoacylated oximes, e.g., in
rhodium(l1l) complexes [RhCI,{NH=C(Me)ON=
CRz}z]+ (R2 = Mez, (CH2)4).186

E. Addition of Sulfimides and Imines

Kelly and Slawin?#32 observed the addition of
sulfimide Ph,S=NH to the acetonitrile ligand in the
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platinum(ll) complex [PtCl,(MeCN),] to give [PtClI-
(Ph2S=NH){Ph,S=N—-C(Me)=NH}]CI (Scheme 17).

Scheme 17
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In the course of the reaction the sulfimide is added
to MeCN via the N atom to form the C—N bond and
the S atom of the newly formed ligand is coordinated
to the platinum(ll) center to give the chelate. Since
it was proved that free acetonitrile does not react
with sulfimide, the authors concluded that the reac-
tion is platinum(ll) assisted. Moreover, it appears
that the choice of metal is significant for the perfor-
mance of the addition. Thus, it was reported that the
coupling does not proceed with some Pd and Co
acetonitrile complexes, and only ligation of Ph,S=
NH to these metal centers was observed. Though
complexes of Ph,S=NH are also the primary products
of reactions with Cu species, [Cu(Ph,S=NH);{Ph,S=
N—C(Me)=NH}][BF4], has been shown to form as a
minor product of the reaction with copper tetrafluo-
roborate in MeCN 243

The reaction of [PtCI(Ph,S=NH){ Ph,S=N—-C(Me)=
NH}]CI with [PtCl,(MeCN),] allowed the isolation of
the complex [PtCly{ Ph,S=N—C(Me)=NH}]. Halide
abstraction with 2 equiv of TIPFs in MeCN in the
presence of the sulfimide leads to [Pt(Ph,S=NH),-
{Ph,S=N-C(Me)=NH},]>", where the N-coordinated
ligand Ph,S=N—C(Me)=NH is monodentate.?**

The metal-mediated coupling between benzophe-
none imine, Ph,C=NH, and coordinated organoni-
triles in the platinum(1V) complexes [PtCl4(RCN),]
(R = Me, Et) proceeds rapidly under mild conditions
to afford the 1,3-diaza-1,3-diene compounds [PtCl,-
{NH=C(R)N=CPh,},] (Scheme 18).24%2 The addition
of the imine occurs also in the platinum(ll) nitrile
compounds, but its selectivity is lower and [PtCl,-
{NH=C(R)N=CPh,},] were more easily prepared by
reduction of the corresponding (1,3-diaza-1,3-diene)-
Pt(1V) complexes. Liberation of 1,3-diaza-1,3-dienes
was exemplified by the reaction of [PtCl,{NH=
C(Et)N=CPhg},]—which can be synthesized by re-
duction of the appropriate platinum(lVV) complex with
mild and selective reducing agents, i.e., the phospho-
rus ylide PhsP=CHCO,Me?***—with 2 equiv of 1,2-
bis(diphenylphosphino)ethane in CHCI; to give, along



1786 Chemical Reviews, 2002, Vol. 102, No. 5

Scheme 18
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with free NH=C(Et)N=CPh; retained in solution, the
solid complex [Pt(dppe).]Cl,, Scheme 18.

In organic chemistry 1,3-diaza-1,3-dienes are useful
for syntheses of six-membered nitrogen-containing
heterocycles, and their involvement in [4 + 2] cy-
cloadditions to give these systems has been a subject
of rapt attention in the past years. The known
synthetic pathways to achieve 1,3-diaza-1,3-dienes do
not include direct interaction between organonitriles
and imines, and therefore, the nitrile—imine coupling
reaction constitutes a potential alternative pathway
to the synthesis of such compounds.?#®

F. Metal-Mediated Iminoacylation of Heterocycles

This reaction relates to the above-mentioned ad-
dition of amines to coordinated nitriles. However, it
is noteworthy to mention the significant difference
between the heterocycles and the amines due to the
possibility, in the former, of the involvement of their
electron pair in aromatization. Despite this, the
coupling can also proceed readily for some hetero-
cycles, e.g., for pyrazoles. Thus, the addition of
pyrazole and its derivatives to ruthenium-bound
organonitriles was observed upon their reaction with
the ruthenium hydrides and alkenyls [RuX(CO)-
(RCN)2(PPh3),]" (X = H, CH=CHR"; R = Me, CH-
Ph) (Scheme 19).2%6 Interestingly, a selective addition
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of the pyrazoles was performed in methanol or
ethanol, which are also good reagents for the addition
(see section I11) under reflux conditions.
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In accord with the authors, the reaction is most
likely initiated by substitution of one of the nitrile
ligands by the pyrazole, followed by intramolecular
nucleophilic attack of the pyrazole N atom on the
adjacent nitrile.

Carmona and colleagues?’* reported that the cou-
pling can be performed starting from a pyrazole
complex but anticipated that the reaction proceeds
via formation of a nitrile intermediate. Thus, ab-
straction of a pyrazolate ligand, as Ag(pz), from the
iridium complex [(75-Cp*)Ir(pz)2(pzH)] by AgBF, in
RCN gave the solvento complex [(7°-Cp*)Ir(pz)(pzH)-
(RCN)] which then, with excess Ag*, is converted to
the tetranuclear complex [(17°-Cp*)Ir(u-pz){ u-N=C(R)-
pz} Agl.(BF4). containing the iminoacylated pyrazole.
The addition of pyrazoles to ligated pseudohalides,
e.g., NCO™ or NCNCN, has been reviewed.?

Amino-alkylated adenines R,AdH (R = Me, Et)
react with cis-[ReCl4(MeCN),] to give the products
of the addition of the adenines to the CN triple bond
of the nitrile,?*® C.V, Figure 9.

N
M I I
Cl. | VN/>’ e ;Os N N
"ty \\\\\ g | | IS I
o 1 \01 =
cl
cv DAY
Figure 9.

The complex with R = Me was characterized by
X-ray single-crystal diffractometry.?48

Treatment of organonitrile-containing osmium clus-
ters with 7-azaindole led to the addition of the
heterocycle to RCN to generate [Osg(CO)14(1-CO)(u-
H)(u-n*:n?>-CoHsgN3)] (R = Me, Et).2*° A fragment of
the molecule (D.V) is depicted in Figure 9. Interest-
ingly, the imino hydrogen can be deprotonated, e.g.,
by the strong base 1,8-diazabicyclo[5.4.0Jundec-7-ene,
to give the anionic cluster [Oss(CO)14(1-CO)(u-H)(u-
nt:n?-CoH;N3)]~ which converts back to the starting
material upon addition of CF;CO,H.

G. Other Examples of the C—N Bond Formation

The titanium(1V) imido complex (HsNBub),[TiCls-
(NBuY]; reacts with acetonitrile to give the ketimido
(or amidinate) compound [TiCl;{ N=C(Me)NHBu'}-
(MeCN);], whose X-ray structure was successfully
determined.?*® The authors argued that the latter is
formed upon solvolysis of the starting material in
MeCN to give the acetonitrile solvento complex.
Further coupling of the adjacent metal-bound imido
and MeCN species, activated by ligation of the latter,
results in the formation of the new ketimido ligand.?>®
This reaction is remarkable from at least one more
viewpoint, i.e., the coupling between (H3sNBub),[TiCls-
(NBuY], and MeCN can be, at least formally, consid-
ered as insertion of acetonitrile into the Ti—N bond.
However, the observed solvolytic path suggests that
the reaction proceeds via electrophilically activated,
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by coordination, organonitrile. Perhaps some other
insertions?1:252 of RCN into M—N bonds might follow
the same solvolytic route.?>® However, their mecha-
nisms have not yet been investigated.

VI. Formation of the C—C Bond

A. Addition of Phosphorus Ylides

Vicente and colleagues?>*256 studied the imino-
acylation of carbonyl-stabilized phosphorus ylides
Ph;P=CHC(=O)R' (R'" = alkyl, alkoxyl) with the
platinum(ll) organonitrile complexes trans-[PtCl,-
(RCN);] (R = Me, Ph, CgFs) that give, depending on
the character of R and R’, ylideimino (A.VI, Scheme
20), iminophosphorano (B.VI, Scheme 20) complexes,

Scheme 20
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or compounds which contain both ylideimino and
iminophosphorano species. A plausible mechanism
for this intriguing transformation involves a nucleo-
philic attack on the nitrile carbon by the ylide C atom
to give intermediate(s) C.VI and/or D.VI that differ
in conformations and, at least formally, arise from
the rotation around the =C—C single bond. Subse-
guent rearrangement to give A.VI and B.VI, which
do not interconvert to each other, terminates the
process.

The coordination of the nitrile to platinum plays a
key role in the result because the same or similar
ylides ArsP=CHC(=O0)R (Ar = Ph, R = CO,Me, CO,-
Et, CONMey; Ar = CgHsMe-4, R = py-2) react with
one of the above-mentioned nitriles, CsFsCN, giving
an equilibrium mixture of ylides PhsP=C(CsF4CN-
4)C(O)R and phosphonium salts [PhzsP=CH(C¢F,CN-
4)C(=O0)R]" through a room-temperature C—F bond
cleavage (Scheme 21).257.258

Lewis acid, e.g., Li*, catalyzed reactions between
aromatic nitriles and the phosphonium ylides are
known from organic chemistry.259.260

B. Coupling of Nitriles and Compounds with
Activated CH, Group

The reactions of g-dicarbonyls, -ketoamides, 3-ke-
tophosphonates, or phosphonoacetates, exhibiting
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Scheme 21
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strong C—H acidity, with nitriles which are based on
the use of metal(ll) centers as homogeneous catalysts
have already been reviewed,® in 1993, and later
updated by additional experimental works?61-256 from
the same authors, and therefore, this topic will not
be treated herein. The metal-mediated reaction be-
tween p-dicarbonyls and nitriles have also been
extended to acyl cyanides, and it was observed that
[Ni(acac),]?%” (4 mol %) or [Cu(acac),]?82%° (5 mol %)
catalyze the addition of S-diketones to RCOCN to
give, e.g., the enamino diketones?” depicted in Scheme

22.
Scheme 22
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A relevant work has been performed by Murahashi
et al.,?”® who found that in the presence of [IrH(CO)-
(PPhg)s] (3 mol %), activated nitriles undergo dimer-
ization to give the corresponding cyano enamines,
e.g., Z-Et02CC(CEN)=C(NH2)CH2COzEt was ob-
tained from N=CCH,CO,Et. Other low-valent iri-
dium complexes such as [Ir(CO).(acac)(PR3)] and
[Ir4(CO)12(PR3)] and rhodium hydride complexes such
as [RhH(PPh3),4] were also effective. The reaction can
be carried out with two different activated nitriles,
and it is generally presented in Scheme 23.

Scheme 23
//N
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A ruthenium-catalyzed aldol condensation of ni-
triles with an activated CH, group and carbonyl
compounds was also reported by the same team.?”*
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Although the starting materials and the products
given in Schemes 22 and 23 are similar in many
respects, the reactions are catalyzed by metal centers
of different nature, i.e., “electron-poor” and “electron-
rich”. Consequently, the two groups propose different
mechanisms. The authors?®” suggest that the reaction
catalyzed by [Ni(acac);] proceeds via activation, by
coordination, of the acyl nitriles and this reverses a
typical pattern of the chemical reactivity of RC(=0)-
CN species and g-dicarbonyls, providing the attack
at the cyano group instead of at the carbonyl group
which would give, in the latter case, a-acylated
pB-dicarbonyls. The Japanese group believes that the
reactions catalyzed by the Ir complex also start with
the initial coordination of the nitrile to the metal
center but, on the next step, oxidative addition occurs
giving an H—Ir—C(R*)(H)C=N species which couples
with one more equivalent of the nitrile (directly or
via C-to-N linkage isomerization?’?) and then the
newly formed ligand liberates via reductive elimina-
tion.

Tin(lV)-assisted reactions between nitriles and
p-dicarbonyls, having an implication for the synthesis
of pyridines and quinolines,?”® are exemplified in
Scheme 24.

Scheme 24
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Although the precise role of the metal ion has not
yet been clearly understood, the authors anticipate
that it might be dually expressed, on one hand, in
electrophilic activation of the nitriles toward the
nucleophilic attack and, on the other hand, in en-
hanced acidity of the CH; group upon ligation of the
pB-dicarbonyl to the metal center.

Bergman and colleagues?’* observed the coupling
between the CH,C(=0)OEt ligand in the rhenium
complex [Re{CH,C(=0O)OEt}(CO)s] and organoni-
triles (this reaction can also be formally viewed as
nitrile insertion into a transition-metal—carbon single
bond) in the presence of PPhs giving a new C—C
bond. Upon the basis of synthetic experiments sup-
ported by a kinetic study, the authors?’* suggested a
mechanism for this reaction that involves the inter-
mediate formation of a nitrile solvento complex
(Scheme 25), consequent polarization of the C=N
bond, and coupling with the CH,C(=O)OEt ligand
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that might occur either via direct migration of the
latter from the metal to the nitrile ligand or through
rearrangement to an O-bound species followed by
intramolecular nucleophilic attack of the CH,-carbon
to the ligated nitrile.

Some other examples of the insertion of nitriles into
the M—C bond, occurring at Sc(l11), Ti(1V), Cr(l11),
Th(1V), and U(1V) centers, have been summarized.?”*

C. Dimerization and Trimerization of Nitriles

Both two-electron and four-electron reductive cou-
pling (with C—C bond formation) of organonitriles,
mediated by transition metals, to give diimino, "N=
C(R)—C(R)=N", or enediimido, 2"N—C(R)=C(R)—N?",
ligands, respectively, have been reported. Hence,
reaction of the W(Il) complex [Tp'WBr(CO)s] (Tp' =
hydrotris(3,5-dimethylpyrazolyl)borate) with NaS'Pr
in refluxing acetonitrile led to the formation of the
dinuclear W(I1) compound [{ Tp'W(CO),} o{ u-NC(Me)C-
(Me)N-N:N'}], which is proposed to involve an initial
W(Il) — W(I) reduction by the thiolate (one-electron
reductant) followed by a two-electron reductive nitrile
coupling to give the bridging diimino ligand, each
metal behaving as a single-electron reducing agent.?”®
The isolation from the reaction solution of an #?
NCMe complex was considered as indirect support
for the involvement of monomeric acetonitrile com-
plexes in the process.?’®

A four-electron reductive coupling of acetonitrile
has resulted from its reaction with [TiCl,(TMEDA)]
(TMEDA = N,N,N',N’'-tetramethylethylenediamine)
to yield the dinuclear Ti(IV) complex [{TiCls-
(TMEDA)}{u-NC(Me)=C(Me)N}] with an enediim-
ido bridge.?"®

Deprotonation from one of the two molybdenum-
bound acetonitriles in [Mox(1°-Cp)(u-SMe)3(MeCN),]-
[BF4] with butyllithium in THF initiates its intramo-
lecular coupling with the second ligated acetonitrile
giving the novel u-n*-azavinylidene complex [Moa(°-
Cp)(u-SMe)s{ u-n*-N=C(Me)CH,C=N}].2"/

Neumduller and colleagues reported?’827° that MMes
(M = Al, Ga, In) reacts with acetonitrile to give the
solvento complexes [MMez(MeCN)]. If MMe; is re-
fluxed in MeCN for 70 h in the presence of a catalytic
amount of CsX (X = F, Cl, Br), trimerization of
acetonitrile to give the metallacycle [Me;M{(NH=
CMe),C(C=N)}] (depicted in Scheme 26) is ob-

Scheme 26
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served.?’® The newly formed ligand in this complex
was liberated, in an NMR experiment, by acidifica-
tion with HCI.

Although the mechanism of the reaction was not
studied, the authors?7827 pelieve that in the initial
stage of the reaction MMes; forms anionic halide
complexes, e.g., [MesMX]~ or [(MesM).(u-X)]~, with
weaker M—C bonds than that in the starting methyl
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compounds. This makes the intermediates better
methyl donors, and they can deprotonate the CHj;
group in acetonitrile. The latter, in turn, reacts with
two more nitrile species activated by coordination to
a metal center. The reaction is metal-mediated
insofar as it is known that acid or base, i.e., metal-
free, induced trimerizations of nitriles usually fur-
nishes 1,3,5-triazines.?®®

D. Coupling of Nitriles with Other Carbon Groups

Bergman and colleagues®” reported on the C—C
bond formation occurring when the iridium(I11) com-
plex [Cp*IrPh(SO3CF3)(PMes)] is treated with an
excess of p-trifluorotolunitrile in THF followed by
addition of KOBuUt, Scheme 27.

Scheme 27
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A postulated mechanism of this coupling involves
formation of the solvento complex [Cp*IrPh(N=
CCeH4CF3)(PMe3)]t. The base deprotonates the Cp*
methyl group, and the resulting carbanion attacks
the metal-bound nitrile to generate the final cyclo-
metalated product E.VI, which can be easily proto-
nated to achieve the cationic complex F.VI. A rel-
evant coupling with the methyl group of Cp* has been

Scheme 28
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observed recently when the early—late heterobime-
tallic complex Cp,Zr(u-N'Bu)lrCp* was treated with
various organonitriles.?8!

Legzdins and co-workers?82283 ghserved an intrigu-
ing stepwise incorporation of small molecules, includ-
ing organonitriles, into a tungsten vinyl fragment.
It was reported that thermolysis of the vinyl complex
[Cp*W(NO)(CH,SiMe3)(CPh=CHy)] in nitriles or in
the nitriles in the presence of either acetone or an
alcohol gives metallacyclic products. Their formation
is consistent with the intermediacy of the acetylene
complex [Cp*W(NO)(>-CPh=CH)] (G.VI in Scheme
28) formed in situ due to the reductive elimination
of SiMe, from [Cp*W(NO)(CH,SiMe3z)(CPh=CH,)].
The former reacts further with RCN to give H.VI,
whereupon the acetylene and the nitrile undergo
reductive coupling on the metal template to furnish
the metallacycle 1.VI, which then traps one more
molecule of the nitrile (route a), acetone (route b), or
alcohol (route c) to give the boxed products with new
C—C bonds.

Early works on additions of the a-phosphino car-
banions [Ph,PCHR]~ (R = CO;Et, CN) and also of
cyanide ion to metal-activated organonitriles were
considered in ref 7, and to the best of our knowledge,
no further accounts on these reactions were published
up to the year 2001.

VII. Formation of the C—P Bond

Additions to organonitriles giving, in metal-medi-
ated processes, the C—P bond are very scarce, and
only a few examples of such reactions are known from
the literature. Thus, the reaction between the phos-
phine (CF3),(HO)CPH(CF3) and the trisosmium bisac-
etonitrile cluster [Os3(CO)11(MeCN);] performed in
dichloromethane at room temperature afforded a
crystalline product that was analyzed by X-ray
single-crystal diffractometry (the hydride was not
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found but verified in H NMR experiments), and it
has been shown that it contains a novel type of ligand
due to coupling between MeCN and u-PH(CF3) which
is presumably formed as an intermediate (Scheme
29)_284

Scheme 29

Interestingly, both primary, (CF3),(HO)CPH,, and
tertiary, P(CF3)s, phosphines react with the [Oss-
(CO)11(MeCN);] cluster to give only substitution
products.

Cotton and colleagues?® prepared a molybdenum
dinuclear complex that contains a [Mo,]** core, i.e.,
[Moy(MeCN)g(ax-MeCN);][BF.]4, and investigated its
treatment with 1,2-bis(diphenylphosphino)ethane.
The reaction proceeds in carefully dried MeCN at
room temperature and brings about a facile nitrile—
dppe coupling to produce the complex [Moa(u,n?-
MeCN){u-N=C(Me)PPh,CH,CH,PPh,} (MeCN)/]-
[BF4]ls which contains the newly formed seven-
membered chelating ligand A.VII (comprising a
bridging azavinylidene-type ending moiety) indicated
in Figure 10.

e Do
N~ SP-pn - \T—Ph
Me > MeJ\ N
Ph—P P Ph
Ph
AV B.VII

Figure 10.

This metallacycle differs from the six-membered
chelated ring B.VII obtained in the course of the
reaction between [Mo2(MeCN)g][BF4]4 and bis(diphe-
nylphosphino)amine, Ph,PNHPPh,, where the addi-
tion to acetonitrile is concerted with deprotonation
of the phosphine and the reaction proceeds in accord
with eq 1286

[Mo,(MeCN)¢l[BF,], + 2Ph,PNHPPh, — [Mo,
(u.7*-MeCN){ u-N=C(Me)P(Ph,)NP(Ph,)}
(Ph,PNHPPh,)(MeCN):][BF,]; + HBF, + MeCN

VIII. Electrophilic Additions

The rich coordination chemistry of nitriles, as
discussed in the previous sections, has been typically
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developed at metal centers in high or medium oxida-
tion states which often can activate them toward
nucleophilic additions at the unsaturated carbon
atom. However, when ligating (*-mode) an electron-
rich metal center, with the metal in a low oxidation
state and with a strong s-electron releasing ability,
a nitrile can be activated to electrophilic attack which
also occurs at the unsaturated C-atom to afford a
methyleneamide (also called alkylideneamide or aza-
vinylidene) species (NCHR in the case of protic
addition). Following the first reported example,?7 the
latter type of reaction has been developed for series
of nitrile complexes with the dinitrogen-binding d®
metal centers of the types {ReCl(dppe).} (dppe =
thPCH2CH2PPh2)2877289 or { M(Nz)(dppE)z} (M = Mo
or W)2%0-2%2 gnd extends to nitriles the mode of
reactivity known for isocyanides,?2°3-297 vinyli-
denes,??82% alkyne-derived allenes,?%°301 and even
dinitrogen (for reviews see refs 302—306) which,
when binding such sites (or related ones), also
undergo g-protonation.

Hence, the aromatic nitriles at the complexes trans-
or cis-[ReCI(NCR)(dppe).] (R = Ph or a para-substi-
tuted derivative, e.g., CsHsNEt-4, CcH,OMe-4, CgHg-
Me-4, CeHF-4, CsH4CI-4), which can be derived from
N, displacement by the nitrile at trans-[ReCI(Ny)-
(dppe),],31:289.307.308 yndergo stereoselective [-proto-
nation (by HBF,) or S-silylation (by SiMe3CF3SOs3) to
afford (reactions 1 and 2, Scheme 30) the correspond-
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ing methyleneamide complexes trans- or cis-[ReCl-
(NCER)(dppe)2]Y (E =H, Y = BF4; E = SiMe3, Y =
CF3S03).2877289 The trans isomers were formerly
formulated?883% as hydride complexes, but recently
the methyleneamide formulation was unambiguously
established.?®® The protonation reaction is reversible,
and the methyleneamide compounds revert to the
nitrile complexes (trans isomers) on treatment with
a base like [NBu4JOH.2®

The mechanism of the protonation reaction of the
cis-[ReCI(NCR)(dppe).] complexes, as indicated by
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stopped-flow kinetic studies,?88 involves, as the first
step, a fast -proton addition to the nitrile to form
the cis-methyleneamide species which upon isomer-
ization or further protonation/deprotonation steps
with rearrangement can lead to the corresponding
trans isomers.

The activation of n!-coordinated nitrile ligands
toward electrophilic attack is interpreted by consid-
ering the effective z-electron back-donation from the
metal center, as accounted for by (i) the low IR v(N=
C) vibrations of those ligands which appear at
significantly lower wavenumbers than in the free
state (coordination shift from —20 to —140 cm1)31.289.307
and (ii) the unusually short Re—N bond, 1.978(5) A,
exhibited® by the acetonitrile complex trans-[ReCl-
(NCMe)(dppe)].

The linear coordination mode of the methylene-
amide ligand has been established by the X-ray dif-
fraction analysis of trans-[ReCI(NCHR)(dppe).][BF.]
(R = CgH4F-4), which also shows a short Re—N
distance, 1.831(8) A, consistent with a significant
double-bond character.?®® The structural data indi-
cate that the methyleneamide ligand behaves both
as a three-electron donor (conferring the closed-shell
electronic configuration to the complex) and an
effective -electron acceptor, thus resembling (Scheme
31) the aminocarbyne CNHR ligands derived?93-2%7

Scheme 31
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from protonation (which also occurs exclusively at the
f-position) of isocyanides (CNR) when binding the
same metal center. Therefore, nitriles can follow a
general pattern of reactivity comparable with that
displayed by isocyanides®??3-2%7 (Scheme 32), being

Scheme 32
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susceptible to activation toward either S-electrophilic
attack when ligated to a suitable w-electron-releasing
metal center or nucleophilic addition if, in contrast,
the binding metal site is behaving as a strong Lewis
acid without a considerable z-back-donation ability.

Another example of S-protonation of a nitrile at a
rhenium center has been proposed® in the metal-
mediated conversion of organonitriles into imido
ligands in the complexes [Re(NCH,R)X3(dppbe)] [R
= alkyl; X = ClI, Br; dppbe = 1,2-bis(disphenylphos-
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phino)benzene]. The reaction has recently been ex-
tended to the {M(dppe)2} (M = Mo or W) centers?90-292
at which the derived methyleneamide ligand can
undergo further protonation to form imido or nitrido
species, the latter upon complete N=C bond rupture.

Hence, the mixed dinitrogen—organonitrile com-
plexes trans-[M(N2)(NCR)(dppe).] (M = Mo, W; R =
Ph, CsHsMe-4, C¢H,OMe-4, or Me), normally ob-
tained by N, displacement from trans-[M(N.).(dppe):],
react with acid (HA = HCI, HBr or HBF,) to afford
the corresponding cationic imido complexes trans-
[MX(NCH2R)(dppe).]t (A.VIIIL; X = CI,%°° Br,2®° or
F290.292) (reactions 1 and 2, Scheme 33), as authen-
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ticated by the X-ray analyses of trans-[WX(NCH;Me)-
(dppe).]A [ X = CI, A = PF62°° X = F, A = BF42%].

Conversion of the imido into the nitrido ligand
upon complete cleavage of the unsaturated NC bond
occurs in the case of -ketonitriles, in particular N=
C—CH,COR (R = Ph, C¢H,OMe-4, CcHsMe-4, CeHy-
C|'4, C6H4COOME-4, 2-C4H30, 2-C4H3S, Pri), with
acidic CH hydrogens and which on reaction with
trans-[Mo(N2)2(dppe).] form the corresponding (ni-
trido)(nitrile—enolate) species trans-[Mo(N)(NCCH-
COR)(dppe).] C.VIII (reactions 3 and 4, Scheme 33)
with concomitant elimination of a vinyl ketone, CH,=
CHCOR.2%0:291 The reaction proceeds via the forma-
tion of the (alkylideneamido)(nitrile—enolato) com-
plexes trans-[Mo(NCHCH,COR)(NCCHCOR)(dppe)2]
B.VI1I, which is believed?®2% to involve substitution
of a dinitrogen ligand, at the parent bis(dinitrogen
complex), with a p-ketonitrile to yield the mixed
dinitrogen—nitrile intermediate trans-[Mo(N;)(NCCH,-
COR)(dppe).] in which the f-ketonitrile ligand is
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protonated by a second nitrile molecule with replace-
ment of the second N; ligand by the enoclate anion of
the nitrile. A postulated?®®?°! prototropic shift from
the o- to the f-position (relative to the carbonyl
group) in the ligated alkylideneamide in B with
elimination of the vinyl ketone from the derived imido
ligand gives the final nitrido complex C [reaction 4
(Scheme 33) whose rate constant correlates?® with
the Hammett o, or o, constants for the aroyl sub-
stituents, thus increasing with the acidity of the
methylene moiety in the —CH,COR group]. The
reaction also occurs for other g-ketonitriles such as
(N=C),CHCOR (R = Mg, Ph), and the nitrido product
trans-[Mo(N){ NCC(CN)COMe} (dppe).] was analyzed
by X-rays.?%!

We have been discussing the electrophilic addition
reactions to »!-coordinated nitriles when activated by
a sufficiently effective m-electron-releasing metal
center. However, when coordinated in the uncommon
edge-on (?) fashion, nitriles are expected to exhibit
an enhanced nucleophilic character in view of the
localization at the N atom of an electron lone pair
that is not involved in bonding to the metal, and in
fact, they can then undergo electrophilic attack at
this atom, in particular to give an iminoacyl deriva-
tive (Scheme 34). Thus, alkylation has been recently
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achieved®! on reaction of [(#>-CsHsBut),Mo(?-N=
CMe)] with RI (R = Me, Et) to afford the correspond-
ing iminoacyl complexes [(7°-CsH4But),Mo(?>-MeC=
NR)]I (the molecular structure of the ethylated one
has been determined by X-rays), and the reaction is
suggested to occur via direct nucleophilic addition to
the N atom.

Rare examples of double electrophilic attack at an
n?-bonded nitrile are known? for dicyclopentadienyl-
molybdenum species, when using a protic acid as the
electrophile, to give imino, NH=CHR (R = Me), or
possibly iminium, C(R)=NH; (R = CF3), derivatives.

Another case of electrophilic addition to a side-on-
bonded nitrile is provided by the reaction of [Tp'WI-
(7>-NCR)(CO)] (R = Me, Et, Ph), in which the nitrile
behaves as a four-electron donor ligand, with an
oxygen-transfer reagent, pyridine N-oxide, to give
(Scheme 35) the alkylimido complexes [Tp'WI{NC-
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(O)R}(CO)]J3*2313 whose thiolate analogue [Tp'W-
(SPh)Y{NC(O)R}(CO)] (R = Me), derived via meth-
athesis with NaSPh, has been structurally char-
acterized.®'® The direct attack of the N-oxide to the
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side-on-coordinated nitrile has not been ascertained,
and the generality of this type of oxyfunctionalization
of nitrile ligands has yet to be achieved.

The activation of nitriles to electrophilic additions,
either by »*-coordination to an electron-rich s-electron-
releasing metal center or by #?-coordination, as
discussed above, opened new preparative routes for
methyleneamide, imide, acetylimide, nitride, iminoa-
cyl, imine, and, possibly, iminium ligands, species of
synthetic significance. Moreover, the involvement of
p-protonation can be postulated in the nitrogenase
reduction of nitriles to ammonia and alkanes,3!
similar to what has been proposed for the enzymatic
reduction of dinitrogen3®?-3% and isocyanides.8293314.315
Hence, a promising emergence of a novel coordination
chemistry of nitriles, based on their activation toward
electrophiles, can be expected.

IX. Stepwise Nucleophilic—Electrophilic Additions

Although the reduction of organonitriles to amines
is a well-known reaction, intermediates in the metal-
mediated processes have commonly been elusive to
characterization. However, stepwise reduction of a
coordinated nitrile to an amine has been achieved by
sequential nucleophilic and electrophilic addition
reactions in an elegant work reported by Templeton
et al.31® which allowed the isolation and characteriza-
tion of a series of intermediates (Scheme 36).
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Hence, the nitrile ligand in [Tp’'W(CO)(MeC=CR)-
(NCMe)][BF4] (R = Me, Ph) undergoes nucleophilic
attack by LiHBETt; to give (step 1) the azavinylidene
N=CHMe species which is subject to protonation, by
HBF,4, at nitrogen to form (step 2) the imine NH=
CHMe. Further nucleophilic addition [Nuc™ = H™,
CN~] followed by protonation affords the amide NHC-
(Nuc)HMe (step 3) and the amine NH,CH(Nuc)HMe
(step 4) ligands, the latter being liberated (in the form
of the ammonium salt) on acidification in the pres-
ence of NCMe (step 5), with regeneration of the
starting acetonitrile complex. The nucleophilic addi-
tion to the imine complex (step 3), with the chiral
{Tp'W(CO)(MeC=CPh)} moiety, is stereoselective.

The electronic flexibility of the alkyne ligand, which
can behave either as a four- or a three-electron donor,
is believed to play a key role in the process, and its
replacement by a carbonyl results in a distinct
reactivity. In fact, although in the related complexes
[Tp'W(CO)3(NCR)][BF4] (R = Me, Ph) the nitrile also
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undergoes S-nucleophilic addition (by NaBH,, Et-
MgBr, or NaOMe) to yield the corresponding azavi-
nylidene complexes [Tp'W(CO){ N=C(Nuc)R}] (Nuc
= H, Et, MeO), which alternatively can be formed
(for Nuc™ = H™) by photolytic NCR insertion in the
W—H bond of [Tp'WH(CO)s], the subsequent electro-
philic attack (by HBF, or [Ph3C][PFs]) occurs again
at the g-position (C-atom) to produce a nitrene (or
imido) product (step 6),3'7 in contrast with the above
case in which an a-electrophilic addition (step 2) has
occurred. For the non-acetylenic complexes [Tp'W-
(CO)2(N=CHR)], the lone pair at nitrogen of the
azavinylidene ligand is involved in a z-bond to the
metal, thus not being available to an electrophilic
reagent, and the imine carbon becomes the site of
electrophilic addition.3!” A different type of organo-
nitrile conversion into imido (acylimido) species,
obtained by an oxygen atom transfer reaction, is
described in section VIII.

Other sequential nucleophilic—electrophilic addi-
tions have been reported in the reactions of [W(PhC=
CPh)3(NCMe)] or [W(5*-C4Ph,)(PhC=CPh),(NCMe)]
with PhLi, MeLi, or LiHBEt; and subsequent hy-
drolysis to produce the corresponding imine NHC=
C(R)Me (R = Me, Ph) or amine NH,CH,Me (R = H)
complexes.®'8 No intermediates were characterized,
but experiments with deuterated reagents suggest
that although the formation of the imine species
could be accounted for by sequential S-nucleophilic
and a-electrophilic additions, in the case of the
LiHBEt; reaction the alternative formation of a
postulated intermediate nitrene species, NCH,Me, by
double H™ addition to the nitrile carbon followed by
N-protonation could be involved.3!8

X. Cycloadditions

The triple bond in nitriles RCN exhibits only
moderate dipolarophilicity®3® which, however, can
be enhanced by introducing strong acceptor groups
R to the nitrile carbon®?® or affecting the nitrile
through the opposite end, i.e., via the N atom—hy
alkylation of RCN to give nitrilium salts, R—C=
N*R',2321 application of Lewis acid catalysts,3?2323 or
coordination of the nitrile to a metal center. The
latter route is the least explored, and it involves
reaction of a ligated nitrile with dipoles often giving
new species which persist in the coordination state
but can be liberated by further reactions, e.g., sub-
stitution. The cycloadditions of metal-activated or-
ganonitriles with dipolar species will be considered
in this section.

A. [2 + 3] Cycloaddition of Nitriles and Azides:
Synthesis of Tetrazoles

The progress in the chemistry of tetrazoles?*~28 in
the past decade is mostly associated with the wide-
scale employment of these heterocycles in medicine,
although other applications, e.g., for production of
explosives, sweeteners, fuels, photographic processing
chemicals, and agricultural agents, are known. One
of the main synthetic routes to achieve tetrazole
systems is the [2 + 3] cycloaddition between orga-
nonitriles and azide salts such as, for instance, NaN3
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and also silyl, aliphatic, or aromatic azides RN3. Beck
and colleagues in their fundamental works”?4 and,
later, other workers”325-346 have demonstrated that
the involvement of metal ions in the addition of the
azides to nitriles allows the reactivity to be greatly
enhanced and the [2 + 3] cycloaddition to be per-
formed under mild conditions. In particular, it was
established that the cycloaddition can be carried out
starting either from organonitrile (route i in Scheme
37) or azide (route ii in Scheme 37) metal complexes.

Scheme 37
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Two groups®?346 have studied the reaction between
cobalt(l11)-bound nitriles and azide ion in aqueous
solutions and observed the fast cycloaddition giving
a tetrazolato complex (i in Scheme 37) followed by
slow linkage isomerization (iii in Scheme 37) when
the N;-bonded ligand changes the coordination site
to the N,-position. This isomerization is anticipated
to be driven by the steric congestion between the
substituent R in the heterocycle and the four cis
ammines ligated to the Co center.3?®

Currently, the majority of the reactions have been
reported for platinum(l1) and palladium(l1) systems.
However, other metal centers, i.e., rhodium(l), irid-
ium(l), gold(l), copper(l), manganese(l), nickel(ll),
mercury(l1), lead(ll), indium(l11), cobalt(l11), iron(l11),
gold(I), germanium(lV), and tin(IV), have also been
successfully employed. In some instances the ligated
tetrazoles formed were liberated along the metal-
mediated reaction as in the case of the reaction with
Me3SiN; catalyzed by Pd(PPhs), (5 mol %),34 sug-
gesting an alternative way for the preparation of this
type of heterocycles. A general mechanism of the [2
+ 3] cycloaddition, including the metal-mediated
cycloaddition,3#53%6 has been suggested, i.e., a con-
certed mechanism involving one cyclic transition
state. In conclusion, it is noteworthy to mention that
the [2 + 3] cycloaddition of organoazides to metal-
bound nitriles is relevant to (i) the cycloaddition of
organoazides to nitrilium salts, i.e., R—C=N'R' — a
process which leads to the trisubstituted tetrazolium
salts®¥” and (ii) the metal-mediated cycloaddition of
azides to isocyanides, RNC, to give a C-coordinated
tetrazolato ligand (for recent works see refs 348,349).

B. [2 + 3] Cycloaddition of Metal-Bound Nitriles
and Nitrones: Synthesis of Oxadiazolines

A*-1,2,4-Oxadiazolines represent a class of com-
pounds that, although known, is rather limited in the
number of heterocycles synthesized. Known methods
of their preparation include [2 + 3] cycloadditions of
electron-deficient organonitriles, e.g., CIsCCN or
NCCH,CN, or aryl cyanates, ROCN, and nitrones.3*°
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Another route for their preparation is based upon the
reaction of highly dipolarophilic nitrilium salts and
nitrones.®! Concurrently, organonitriles bearing do-
nor groups are inactive in the reaction. Recently it
was observed that the [2 + 3] cycloaddition between
acetonitrile ligands, containing an electron-donor
alkyl, in the platinum(lV) complex [PtCl,(MeCN);]
and various nitrones ~O*N(R®)=C(R)(R?) proceeds
under mild conditions and gives the first examples
of A*1,2,4-oxadiazoline complexes depicted in Scheme
38 as a 1:1 mixture of two diasterecisomers in 70—
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The heterocycles formed in the course of the metal-
mediated reaction were liberated almost quantita-
tively by reaction of the complexes with pyridine in
chloroform giving free A*-1,2,4-oxadiazolines, which
were isolated, and trans-[PtCl4(pyridine),]. These two
reactions, i.e., the cycloaddition and substitution,
open up a general route to A*1,2,4-oxadiazoline
heterocyclic species whose synthesis and further
chemistry are still little explored.3%°

Later the role of the metal oxidation state on the
control of the reactivity and/or the effect of substit-
uents R at the [Pt]—NCR center have been verified.3%?
It has been found that for the highly reactive plati-
num(1V) complexes [PtCl,(RCN).] the cycloaddition
can be performed under mild conditions, starting
even from a very unreactive organonitrile bearing an
electron-donor substituent, e.g., R = Me, while for
the much less reactive organonitriles in the platinum-
(11 complexes [PtCI>,(RCN),] the cycloaddition occurs
only in the case of the organonitrile with an electron-
acceptor substituent, i.e., R = Ph. Thus, the ligated
benzonitriles in the platinum(ll) complex [PtCl,-
(PhCN),] undergo metal-mediated [2 + 3] cycloaddi-
tion with the nitrones "ON*(R%)=C(R*)(R?) to give the

[ 1
oxadiazoline complexes [PtCl,{ N=C(Ph)O—N(R3)—-C-
(RYH(R?)}2] in good yields, while [PtCl,(MeCN);] is
inactive toward the addition. However, a strong
activation of acetonitrile was reached by application
of the platinum(lV) complex [PtCl,(MeCN).], and
both [PtCI4(RCN);] (R = Me, Ph) react smoothly with

various nitrones to give [PtCl4{ I\II=C(R)O—N(R3)—(|3-
(RH(RA)}l.

C. Other Cycloaddition Reactions

Bergman and colleagues®333>* investigated reac-
tions between highly reactive zirconium species
Cp*,Z=E (E = O or S) and substrates bearing triple
and double bonds, e.g., benzonitrile. The authors
isolated and structurally characterized the six-
membered metallacycles shown in Scheme 39. These
two compounds are formed upon [2 + 2] cycloaddi-
tion, giving an unstable four-membered ring which,
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Scheme 39
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however, is stable in the case of the [2 + 2] cycload-
dition with R;C=CR,. Addition of one more molecule
of PhC=N terminates the process. A relevant formal
[2 + 2] cycloaddition occurred between nitriles and
the methylidene complex Cp,Ti=CH; formed in situ,
and other formal cycloadditions involving nitrile
insertion reactions into metal—carbon bonds have
been reported for other titanocene derivatives.35°-360

An unusual example of copper-mediated addition
to acetonitrile has recently been reported by Tolman
and colleagues.®®* When the homoleptic copper(l)
solvento complex [Cu(MeCN),](SbFs) was treated
with the potentially bidentate bis(pyrazolyl)borate
ligand Na[Ph,B(pzMeMe),] (Scheme 40), the formation
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of mononuclear or binuclear, depending on the sol-
vent used, copper complexes containing new hetero-
cyclic ligands with the BNCN, ring was observed.

Although mechanistic aspects of the reaction have
not yet been investigated, the authors®! argued that
such ligands can be formed due to the fragmentation
of Na[Ph,B(pzMeMe),] (similar to that described in
section V) to give Ph,B(pzMeMe) followed by the [2 +
3] cycloaddition with acetonitrile (Scheme 41).

Special attention was drawn to the fact that the
reaction between Na[Ph,B(pzMeMe),] and MeCN does
not proceed in the absence of the metal center, thus
giving an indication in favor of a metal-mediated
process.
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Scheme 41

XI. Miscellaneous

In this section we have compiled material which
does not belong to the categories described above.

The reduction of nitriles by the nucleophilic attack
of hydride-transfer reagents has been widely inves-
tigated and is a process with significant synthetic
potential. However, intermediates formed in the
reduction have been trapped only in a few cases, and
examples (involving also other nucleophiles) with a
subsequent electrophilic addition have been given
in section IX. The reaction of Na[BH,] and the di-
nuclear bis-acetonitrile complex [Mox(#°-Cp)(u-SMe)s-
(NCMe),][BF,] in either MeCN or THF gives two
products, i.e., a bridging azavinylidene species due
to addition of hydride to coordinated MeCN and a
tetrahydroborate compound upon substitution of li-
gated acetonitriles.3%? The formation of the azavinyl-
idene product (Scheme 42) is more favorable in THF.
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Treatment of [ReCl,(MeCN)(NO)(PMes),] with
[BH4]~ in THF results in conversion of the ligated
acetonitrile giving the four-membered chelate ring
depicted in Scheme 43.363
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The reaction can be viewed as a nucleophilic
addition of hydride to the nitrile carbon and concomi-
tant addition of BH3 to the nitrogen.3%® The final
complex represents a rare case of the trapped inter-
mediate in reductions of the coordinated organoni-
triles by boron hydrides—the reaction that usually
gives azavinylidene, imino, or amino complexes.

Addition of AlMe; to 1,1-dimethylhydrazine in
toluene followed by removal of the solvent and
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redissolution of the residue in acetonitrile gave
crystals of a new compound that was subject to X-ray
crystallographic study.®* The latter revealed forma-
tion of a novel aluminum-containing 16-membered
ring system which is a structural analogue of calix-
[4]pyrrole. The authors suggested a plausible mech-
anism for the ring formation (Scheme 44) that
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involves the bridged hydrazido(2—) intermediate
[(MezAl)2(u-n*-N—NMe,)] which reacts with acetoni-
trile, giving, after tetramerization, the ring system.3%

In accord with the data considered in section V.A,
treatment of the nitrile complex [Tp'(CO)(PhC=
CR")W(N=CR)][BF,] with amines NH:R' (R = Me;
R' = H, Ph; R" = Me, H) leads to the amidine
complexes [Tp'(CO)(PhC=CR")W{NH=C(R)NHR'}]-
[BF4].2%%2 The alkyne PhC=CR" in the nitrile or the
amidine complexes can undergo an intramolecular
coupling to give metallacycles depicted in Scheme 45
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The plausible mechanism?%32 involves the initial
formation of the amidine derivative W—NH=C(Ph)-
NH, followed by deprotonation of the amide group,
attack of a nitrogen lone pair to couple with the
alkyne terminal site, and subsequent H, loss. A
coupling with a carbonyl ligand has also been
described?®® in the reactions of [Tp'(CO);W(N=CMe)]-
[BF4] with ammonia or n-butylamine to form the
metallacycles [Tp’'(CO),W{C,N-C(=0O)N(R)C(Me)=
NH}] (R = H, n-butyl) which undergo protonation at
the acyl oxygen atom to afford cationic metallacycle
hydroxycarbene derivatives.

An unusual conversion of metal-bound dialkylcy-
anamide has been observed by Meyer and col-
leagues®*8® upon investigation of the nitrile hydrol-
ysis that occurred at a dinickel(ll) complex. The
authors treated the complex with the { H3O} Ni, core,
schematically depicted in Scheme 46, with different
nitriles.
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In the case of acetonitrile, acrylonitrile, or ben-
zonitrile, the reaction led to the expected (see section
11.B.1) hydrolytic conversion furnishing the bridging
amidato complex A.XI presumably via the intermedi-
ate formation of a solvento complex. The reaction
went to another, unconventional, direction when
dimethylcyanamide (N=CNMe,) was employed and
the formation of the cyanato-bridged compound B.XI
was found. It is believed that B.XI is formed via
coordination of N=CNMe; to one nickel(ll) ion,
followed by the addition of OH~ to give an N,O-
bridging dimethylureate (type A.XI with R = NMey),
and eventually the loss of dimethylamine terminates
the process.

Addition of thiols, RSH, to metal-activated orga-
nonitriles has been studied only scarcely, and only
one example of such addition, occurring at a plati-
num(ll) center, was considered in the review by
Michelin and colleagues.” Another example has later
been reported for the rhodium(l11) complex [RhClIs-
(MeCN)s], which was treated with i-PrSH in MeCN
to give the thioimino ester compound [RhCI;{NH=
C(Me)SPr-i} (H,0),].%%°

Some low-valent transition-metal complexes were
found to catalyze the Michael and the aldol reactions
of RCH,C=N (R = strong acceptor) compounds hav-
ing the reactive methylene group (e.g., see refs 366—
369). Coordination of the nitrile N atom to the metal
center enabled the nitriles to generate the enolate
intermediate which then reacted with electrophiles.

XIl. Conclusions

Organonitrile complexes have been extensively
used as convenient starting materials in coordination
chemistry, in view of the common lability of the NCR
ligands which usually do not behave either as strong
o-donors or effective z-electron acceptors, as indicated
by their values of the electrochemical P_. and E_
parameters (which constitute a measure of the net
m-electron acceptor minus o-donor character of a
ligand)37°-372 which lie between those of stronger
electron donors (e.g., hydroxide, hydride, halide,
cyanate, cyanide, or ammonia) and those of the more
effective m-electron acceptors (such as isocyanides,
arylphosphines, dinitrogen, carbon monoxide, or car-
byne ligands).
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Nevertheless, despite their moderate coordination
ability, organonitriles can be effectively activated by
coordination to a metal center, undergoing a wide
variety of reactions toward the formation of a diver-
sity of nitrogen- and/or carbon-containing species of
valuable synthetic value. The activation by the metal
binding site [M] commonly results in an enhancement
of the electrophilicity of the unsaturated nitrile
carbon atom, thus promoting the g-addition (at least
formally) of a nucleophile which can be of any of the
following types. (i) Aprotic [e.g., Nuc = H~, R™, or
MeO~ (section IX); organophosphine or deprotonated
acidic phosphine (section VII)] to produce (reaction
1, Scheme 47) an azavinyledene species, [M]—N=

Scheme 47
E Nuc
/ Nuc
[]—NC NCRT>[M]NC
R
/ \Nuc

[M]—N\ [M]—N
C|3—Nuc C{Nuc)R
R

C(Nuc)R, upon C—H, C-C, C-0, or C—P bond
formation, respectively. (ii) Protic [HNuc = alcohol
(section I11) or thiol (section Xl); hydroxide (water)
(sections Il and X1); ammonia, primary or secondary
amines (section V); heterocyclic amine such as aziri-
dine, pyrazole, adenine, or indole derivatives (section
V); organohydrazine, hydroxylamine, imine, or sulfim-
ide (section V); phosphorus ylide (section VI); etc.] to
yield (reaction 2, Scheme 47) the corresponding imino
derivatives, [M]—NH=C(Nuc)R, on C—0O (or C-5),
C—N, or C—C bond formation. (iii) Aprotic but
bearing an active electrophilic center [E, in a few
cases, e.g., for halo alcohols (section I11.D), generated
along the reaction] that can remain attached to the
nucleophile-containing moiety, i.e., without cleavage
along the reaction (Nuc E), and add to the nitrile
nitrogen atom to produce a cyclic imino species
(reaction 3, Scheme 47).

Examples of Nuc E reagents include 1,3-dipolar
species, typically an azide or a nitrone (sections X.A
and X.B), toyield, via [2 + 3] cycloaddition reactions,
a tetrazole or an oxadiazoline product, in additions
that involve the formation of C—N and N—N or of
C—0 and N—C bonds, respectively; a pyrazolylboron
derivative (section X.C) leading to a ring formation
with a C—N and a N—B bond has also been described.

The opposite type of nitrile activation, i.e., toward
electrophilic attack, has also been achieved, although
in quite a restricted number of cases, by using an
electron-rich binding metal site with a high z-elec-
tron releasing ability. For end-on (»') coordinated
nitriles, the electrophile (E) adds to the unsaturated
nitrile carbon (B-electrophilic addition, reaction 4,
Scheme 47) to produce azavinylidene [M]—N=C(E)R
(E = H*, SiMez™) (via C—H or C—Si bond formation)
or derived imido [M]=N—CH;R species (upon double
nitrile protonation) (section VII11). The unusual and
much less studied side-on (%?) coordination can also
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induce nucleophilicity at the nitrile ligand, but the
electrophile (E = Me™, Et") normally adds to the
N-atom to form an iminoacyl derivative [M]{#>-N(E)=
CR} upon N—C bond formation (alkylation), which
can undergo a further protonation, although an
electrophilic oxygen-transfer reaction to the nitrile
C-atom to produce (C—0O bond formation) an alkyl-
imido species, [M]=NC(=O)R, has been reported in
a case when the »?-nitrile is behaving us a four-
electron donor (section VIII).

Variations of those general types of reactions, their
sequencing and coupling with other types (such as
nitrile insertion reactions), rearrangements, chela-
tion, use of bifunctional reagents (nitriles and/or
nucleophiles) or of di- or polynuclear complexes,
ligand bridging ([M] can then denote a dinuclear
binding site), etc., are often encountered, affording
numerous types of products which in some cases can
be liberated, being formed according to more conve-
nient methods than conventional nonmetal-involving
processes. However, a catalytic behavior has been
achieved only in a limited number of cases, but the
development of catalytic systems constitutes a subject
of current interest with a prospective success.

Hence, the metal-catalyzed hydrolysis of nitriles
(section 11) is of particular significance toward the
preparation of carboxamides RC(=O)NH; in envi-
ronmentally friendly conditions (which contrast with
those required in the strong acidic or basic media, in
the absence of an activating metal center), and the
search for cheaper and more effective catalysts is a
current challenge. A better knowledge of the reaction
as well as of the complete nitrile hydrolysis to
carboxylic acids can result in the establishment of
mimetic systems of nitrile hydratase and nitrilase,
respectively, as well as in a better understanding of
the action of these enzymes, at the molecular level.
Carboxamides can also be prepared by metal-assisted
alcoholysis followed by hydrolysis (section 111.B) or
by hydrolytic amidation (section V.B), but only scarce
examples have been reported.

Among other useful products with various applica-
tions (namely, in pharmacology, synthesis, etc.) de-
rived from metal activation of nitriles, which have
been liberated from the binding metal centers, we can
refer the following ones: heterocyclic species such as
oxadiazolines and tetrazoles (with pharmacological
and other applications) from [2 + 3] cycloadditions
of nitrones and azides, respectively, to nitriles (sec-
tion X), and oxazolines and oxazines from reactions
of halo or amino alcohols with nitriles (sections 111.C
and 111.D); amidines, cyclic amines, triazines, imi-
dazolines, etc., from nitrile—amine coupling reactions
(section V) or, rarely, amidines from nitrile reactions
with oximes and hydrolysis (section 1V); 1,3-diaza-
1,3-dienes from nitrile—imine coupling (a single
example) (section V.E); various enamines upon nitrile
coupling with compounds containing an activated
methylene group (section VI.B); vinyl ketones from
multiple electrophilic additions to 5-ketonitriles (sec-
tion VIII); and amines from stepwise nucleophilic—
electrophilic additions (section IX). Some of those
products can be chiral [e.g., oxazolines and oxadia-
zolines (sections 111.C and X.B), apart from a cyano—
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amine species (section I1X)], but the field of asym-
metric synthesis has still been little explored.

A diversity of nitrile-derived ligands has been
achieved and undoubtedly will continue to expand.
Apart from their significance toward further synthe-
ses and/or the elucidation of reaction processes, in a
few cases they can constitute valuable species with
pharmacological interest, namely, in some platinum-
(1) imino ester complexes (derived from nitrile-
alcohol addition, section I1l1) whose trans isomers
exhibit a higher antitumor activity than the cis ones,
constituting sources for potential unconventional
drugs. Metal-mediated reactions of nitriles can also
be a source of a variety of metallacycles, and the
study of their still undeveloped chemistry constitutes
a promising field of research.

The mechanisms of the addition reactions have
been investigated in detail only in few cases, using
certain alcohols or amines as the nucleophiles, and
interpretative theoretical studies have been per-
formed also very rarely. Although kinetic evidence
has been gained for the involvement of four- or six-
membered cyclic transition states with one or two
molecules of the protic nucleophile (sections I11.E and
V.A.4) and ab initio studies also support the addition
of the nucleophile (oxime) in the protic form (section
1V), unless base-catalyzed conditions are operating,
the generality of these behaviors has still to be
established. Concerted mechanisms also involving a
cyclic transition state have been proposed (section 1X)
for the addition of some 1,3-dipolar reagents, and
moreover, some addition reactions can occur via
insertion of nitriles into metal—ligand bonds. Theo-
retical studies on the oxime—nitrile coupling (section
IV) also indicate that the reactivity could not be
interpreted on the basis of simple charge- or frontier-
orbital-control arguments.

Hence, the above discussion illustrates the rich
coordination chemistry of nitriles as versatile re-
agents susceptible to be activated toward a diversity
of addition reactions which, however, in some cases
are still quite rare and not always defined clearly
with unknown mechanisms. Usually the detailed
factors that drive the reactions are still elusive.
Systematic studies, at both the experimental and the
theoretical levels, are normally still lacking and
deserve further attention, aiming to provide a better
understanding of the factors that control the metal
activation and the reactivity of nitriles and to rec-
ognize and interpret relationships between the elec-
tronic/structural features of the binding metal sites
and the types of reactions they induce. The metal
activation of nitriles is thus a promising field of
research, has gained a considerable development
within the past few years, and remains open to
expansion in various directions with recognized
significance not only in coordination chemistry, but
also in organic chemistry, biochemistry, catalysis,
pharmacology, and environmental chemistry.
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XIV. Abbreviations

Me methyl

Et ethyl

Pr propyl

Bu butyl

Ph phenyl

Ar aryl

Cp cyclopentadienyl
Cp* pentamethylcyclopentadienyl
cod 1,5-cyclooctadiene
PzH pyrazole

acac acetylacetonate

dppe 1,2-bis(diphenylphosphino)ethane
THF tetrahydrofurane

Tp' hydrotris(3,5-dimethylpyrazolyl)borate
TMEDA N,N,N’,N'-tetramethylethylenediamine
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