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Methods of synthesis of Group 4 -9 transition metal imido complexes
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Abstract. The synthetic routes to Group 4—9 transition metal
imido complexes are considered. Both common and less common
approaches are analysed. The classification of the methods for the
synthesis of imido complexes is based on the way of formation of
the imido ligand, the change in the metal oxidation state during
imidation and the type of imidation reagent. The bibliography
includes 415 references.

1. Introduction

The chemistry of transition metal imido complexes is currently a
priority avenue of research in coordination chemistry which
arouses an ever increasing interest. The intensive development of
this field is caused by a number of reasons, first of all, successful
use of imido complexes in organic synthesis and in metal complex
catalysis and also as promising materials for various purposes.

It is expedient to distinguish two groups of stoichiometric and
catalytic reactions involving imido complexes. The first group
includes various nitrogen group transfer reactions (redox reac-
tions and metathesis) with direct participation of the imido ligand
of the complex. Examples are amination of alkenes to give vic-
amino alcohols and vic-diamines,! =3 allylamines* and aziri-
dines;* ¢ hydroamination of carbodiimides,” alkenes,® alkynes
and allenes;’~ 12 transfer of the imido groups onto tertiary
phosphines and isocyanides yielding iminophosphoranes !3-2!
and carbodiimides, respectively;>>23 condensation of organic
isocyanates to give carbodiimides;?* and metathesis of carbodii-
mides 2%-26 and imines.?” 3!

The second group comprises reactions involving transition
metal imido complexes in which the imido ligand does not
undergo chemical transformation but acts as a ‘spectator ligand’
stabilising the complex. These reactions are exemplified by alkene
dimerisation3? and polymerisation;**~4> C—H bond activa-
tion;*~47 and alkene cyclopropanation.*® Special mention should
be made of the metathesis of unsaturated hydrocarbons catalysed
by Schrock imidocarbene complexes.* 39 These reactions include
ring-opening metathesis polymerisation (ROMP) of cyclic
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alkenes;>! —% ring-closing metathesis (RCM) of dienes>*~% and
diynes;’® asymmetric ring-opening metathesis/cross metathesis
(AROM/CM) of acyclic and cyclic alkenes;**%°~73 and a tandem
of asymmetric ring-opening and ring-closing metathesis reactions
(AROM/RCM).64.69,74-76 R Schrock was awarded the Nobel
Prize in 2005 for the invaluable contribution to the development of
organic synthesis.

In recent years, the use of imido complexes of some metals as
promising starting compounds for the chemical vapour deposition
(MOCVD) of nitrides has been reported.”” 82

The chemistry, spectroscopic characteristics and structures of
transition metal imido complexes have been considered compre-
hensively in reviews.®?~ 8¢ The present review is devoted to
comparative analysis of the methods of synthesis of
Group 4-97 transition metal complexes with terminal imido
RN groups containing alkyl, aryl and trialkylsilyl organic groups.
Due to the limited size of the publication, we leave aside the
complexes containing bridging imido ligands; they are mentioned
only in the cases where a complex contains both bridging and
terminal imido ligands. The review is focused on the imido
derivatives of d elements; examples of imido compounds formed
by f elements reported in the literature are few in number and
represented in the review by only uranium complexes.* This review
covers publications up to the end of 2004.

Imidation methods are usually classified according to the
types of imidating agents.®38¢ The classification used in this
review takes into account consecutively the way of formation of
the imido ligand, the change in the metal oxidation state during
imidation, the type of the imidating agents and the nature of the
starting compounds. All the methods of synthesis of imido
complexes known to date can be divided into two large groups.
The first one includes intermolecular imidation methods in which
the imido complex is formed using an external imidating agent. In
the case of intermolecular imidation, the formal oxidation state of
the metal in the complex can either change or remain unchanged
depending on the nature of the agent and the starting metal-
containing compound.

The second group comprises intramolecular imidation meth-
ods in which the imido group is formed from another nitrogen-
containing ligand present in the metal complex. Nitride and amide
complexes are used most often as the starting compounds;
examples of the transformation of other nitrogen-containing

T Group 10 and 11 transition metals are beyond the scope of the review, as
they form complexes with bridging imido ligands.37- 88

i Data on the imido derivatives of p elements can be found in recent
reviews.$%-90
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ligands are scarce. In the intramolecular imidation, the formal
oxidation state of the metal usually remains unchanged.

Scheme 1 shows the classification of the methods of synthesis
of transition metal imido complexes used in this review.

I1. Intermolecular imidation methods

1. Imidation of metal complexes with no change in the metal
oxidation state

a. Imidation with primary amines

Primary amines were historically the first compounds proposed as
external imidation agents. Nevertheless, methods using these
reagents have still not lost their practical value, which is deter-
mined first of all by wide choice, ready availability and relatively
low cost of aliphatic and aromatic amines. Amines are suitable for
imidation of metal-containing compounds of various types,
among which metal oxides and halides are used most often.

The imidation of oxides (imido-deoxygenation) with primary
amines is accompanied by elimination of water and can be carried
out for transition metals of Groups 7 and 8, such as Tc, Re, and
Os. For example, the first known imido complex, BuN=0s03,
was prepared by treatment of osmium tetraoxide with terz-butyl-

amine.>°! Subsequently, this approach has been used to prepare
other osmium monoimido complexes.? 392

0sO4 + RNH, —» RN=0s0;3 + H,0
(69% — 81%)

R = Bu', CMe;Et, CMe,CH>Bu', Ad.

Table 1 presents examples of rhenium and technetium imido
complexes obtained by imido-deoxygenation with amines. For
this type of complexes, this is the main method of synthesis, which
is usually more convenient than imido-deoxygenation using iso-
cyanates, N-sulfinylamines, iminophosphoranes, hydrazines, for-
mamidines and hydrazides.

In bi- and polynuclear oxo complexes [for example,
Re>03(S2CNEt,)4] 19 containing both bridging and terminal oxo
groups, only the latter undergo the oxo—imido exchange.

PhN
A\
/Re(52CNEt3)2 RC(SQCNElz)z
O\ + 2PhNH, —> O + 2H-.O
//RC(SchEtg)z RC(SQCNEtz)z
0 PhN  (25%)
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Table 1. Synthesis of rhenium and technetium imido complexes by imido-deoxygenation with primary amines.
Starting compound Amine (RNH>) Product Yield (%) Ref.
RCOC13L2 RN:R6C13L2
L = PPhEt, PhNH» R =Ph — 93
L = PPh; 4-FcC¢H4NH> R = 4-FcCe¢H4 44 94
2-XC6H4NH2 R = 2-XC6H4 61 =77 95
(X = NHa, 2-NH>-3-HOC¢H3,
2-NH2-3-MCC6H3)
e
T N/)\N//N\R/
R’ = Ph PhNH» R =Ph 65 96
R’ = CsH4Cl-4 4-CIC¢H4NH> R = 4-CIC¢H4 70 96
N
L, = N 4-XC¢H4NH> R = 4-XCeHy4 75-80 97
N7 “CeHiCl-4 (X = H, CI, Me)
L, = bipy PhNH» R =Ph 65 98
X —
O
NN/
X=0 PhNH> R =Ph 81 99
X=S PhNH» R =Ph 79 99
ReOCI3(PPh;), 2-HO>CCsH4NH; — EtOH (see ?) N o 59 100
PhsP,, [l O
€
C1”| PPhs
OEt
H O H NP
©:N w, H ) N]@ N/,// H \\\\N
“Re PhNH “Re 60 101
p” | p ’ p” | Np
Ph, CI  Ph, Ph, CI  Phy
N Phy
ReOX,>(OEt)(PPh3)» 2-Pho,PCsH4NH> PhoPr, || WP 69-83 102
X =CLBr,I " Re,
x7 | N
X H
(BuzN)[ReOCl4] 2-Pho,PCsH4NH> PhoP., |l \\ph2 81 102
- ”///Re aw
a” |l
Cl
NC(,H4M€ 4
ﬂ’””/”w \\\\X ﬂ///m,,”” \\\\
~ ~
| /&T\I/ | X 4-MeCgH4NH> | @/ | X
M=) M=)
X =Cl 50 103
X=1 84 103
+
(] CyZT NR C)’ZT
H, Il (P % Il P
ARe } OTf~ PhNH>, 4-MeCsH4sNH>, CyNH,» AR } OT{~ 56-92 104
CyzU\Ph Cy2 U Ph
H
(Cy is cyclohexyl, OTf is triflate) (R = Ph, 4-MeC¢H4, Cy)
(BURN)[TCOCM] 4-M€C5H4NH2—PPh3 (see a) 4-M€C5H4N :TCC13(PPh3)2 — 105
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Table 1 (continued).

Starting compound Amine (RNH>) Product Yield (%) Ref.
n N Ph,
(BuN)[TcOCl4] 2-Ph,PC¢H4NH, PhoPs, || P 73 102
" Tl j@
a” | >~
Cl H
@ Additional reagents present in the reaction mixture and in the final products are indicated.
For Group 4-6 metals, imido-deoxygenation with primary . Scheme 2
amines is inapplicable with rare exceptions, because of high ~ (BusN)2[MogOi] —>
oxophilicity of the metal. In this case, imidation requires addi- 1a
tional promoting reagents, for example, a Me3SiCl— Et;N mix- ArNH, R o
ture, which chemically binds water (see Section II.1.c). Imido- DCC (BusN)2[{MocO15}=NAr]

deoxygenation of polymolybdates (BuyN),[MosO19] (1a) and
(BuzN)4[MogOz6] (1b) with aromatic amines occurs efficiently
in the presence of dicyclohexylcarbodiimide (DCC)
(Scheme 2).107-109 The reaction of polymolybdate 1a with
p-phenylenediamine in the presence of triethylamine has been
reported.'!® Depending on the reactant ratio, this gave imido
complexes with different compositions, in particular
(BURN)z[HzNC6H4N:{MO(,OW}:NC6H4NH2], (BUZN)4.
[{M0sO13} =NCsH4sN={Mo4O1s}], etc.

For successful imidation of the oxo complex MoOCl,.
.(S2CNEt»), (2) with various amines, adjustment of the reaction
conditions for each particular case is required. For example, when
sterically unhindered ortho-substituted anilines, o-NH>CsH4NH>
and 0o-HSC¢H4NH, are used, the reaction is carried out in the
presence of triethylamine (Scheme 3, paths a and 5).!'"-112 In the
case of sterically hindered anilines, the reaction yields the target
oxo—imido metathesis products only in the presence of the strong
base Bu"Li (Scheme 3, path c).!'* Meanwhile, imido-deoxygena-
tion of complex 2 under the action of various p-phenylenedi-
amines, 1,5-bis(dimethylamino)naphthalene and para-substituted
anilines can proceed without any auxiliary reagents (Scheme 3,

paths d—f).114
NH;
@i //MOClz(SchEtz)z

N (18%)

o

H>,N—R—NH;»
L s

(BUQN)4[{MO(,018} :NfR*N:{MO(,O]g}]
DCC

i T*

[M05019]27 =

Ar = 2,6-MesCeHs (95%), 2,6-EtaCeHs (95%), 2,6-PryCeHs (91%),
4-1-2,6-Me2CoHa (72%), 4-(HC=C)-2,6-MesCsHa (91%);
R = 4-C¢H4O(CH,),0CsH4-4 (1 = 3, 4, 8; 49% — 76%).

DCC
(BU4N)4[M08026] + AI‘NHZ _— (BU4N)2[(AFN:)2{M06O17}]
1b

Ar = 2,6-MesCoHs (62%), 2.4,6-MesCoHz (65%), 4-1-2,6-Prh, CHs (63%).

Scheme 3

MOCl(SzCNE[z)Q

N
4
N (42%)

)

(EIQNCS2)2C12MO:N ‘

d "
OO MoOCI(S:CNEL)s ——— » AIN=MoCly(S:CNEL)>
2

(78%) N=MoCly(S2CNELt,) \

Ar = 2,6-M§2C6H3 (26%),
2,6-PrsCeHj (28%),

7
p-XC(,H4N :MOClz(SchEtz)z

X = 1(68%), NO, (54%),
NH: (63%), NMe: (46%)

((1) ()-HzNC(,H4NH2 -2 HC]

~EtN; (b) 0-HsNCgH4SH — EGN; (¢) ArNH, —

2,4,6-MesCeH, (30%)

R? R!
H>N N=MOoCl»(S2CNEt,)>

R3 R4
R! = Me, R2=R3 = R*=H (47%); R! = R> = R?* = R* = Me (56%);
R!' = R3*=R*=H, R? = NO, (50%); R? = R?* = H, R! = R* = CI (59%)

Bu"Li; () 1.5-(H2N)2CioHe; (€) p-(H2N):2CeR'RZRIRY; ( f) p-XCsH4NH,.
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The complex Tp'W(=NPh)(CO)I [Tp’ is tris(3,5-dimethyl- BuNHy, hexane o\ W(NHBuY),
pyrazol-1-yl) borate] was prepared by imido-deoxygenation of (57%)
Tp'W(O)(CO)I with aniline in the absence of other reagents.!'!s WXo — BuNHa. MeCN ’
No such reactions are known for metals of titanium and vanadium e s BuN=WF4MeCN)
groups, which is due to higher oxophilicity of these elements. X = CL F.
The imido-dehalogenation (replacement of halogen atoms by H>NBut Cl
the imido function) of transition metal halides with primary Bu'NH, BuN | wCly, | NHBu'
amin;s is widely used ip the synthes@s of imido complexes. The ButHN" ‘ e SNBy
reaction of amines with homoleptic halides of Group 4-6 al H,NBu!
transition  metals, for example, with  TiClg!1o- 118 R .
NbCls 77 19121 TaCls 77120 WXe (X — F. Cl).113 usually MCls — (90% for M = Nb; 79% for M = Ta)
afford dimeric imido complexes; however, the reaction carried lﬁIR cl
out in the presence of n-donor compounds [py, 4-Bu'CsHyN, RNH>, ZnCl,, py \
MeCN, 1,2-dimethoxyethane (DME), etc.] results in mononuclear DME ~o0”7 | N

complexes.

ql NH:Bu!

Bu'NH, Bu'N ) wClu, T _NH-Bu!

BuHN" | o \I\NBul

H>NBu! Cl
TiCls (70%)
NBut

Bu'NH,. L H

ary \ L

L c

(64% for L = py;
78% —80% for L = 4-Bu'CsH4N)

LA
(68% —99%)

M = Nb, Ta; R = But, Ph, 2,6-Me>CcH3, 2,6—Pri2C()H3,
anthracen-2-yl, Ad, 2-naphthyl, 4-NCC¢Ha, 4-MeCcHy, 4-MeOCsHa.

Various heteroleptic transition metal chlorides are also suc-
cessfully used for the preparative synthesis of imido complexes.
Examples of imido complexes prepared by imido-dechlorination
of heteroleptic metal chlorides with primary amines are summar-
ised in Table 2. It is noteworthy that some of these can be
prepared with equal success by imido-dehalogenation with trime-
thylsilylamines (see Section II.1.c, Table 5).

Table 2. Synthesis of Group 4—8 transition metal imido complexes by imido-dechlorination with primary amines.

Starting compound M ArorX R in RNH; Product Yield (%) Ref.
X Mo H, Me, Pri Bu!, Pri, Pr", Ph, 2,6-Me,C¢Hj3 X 36-83 124126
@ CHzcl 2,()-M62C5H3 @ 65 127
WwM— wM
Cl Cl Me But! Cl NR 70 125
CHClI Bu! 70 127
: Mo But, Pri, C6Fs, 2,6-Prf2C(,H3 : 39-175 128, 129
ﬁ w But, Pri, CeF', 2,6-PrsCeHs ﬁ 45-170 129, 130
Re Me 65 131
wM— WM
SN Bu! N 56 131
Cl Cl Cl NR
. N :
\\\\\W\ . \\\\\WQ i
HN Cl OTf~ Prt HN / \ NPr 70 132
NH NH
© N©
Ar Ar
\'% 4-MeCeHy But, 4-XCsHy 54-69 133
(X = H, Me, Cl, OMe)
Ru 4-Bu'CgHy 4-XC¢H4 (X = H, Me, CL, 1) 40-75 15
Ar Ar
Me;Sl Me;Si
N LG Nb 2,4,6-PriCHa Bu! N el 59 134
A A \\\\ Py t Al //N[\\\\
—( ™ o Ta 2,4,6-PryCeH, Bu r%(N/ N 53 134
| NH:Bu!
Mele Me3SI
ArN
AN ) ,r N\
//ReCIw(pY) 2,6-PriCsH; (Ar), 4-MeCgHy, 4-NO>CeHa, Ar N7R€CI(PY) — 135
AN 2,6—M62C6H3 (AI'/) 2-Bu'CgHy4 RN/
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A convenient preparative-scale method for the synthesis of
arylimido complexes of Group 4—6 transition metals is trans-
imidation with various anilines. The method is based on equili-
brium replacement of some imido ligands by other imido ligands.

{M}=NR + R'NH, == {M}=NR’ + RNH,.

tert-Butylimido complexes are the best starting compounds,
because in this case, the shift of the equilibrium toward the
substitution product is easily attained by removing volatile tert-
butylamine from the reaction mixture. This method has opened
the way to various arylimido titanium complexes (Table 3).

Transimidation with amines is successfully used to prepare
arylimido complexes of other metals. This method was first used
to prepare vanadium phenylimido complexes 3.143 144

Bu'N=V(OR); + PhNH, —> PhN=V(OR); + Bu'NH,
3
R = SiMes (53%), Et (22%), But (69%).

The method appeared to be especially convenient for the
synthesis of asymmetric bisimido complexes. For example, treat-
ment of the symmetric bisimido complex (Bu'N=).
MoCIx(DME) with one equivalent of Cg¢FsNH> or 2,6-
PryCeH3NH,, gave the complexes (Bu'N=)(RN=)-
MoCIy(DME) (R = CgFs, 2,6-PryCgH3) containing two different
imido ligands in high yields (> 90%).14% 146

The reaction of (Bu'N=),CrCl, with two equivalents of 2,6-
diisopropylaniline gives bis(arylimido) complex 4.147

Cl
(Bu'N=)2CrCl> + 2ArNH, —= (ArN:)ZCr/ + Bu'NH;Cl

‘ 4(60%) NHBu'
Ar = 2,6-Pr,CeHj3 .

Other metal-containing compounds, for example dimethyl-
amido, carbene and o-alkyl complexes of transition metals, can
also be used in the imidation with amines. The reaction of titanium
diamide complex Ti(NMe>)>Cl, with amine 5 afforded imido
chelate 6.148

Table 3. Synthesis of titanium imido complexes by transimidation with amines.

Starting compound R in RNH, Product Yield (%) Ref.
Bu‘N=TiC12(py)3 Ph, 4-MCC6H4, 2,6-M62C6H3, 2,6-P1‘i2C(,H3 RN=T1C12(py)3 36-86 118
4-Me3SiOCeHy 77 136
4-NH,CsMey 91 137
Pri f"ri
N N
BuN=TiCl(py)s O <N\/?_/Nprl 74 138
N N . _ Y Cl
\6% N \prl N/ \Cl
Bu'N=TiCL(TMEDA) 2-Bu'CgHy 2-Bu'C¢H4sN=TiCl,(TMEDA) — 116
Bu'N NR
R/ NVM%N R’ ! (M%N R’
/@/\ /‘\ /\@\ 4-XCgHy4 (X = H, Me, NO,, NMe,) /@/\ /1\ /\@\ 75-95 139
R’ N N R’ R’ N N R’
M /VK
(R = H, Me)
Me;Si\N IﬁIBu‘ Megsi\N Iﬂl
7, )l WCl |l WCl
Ph{ TiS 2,6-Me>CgH3, CoF Ph< i, 90-93 140
( 7/ SNMe, o ens </ SNMe,
N N
2,6-MexCoHs P i > 95 141
k | NCeH:Mex-2,6
Me N
\Pri
4-MeCgHy, 2,6-Me>CeH3, 84100 142

2,6-PrbCH3, 4-FcCsHy
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[Complex 9 is produced in higher yield in the redox imidation of

(n>-Cp*),TaCl (see Section 11.2.f, Table 12).]
Ti(NMe,),Cl, + Q ﬁ Tantalum imidoamide complex 10 containing sterically hin-
J - dered aryl groups has been prepared by imido-dealkylation of the
trimethyl complex TaMe3;Cl, on treatment with 2,6-disubstituted
aniline.!>?

l‘{ Mes
r\ lg/w Mes
— N_ £ "N—R + 2Me,NH Mes IT\ K¢
Ny TaMesCls + 2 NH, — Mes p + 3CHy
/ l/mm,,Cl / Cl
N 6 c Mes NH

R = Me (58%), Pri (64%). Mes 10 (68%)

A similar exchange of the NMe; ligands in titanium polyamide  b. Imidation with lithium derivatives of primary amines
complex 7 yielded imido complex 8 containing simultaneously  Lithium amides are widely used to prepare transition metal imido

three types of metal —nitrogen bonds.!4? complexes. Examples of imidation of various homo- and hetero-
leptic Group 4 and 5 metal halides with lithium amides are given in

AN Table 4. Lithium amides are, however, used much more rarely to

\ N NMe, prepare derivatives of transition metals of Group 6—9. Only a few

L examples of imidation of complexes containing Os, Ru and Ir in
@NL/ ! —NMez + PhNH, —> low oxidation states with lithium derivatives of a number of
. - sterically hindered amines have been reported. In particular,

7 Me imido-dechlorination of osmium'%%:1%° and ruthenium !70-17!

arene chlorides or iridium pentamethylcyclopentadienyl chlor-
ides 172173 [ed to unusual mononuclear d®-complexes 11—13.

a
+ RNHLi 15,

8(92%)

L is 4,4'-bis(tert-butyl)-2,2"-bipyridyl.

Imido-deamidation of homoleptic niobium and tantalum
dimethylamide complexes M(INMe»)s by amines is a convenient — M=—NR + LiCl + RNH,
method for the synthesis of mixed imidoamide complexes of these
metals (RN=)M(NMe); [R = Bu!, 2,6-Pr YCs¢H3; M = Nb
(79%), Ta (86%)].'%0-151 By combining imido-deamidation and 11,12
chloro-deamidation of the homoleptic complex V(NMe,)s as a
one-pot process, a series of d'-vanadium complexes have been
prepared.!32 153

11: M = Os: R = But (60%), 2,6-PriCeHs (36%), 2,6-Me>CsHs (96%):
12: M = Ru; R = 2,4,6-BujCsHa (40%).

MesSiCl
V(NMey)s + ArNH,

— > ArN=VCL(NHMe,), + 2 Me;NSiMes ””””Cl a
Ar = 2,6-Me>CgH3 (79%), 2,6-PriCsHj (88%), 2,6-Cl,.CsH3 (96%), /Ir\ /lr + RNHLi 5>
Ph (80%), CsFs (73%). cl a

Examples of a methylene ligand displacement in carbene
complexes by primary amines are known. In particular, this
approach was used in the synthesis of tantalum imidohydride

154
complex 9. Ir=—NR + LiCl + RNH,

R = Bu' (91%), 2,6-Me2CeH3 (33%), ButMesSi (90%),
2,6-PrhCsHs (77%).

c. Imidation with trimethylsilylamines

The use of trimethylsilyl derivatives of primary amines is among
the most common methods for intermolecular imidation. Two
versions of this process are known: one uses pre-synthesised
mono- or bis(trimethylsilyl)amines, while in the other, trimethyl-
silyl derivatives of amines are prepared in situ by introducing the

9 (50%)
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Table 4. Synthesis of Group 4 and 5 transition metal imido complexes by imido-dechlorination with alkali metal amides.

Starting compound Reagents Product Yield (%) Ref.
MCI4«(THF)» ArNHLi ArN=M(NHATr)>(THF), 85 (Zr), 156
(M = Zr, Hf) (Ar = 2,6-PrCsHs) 49 (Hf)
: Z ArNHLj, THF j 7\/ 44 156
A (Ar = 2,6-PryCeH3) AerN"”/‘/Zr\”””THF
Cl Cl ArN  NHAr
R R ANHLi
[Ar = 2,6-Pr5CgHj; (for Zr, Hf); 93 (Zr) 157
But, Ph, 4-MeCgHj (for Ti)] 60 (Hf) 157
87-94 (Ti) 158
R R
(M = Zr, Hf, R = Ph;
M = Ti, R = 4-MeCsHy)
RNHLi_(R = Bu!, 2,6-Me>C¢H3, 75-100 (Ti); 142
2,6—Pr‘2C6H3) or MesNHK (for Ti); 61 (Zr) 142
2,6-Pr5C¢H3NHLI (for Zr)
Kol ArNHLi, THF ~THF 65 159
Zr\, (Ar = 2,6-MesCHs, ZZN
Me 4-MeCgHa) NAr
MCls Bu'NHLi + Me,NLi Bu'N=M(NMe,)3 20 (Nb) 150
(M = Nb, Ta) 40 (Ta) 160
WSiBug
TaCls Bu}SiNHLi /Ta\u,,,Cl 82 45
BuiSiHN  NHSiBu}
I‘\‘lAr
TaCl3(NEt,)>(OEt,) ArNHLI, pyi pyn‘y)TQ”’”Cl 60 161
(Ar = 2,6-Pr;CsH3) ArN  py
al al 1\‘IC6H3Pri2—2,6
EuN, T (Cl, | _.NEt . al, THF
“Ta UTd] 2,6-Pr;C¢H3NHLi, THF Tl 61 161
ELNT | N | “NEt, e THF” | NEt
Cl Cl Cl
Cl Cl NMes
ELN,, [ (Cl, T\\I _NEt, MesNHL | 7 .
’Nb: ANb;, i wNbus,
ELNT | N | NEt, CSNHLLBY Py N Cl
Cl Cl MesN Py
Cl NBut
(MesSiaN,, | a . ) |
MesshnE T Bu'NHLi (MesSiaN 18 71 163
Cl (MesSi,N  ClI
RNHLI 6485 46, 164,

3@

ary e
a o

(R = But, 2,6-Me>CgHa, 2,6-PryCeHs,

%2

2,6-Mes,CeHs, 2,6-(2,4,6-PriCsH2).CeH3) T

// \"Cl
RN Cl
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Table 4 (continued).
Starting compound Reagents Product Yield (%) Ref.
2,6-PrbCH3NHLi 31 166
e R BuHN"N v
Cl NBu' Cl  NCgH;sPr5-2,6
2 SiMes
. . WwNu, ~_NSiM
ﬁ (MesSi)>NLi oy gy ZNIE — 167
v MesSINT - SN 3
1\\\\\\ d
C /\\ SiMes
Cl O an
QMes
. Mes
TaMesCl, 2,6-Mes>CsH3NHLI Mes HN\ 71 155
Ta=—N Mes
/%
Me M

RNH,—MesSiCl-B ternary system in the reaction (B is a base).
Either the initial amine or another amine (most often, triethyl-
amine or pyridine) is used as the base, and homo- and heteroleptic
halides of Group 4 — 6 metals and oxo complexes of Group 5 and 6
metals, in particular, sodium or ammonium metallates, are used as
the metal-containing compounds. The formation of imido com-
plexes is due to thermodynamically favourable replacement of
oxygen or chlorine atoms in the starting compounds by imido
groups. In the former variant, Me3SiCl, (Me3Si)>,O or HCI (a base
is added for binding of HCI) are formed together with target
complexes (Scheme 4).

Scheme 4
| CL
X My siMes
(M} + RN —
N SiM “ \
/
Cl Me3 %" "R
—» {M}=NR + XCl + MesSiCl;
X /O\
v/ M} SiMes
{M}=0 + RN — o s
| SIM Cl N
iMes /7 N\
Cl 3 < R
OSiMe;
— (M} + XClI;
N\
NR
X X
/ /
(M}=0 + RN\ —> (M}=NR + O

SiME3 SiME3

X = H, SiMes.

Imido-dechlorination of transition metal chlorides with tri-
methylsilylamines proceeds smoothly and, most often, gives
products in high yields. Examples of imido complexes obtained
by this method are presented in Table 5. Note that the use of
primary amines (see Section II.1.a) and lithium amides (Sec-
tion II.1.b) in imido-dechlorination gives most often comparable
results.

Another type of starting compounds frequently used for
imidation with silylamines are oxohalides of Group 5 and 6
transition metals. The synthesis of imido complexes using these
compounds is chronologically one of the earliest, because V, Cr,
Mo and W oxohalides are easily available (either commercially or
synthetically). Imidation can be accompanied by replacement of

either oxygen or chlorine atoms. The first vanadium imido
complex MeN=VCl; was prepared by imido-deoxygenation of
VOCI;.'%7 Later, the same method was used to prepare the
phenylimide analogue, PAN—=VCl;.!88

VOCI; + (MesSi),NR —> RN=VCl; + (Me;Si),0
R = Me (80%), Ph.

Conversely, the reaction of WOCI4 with 4-MeCsH4NHSiMes
in the presence of 2,2-bipyridyl involves replacement of chlorine
atoms to give the oxo—imido complex 4-MeCcHaN=W(O)Cl,"
(bipy).'®> The introduction of chlorotrimethylsilane directs the
reaction along the imido-deoxygenation route. For example, on
treatment with trimethylsilylamines, the chlorine atoms in chro-
mium and molybdenum dioxodichlorides are replaced by the
imido group, giving rise to silyloxyimido complexes
(RN=),M(OSiMes), [M =Cr: R =Bu' (54%),12%150 Ad
(26%);'%° M = Mo: R = Bu! (93%), 1-norbornyl (80%),!23-150
Me;Si (60%)1°°], whereas treatment with amines or their mono-
silyl derivatives in combination with chlorotrimethylsilane leads
to imido-deoxygenation.!%1 - 193

ArNHSiMes - Me;SiCl-B _
DME

MOOzclz(THF)z

—> (ArN=),MoCI(DME) + BH*CI~ + (Me3Si),0
(95%)

Ar = 2,6-PriC¢Hs, B = 2,6-Me,CsH3N.

ArNHX - Me;SiCl-B

WO,Cl, DME

— > (ArN=),WCl,(DME) + BH*Cl~ + (MesSi),0

Ar X B Yield (%)

2,6-PryCeHs H
SiMe3
2,4,6-MC3C6H2 H

2,6—M62C5H3N 70
2,6-Me>CsH3N 64
EtsN 91

It is noteworthy that diimidomolybdenum dichlorides are
prepared more conveniently directly from sodium or ammonium
molybdate (see below).

Examples of the synthesis of imido complexes by treatment of
transition metal oxides with silylamines are known. The complex
(ButN=),Cr(OSiMes),, which is the key compound in the
chemistry of d°-chromium imido complexes, can be obtained by
imido-deoxygenation of chromium(VI) oxide with Bu'NHSiMes
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Table 5. Synthesis of Group 4 -6 transition metal imido complexes by imido-dehalogenation with trimethylsilylamines.

Starting compound Amine Auxiliary reagent (L) Product Yield (%) Ref.
TiCly Neﬁi)ﬂ“@ 4-Bu'CsH,N, TMEDA LzChTi:N@ 72-86 137
N(SiMes), N=TiCl,L,
(meta- and para-isomers)
Bu'NHSiMejs py Bu'N=TiClx(py)3 50 79
NbCls (MCBSi)zN@ 4-Bu'CsH4N, MeCN LzClsNb:N@ 88-90 137
N(SiMC})Q N:NbC|3L2
(ortho-, meta- and para-isomers)
. «l
(CH2)3N(SiMes)2 — S 38 174
SiMes MO\
N Cl
Bu'NHSiMes PMe; Bu'N=NbHClI;3(PMe3), - 119
4-Me;3SiC¢H4N(SiMes)» MeCN 4-Me3SiCcH4aN=NbCI3(MeCN), 96 175
4-Me3SiOCsH4N(SiMe3), MeCN 4-Me3SiOCcH4N=NbCI3;(MeCN), 87 136
TaCls HN(SItMCg)z py MegsiN:TaC13(py)2 71 176
2,6-Pr C¢H3NHSiMe; THF 2,6-PryC¢H3;N=TaCl;(THF), 82 177
\ >‘\\\
Si - 45 39
NHBut M
T
Bu‘N/ \Cl
TaXs (X = Cl, Br) 2,6-PrsCsH3NHSiMe; TMEDA, DME, THF, py 2,6-Prb CeHsN=TaX;sL, 29-82 178
MOC15 2-NCC6H4N(SiME3)2 MCCN 2-NCC6H4N: MOC13(MCCN)2 65 179
WClg 2-NCCsH4N(SiMe3)» — [2-NCCsH4sN=WCly)]> 91 179
NHSiMes N=WCls
(ortho- and para-isomers)
Bu'NHSiMe; — R = Bu! 78 181
MeN(SiMes), — R = Me 60 181
cw/Nb\\Cl 2,6-Me,CsH3NHSiMe; — cw/N‘g\ R =2,6-Me,C¢Hs 81 181
Cl Cl 2,6-M62C6H3NHSiM€3 M62C5H3N Cl NR R = 2,6-M€2C6H3 46.5 182
= MeN(SiMes), - = R=Me 60 181
ﬁ 2,6-Prs C¢H3NHSiMes — R = 2,6-PryCeHj3 77 181
Nb Nb
Cl\\\/ \/!//Cl CI\\\ \
Cl cCl 1/ \NR
SiMC3 . . SiMC3 .
@ 4-Me3SiCeHsNHSiMe; - @/ R = SiMe; 90 175
\Nb RNHSiMes (R = SiMes, — \Nb R = SiMe;, 89 183
C&/ \ClCl 2,6-PriCeHs, 2,6-Me>CsH) Cé‘l/ N 2,6-PriCgHs,
- - 2,6-M€2C6H3
ﬁ 2,6-PryCsH;NHSiMe; - ﬁ 72 181
Cl“‘}Ta\\Cl Cl\““Ta\ ‘
Cl Cl Cl NCH3Pr}-2,6
RN=WCI4(THF) 2,6-Pry CeH3NHSiMes3 THF (2,6-Prh CeH3N=),WCI,(THF), 87 184
(R = 2,6-Pr5CsH3)
(PAN=WCly), 4-MeCsH4NHSiMe; bipy (PhN=)(4-MeCcHsN=)WCly(bipy) — 185
(PhN=W(OEt),Cl,)»  Bu'NHSiMe; bipy (PhN=)(Bu'N=)W/(OEt)x(bipy) — 186

(yield <30%).15° Silyloxyrhenium trioxide ReO3(OSiMes) reacts
with three equivalents of Bu'NHSiMes; to give the trisimido
complex (Bu'N=);Re(OSiMe3) (14) in 64% yield.!** Complex
14 is also formed in the reaction of rhenium(VII) oxide with

tert-butylamine in the presence of chlorotrimethylsilane.!®> The
introduction of aromatic amines, together with MesSiCl and
pyridine, allows one to synthesise complexes 15 of a different
composition.
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(Bu'N =);Re(0SiMes) + (Me3Si).0 + ButNH{CI—
14 (89%)
R6207 —

b (AIN=)>ReCls(py) + (MesSiyO + (pyH)*Cl-

15
(a) ButNH>—MesSiCl; (b) ArNHz_ —Me;SiCl—py;
Ar = 2,6-MexCgH3 (83%), 2,6-PryCeH3 (76%).

The successive addition of zert-butylamine, chlorotrimethylsi-
lane, 1,4,7-triazacyclononane and lithium perchlorate to rhe-

nium(VII) oxide yielded cationic rhenium oxo—imido
d-complex 16.19¢
.
B
H
N Y
BuNH,—MesSiCl - gN. 2 ONH -
Re,07 + o, \ﬁ 1 clo;
HN NH /H AN
Bu'N O
(6]
16 (70%)

The reaction of osmium tetraoxide with ButNHSiMes affords
either osmium dioxo diimido (Bu'N=),0s0,!%7 or osmium tetra-
imido (Bu'N=)40s complexes depending on the amount of the
amine.!?8 It is worth noting that a similar reaction with trime-
thylsilylanilines proceeds as a redox process (see Section I1.2.¢).

For the synthesis of V, Mo and Re imido complexes, it is
rather convenient to use their metallates, in particular, NH4VO3,
Na,MoOy, (NH4)>Mo0,07 and NH4ReO4. The use of these com-
pounds opened up the route to a broad range of imido derivatives.
Thus ammonium vanadate reacts with silylamines giving imido-
trimethylsilyl oxide complexes.!43 199

N(SiMes)> . .
Me;SIN=V(OSiMes); + NHj
NH4VO; — 4
RNHSIiM
e . RN=V(OSiMe3); + NH; + RNH,

R = Pr", Bu' (72%).

Schrock 200-201 developed a general method for the synthesis
of molybdenum bisimido complexes 17 [L = DME: R = But,

(RN=),MoCl(DME) RN=MoOCl,(DME)
17 (35% —99%) 18 (25% — 65%)

C(,Fs, Ph 2- BU[C6H4, 2 6- PI’QCGH}, 2 6- M62C6H3, 4-Br- 2 6-
PI‘2C5H2, 4-CN- 2 6- PI‘2C6H2, 3 5- M62C5H3, 2- Pr‘C6H4,
2-CF3C6H4, Ad, 2- (CHQ—CHCMCQCHQCHQ)C6H4 (see Ref. 202),
L = py: R =2-PhCgHy4] based on the one-pot reaction between
ammonium molybdate and two equivalents of a primary amine,
which takes place in the presence of chlorotrimethylsilane and
triethylamine in a coordinating solvent L (usually in 1,2-dimethoxy-
ethane).

RNH;—-MesSiCl-Et;N

(NH4)>2M 0,04 L

— (RN:)zMOClzL + (MC;SI)QO + Et3NHC1 + NH4C1
17 (58% —99%)
L = DME, py.

Gibson and co-workers,??3 without changing the synthetic
strategy as a whole, proposed to use sodium molybdate instead of
ammonium molybdate. A number of publications 204~213 demon-
strate broad synthetic potential of this approach. Starting from
NaMoO4, oxo-imido complexes (18) [R = Ad,?** 2,4.6-
Ph3CeH,2%% C¢Fs (Ref. 206)] (Scheme 5, path a) and bisimido
complexes  (17) [R = 2,6-Et,C¢H3,27  4-Fc-2,6-PryCoHo,
4—(FCCEC)—2,6—PI‘12C(,H2,208 2—Bu‘C6H4, 2—Me—6—PriC6H3,2°9
2-NCC6H4,210 2,5-C12C(,H3, 2,6-C12C6H3 and 2,4,6-C13C6H2
(Ref. 206)] were prepared (Scheme 5, path b), respectively. The
ease of imido-deoxygenation is noticeably affected by the steric
factor and by the electronic effects of substituents in the starting
anilines. Thus the reaction of Na,MoOy4 with sterically hindered
2,4,6-triphenylaniline precludes incorporation of more than one
imido group into the molybdenum coordination sphere.?> The
reaction with weakly nucleophilic perfluoroaniline results in a
bisimido and oxo—imido products mixture with a substantial
predominance of the latter. In the series of polychloroanilines, the
yield of the target bisimido complexes decreases with a decrease in
the nucleophilicity of the initial aniline, and 2,4,6-tribromoaniline
does not enter into the reaction.?°¢ The introduction of two
different amines into the reaction allows one to prepare asym-
metric  diimidomolybdenum  dichlorides 19 [R = Bu"
Rl = C(,F5,145 2,()-PI'12C(,H3;146’ 204 R = Ad, Rl = C(,Fs 145
(Scheme 5, path ¢). This procedure with NasMoQO4 was also
used to prepare some molybdenum bisimido chelates 20 [R =
0-CgH4; X = CHa, (CH2)2; R = CMez, X = CHy)] (Scheme 5,

Scheme 5
(RN=)(R'N=)MoCl>(DME)
19 (35% —75%)

)

s a
Ph Ph

d
ST e |

/,/

Ph Ph  22(95%)

— Na2M004 —

- >

[EtsNH]

23a(27%), b (36%)

(@) RNH, — Me3SiCl— Et3N; () RNH: (2 equiv.)— MesSiCl

X\
R

/

N N

\V/
20 MoCl(DME)
Pri l l Pri
N N
Pri Pri
(DME)Cl,Mo _ ~ 'MoCly(DME)
\ Prt Pr
Ll
Pri Pri

21

“Et;N; (¢) (RNH; + R'NH») - MesSiCl—- EGN;

(d) 0-HaNCgH4sXRNHz-0 - Me3SiCl— EsN; (¢) (4-H,N-3,5-Prh CgHa),CHa — MesSiCl — EGN;

(f) TADDAMIN - MC3SIC1 — Et3N; (g) 0-H2NC6H4XH — MC3SIC1 — Eth;

R, R’, X — see text.
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path d)2!1-212 and 21 (Scheme 35, path ¢),?!'! and the first molyb-
denum complex based on chiral (45,55)-4,5-di(aminodiphenyl)-
methyl-2,2-dimethyl-1,3-dioxolane (TADDAMIN) (complex 22,
Scheme 5, path f).2!3 The reactions of sodium molybdate with
anthranilic acid and aniline-2-sulfonic acid are more complicated
under similar conditions to give monoanionic (23a) [R = C(O).
.0OSiMes, X = C(0)O] and dianionic (23b) (R = SO3[Et;NH]*,
X = 8S03;) complexes (Scheme 5, path g); their structure was
confirmed by X-ray diffraction.?!?

Ammonium perrhenate can be used to prepare rhenium
d-complexes of various compositions. For example, the reaction
of NH4ReO4 with 2,6-diisopropylaniline in the presence of
chlorotrimethylsilane and triethylamine gives trisimido complex
24.21% The use of excess pyridine instead of triethylamine results in
bisimido complex 15.195

ArNH27M63$1leEt3N‘ (ArN=);Re(OSiMe3)
24

NH4ReO4 —

Ar’NHz—MC;SiCI—py (Ar'N:)2ReC1;(py)

15

Ar = 2,6-PryCgH3, Ar' = 2,6-Me,CgHs.

d. Imidation with organic isocyanates

Metathesis imidation of transition metal complexes with alkyl and
aryl isocyanates are widely used in synthetic practice. [socyanates
are mainly used for imidation of oxo complexes (for example,
Group 5-7 transition metal oxohalides, Table 6); in some cases,
imido complexes are used as the starting compounds. In the
former case, metathesis imido-deoxygenation with carbon dioxide
evolution takes place, while in the latter case, equilibrium tran-
simidation occurs.

o)
{M}=0 + RNCO —> {M}< >:o —> (M}=NR + CO,,

etc.) is most often required; therefore, this method is inapplicable
to thermally unstable complexes. Yet another drawback of the
method is toxicity of organic isocyanates.

The imidation of polyoxo complexes by this method allows
one to introduce varying numbers of imido groups in the complex.
It was shown using polymolybdate 1a as an example that by
varying the amount of isocyanate used, one can incorporate one to
five imido groups into the anion.?33-234 The use of diisocyanates in
the reaction with polymolybdate 1a yields complexes 25 contain-
ing two polymolybdate moieties bridged by diimido ligands.?33
Compounds of this type can also be prepared by imido-deoxyge-
nation with amines, iminophosphoranes or by cross-coupling, the
yields being comparable in all cases.

(BusN)2[M0gO19] —>
1a

R'NCO
a

> (BusN)2[{M0sO 15} =NR!]

OCN—R?—NCO
b

> (BU4N)4[{M06018}:N - R2 — N:"Mosolg}]
25

(BusN)o[{M0gO19 . }(= NCeH3Pr)-2,6),]

2,6-PrbCeH3NCO (x equiv.)

c

(@) R' = Bur (56%), Cy (73%), Fc (19%);

(80%), —@— (60%), —@— (60%);

Me

)R> =

(&) x = 1-5(20% —86%).

By the use of three equivalents of 2,6-disubstituted aryl
isocyanates in the reaction with silyloxytechnetium and -rhenium
trioxides, all oxygen atoms were replaced by imido functions to
give trisimido d%complexes (RN=);M(OSiMe;) [M = Tc:
R =2,6-MexsCsHs  (61%), 2,6-PryCeHs  (60%);23¢ M = Re:

N R = 2,6-Me;CeH3  (82%), 2,6-Pr5CeHs  (46%), 2,6-Cl,CeHs
& (719%) 27,
Examples of successful use of isocyanates for the synthesis of
R imido derivatives of transition metal o- and m-complexes are
lil known. In particular, the reactions of binuclear cyclopentadienyl
{M}=NR + R'NCO=— {M}/ >:0 =—={M}=NR’ + RNCO. R R
\N 1‘2/
iy 0, 0 N, NR
Mo Mo R'NCO Mo Mo
The reactions proceed via the formation of four-membered O// e} —co, R’N// N/
metallacycle intermediates, viz. N,O-carbamates and N,N'-ure- ) |
ates. NV,0-Carbamates were not detected experimentally, while R’
N,N'-ureates were in some cases isolated and characterised by R R
spectral methods and X-ray diffraction.?'>~2!% In both cases, to R — 1. R’ = ph (41%): R = Me: R’ = Ph (26%),
attain satlsfactpry .ylelds .o'f the products, long-term refluxing of 4-MeCeHy (10%): R = Pri, R’ = Ph (12%).
the reactants in high-boiling solvents (xylene, toluene, octane,
Table 6. Synthesis of Group 5—7 transition metal imido complexes by imido-deoxygenation with organic isocyanates.
Starting compound R in RNCO Product Yield (%) Ref.
VOCI; 4-XC¢H4 (X = H, Me, CF3, OMe, Cl, Br, F), RN=VCl; 84 (X = Me) 219-222
2,6-PrsCeH; 99 221
VOCI; 4-OCNCgHy4 Cl3V=NC¢H4sN=VCl; 84 223
WOCly Me, Et, Pri, Bu®, But, Cy, Ph, 4-MeC¢Ha, (RN=WCly)» 70-98 25,193, 209,
2-PhCeHy, 2-Bu'C¢H7, 2-CoH7, 2,6—Pri2C5H3 224-227
WOCly 4-OCNCgHy ClyW=NC¢H4sN=WCly — 228
WO,Cl> 2,6-PrbCeH; (RN=),WCL(DME) 64 193
M002C12 Bu‘, 2,6-Pri2C(,H3 (RN:)2MOC12 95 229, 230
ReOClsL, Ph RN=ReCl;L, — 231,232
(L = PPhs, PEt,Ph)
ReOCl, Ph (RN=ReCly), 88 185
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complexes [(n°-RCsH4)MoO(n-O)], with aryl isocyanates were
reported. This reaction is a rare example of imido-deoxygenation
occurring with replacement of both terminal and bridging oxygen
atoms in the initial compound.?38~240

The synthesis of tungsten bisimido complex 26 has also been
reported.?!”

4-MCC6H4NCO
_— >
—CO»

i
¥

oﬁw\CHZSiMeg 4-MeC(,H4N§// ~CH,SiMe;
O 4-MCC6H4

26 (23%)

Study of the reaction of methyltrioxorhenium MeReOs with
aryl isocyanates has shown that by varying the reactant ratio, one
can obtain products with different imido-deoxygenation degrees.
Upon the addition of one, two or three equivalents of aryl
isocyanate to MeReOs3;, mono-, bis- or tris-imido complexes,
respectively, are formed,!3!-2#! while the addition of 1.5 equiv.
RNCO results in the binuclear complex 27 containing terminal
and bridging imido ligands.

MRNCO | \feReO; (=NR),

(85% —95%)

MeReO; — R
1.5 RNCO ! Ol‘{‘
. Mem\\y/Re\N/ \e\//muMe
J R O
27 (17%)

R = 2,6-MesC¢Hs, 2,6-PryCeHs; n = 1-3.

It has been noted above that this method is mainly used to
imidate thermally stable compounds. The imido-deoxygenation
of, for example, the complex MoO»(S,CNEt,), with aryl isocya-
nates is accompanied by thermally induced destruction of the
diethyldithiocarbamate group. As a result, the target bisimido
complexes (ArN=),Mo(S2CNEt,), (28) are formed in low yields
comparable with the yields of side products, i.e., imido disulfide
(29) and various binuclear (30) complexes.?4?~246

ArNCO
MoO2(S:CNEL): ———2» (ArN=):Mo(S:CNEt>)> +
28

+ AI'N:MO(SQ)(SchEtz)z + [X:MO(H-X/)(SchEtg)]Q
29 30

Ar = 2,6-Me,CeHs, 2,6-PryCeH3, 2,6-Cl,C¢Hs; X, X' = NAr, O, S.

The destruction products become predominant if aryl isocya-
nates without ortho-substituents, for example, phenyl and p-tolyl
isocyanates, are used.

Transition metal imido complexes can also undergo transimi-
dation with isocyanates; however, this method is seldom used in
practice, unlike transimidation with primary amines. This is due
to the very low rate of the process and the need to use high-boiling
solvents. Nevertheless, this approach is one of the few known
methods for the synthesis of bis(arylimido)chromium d%com-
plexes 31.247

ArNCO
_—

(Bu'N=),CrCl, (ArN=),CrCl,

31

Ar = Mes (75%), 2,6-Me>CHj (80%).

During  thermolysis of the  binuclear  complex
[(M>-CsMes)Mo(=NPh)(u-NPh)], with excess 4-MeCsH4NCO,
successive replacement of two phenylimido groups by p-tolyl-
imido groups was observed; transimidation involved only the

terminal imido groups, while bridging ligands remained intact
even after long-term heating (8 weeks) with an excess of the
starting isocyanate.?*8

e. Imidation with /NV-sulfinylamines

The scope of using N-sulfinylamines for the synthesis of transition
metal imido complexes has remained scarcely studied until
recently. As regards the type of action, N-sulfinylamines are
analogous to organic isocyanates, but they have advantages of
being more readily available and more reactive toward imido-
deoxygenation. It is essential that they are effective with both
electron-donating and electron-withdrawing substituents. For
example, sulfinyl derivatives of arylamines readily imidate the
complex ReOCI;3(PPhs), (see Ref. 249) %

ReOCI5(PPhs); + ArNSO —> ArN=ReCl3(PPh;)> + SO»
Ar = Ph, 4-MCC(,H4, 4-MCOC(,H4 .

Molybdenum dioxodichloride easily undergoes imido-deoxy-
genation under the action of a number of halogen-substituted
N-sulfinylanilines ArNSO to give corresponding bisimido com-
plexes 17.206-250 This approach was successfully used to prepare
bisimido chelates 32,259-251 the structure of which was confirmed
by spectroscopic means.

2 ‘erI‘IOSO (ArN=)>MoCl,(DME)
? 17 (94% —97%)
MOOQClz(DME)f
O-OSNC6H4*X*C6H4NSO-() X
250,
N
N\~
MoClL(DME)

32 (20% — 48%)

Ar = C6F5 5 2,6-C12C6H3, 2,4,6-C]3C6H2, 2,4,6-BI3C6H2; X = O, S.

Owing to the high reactivity, N-sulfinylamines can be effi-
ciently used for imidation of some thermally labile complexes,
for example, molybdenum dioxobis(dialkyldithiocarbamates)
(33a,b). On treatment of complexes 33 with one equivalent of
N-sulfinylanilines, monosubstitution takes place to give products
34,252 while the action of two equivalents of N-sulfinylanilines or
one equivalent of N-sulfinyl derivatives of some diamines allows
the preparation of full substitution products (compounds 35 or 36,
respectively),?1-253 whose structure was confirmed by spectro-
scopic means.

4-MeCsH4NSO

4-MeCcH4N=MoOL
50, eCellg o 2

34 (66% —83%)

MOOsz
33a—c

2 ArNSO (L = SCNMe,)
—280,;

(ArN:)zMO(SchMez)z
35

L = S;CNE, (33a), S;CNMe; (33b), acac (33¢); Ar = 4-MeCeHy (64%),
2,4,6-ClsC6Ha (86%), 2,4,6-BrsCsHa (73%).

X
-OSNC¢H4— X — CsH4NSO-
MoO»(S:CNMes), 2 o (a0
N\
33b MO(SZCNMCz)z
36 (47% — 59%)
X =0,S.

N-Sulfinylamines are able to transimidate transition metal
imido complexes; however, this reaction is of low practical value
due to the low rate. Only prolonged heating (= 40 h) of 2,6-

§ For the imidation of ReOCI3(PPh3),, amines, isocyanates, iminophos-
phoranes and hydrazines can be used with equal success.
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diisopropyl-N-sulfinylaniline ~ with  chromium  d°complex
(Bu'N=),Cr(OSiMe3), does give the transimidation product
(2,6-Pr5Cs H3N=),Cr(OSiMej3); in a good yield (72%).%!

e. Imidation with iminophosphoranes

Iminophosphoranes are seldom used as imidating reagents. To
some extent, this is due to their lower synthetic availability as
compared with other imidating agents. Iminophosphoranes read-
ily enter into imido-deoxygenation with transition metal oxides.
The oxo—imide exchange is facilitated by the formation of
phosphine oxides in addition to the imido complexes.

{M}=0 + R{P=NR —> {M}=NR + R;P —0.

Examples of imido derivatives obtained using this synthetic
approach are given in Table 7.

An essential advantage of iminophosphoranes is that they
allow imidation of metal oxides that possess pronounced oxida-
tive properties without reduction of the metal. For example,
iminophosphoranes R}P—NR enter into metathesis with
osmium tetraoxide or osmium oxoimides to yield bis- and tris-
imido complexes (RN=),0s0,, (RN=)30s0 with retention of
the d° configuration of the metal.?

! —_— ! —
3REP=NR | pN—),050 2 R,P=NR
08047 TR%P:NR RN 10503
2 R;P=NR R;P=NR

(RN:)20s02

R = But, Ad, CMe,Et; R’ = Bu", Ph.

g. Imidation with imines and 1,4-diazabuta-1,3-dienes

Examples of formation of transition metal imido complexes upon
the action of the Schiff bases on other imido or carbene complexes
of this metal are documented. In the former case, reversible
metathesis transimidation takes place, while in the latter case,
irreversible alkylidene—imine methathesis occurs giving rise to
imido complexes and alkenes.

?

N
{M}=NR + R'CH=NR" =— {M}< }R’ —
N

RII
—= [(M}=NR’ + R'CH=NR,
{M}=CHR + R'CH=NR" —> (M R —>
AN
N
1‘{//

—> (M}=NR” + RCH=CHR'.

Both processes are believed to proceed via the intermediate
formation of four-membered azametallacycles.?®-3! In particular,
this mechanism was confirmed by isolation and identification of
the 2,4-diazametallacyclobutane intermediate formed upon treat-
ment of zirconocene-imide CpoZr(=NBu')(THF) with
PhCH —NPh.31.262.263

A study of the reaction of stoichiometric amounts of the
complex BuUN=TiCly(py); and the Schiff bases ArN—CHPh
(NMR detection and a preparative experiment) has shown that
the equilibrium is completely shifted towards the formation of the
arylimido complex 37,%* the imido—imine methathesis being
slower for sterically more hindered 2,6-dimethylphenylimine (the
process is over only after 96 h) than for p-tolylimine (4 h).

Ar
I
— Cl, || .pY
But ArN=CHPh R
N —Bu'N=CHPh py” i Nl
Cly, || . PY py
ST —
py” i Yl 37
by 0.5 AIN=CHCH=NAr

—0.5Bu'N=CHCHN=Bu*
Ar = 4-MeC6H4, 2,6-M62C6H3.

A similar imido—imine metathesis takes place during imida-
tion of the complex Bu'N=TiCly(py)s; with 1,4-diazabuta-1,3-
dienes.2%3

During the imido—imine exchange between molybdenum
bisimido complexes 38 and various Schiff bases, the equilibrium
(a 1:1 ratio of the initial complex 38 and product 39) can be
attained relatively fast (after ~20 h) only for the imido ligand
with alkyl groups (example a), whereas for aryl substituents
(example b) this ratio is attained only in 18 days.?’

\ \

cl cl
RN O RN O
Mo j + RN=CHR”" == Mo j + RN=CHR"
RNZ | o RNZ | o
cr )
38 39

(@) R = Bu, R’ = Pr, R” = Ph; (b) R = 2,6-PryC¢Hs, R’ = Ph, R” = Bul.

Thus, imido —imine metathesis reactions are seldom useful for
the synthesis of transition metal imido complexes, because they
are too slow. The best outcome of transimidation is attained when
primary amines are employed (see Section II.1.a). Nevertheless,
the imido —imine exchange underlies catalytic metathesis of azo-
methines, for which some molybdenum2’-3° and zirconium 3!
imido complexes have been proposed as catalysts.

Niobium and tantalum carbene complexes
Bu!'CH=MCI3(THF), (M = Nb, Ta) undergo alkylidene—

Table 7. Synthesis of Group 6—8 transition metal imido complexes by imido-deoxygenation with iminophosphoranes.

Starting compound R in R=NP} Product Yield (%) Ref.
(BuiN)2[MogO1e] 4-MeCgHy, 4-(CH,=CH)CgH4 (BuN)-[RN={MogOs}] 90 254,255
MOOCIQ(SzCNEtz)Q Ph PhN=MOC12(S2CNEt2)2 60 256
ReOCl5(PPhs), Ph, 4-MeC¢Hy4 RN=ReCl5(PPhs), - 257,258
RBOC]3(PP1’13)2 4-(Ph3P=N)C6H4 (Ph}P)zC]g,Re:N —C(,H4— N=R€Cl3(PPh3)2 — 259
Ph, Ph,
0 f@ PhN \P@
Cl,, 1\{\ 01,,,/1\{\
e Fe Ph e Fe — 260
7 7
old! c1” |
a N 5 a N>
Ph, Ph,
RU202(CstiMe3)5 SiMe3 RU2(:NSiM63)z(CHzSiM63)6 38 261
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imine metathesis with some azomethines to give the correspond-
ing imidochlorides and a cis- and trans-alkene mixture.266-267

cl 1
THE,, L€l RN=CHPh —> 1" o ‘CH=CHPh
w0 = MY+ Bu'CH=CHP
THF” | ~CHBu! THF” | “NR
Cl Cl

M= Nb: R= Ph (40%); M= Ta: R= Ph, Me, Bu' (80% —81%).

A study of the reactions of various molybdenum alkoxide
imidocarbene complexes (ArN=)(Bu'CH=)Mo(OR), (40) with
Schiff bases has demonstrated that the rate of alkylidene —imine
metathesis depends substantially on the nature of the RO-
ligands.?®

RO, NAr RO, NAr
4 7
Mo + Pr"N=CHPh —> Mo + Bu!'CH=CHPh
7 N\ N
RO m CHBu! RO NPr?

Ar= 2,6-PryC¢Hs; R = C(CF3),Me, C(CF3)Mes.

For example, when complex 40 containing ligands Me(CF3),CO is
treated with Pr"N=CHPh, complete exchange is attained after
20 h, while the exchange depth in complex 40 with less fluorinated
Me,(CF3)CO ligands is only 10% over the same period of time.
The complex with ligands Bu'O does not enter into this reaction.

h. Imidation with hydrazine derivatives and azo compounds
Hydrazine derivatives and azo compounds are typical imidating
oxidants (see Section I1.2.b); however, there are some examples
where a redox process involving these compounds does not result
in a change in the formal oxidation state of the metal. This may be
due to the presence of another reducing agent, and this role may be
played, in particular, by hydrazine. For instance, treatment of the
rhenium oxo complex ReOCIl3(PPhs), with a number of dialkyl-
hydrazines in the presence of triphenylphosphine leads to imido-
deoxygenation of the starting complex.?®® This is obviously a
redox reaction, nevertheless, rhenium retains its d>-configuration,
because triphenylphosphine acts as a reducing agent.

h;3

PP
ReOCI53(PPh3), + RHNNHR-2HCl —>
—> RN=ReCl;3(PPhs), + RNH3Cl + Ph;PO
(54% —91%)
R = Me, Et, Pr", Cy.

Substituted benzohydrazides can also function as imidating
agents. On treatment with phenylhydrazides, the oxo complex
ReOCI3(PPh3), is converted into the imido complex
RN =ReCl;3(PPh3),.>®° The reaction of MoOCIl,(PMe,Ph); with
N-arylbenzohydrazides results in imido complex 41,257-29 the
formation of the imido ligand being accompanied by autooxida-
tion of benzohydrazide.

0
Cly, || PMesPh

0
\ NHR
‘ + —
a7} “PMe;Ph Ph/‘\N/
PMe,Ph H
NR
Cly, || .wPMesPh
0.
s c1/ci) ‘W/R + H»O + PMe>Ph
NN
Ph 41
R = 4-XC¢Ha (X = H, Cl, Me, MeO), 1-CyoH .

An example of insertion of benzo[c]cinnoline 42 into the
Ti—C bond in the complex Et4C4Ti(OAr), to give complex 43

containing  2,3-diazatitanacyclohepta-4,6-diene fragment is
reported (the conclusion about the structure of complex 43 was
based on spectroscopic characteristics). Treatment of complex 43
with the second equivalent of benzo[c|cinnoline induces an intra-
molecular bond redistribution in the complex, which is thus
converted into imido complex 44, the structure of which was
confirmed by X-ray diffraction.?°

N=N
Et
o W,
0, /3
/’T1 “2)
ArO —
Et
Et
N=N

44 Et
Ar = 2,6-Ph,CeH3.

i. Imidation with nitriles

Nitriles have also found application as imidating reagents, but
processes involving these compounds differ from those for all
reagents described previously. Whereas reactions with isocya-
nates, N-sulfinylamines, imines, iminophosphoranes, etc., occur
as metathesis, nitriles are formally inserted into the metal —car-
bon bond as a result of an electrocyclic rearrangement.

(MJ=CHR + R'C=N —> | )" r/| —

R
—> {(M}=N—CR'=CHR.

Typical examples of synthesis of imido complexes by this
method are presented in Table 8.

The insertion of acetonitrile into the metal —carbon multiple
bond in uranium complex 45 has been described.?”> This reaction
yields imido complex 46.

| [
U/ X -PPhoMe +MeCN —> ““U\\N J\VPthMe

45 46 (50%)

Examples of reactions involving two nitrile molecules are
known. The high-spin vanadium d2-complex 47 reacts with two
equivalents of pivalonitrile to give imido complex 48, in which the
imido ligand contains 1,3-di(zert-butyl)isoindol-1-yl as the
organic group.?’® It is believed that this compounds is formed
upon two successive steps of nitrile insertion into the metal —
carbon bonds with subsequent rearrangement of the intermediate
into a more stable product.

4] The structure of complex 48 was confirmed by X-ray diffraction data.
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Table 8. Synthesis of transition metal imido complexes using nitriles.

Starting compound R in RCN Product Yield (%) Ref.
. Ket vy Me e CoiTiy PMezR ,
p2Ti g Al Bu, — 71
N e Y \N«\
Bu"(‘:Hz BulCHg
Bu'CHow s M==CHBu! Me BulCHzx\\)M\\NJ\/Bu' - 272
BULCHZ Bu‘CHz
(M = Nb, Ta) (E,Z-isomers)
Ph,M R 60-61 273
Cl\\m/\\TavBu‘ > Me Cl\””/”Ta\\N)\/Bu‘ -
Cl C
(E,Z-isomers)
UTagPh u VTa%N §
Ph
reaction of tetrahedral molybdenum bisimido complex (49) with
@ tungsten imidocarbene (50) complex showed that the equilibrium
v N, is attained only after several days at 60 °C.280
Mesp— Y PMe; puen  MEPTA\TN Bu'CN
; E—— MesP i
Bu'O, NCeH3Pr3-2,6 Bu'O, CHBu'
,,/IM Y /,///W //
0 + —
47 2 . /N .
Bu'O NC¢H3Pr5-2,6 Bu'O NC¢H3Pry-2,6
49 50
Bu'O,  CHBu' BulO,  NCeHiPrb-2,6
,VWN } . s u Y, 61311
M63P Bu Mo + W
VAR i VAN i
ButO NC6H3PI'2-2,6 BulO NC(,H3Pr2-2,6

MCzP' g
—_—> MEzP N

j- Imidation with transition metal imides

In some studies, the possibility has been demonstrated to prepare
transition metal imido complexes by the equilibrium metathesis
transfer of the imido ligand from one metal complex to another.
This intercomplex exchange can occur for oxo, carbene and imido
complexes of Group 5—8 metals (Scheme 6).

—> MC;P i f

48 (59%) Bu'

Scheme 6

{M}=0 + {M'}=NR =—= {M}=NR + {M'}=0,

{(M}=CHR + {M'}=NR === {M}=NR + {M'}=CHR,

{M}=NR + {M'}=NR’ === {M}=NR’ + {M'}=NR.

In the reactions shown in Scheme 6, the equilibrium is shifted
toward the formation of thermodynamically more favourable
products.

Upon the oxo—imido exchange, the imido group is bound
preferably to the more electron-deficient metal. Examples of
imido complexes prepared by intercomplex oxo—imido exchange
are presented in Table 9.

The Schrock carbenes can undergo metathesis with the imido
complexes; however, unlike the oxo-—imido metathesis, this
approach is of low utility for preparative purposes due to the low
reaction rate and the difficulty of isolation of the desired product
from the equilibrium mixture. Thus NMR monitoring of the

In the reaction of alkylidene —imido metathesis between half-
sandwich tantalum complexes 51 and 52, the equilibrium can be
reached over the same time under more drastic conditions
(120 °C).

+ e —
\\\\\\\Ta CMe,Ph aweTag )
a C/1 I/ SNCeH;PR-2,6
51 52 )
— Ny e
awTas . \\\\\\\Ta CMe,Ph
A/ SNeeHsPh26 1/

The possibility of equilibrium imido—imido exchange
between Group 5 and 6 metal complexes was demonstrated;
however, in this case, too, a low reaction rate was noted. Thus
symmetric molybdenum bisimido complexes with terz-butyl- (53)
and 2,6-diisopropylphenylimido (49) ligands slowly exchange the
imido ligands only at elevated temperature (Kg)-c = 25), appa-
rently, for steric reasons.?80

The rate of intercomplex imide exchange can be considerably
affected by Breonsted acids. Thus the addition of (Et,O)»
HB[C¢H3(CF3),-3,5]4 into a mixture of complexes 49 and 53
substantially accelerates the exchange reaction (Kpsoc =95,
k=50x10"%dm> mol—! s 1).28
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Table 9. Synthesis of transition metal imido complexes by intercomplex ligand exchange.
Starting compound Imidating complex Product Yield (%) Ref.
VOCl; RN=V(OSiMe3)s RN=VCl;
R = MesSi 38 271
R = Bu! 68 144
\ \ \
Cl 1 Cl
Oy 1 0 RN O RN 7 O
_Mo Mo’ _Mo_
07 2 RNT = V0 07 %o
a9 a al
/ / /
R = 2,4,6-M€3C6H2 59 278
R = Bu' 100 279
Pl t i
O\\ /OBu‘ 2,6 Pr2C6H3N\\ /OBH 2,6-Pr2C(,H3N\\ /OBu‘
Mo, Mo, Mg, - 280
0~ OBu! 2,6-Pr,CH:N. OBu! 0”7 “OBu!
2,6-Pri2C(,H3N\\ /OBu‘ 2,6 PraC()H;N\ 0
0s0y4 //Mo,/l _ s\\ 83 281
2,6-PrsCeH3N ‘OBut 2,6—Pr‘2C(,H3N 0
O, R 2,6-Pri2c6H3N R
//oé\ 2,6-PrsC¢HsN=Ta(OBu); /o *\ 50-70 282
O R 2,6- PrZCGH;N
(R = CH,SiMe;, CH,But,
CHzCMEzPh)
Bu‘O,,/I//M NBut - BuO,  NCeHiPri-2.6 1 Scheme 7
) + 0 b Bu ul
N\ N\ .
Buo? NBu BuO” NCHPri-26 WMe, BUNC 1\‘1 & BuNC
49 >\
. Me5W MC4W
Bu'O, //NC6H3Pr‘2-2,6
%, t
2 /MQ\ Bu B =
Bu'O NBut >\ M W
— MesW e* —
N ~
Sr . . . . .. Bu'N™ ]‘3 t
k. Imidation using miscellaneous nitrogen-containing compounds u
Examples of the use of some other nitrogen-containing com-

PR . . JEE: TR NBut N NBut
pounds as imidating reagents, in particular, formimidamides, / BuNC_ % //
isocyanides and iminoboranes have been documented. — M€3W\ / ~

Formimidamides imidate the oxo complex ReOCI3;(PPhs) to N
give the imido complexes RN=ReCl3(PPh;),.2%4 It is noteworthy Bu‘/ But
54

that in this case, the yields of rhenium arylimido complexes are
lower than those attained upon imidation with amines and
hydrazines.

ReOCl3(PPhs), + \/\*NHR —> RN=ReCl3(PPh3), + \>fNHR

R = Ph (40%), 4-FCsHy, 4-CICsH4 (33%), 4-MeCcH4 (36%).

When Group 4-6 metal oc-alkyl complexes react with
isocyanides, these are inserted into the metal—carbon bond to
afford azavinyl intermediates, which undergo intramolecular
rearrangement to yield imido products. (These reactions present
no interest from the preparative standpoint, because they are not
straightforward and their outcome is not always predictable.) The
reaction may involve one to three isocyanide molecules. The
homoleptic complex WMeg reacts with three equivalents of terz-
butyl isocyanide to yield imido complex 54, the structure of which
was confirmed by X-ray diffraction. Presumably, this product is
formed in a complicated sequence of insertion and rearrangement
reactions (Scheme 7).285,286

An example of formal substitution of an arylimido group for
the alkyl groups in guanidinate complexes 55 on treatment with
one equivalent of aryl isocyanide has been reported.?®7-288 The
formation of imido complexes 56 is attributed to redistribution of
bonds in the intermediate resulting from isocyanide insertion into
the metal —carbon bond (Scheme 8).

On treatment of the complex (n°-CsMes)TaMe,Cl, with 2,6-
Me,CcH3NC, isocyanide is also inserted into the metal—carbon
bond, which is followed by migration of the other methyl group to
the electrophilic acetimidoyl carbon atom to give aza(tantalum)-
cyclopropane complex 57, which was isolated and characterised
by spectroscopic means.?®® This complex easily reacts with a
second isocyanide molecule to give thermally unstable azatanta-
lacyclobutane intermediate 58, which eliminates arylketeneimine
to give imido complex 59, which is formally the substitution
product of an imido ligand for two methyl groups in the starting
complex.
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R'RN Pri Scheme 8
W\N/ N "
~ (N CcHR
N CH,R” N
Pri—" ", | w2 ArNC M\
Pr'\N/ ‘ \CHzR” N/ ‘ ‘*—Nér
LN U CH,R
AN
! i
R'RN oo Pr
CH,R"”
N 2 . N
2% (AN
Nl ‘ SNAr Nidl ‘ SN
U Ar R
R'RN /Pr*
KN Ar WFN
N, | N CH.R” N,
= M > P M =NAr
N ‘ R;/&/CHZR Pr‘\N/‘
kJN R" N
/ Ny
R'RN 54 Pr

M =Ti,Zr; R = R' = Me; R = Pri, R’ = H; R” = Me, CH,Ph;
Ar = 2,6-M62C(,H3.

Note that half-sandwich complex 59 and its analogues can
easily be prepared by simpler methods, for example, by imido-
dehalogenation of the tetrachloride (n3-CsMes)TaCly with lith-
fum amide or silylamines.

ArNC
wiTan, T amy e
Cl“‘/ \ '‘Me cl _ NAr
Cl Me
Me

— Cl\“\\;Tarmm,NAr Clm\\yTawm,NAr —
Cl Cl
Me
Me Me ArN Me
57 58
- Me
- + ArN=— .« =<
aTa Me
Cl 7/ \
Cl NAr
59
Ar = 2,6-M62C6H3.
The binuclear p-bis(carbyne) complex [(PriO),W(u-

CSiMes;)1]» also undergoes an intricate sequence of intramolecular
transformations when treated with aliphatic or aromatic isocya-
nides to give imido complex 60.2°°

$iMes RN, SiMes

Prio, OPri PriO, \>—< OPri
"/W *W\\\ RNC “, 7\ N

PriO/ \\( \OPri PriO/ \ \OPri
SiMe3 SiMe}

SiMe;

PrlO,,// /ﬁopri
W

— Prio—'w\ N
PriO NR
60 SiMes

R = Bu‘, 2,6-M62C5H3 (> 600/0).

There are examples of the use of iminoboranes as imidating
agents. For example, tungsten hexachloride undergoes imido-
dechlorination under the action of iminoborane Bu'lB—=NBu! to
yield dimeric complex 61.2°1

2WClg + 2 BuN=BBu' —> [BuN=WCl], + 2 Bu'BCl,
61(80%)

Complex 61 and other imidotungsten tetrachloride complexes
can be synthesised by simpler methods, for example, by imido-
dechlorination of tungsten hexachloride with silylamines and by
imido-deoxygenation of tungsten oxochloride with isocyanates.

2. Imidation of metal complexes with the change in the formal
oxidation state of the metal

a. Imidation with azides

Imidation of metal complexes with organic azides is accompanied
by an increase in the formal oxidation state of the metal and has
the highest practical value among the methods of this group. The
method is successfully used to prepare imido derivatives of various
metal complexes with C-, O-, S-, N- and P-ligands. Aryl and
trialkylsilyl azides are used most often.

In a study of decamethylvanadocene imidation with phenyl
azide Ph—SN=N=N containing an isotope label, the imido
complex was found to contain only a labelled nitrogen
atom.?°2-293 This led to the assumption that the process occurs
via a metal complex adduct with the azide involving the internal
nitrogen atom. However, in a study of the reaction of V(NRAr),I
[R = C(CDs)>Me, Ar = 2-F-5-MeC¢H3] with MesNs, the azide
complex MesN=N-N=V(NRAr),I with a V=N bond
involving the terminal nitrogen atom was isolated and character-
ised by X-ray diffraction. This complex was found to be easily
converted into the imido product MesN=V(NRAr),I on gentle
heating.?** Similar results have been obtained in a study of the
reaction of the complex (n3-Cp),TaMe(PMe;) with phenyl
azide.?%3-2% Kinetic studies of this reaction with isotope labelling
suggest a mechanism in which the complex formation with phenyl
azide involving the terminal nitrogen atom is the initial step, which
is followed by dinitrogen extrusion (Scheme 9).

Scheme 9
PMes //N Ph
CpTal  + PhN; —> //N* =
Me szTa\
Me
I“h
N Ph
QN NN P
— \ — ‘ H — szTa< + N,
gN sz"Ta*N Me
szTa\ Me

Me

Transition metal chlorides in intermediate oxidation states are
the simplest compounds suitable for imidation with aryl azides.
Mononuclear (62)2°7 and binuclear (63)2°® molybdenum com-
plexes were prepared by treatment of molybdenum tetrachloride
with appropriate azides.
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MoClLy(THF), —»
AMECHNs 4 MeCoHyN=MoClL(THF)
62

| PNCHNs (THp)c14Mo:N@N:Mocl4(THp)

63 (70%)

Trimethylsilyl azide is rarely used for imidation of transition
metal chlorides. This is due to the fact that the trimethylsilylimido
chlorides formed are as a rule labile and readily eliminate
chlorotrimethylsilane to give nitrido complexes. Thus it was
found that vanadium tetrachloride reacts with Me3;SiN3 yielding
the unstable complex Me;SiN=VCI3,>°° which, as has been
specially shown,?’” readily eliminates Me3SiCl to afford vana-
dium chloronitride.

By varying the ratio of molybdenum (or tungsten) dichloride
and trimethylsilyl azide used in the reaction, one can obtain labile

complexes 64 and 65, respectively.300
Me3SiN3 N ]
(M — MO) (MEES]N*)MOC 2L3
MClLy — 64 (80%)
2 MesSiN; .
M =w) . (MesSIN=)LWCLL
65 (10%)

M = Mo, L = PMe3; M = W, L = PPh,Me.

Organic azides are effective imidating agents for diverse metal
complexes containing mono- and polydentate O-, S-, N- and
P-ligands (Table 10). They are successfully used to prepare

Table 10. Synthesis of transition metal imido complexes using organic azides.

imido derivatives of metallocenes and Group 4-9 transition
metal carbene and c-alkyl complexes (Table 11).

b. Imidation with azo compounds, hydrazines and their derivatives
Azo compounds are typical reagents imidation with which is
accompanied by an increase in the formal oxidation state of the
metal. They can be used in reactions with various mononuclear
n-complexes and binuclear metal complexes. The mechanism of
formation of imido derivatives from mononuclear complexes is
not entirely clear; however, the process is considered to proceed
via an n>-diazene or diazametallacyclopropane intermediate, in
which activation of the N=—=N bond and a decrease in its order
take place and which is further converted into the mono- (path a)
or bis-imido (path b) complex (Scheme 10).321,325-327

Scheme 10
N/R N/R N/R
1 — - - >
M} + 1U1 {M}< j\\l or {M}\l\\l

SR SR SR
E:{M}NR
T N—R

e 2

SN—R

However, examples are known where imidation follows a
different mechanism. In a systematic study of the reaction of
Cp.TaMeL with azobenzene, the formation of diazametalla-
cyclopropane product 66, which is not converted into imido
complex 67, was confirmed by X-ray diffraction. Having studied

Starting compound R in RN;3; Product Yield (%) Ref.
Ti(n>-EtC =CEt)(TTP) (see?) MesSi RN=TIi(TTP) 38 158
Cr(TPP) (see?) 4-XCe¢H4 (X = Me, Cl, I, MeO) RN=Cr(TPP) 60—-65 19, 301
MO(CO)z(SchEt2)2 Ph (RN:)zMO(SchEtz)z 50 302
W(CO)2(PPh3)(S2CNEt»)2 4-MeCcHy RN=W(CO)(S2CNEtz)2 — 303
PMe; PMes
MesN ! MesN !
_W---PMe; MesSi, ButMe,Si _W=NR — 304
2 Z
MesN™ | MesN™ |
PMe; PMes
W(OC6H3M62-2,6)4 Meg,Si — 305
Me;Si 70 306
Ph;C 13 306
Bu! Bu!
Bu* N— O Bu! N— O
o/ i MesSi ol i 39 307
T~ €351 J T~
<,ﬂ\§ </“%QWR
N N. N N.
Bu! \_|_/ Bu! |/
O (0]
Bu! Bu! Bu! Bu!
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Table 10 (continued).

Starting compound R in RNj Product Yield (%) Ref.
BulMeZSiN,/IU N BulMeQSiN,ﬂR
J—NSiMe;Bu ) ‘U—NSiMe,But
Bu'Me,SiN \N MesSi Bu‘Me2SiN< 3 %0 308
2
Cf,FS C6F5
Mes, 2,4,6-Cl3C¢Ho> 70-80 309
F5C5 F5C6
["Ph} lﬁIR
M Mo
Ph,P” Ph\PPth PhoP” o PPh,
jj 4-MeCsHy 2 J
B il
Ph Ph
M = Co 97 310
M = Fe 50 311
/C6H3Mez—2,6 /C5H3Me2—2,6
N N
N
i ,Co@ Ad /" co=nRr 50 312
=N —N
\ \
Ce¢H3sMe»-2,6 CeH3Me>-2,6
[Os(TTP)]2 (see ®) 4-NO,C¢Ha4 (RN=),0s(TTP) 42 313
[Os(4-CI-TPP)], (see ?) 4-NO,C¢Ha4 (RN=),0s(4-CI-TPP) 58 314
[Ru(TPP)], (sec ®) 4-NO,CHy4 (RN=),Ru(TPP) 314
Ar
aTPP, TTP, 4-CI-TPP — [Ar = Ph (TPP), 4-MeCcHy4 (TTP), 4-CICsH4 (4-CI-TPP)].
Ar
Table 11. Synthesis of imido derivatives of organometallic compounds using organic azides.
Starting compound R in RN; Product Yield (%) Ref.
R’ R’ R’
R R MesSi R 53 315
Ti—N=N—Ti Mes Ti=NR 94 315
R’ R’ R’
(R" = SiMe3)
(n°-CsMes),V Ph, C¢Fs, 2,6-Me>CsHs3, (n°-CsMes),V=NR 39-70 292,293,
2-PhCg¢Hy4 316
(n°-CsHs)V SiPhs (n°-CsHs),V=NSiPh; 80 317
THF T‘\‘TSiPh;
Mes N PhsSi AN - 304
Mes Mes Mes Mes
JTHF Cl
(n*-CsMes)Ta Ph (TIS'CSMSS)ZTH\i\ 76 318
Cl NPh
Bu‘\\lﬁl\/le'z
Bu!CH=TaCl(PMej3)4 MesSi //Ia—Cl - 267

MesSiN Py,
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Table 11 (continued).

Starting compound R in RN; Product Yield (%) Ref.
N NR
CH Ph S 7 81-85 319,320
(15-CsMes), U N Li*(TMEDA) MesSi (*CsMesh U 7
K<l Ph R 84 321
5 Na* (n5-CsMes),U.
m -CsMes)zU\ a Ad sMes) U 7
cl NR
(m3-MeCsH,);U(THF) Ph, Me;Si (M3-MeCsHy)sU=NR 50 322
(n’-MeCsHa);U(THF) 3-C6HaN3 (n5-MeC5H4)3U:N@ 37 323
4-C¢H4N3 N=U(n5MeCsHs); 438 323
/Ar j - /Ar j *
N N
Ar [) WR Ar
N”””C ArLN /”W”CO N

4-M€C6H4, 4-MCOC(,H4

Nyi YJ o

(AI‘ = Mes 2 6- M62C6H4)

@:/L ;N( J 100 324

the process kinetics, the researchers suggested that adduct 68 is the
true intermediate on the route to imido product 67.328

PhN
~
Ph | >NPh
CpoTa
) N=N
& PhN=NPh AN 66 Me
szTa\ T szTa Ph —
Me Me 68 % NPh
7
CpoTa
67 Me

L= CpgTa(S)Me, C2H4, PMB},.

It was found that mononuclear bisimido complexes are
formed along path b only starting from d*complexes, while
monoimido products (path @) are obtained by treating d*-com-
plexes with azo compounds. Thus on treatment with azobenzene,
the d?>complex (n?-BuN=CBn,)Ti(OCsH;Pr}-2,6),L is con-
verted into m?-azo complex 69. The latter is thermally unstable
and is transformed on heating into imido d°-complex 70.323

But
\
‘ >Q\Bn PhN=NPh, L
ArO““)Tl
ArO L Ph
L / L
ArQ,, | N ArO,, !
gt A
s /Il< s, /T i=NPh
Ar0” 1 SN —OSPEAN=NPh Aoy
L \ L
o h 70

Ar = 2,6-Pr12C(,H3 , L is 4-pyrrolidinopyridine.

The d?-complex (TTP)Ti(n?-EtC=CEt) and azobenzene
taken in 2: 1 ratio react in a similar way. The first step is replace-
ment of the diethylacetylene molecule by the azo ligand to give the
complex (TTP)Ti(n>-PhN=NPh), which was isolated and char-
acterised. In the second step, the azo complex reacts with another

(TTP)Ti(n?-EtC=CEt) molecule, being converted into mono-
imido d°-complex (TTP)Ti=NPh.!38,326

The oxidative addition of symmetric and non-symmetric
(including cyclic) azo compounds to tungsten d*-complex 71 has
been studied.??%-330 The structure of bisimido d°-complex formed
(Scheme 11) was confirmed by X-ray diffraction.

The reaction of dimeric d3,d3-complex [CpCrCl,], with four
equivalents of Me3SiN=NSiMej3 results in binuclear d!,d'-com-
plex 72, which contains, according to X-ray diffraction data, both
terminal and bridging ligands.33!

RN~ OAr /W OAr
N PMes

N

R'N”  OAr (55%)

Scheme 11

ol G0
(L = PMePhy) |~ (L = PMes)
O/W”””OAr
‘(prMm
7 N\ Z°N
N=N N
(')Ar (')Ar
=7 N -~ °N
g SW—0Ar SN oAr
PMC3 PME},
(51%)

Ar = 2,3,5,6-Ph4C¢H; L = PMes, PMePhs; R, R’ = Ph, 4-MeC¢Ha, Mes.
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ol

Cr + 4 Me3SiIN=NSiMe; —>
/N
Cl Cl |,

SiMe3

//Cr\N Cr\\ + 4 MesSiCl + 2 N,

Me3SiN ‘ NSiMe3

SiMC3

72 (42%)

A two-stage method for the synthesis of symmetric and
asymmetric bisimido uranium complexes 73 is based on the
reaction of azo compounds with the complex [(n°-CsMes),UCL.

.(NaCl)], which is formed in situ upon the reduction of decame-
321

thyluranocene dichloride with sodium amalgam.

1) Na/Hg
2) RN=NR/
—_—

—

R = R’ = Ph(92%); R = Ph, R' = SiMe; (70%).

Complexes 73 can also be prepared by imidation of the
complex (n3-CsMes),UCI, with azides or diphenylhydrazine.

Imidation of binuclear complexes containing multiply bonded
metal atoms follows a different route as compared with the
imidation of mononuclear complexes. The reaction of azobenzene
with binuclear complexes M>Clg(SMez); proceeds as the meta-

thesis of multiple bonds, M=M and N=N, to give imido dimers
74,332,333

L .cl NPh  SMe;
MeS, £/, \ SMe pyn=nph Clo, [l (€L, | Cl
WwM=——=M.., = /
ol Y, /, \ 1l Me,S Cl/ i \CI/ H \Cl
Cl S Cl SMe, NPh
Me; 74

M = Nb (55%), Ta (58%).

The reaction of azobenzene with the binuclear complexes
W,(u-H)(OPr'); and W(OPri)s(py)»,33* which also contain met-
al—metal multiple bonds, follows a more complex pattern, as
indicated by the formation of a mixture of products, including
clusters.

RO~Z/ \W R + PhN=NPh —>
RO NG O
ro. 2ROR
OR g OR N
PhN | O, | (OR . PEN-T | \NOR
RO” | Y07 | SNph v‘v/H\v‘v
OR R OR RO™ ~o— \'"OR

R = Pri. RO R OR

Imidation with hydrazine derivatives is usually a redox
process. In those cases where other reducing agents are present
or hydrazines undergo autooxidation, the initial electronic con-
figuration of the metal can be retained (see Section II.1.h);
however, more often, is oxidation state increases. The oxidative
imidation of transition metal complexes with hydrazine deriva-
tives can be exemplified by a one-stage synthesis of diimido
complex 75.31°

75 (98%)

The imidation of the binuclear complex W2(OCH:Bu')¢ on
treatment with 1,2-diphenylhydrazine is accompanied by oxida-
tive cleavage of the metal—metal triple bond to give imido
complex 76.33*

RO R
RO~y —=w..  + PhNH—NHPh “o>
/ \ 'OR
RO OR
NPh
. ROuLwOR | NH, + ROH
V< + >+
RO” | NOR
py
0,
R = CHoBut, 0(9%)

Conversely, the reaction of ammonium pertechnetate with
phenylhydrazide in the presence of phosphines and small amount
of a hydrohalic acid is accompanied by the reduction of techne-
tium giving rise to d>-complexes 77.33% 336
HX@a).L | phN=TcX;L,

77
X = Cl, Br; L = PPhs (68% —75%), PMePh, (30%).

NH,;TcOs + PANHNHAc

c. Imidation with organyl isocyanates

The imidation with isocyanates is usually a metathesis-type
reaction occurring without a change in the formal oxidation
state of the metal in the complex (see Section II.1.d). However,
there are some examples where complexes of metals in low
oxidation states are inserted into the N—C bond of isocyanates
to give azametallacyclopropane derivatives 78 (oxidative inser-
tion, Scheme 12), which can subsequently be converted into imido
complexes with elimination of carbon monoxide (path a) or form
imido carbonyl complexes (path b).

The d?-complex [(n°-Me3SiCsH4)>NbCl], coordinates phenyl
isocyanate PhNCO to give stable compound 79 (characterised by
X-ray diffraction). Thermolysis of complex 79 occurs with elim-
ination of carbon monoxide to give imido complex 80.337-339

Scheme 12
P (MJ=NR + CO
{M} + RN=C=0 —> {M}G — NR
N b 4
\ M
78 R CO
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cl
, phNco  PhN A v/
[CPANDCI, ———> | >=0 ———> Cp)Nb
Cp,Nb -co N
pz/ NPh

cl’ 79 (97%) 80 (80%)

Cp’ = n5-MesSiCsH,.

With diisocyanates [1,3- or 1,4-(OCN)>C¢Hy], binuclear imido
complexes 81 are formed.

o ()
NCO

[CPyNBCI], —————————»
(0]
[

Cp! Nb—N@ cl
I/ [, A,

Cl N—NbCp; _3co

|
(>90%) o]

—am{ )¢
N=NbCp}
Cl 81 (70%) P2

Cp’ = n5-MesSiCsHa.

Molybdenum and tungsten d*-complexes MCl,L4 also react
with various isocyanates RNCO; however, in this case, the
insertion of the complex into the C=N bond is not accompanied
by carbon monoxide evolution, but rather results in the formation
of d>imido carbonyl complexes 82.340-342 A series of binuclear
tungsten complexes 83 have been obtained in this way using
various diisocyanates OCN — Ar — NCQ.343.344

PPh,Me
RNCO RN%I\'/I/CI
oc” : al
PPh,Me
MCL(PPh;Me)s — 82 (55% ~88%)
MePhoP  Ar— PPhMe
0.5 OCN—Ar—NCO Cl\v'v// \\W/CI
—_—
M =W) a-~ :>co oc”: a
MePh,P PPh,Me

83 (40% —93%)

M = Mo, W; R = Bu!, SiMes;, Ph, 4-MeC¢H4; Ar= 1,4-C¢Hy,
1,4-(2-MGC6H3), 1,4-(2,3-M62C6H2), 1,4-(2,5-M€2C6H2), 1,4-C6Me4,
1,3-(4-MeCgH3), 1,3-CsHa, 1,5-CioHg, (4-CsH4)CH2(CeHy-4),

1, 1’-(2,6-M62C6H2-4-)2 y 1, 1/-(2-MBOC6H3-4-)2 .

A few examples are known where imidation with isocyanates
results in reduction of metal compounds having pronounced
oxidative properties. For example, osmium tetraoxide is reduced
by three equivalents of 2,6-PryCcH3NCO to give the imido
d2-complex (2,6-Pr5CsH3N=)30s in 50% yield.?*> It should be
noted that a similar reaction pattern is observed when OsQOy is
treated with trimethylsilylanilines (see Section II.2.e), whereas
trimethylsilyl derivatives of aliphatic amines and iminophosphor-
anes imidate osmium tetraoxide with retention of the oxidation
state.

The imido-deoxygenation of molybdenum oxotetrachloride
with excess 2,6-PryC¢H3NCO in p-xylene is also accompanied by
the reduction of molybdenum and results in imido d'-complex
84,346

p-M€2C6H4
—_—

MoOCl4 + 3 RNCO —Cco,

RN= MOC13L2
84 (45%)

R = 2,6-PriC¢Hs, L = 0

NHC¢H3Pry-2,6

d. Imidation with nitriles

Group 4 and 5 transition metal halides in intermediate oxidation
states can undergo redox reactions with nitriles to give binuclear
imido complexes, the diimido fragment of which is formed by
coupling of coordinated nitrile molecules. The mechanism of this
multistep process has not been studied in detail so far.

The reaction of the complex (TMEDA),TiCl, with acetoni-
trile is a typical example of this type of reactions. It was suggested
that the formation of binuclear complex 85 is due to dimerisation
of mononuclear carbene intermediates 86;347 however, the possi-
bility of stepwise (two-step) coupling to give, first, a single and
then a double carbon —carbon bond cannot be ruled out either.

A N
N || .Cl
N
2 Ti + 2MeCN —> 2 | >y Tid —
LN _°N ~N
w4 Cl | Ya
' N N—
k/ ~N N
) 86
. N=Ti—N
cl (fl G
O
/N// 'I\“lfN

AN 85 (34%)

In the reduction of niobium or tantalum tetrachlorides with
zinc in acetonitrile, a similar coupling of two nitrile molecules
takes place to give binuclear diimido complexes 87.348

2MCly + Zn + 2 MeCN —>

e

cl
MeCN.___ |
M
MeCN~" | =N
C

cl
o Nx.| NCMe + ZnCl,
| TNCMe
cl

—

M = Nb, Ta. 87

Under the action of an equimolar amount of tributyltin
hydride in 1,2-dimethoxyethane, niobium tetrachloride induces
hydrodimerisation of benzonitrile. Presumably, this reaction
involves successively the formation of the hydride CI3NbH,
insertion of benzonitrile into the Nb—H bond and recombination
of the CIzNb=N —C"(Ph)H radicals thus formed.34°

PhCN - BujSnH-DME

2 NbCly(THF), —Bu"SnCl
\‘\5\ Cl B
[0\\ €t Ph W6 %
R ,N ‘\
O,,,, | \N)\/ >Nb\ j
\ ¢! o/ N
Ph ¢y O

by

The reaction of trisamido complex Mo(NBu'Ar); with benzo-
nitrile gives diiminato complex 88, the nitrile coupling product.
Thermolysis of complex 88 is accompanied by homolytic cleavage
of the Bu'—N bond of the amido ligand followed by bond
redistribution in the molecule, resulting in binuclear imidoamide
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complex 89.3% The formation of rert-butyl radicals is confirmed
by the presence of their recombination and disproportionation

products.

Bu‘ArN\
‘ArNu,\ . PhCN
) Bu'ArN Mo
Bu'ArN
t
Bugfrﬁr,,l,\' \ Ph NArBu! A
/,,,/MON/g; rBu
ButArN TNTMO N ArBut
Ph NArBut
88 (70%)
Bu'ArN
Ph
Bu‘Aer,,) t
. //MoN—\gi //NArB“ + Bub + MexC=CH>
AN N=Molm NArBut
Ph NArBut
89

Ar = 3,5-M62C5H3.

e. Imidation with amines, lithium amides and
N-trimethylsilylamines

The imidation with amines and their lithium and trimethylsilyl
derivatives usually proceeds with no change in the formal oxida-
tion state of the metal (see Sections II.1.a—c). However, some
reactions are accompanied by an increase in the metal oxidation
state. This may be due to the action of some extraneous oxidant,
disproportionation processes or other reasons. Examples of
oxidative imidation of transition metal complexes involving
amines or lithium amides are given in Table 12.

A unique compound 90, which is the key derivative in the
chemistry of manganese imido d°-complexes, was prepared by the
reaction of manganese(11T) chloride with ButNHSiMejs in acetoni-
trile.

MnCly(MeCN); + ButNHSiMe; N,

—> (Bu'N =)3MnCl + MnCl, + Me;SiCl + Bu'NH»
90 (20%)

Presumably, complex 90 is formed in a multistep dispropor-
tionation of intermediate manganese compounds.338.339

Table 12. Synthesis of transition metal imido complexes by oxidative imidation with amines and their lithium derivatives.

Starting compound Imidating reagent Product Yield (%) Ref.
Bu‘\ ]T
N CH,Ph _ — But ArQ,, ! _
| >\ 2 RNH,-L (R = But, Ph) “Ti=NR 325
ArOH;Ti\ CH>Ph ArO” !
Ar0” L L
(Ar = 2,6-PryCHs,
L is 4-pyrrolidinopyridine) al
~CL,, CpiNb, N
Cp’sz\‘\ , NbCp 1,3- or 1,4-(HoN)>CeHa N@ 60-75 339
Cl N:/NbCp’z
(Cp’ = 1’-Me;SiCsHy) Cl
(meta- and para-isomers)
\\\Cl \\H
(nS-CsMesth‘\ RNHLIi (R = But, Ph) (nS—CsMes»Ta“\\ 83-90 318
THF - NR
Br =
| Bl :
(n>-CsMes)Cr7; \\N\\\C‘r(CsMes-nS) (PhS)NRLIi (R = Bu!, 4-MeCgHa, 30-59 351, 352
Br g, 2,6-PryCHs, 2-Bu'CqHa) Phs S
PhS NR
Q 1,2-(2-NH>CsH4)>CoHay Nl 46 353
Cl“‘}W(”’Cl O N
cl O
: : 2-NH,C¢H4PPh, : : 30 353
\\\\\W////,, W”///,
Qv "\l 2-Ph,PCHNT N\ Cl
Cl Cl NCsH4PPh,-2
ca a a | NSiBu}
Cldgy LS yw=C o . |
) \ / \ Na(THF); Bu}SiNHLi oW 5060 354
- \Cl/ ’ :
THF ¥ THF pusinN  NSiBu§
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Table 12 (continued).
Starting compound Imidating reagent Product Yield (%) Ref.
OPPh; NAr
Clu, | Cl Cl, |l Cl
N N/Ii{e\\Cl ArNH: (Ar = Ph, 4-CICcHy) CT\C 3 e\Cl 70-75 355
| N NCeHX-4 AN NCH X-4
(X = Me, Cl)
RBC14(OPP1’13)2 2-M€NHC6H4NH2 Z-MCNHC6H4N=R€C]4(OPP1’13) 22 356
Cl )
MC3P/,// ‘ \\\\\PMC3 . . 2,6-PTEC6H3N§ _,PMC}
ZiRu 2,6-PryCsH3NHLi - O, SRuz_ v 16 357
Me;P! (\:1 PMe; MesP” NC¢H3Pr5-2,6
For metal compounds with pronounced oxidative properties, R PPh,Me
the imidation reactions can be accompanied by reduction of the RN ' _al
metal. For example, on treatment with excess N-trimethylsilyl- WCl,(PPh,Me)y ——> \(\'W\Cl
alkylanilines, osmium tetraoxide undergoes reductive imidation \ lgPh M
to give tris(imido) d?>-complex 91 as the only osmium-containing R = Me.Ph 95 Ve

reaction product.!?®

0sO4 + ArNHSiMe; —> Os(=NAr);
91

Ar = 2,6-Me>CeH3 (46%), 2,6-PriCeHs (62%).

Itis of note that imidation of osmium tetraoxide with aliphatic
silylamines is not accompanied by its reduction (see
Section II.1.c).

Ammonium pertechnetate is also reduced by a mixture of 2,6-
diisopropylaniline and chlorotrimethylsilane in the presence of
pyridine to give monoimido d?-complex 92 (see Ref. 85, p. 268).

NHTcO4 + ArNH, + MesSiCl 2o ArN = TeCly(py)s

. 92
Ar = 2,6-Pr,CeHj3 .

It should be noted that no reduction of rhenium takes place in
the imidation of ammonium perrhenate under similar conditions
(see Section II.1.c).

f. Imidation with miscellaneous nitrogen-containing compounds
The use of other nitrogen-containing organic compounds as
sources of imido groups is a specific case. A few examples of
oxidative imidation of complexes of metals in low oxidation states
with carbodiimides, aldimines, ketimines, sulfodiimines, aziri-
dines, 2H-azirines and nitroso compounds have been reported.
Thus reactions of N,N'-di(tert-butyl)carbodiimide 34!-342.360
and ketimine 4-MeCsH4N=CR, (see Ref. 361) with molybde-
num and tungsten dichlorides MCl>L4 occur as oxidative addition
to give imidoisocyanide (93a,b) and imidocarbene (94) complexes.

L
Bu'N=C=NBu! BuIN§ | /Cl
/M\
pun=C_ : ¢
L
MCLL; — 93a (27%), b (24%)
L
4-MeCoHN=CR 4'MCC6H4N>\VL<C1
M =W) R,C— g Cl
9¢ L

M = Mo (a), W (b); L = PPhoMe; Ry = Me;, (CHa)s (45%).

The reaction of tungsten dichloride with N-substituted aziri-
dines is accompanied by ring opening and results in imidoethylene
complexes 95.362

2H-Azirines can also be cleaved by treatment with some
binuclear complexes of Group 6 metals to give various imido
complexes.303

N
/
Ar ‘
W(OBuY)s l l(n 5.CsMes):Mox(CO)4
Ar
Bu! MesC—C
BuO, O ,OBu' TR o
QW i t N C
Bu'O W OBu RN
Bu'O' ITI N*(‘::CMCQ :—_: Md(
Ar—C Ar /
i, Q
CMe, (78%)
(81%)

Ar = Ph, 4-Bu‘C6H4.

The reaction of niobium tetrachloride with an equimolar
amount of N-benzylidene-N-trimethylsilylamine results in the
formation of binuclear d°,d%-complex 96 with a diimido bridging
ligand.3#

N/SiMe3
NbCI(THF), + \ _DME _
* —Me;SiCl

Ph” H
(THF),Cl3Nb._

N
e
H™ “Ph
(THF),C5Nb=N Ph

—

(THF)ZCI,;Nb%N

A

H Ph

96 (60%) Ph N=NbCI5(THF),

The formation of complex 96 is believed to be due to
dimerisation of mononuclear radical intermediates.

The formation of imido complexes in the reactions with
nitrosoarenes and sulfodiimines follows a complex route and is
formally an oxidative addition of the metal to the nitrogen—
heteroatom bond. For example, d*-complex 71 is oxidised with
nitrosobenzene to give oxoimido d°-complex 97 and azoxyben-
zene.330
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Ph
Ph + 3 PhNO —>

Ph O/W\’”“/OAr

71 PMes
OAr
PhN_ .
— “W---OPMe; + PhN=NPh
o\ \
97 OAr o~

Ar = 2,3,5,6-Ph4CgH.

The reaction of two equivalents of nitrosobenzene with the
d3,d3-complex W»(OBu')s, containing multiply bonded metal
atoms, affords dimeric d°d%-complex 98 with bridging tert-
butoxide ligands and an oxygen atom.3** Thus, the outcome of
the process is asymmetric oxidative addition of nitrosobenzene to
metal sites accompanied by cleavage of the metal —metal bond.

Bu' Bu!
0,0 OBu

PhN_ S 0N\ §
W(OBut)s + 2 PhNO —> W W=
2(OBu')s Bu0™)) =0 \CNPh
Bu'O OBu!
98 (55% —60%)

Long-term  refluxing of the binuclear complex
[(M>-Cp)Mo(CO)s), with sulfodi(zerr-butyl)imine in benzene indu-
ces oxidative imido-decarbonylation to give disulfido complex 99

in low yield.3¢3
CO
NBu!
é< 1< é; A

0cmMo—MG" €O + BUN=S=NBu' —> Mg

// M \\\Mo
ocC . £
oC @ BuN @

99 (10%)

I11. Intramolecular imidation methods

The other strategy of the synthesis of transition metal imido
complexes is based on intramolecular formation of the imido
group in the metal complex from nitrogen-containing ligands of a
different type. Intramolecular imidation procedures are not so
numerous as intermolecular imidation methods and are less often
used in synthetic practice. The N-ligand precursors used to
construct the imido group are nitrido, amido and some other
ligands.

1. Transition metal nitrides

Complexes of transition metals of Group 6—8 with terminal
nitrido ligands are convenient substrates for the synthesis of
neutral and cationic imido complexes. The imido complexes are
formed upon an electrophilic attack by alkylating reagents on the
nitrogen atom of the nitride group of anionic or neutral transition
metal complexes (Scheme 13). Trialkyloxonium tetrafluorobo-
rate, methyl iodide, alkyl and trimethylsilyl triflates, tritylhexa-
fluorophosphate, and so on are used as alkylating reagents.

Scheme 13
N={M} + EX—>[E-N={M}]" X,
[N=M}]" + EX—>E-N={M}+X".

A kinetic study of the reaction of the nitrido complex
(NBu})[N=0s(CH,SiMe3)4] with methyl iodide has shown that
the reaction is first order with respect to each reactant, which is
indicative of the Sn2 mechanism.3%¢ 1t is worth noting that only
electron-enriched nitrido complexes, for example, osmium and
ruthenium nitride s- and p-complexes and molybdenum, tungsten,
rhenium and osmium complexes with S-, O- and N-ligands possess
nucleophilicity sufficient for this electrophilic attack. Table 13
presents examples of the use of Group 6-8 transition metal
nitrido complexes for the synthesis of the corresponding imido
complexes.

Table 13. Synthesis of Group 6—8 transition metal imido complexes by alkylation of nitrides.

Starting compound Alkylating agent Product Yield (%) Ref.
N=Mo(S2CNR>); [Me3;O]BF,, Mel [R'N=MOo(S2CNR>);]* X~ — 367,368
(R = Me, Et; Rz = (CH2)4) 2,4-(N02)2C5H3Cl, Ph3CBF4 (R/ = Me, 2,4-(N02)2C6H3 5 Ph3C)
N ! +
I Mel IR ] R’ = Me 92 369
MOuNBuAr Me;SiOTf MouuNguar X7 R'=MesSi 89 369
ArBu'N NBu'Ar ArBu'N NBu'Ar
(AI‘ = 3,5-M62C(,H3)
MesSi . . , +
. NN,,@/W _SiMes M°3S‘\N,,// R SiMJ
MesSi M—N . A
e3SI\N< ! MeOTf, MesSiOTf MesSi o VN OTt- 79-93 370
o o
(M = Mo, W) (R’ = Me, MesSi)
H H t
a Vi /!
N NADN MeOTf N NADN i R = Me 70 371
i I\\IO 0 PhyCPF o 1‘\10 l]o X R =CPhy - 372
OC\\\\\ OC\\\\\
A N
oC N ocC NR
N= RC(SZCNEtz)z(PMBQPh) Ph3CPF¢ [Ph3CN:RG(SQCNEtz)z(PMezPh)] +PF6_ 85 373
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Table 13 (continued).
Starting compound Imidating reagent Product Yield (%) Ref.
N Ph NCPhy  Ph
S\”””Re””””’s Ph Ph;P/S”’mR \\\\\S\p‘Ph
//, W / N\
p P! PhsCBE /1NN 53 374
-~ S S N 3 4 N5 ~
Ph \(/ Q\ Ph TS F S "
Bhoph Ph Ph Ph
—‘ +
Co,, Co,,
EOpp -\ P(OED; PhsCBF, (EtO)aP/ \" P(OED, =CPh; 60 375
i (E1O):P O MeOTf | (B0 I <~ R =Me 58 375
\ , BnBr 0 ,Q & R’ = Bn 41 375
wR \\\Re
Ph:sPU PhsPUR
a N & TR
N - NR’
il T R'OTf (R" = Me, Et, MesSi), Il — 366, 376,
RO R (BuzN)™* [Me;O]BF,, [Et;0]BF,, Mel RO R 377
R R R R
(R = Me, CH,SiMes;, CH,Ph) (R" = Me, Et, MesSi)
; ; j +
. MeOTf Y - 90 378
Ngoi "/CH,SiMes MeN/O{ "CHSiMes O
CHzSiMC3 CH251Me3
N - NCPh;
ll T s I S
SHH;O{H\HS (Buiny PhsCPF Qg 58 379
S S S
N - NSiMe
W] ) _ o
RoRW (BuiN)* Me;SiOTT RosRU 92 380
R R R R

(R = CH,SiMes)

2. Transition metal amides

Intramolecular imidation methods based on the transformation of
amido ligands have been reported. In this case, imido ligands are
formed upon either 1,2-elimination of fragments of the initial
amide groups or intramolecular interligand transfer of a hydrogen
atom or trialkylsilyl groups.

a. Synthesis of imido complexes with elimination of an amido group
fragment
An imido ligand may be formed from an amide ligand upon
elimination of molecules such as trialkylsilyl halides, primary and
secondary amines, alkanes, hydrogen halides, ezc. Depending on
the structure of the starting amido complex and the nature of the
leaving molecule, these reactions may be induced thermally or
chemically. In some cases, a combination of these variants is used.
Trimethylsilylamidometal chloride easily eliminate chlorotri-
methylsilane in the presence of various n-donor compounds L
The formation of a stronger Si— Cl bond and steric crowding in
the metal coordination environment arising upon the formation of
adducts with n-donors are apparently the driving forces of the
process.
R R
/
N

nL
{M}< \SiMes - {M}? + MesSiCl
Cl L,
On treatment of the complex TiCl3[N(SiMes),] with pyridine,

a MesSiCl molecule is eliminated to give the imido complex

Me3SiN=TiCly(py),.?®' The same is observed for the tantalum
diamido complex TaCl3[N(SiMes)2]> on treatment with tetra-
hydrofuran.3$?

N(SiMC3)2 N(SiM€3)2
T nsinper, —E s o
Cl““/ \ N(SiMes)> —Me;sicl. CI \\N51Meg
Ccl Cl THF (I
(95%)

Elimination of chlorotrimethylsilane can take place sponta-
neously in the synthesis of bis(trimethylsilyl)amido complexes or
in parallel with other transformations. For instance, on treatment
of TaCl3[N(SiMes)z]» with trimethylsilyl halides, elimination of
trimethylsilyl chloride, resulting in dimeric imido complexes 100,
takes place in parallel with ligand exchange.!63382

N(SiMC3)2 NSiMC3
‘T MeSX MessiN \T\\\\\ “olN(SiM
a1 R —N(siMer), —Messiclr MeSINTTA Ta=N(SiMes),

cl MesSiN

100
X = Br (25%), 1 (75%).

Upon the reaction of equimolar amounts of the complex
(n3-CsMes)TaCly and dilithium derivative of 2,2'-bis(trimethyl-
silylamino)biphenyl, amido —imido complex 101 was isolated; the
complex is obviously formed upon spontaneous elimination of
chlorotrimethylsilane from the reaction intermediate.383
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Me3si
NLi NLi

SiMQz

}é

Ta
Ve ne
N N\SiME3

—2 LiCl, —Me;SiCl O Q

101 (68%)

Cl“‘”‘/‘Ti”””Cl
Cl

The reaction of the complexes (n>-CsMes)MCly (M = Ta,
Nb) with one 38+ or two 97 equivalents of lithium hexamethyldi-
sylazide proceeds in a similar way

LiN(SiMes)> ﬁ
—LiCl, —MesSiCl wM
, N
: Cl NSiMes
- M = Nb, Ta (30% —40%)
\\\\\\\M//m, g
ay N\ (M = Ta),
cl 2 LiN(SiMes),
~LICL —MesSICL - cpia
(MC}Si)zN NSIM63

It is noteworthy that spontaneous elimination of chlorotrime-
thylsilane is apparently the key step in the formation of the imido
complexes in the reaction of transition metal polyhalides with
bis(trimethylsilyl)amines (see Section II.1.c).

Polyamido (more rarely, alkylamido) complexes eliminate
amines (alkanes) on treatment with n-donor compounds or on
heating, resulting in the formation of imido products.

NHR NR
{M}< LI {M}\/{ + XH
X L,
X = NHR, Alk.

Examples of the use of this synthetic approach are listed in
Table 14.

In some cases, thermolysis of polyamido complexes leading to
imido products occurs in a more complicated way. Thus thermo-
lysis of homoleptic sterically hindered complex Nb(NMeBu")s
involves elimination of butylmethylamine and but-1-ene, which
affords mixed amido-imido complex 102 in low yield.?!

Thermolysis of the complexes Ta(NR2)s proceeds in a similar
way.392.393

A
M(NRR')s ——» RN=M(NRR'); + HNRR’ + alkenes
102
M = Nb: R = Bu?, R’ = Me;
Me = Ta: R = R’ = Et (35% —-47%), Pr", Bu®; R = Bu", R’ = Me.

Table 14. Synthesis of transition metal imido complexes from amides by elimination of amines and alkanes.

Starting compound Reaction conditions Product Yield (%) Ref.
(Bu}SiNH);TiCl THF, A Bu}SiN=Ti(NHSiBu})CI(THF) 83 385
ﬁ py, A 76 386

AU NHAr Ay
ArHN"  NHAr AN NHAr
(Ar = 2,6-PrbCsH3)

A
(HAr ArHN, ]

/M(’”NHAr 4-pyrrolidinopyridine (L) AN =NAr 40-170 387, 388
ArHN NHAr '

(M = Zr, Hf: Ar = 2,6-PrbCqHs)
P ‘

/M(’”NHPh 4-pyrrolidinopyridine (L) RO;’]\;/I:NPh 40 (Zr) 325,387,
PhHN" DR i 388
(M = Ti: R = 2,6-PryC¢Hs,

2,6-Ph2C6H3;
M = Zr: R = 2,6-Bu5C6Hs)
oz X coge THF
PaZr THF, A PaZr s 69-72 389

SNHR SNR

(R = Bu, R’ = Meg;
R = 2,6-Me,>CgH3, SiMe,But,
R’ = CH,BuY)

NSiBu} 1\‘ISiBu§

I ‘

/Ta\/m,, Me py, A Mem}\/T Qpy 68 45
BuiSiHN  Me BuiSiN py
«NHR WTHF
THF, A (T]S-CsMes)gU\ — 390

(T]S-CsMes)zU \\
NHR

(R = But, Et, 2,6-Me>CeH3)

SNR
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Neutral and cationic monoalkyl- and monoarylamido com-
plexes can be deprotonated under the action of nitrogenous bases
to give the corresponding imido products. The cationic complex
103 is deprotonated with diazabicyclo[5.4.0Jundecene (DBU) to
give neutral imido complex 104.132

- 1+

N“\\\\W\ HN"““W\Me
; OTf— f + DBU-HOTf
104 (83%)

The amidocarbyne complex Bu'C= RG(NHC(,H}Prlz-Z,()).
.Cl3(py) is also deprotonated with DBU in the presence of pyridine
to give imidocarbyne complex 105.3%*

ArHN BU. py

N
ReCly(py) >/ReClz(py)2 + DBU-HCI

7
B ‘/ But! 0
u w105 (75%)

Ar = 2,6-PryC¢H;.

Half-sandwich titanium imido complex 106 was prepared by
deprotonation of tert-butylamido complex 107 with lithium
hexamethyldisilazide.3?

SiMe 3

+ LiN(SiMes), —o»

107
SiMe3
— Ti + HN(SiMe3), + LiCl
Bu'N py
106

The only, to our knowledge, nickel complex 108 with a
terminal imido group was synthesised in a similar way.3%¢

Bul +
P | pre

\
[ /Ni*NHAr

P
Bu)

+ LiN(SiMe3)2

—
Bu}
P
—> [ /Ni:NAr + HN(SiMes), + LiPFs
Bu}
108 (65%)
Ar = 2,6-PriCeHs.
Examples of transformations of monoamido complexes into
imido complexes upon abstraction of a hydride ion are known.

Thus amido carbonyl complexes 109 are converted into cationic
imido products 110a—d under the action of trityl cation.37% 397

Tp'W(CO),NHR + Phi;C*PF; —>
109a—d
— > [Tp'W(CO)(=NR)]*PF; + Ph;CH
110a—d (78% —86%)

R = Bu" (a), But (b), Ph (¢), CH,Ph (d).

The complexes Tp'W(CO)>(NHR) (109b,c) and the related
complex Tp'W(CO)(PhC=CMe)(NHPh) (111) are oxidised to
the corresponding imido derivatives 112 and 113 under the action
of molecular iodine. 38

15}
Tp'W(CO)(NHR) ———> [Tp/W(COR(=NR)]“I-
109b.c 112

R = Bu' (b), Ph (¢).
I, Et3N, NaBAry
—»

[Tp'W(CO)(MeC=CPh)(NHPh)] — L BN

111

— »  [Tp'W(CO)(MeC=CPh)(=NPh)]* BArj
113 (79%)
Ar = C¢H3(CF3)2-3,5.

b. Synthesis of imido complexes through intramolecular migration
of an amido group fragment

In some cases, imido complexes of Group 5—7 transition metals
are formed upon intramolecular rearrangement of amido, mainly
oxotrimethylsilylamido, complexes. In the synthesis of these
complexes, spontancous 1,3-migration of the trimethylsilyl
group from the nitrogen atom of the amido ligand to the oxo
group often takes place.

ﬂr—\/SiMeg
L,M—N
SR

OSiMe;
—> L,M=NR

Thus, the reaction of VOCI; with three equivalents of
NaN(SiMejs), results in the imido complex Me3SiN=V(OSiMes).
[N(SiMe3),]».3%° Presumably, the reaction involves intermediate
formation  of the wunstable oxotriamido  complex
O=V][N(SiMes)z]s, which is spontaneously rearranged to the
final product.

The reaction of the oxo complex O=V(0SiMej3),Cl with two
equivalents of fert-butyl(trimethylsilyl)amine yielded the complex
Bu'N=V(0OSiMej3);. This product may have formed upon 1,3-
migration of the trimethylsilyl group in the intermediate oxo-
amido complex 114.1%°

o)
AN i 2 Bu'NHSiMe;
V(OSIM€3)2 N
— [Bu'NH,SiMes]* Cl—
Cl
N
V(OSIM63)2

[ad SiM63
—_—

—— Me;SifN Bu‘N:V(OSiMe3)3

Bu' 114

The reaction of chromyl chloride with hexamethyldisilazane
has been shown to furnish dioxoamido d°-complex 115a. Treat-
ment of the latter with excess pyridine results in its reduction
accompanied by 1,3-migration of the trimethylsilyl group to give
dimeric imido d'-complex 116, the structure of which was con-

4 (MesSi)>NH

MO,Cl, ponmpa MOANGMesal >
—2 (Me3Si);NH; Cl 115a.b
S‘iMe3
Me;SiN
2py U\ 0N 7 0
e pym»cr\ Cq\umpy
(‘) NSiMe;
116 (30%) SiMes

(Me3SiN=),Mo(OSiMe3),
117

(M = Mo)

M = Cr (a), Mo (b).
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firmed by X-ray diffraction.’® The reaction of molybdenum
dioxodichloride with hexamethyldisilazane yields diimido com-
plex 117. By analogy with the previous case, this outcome was
attributed to the intramolecular rearrangement of dioxodiamido
complex 115b.

The formation of the rhenium imido complex
(Me3SiN=),Re(OSiMe3),[N(SiMes)>] in the reaction of ReO3X
(X = Cl, OSiMes) with three equivalents of LiN(SiMes), appa-
rently also includes 1,3-migration of the SiMes group.4%°

Yet another type of intramolecular rearrangement resulting in
imido complexes is observed for monoarylamidocarbyne com-
plexes. In particular, it was shown that triethylamine induces
interligand migration of the proton in amidocarbyne complexes of
molybdenum (1182)'°! and tungsten (118b),'%3-401 resulting in
imidocarbene complexes 119a,b.

\ \
Cl cl
ArHN_ T O BN ~H AN 0
M —= M
A H
Bu” & P a P
Cl / But /
118a,b 119a,b

M = Mo (a), W (b); Ar = 2,6-PryCsH3.

Rhenium amidocarbyne complexes behave in a similar way.
On treatment of dimer 120 with six equivalents of potassium
polyhalogenophenoxides, proton migration from the amido
group to the carbyne group to give imidocarbene complexes 121
takes place in addition to the replacement of chlorine atoms.*0?

Bu!
Bu!
I ArOK |
AtHN—Re—Cl | > 2 AIN=—Rg—OAY
a’ ‘a |, A’0”  TOAY
120 121

AI' = 2,6-Pri2C6H3; Ar’ = 2,6-C12C6H3 (67%), C6F5 (78%), C6C15 (48%).

3. Transition metal complexes with other types of nitrogen-
containing ligands

Metal complexes with other types of nitrogen-containing ligands
can also be used to synthesise imido complexes. In particular,
examples of transformation of metal-coordinated primary
amines, nitriles, nitrosoarene, nitrosyl and some other ligands
into imido ligands have been reported.

Thus osmium porphyrin complexes containing coordinated
tert-butylamine are oxidised under aerobic conditions to give
imido derivatives 122.403
BulNHa THE  por)Os(=NBut),

0> 122

(Por)Os(H2NBu'),

Por = TTP (68%), TPP (70%), 4-CI-TPP (75%),
3,4,5-(MeO)3-TPP (72%) (Ar = 3,4,5-(MeO);CsHa,
see notation in Table 10).

Rhenium nitrosoarene complex 123 is converted into imido
complexes under the action of oxophilic tertiary phosphines or
isocyanides. 404

CyNC
—> ReCl3(=NAr)(CNCy),
ReCl3(ArNO)(OPPhz) — L
123 L——» ReCl3(=NAr)L, + 2LO

L = PhsP, PhEt,P.

Examples of spontaneous rearrangements of dialkyl(aryl)-
nitroso complexes of Group 6 metals involving nitrogen —oxygen
bond cleavage and resulting in imido complexes have been

described. The reaction of nitrosyl complex 124 with diarylmag-
nesium leads to imido complex 125495 with one c-aryl ligand,
which was characterised by X-ray diffraction. This product is
believed to result from the rearrangement of unstable intermediate
bis(c-aryl) complex 126.

1‘\10
Cru Ar,Mg(dioxane),
o m0,cpp B,
PiNT \ V2
? 0,CPh

124

NO lﬁIAr

PN AT T oA

Ar NPrh
126 125

Ar = 2-MCC6H4.

A similar transformation occurs on storage of dimethylnitro-
syl complex 127 in solution. According to X-ray diffraction data,
the rearrangement of complex 127 gives dimer 128 comprising
fragments of the intramolecular rearrangement product and the
starting complex moieties.*0°

Mo,
bz "Me
MeN 7\
/NO
2 Mo, —> N
- "Me Mo
ON \N[C Me<§
127 Me
128 (56%)

Replacement of the counter-ion in the cationic complex trans-
[CrCl(MeCN)(dmpe),] ¥ (BPhg) ~ (dmpe is MePCH,CH,PMes)
on treatment with barium triflate in methanol involves a redox
process resulting in the ethylimido d2-complex trans-
[EtN=CrCl(dmpe),] " (OTf)~ in parallel with the protonation
of the coordinated acetonitrile molecule.*?” The formation of the
ethylimido d2-complex was confirmed by both spectroscopy and
X-ray diffraction.

Examples of modification of an imido ligand directly within
the complex are documented. It was demonstrated that imido
complex 129 can be used in the palladium-catalysed Sonogashira
cross-coupling, which opens the way to various metal complexes
containing conjugated systems of multiple bonds408-410
(Scheme 14).

Recently, the possibility of elongation of the carbon chain in
the alkylimido group by one methylene unit as a result of
consecutive deprotonation and alkylation of the cationic methyl-
imido complex 130 was demonstrated. It was shown that the
complex can be deprotonated to the ketimido derivative 131,
which, in turn, is readily alkylated with methyl iodide to give
compound 132, a homologue of the starting complex.3¢°

v

i - LiN(SiMes)s
ArBuN” N NBU'Ar ~NH(SiMey),. — Ll
rbu NBu'Ar
130
CH, .
lu g
e M -
. /M(Q’”NButAr . /MO'””NBu‘Ar
ArBUN"  Nputar ABUN™  Nipyiar
131 (62%) 132 (96%)

Ar = 3,5-M62C(,H3.
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Scheme 14
(BujN)2 | {MocO15}=N ——Ar (BuzN)4 [{MoO15}=N O — O N=—={MogO1s}
(72% —85%) (78%)
a Tb
(BuzN)2 [{MogOis}=N I
129
c l id
Bu'CH-»O
(BUEN)Z {MOsO]s}:N — Fc (BUXN)4 {MOﬁO]g}:N \ / — \ / — \ / N:{Mosolg}
. OCH,Bu!
(69.4%) (81%)

(@) HC= CAr—Pd(PPh3),Cls (At = 3,5-BubCsHs, 4-MeCgHy), CuCl, EtsN; (b) (BuiN)3[{MogO1s} = N(4-HC = C-2,6-MeaCgHb)] - Pd(PPh3)>Cla, Cul,
Et3N, K2C03; (C) HC=CFc— Pd(PPh3)2C12, Cul, Et3N; (d) 3,()-(HC = C)2-1,4-(Bu‘CH20)2C6H27 Pd(PPh3)2C12,Cul, Et3N, K2C03 .

We would like to add that the possibility of converting metal
ketimides into imido complexes was first demonstrated for com-
plex 133. In particular, this was found to be readily methylated
with methyl fluorosulfate to give cationic complex 134.41!

PEt,Ph PEt,Ph
s s
HC=N—Re--PY + MeOSOF —> | EIN=Re---PY | SO3F
" PELPR " PELP
133 134 (62%)

For the synthesis of tungsten imido carbonyls 135, zwitter-
ionic complex 136 can be used. The latter is smoothly oxidised
with iodine, bromine or phosphorus pentachloride with N—N
bond cleavage to give binuclear complexes 135 with bridging
halogen atoms. 12415

Ph
(CO)SW\ . />*OM6 X5 or PCls
2 N—N —
/0 N\
Ph Ph
136
NPh  NPh
oc, || X, || .co  Ph | OMe
AN/ TN
oc” | | ~co N
X XX Sph
135

X = 1(76%), Br (13%), C1 (63%).

IV. Conclusion

The chemistry of transition metal imido complexes has long
aroused particular interest owing to the remarkable ability of
imido ligands to stabilise transition metals in higher oxidation
states. The introduction of imido ligands into the coordination
environment allowed, for example, preparation and character-
isation of organic derivatives of chromium(Vl) and manga-

nese(VII), i.e., the elements the oxides of which are classical
oxidants used in organic chemistry.

Over the last 15 years, the focus has moved toward the
application of transition metal imides, which has, in turn, stimu-
lated the development of new methods for the synthesis of metal
imido complexes of diverse structural types. Currently, the
reactions of a broad range of nitrogen-containing reagents with
transition metal compounds have been studied in sufficient detail,
the features of these reactions were revealed and their synthetic
potential was demonstrated.

A wide diversity of imido complexes was attained, first of all,
owing to the use of intermolecular imidation methods. Currently,
it can hardly be expected that the range of imidating reagents
would be extended; further development of intermolecular imida-
tion methods is possible, most of all, through the use of new
transition metal-containing substrates and new types of imido
ligands, in particular, heteroarylimido ligands. The progress in
this field may also be connected with modern quantum-mechan-
ical calculations of potential energy surface fragments. Such
calculations are now virtually missing, and detailed structures of
the transition states often remain obscure.

The methodology of intramolecular imidation has been devel-
oped less extensively than the intermolecular imidation strategy;
therefore, there are grounds for expecting fruitful development of
this line of research. In our opinion, the most interesting prospects
are related to selective inner-sphere modification of the imido
ligands, for example, functionalisation, elongation of the organic
group, design of polymeric or dendrimeric molecules. Examples of
such modifications are still few, but further development of this
field would favour the synthesis of new promising compounds and
material based on them.
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