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1. Abbreviations

acac 2,4-pentanedionato

Ar aryl

BAEN 4,9-dimethyl-5,8-diazadodeca-4,8-diene-
2,11-dione

Bpy 2,2’-bipyridine

Bu”® n-butyl

Bu! tert-butyl

CDT 1,5,9-cyclododecatriene
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COD 1,5-cyclooctadiene

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl

Cy cyclohexyl

DABCO 1,4-diazabicyclo[2.2.2]octane

DBA dibenzylideneacetone

dcpe (dicyclohexylphosphino)ethane
dmba 2-((dimethylamino)methyl)phenyl
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dme 1,2-dimethoxyethane

dppe bis(diphenylphosphino)ethane

dppm bis(diphenylphosphino)methane

Et ethyl

MA maleic anhydride

Me methyl

o-phen 1,10-phenanthroline

Ph phenyl

PPN bis(triphenylphosphoranylidene)am-
. monium

Pr isopropyl

Py pyridine

8-mq 8-quinolylmethyl

RT room temperature

salen N,N"ethylenebis(salicylaminato)dianion

THF tetrahydrofuran

TMEDA N,N,N’,N-tetramethylethylenediamine

Ts p-toluenesulfonyl

2. Introduction

For many, the name “isocyanate” became unfortu-
nately associated with the tragic evening of December
2, 1984, where an accident in Union Carbide’s Bhopal
plant caused the death of more than 1700 people and
170000 intoxications by methyl isocyanate. Methyl
isocyanate is a highly toxic reagent, used in the syn-
thesis of, e.g., carbaryl, an insecticide derived from
a-naphthol. This toxicity is a general feature for these
chemicals, and their use therefore requires careful
handling. Nevertheless, organic isocyanates are pow-
erful tools in organic synthesis!™ and are used indus-
trially, in particular in polymer chemistry, where they
find their widest application in the manufacture of
polyurethanes by addition to dihydroxy compounds.*
They are also employed as useful reagents or sometimes
involved as intermediates in the synthesis of urea and
carbamate derivatives which find application as agro-
chemicals and/or as pharmaceuticals. Generally, iso-
cyanates easily undergo polar cycloadditions with a
large variety of unsaturated substrates.>® Some of these
reactions are promoted and/or catalyzed by transi-
tion-metal complexes. However, relatively little is
known about the organometallic chemistry of organic
isocyanates, in particular about their coordination
ability toward one or more metallic center(s) and about
their chemical transformations in the coordination
sphere of a metal.

Complexes with coordinated isocyanate ligands are
thought to be intermediates in the transition-metal-
catalyzed conversion of nitro compounds to urea de-
rivatives, carbodiimides, or isocyanates.”1° If organic
isocyanates can act as sources of nitrene species by
reaction with transition-metal complexes,!?™ they may,
in turn, be generated by coupling of precoordinated
nitrene with carbonyl ligands!2-1527¢ or by the metal-
assisted conversion of carbon dioxide and primary
amines.'® Reactions avoiding the use of phosgene, the
typical reagent for the synthesis of isocyanates, may
find significant industrial applications. Finally, studies
with organic isocyanates can serve as useful models for
the chemical behavior of carbon dioxide,'” as far as the
mode of attachment to the metal and/or the reaction
of the coordinated species is concerned. These aspects
and their relationship to homogenous catalysis will be
examined in the following sections.!6?
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3. Transition-Metal Complexes Having an
Organic Isocyanate Ligand

There is an extensive literature on metal-catalyzed
reactions of CO and amines to form organic isocyanates,
ureas, and formamides, but relatively few reports have
systematically examined their coordinating ability on
a metallic center. In fact, isocyanates, like other het-
eroallenes (X=C=Y in the following), may display
several coordination modes. Carbon dioxide has weak
coordinating properties that might be increased by the
introduction of an amido function (X = NR), which also
results in polarization of the double bonds and thus in
increased reactivity. Therefore, isocyanates are suitable
reagents to help us better understand the chemical
behavior of CO,. The proposed bonding modes usually
rest on spectroscopic data (mainly infrared spectros-
copy) and some of them may sometimes have been
misinterpreted (vide infra).!#20 Generally, they are
bound in an #2C,N side-on manner to a metal center.
Paradoxically, in the cases where the structure of iso-
cyanate complexes has been unequivocally determined
by X-ray diffraction methods, binuclear or trinuclear
arrangements were observed which involved u; or
coordination modes (see Table I). Thus, Brennan and
Andersen reported the structure of a u-n!,n?-coordinated
phenyl isocyanate molecule linking two uranium centers
in 1.7 The isocyanate ligand is bridging the two U-

Q
K }‘>czfg;§

~ Y

(u-CsH,Me); units and is #?-C,N side-on bonded to one
uranium and »'-O bonded to the other. It is best rep-
resented by the valence bond structure PhN=C—0
resulting from a one-electron transfer from each U(y-
CsH Me); unit. Such a bonding mode is not unusual
for heterocumulenes, and complexes with bridging
carbon disulfide are known for nickel, palladium, and
platinum?3®-3% as well as nickel complexes bridged by
carbon dioxide.® It is noteworthy that complex 1 does
not liberate CO even after heating, in contrast to other
isocyanate complexes (vide infra).

Cotton and Shamshoum reported the structure of
W4(OCMey)e(u-PhNCO) (2).3! In this complex, phenyl
isocyanate behaves as an asymmetric bridging ligand.

_Ph
O‘C’ N

{e-auo),\\lv/-:\w/(n-auo),

2

Complex 2 is an intermediate that could be isolated at
low temperature (vide infra) in the reaction of Wy-
(OBu)¢ with phenyl isocyanate leading to [W(OBuf)4-
{u-PhNC(0)OBut}],. Formation of 2 is best understood
as resulting from the breaking of one W-W = bond,
followed by interaction with a biradical form of the new
ligand, so that a total of three electron pairs become
engaged in the bonding of PANCO to the ditungsten
core.

Phenyl isocyanate in 3 and the diazo isocyanate
Bu‘CH=NNCO in 4 behave as four-electron donor
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TABLE 1. Transition-Metal Complexes with an Organic Isocyanate as a Ligand®

entry precursor complex?® isolated complex comments ref
With Alkyl and Aryl Isocyanates
1  CoH{(Ph,PCH,CH,);N} [Cof(PhyPCH,CH,);N}(PhNCO)][BPh,] unstable complex; IR 2800, 1630, 1610, 1345 cm™! 21
2a Na[Fe(CO),Cp] (FeCp)3(CO),(CH;NCO) (5) prepared from chloromethy! isocyanate; IR 2120, 2023, 22
1973, 1764 cm™!
2b  IrCp*(NBu?) IrCp*(CO)(Bu*NCO) 27¢c
2¢  Ir,Cp*p(u-0), Ir,Cp*s(u-NR)o(u-72--RNCO) 27b
(R = Ph, p-C¢HMe)
3 Na[Mo(C0);Cp] MoCp(CO)3(CH,NCO) prepared from chloromethyl isocyanate; IR 2270, 2033, 22
1959, 1950 cm™! (the isocyanate group is not
coordinated to the metal center)
4 Mo(Ny),(dppe), Mo(RCeHNCO),(dppe), (7) 72-C,0-bonding model proposed; IR 1620 cm™! 23
(R = H, p-CH;,, p-C})
5  Nb(n-CsH,SiMe;),Cl Nb(#-CsH,SiMe;),CL{PhNCO) IR 1720 cm! 24
6  Ni(PPh,),(COD) Ni(PPhy),(PhNCO) (8) decarbonylation at 20 °C; IR 1763 cm™ 25
7  Ni(Bu'NC), Ni(Bu*NC),(Bu*NCO) complex too unstable for complete characterization; IR 26
2080, 2000 cm!
8 [ReCl(CONHMe)(dppe);][C10,] ReCl(n>-MeNCO)(dppe), (9) IR 1835 cm™! 19
9  [RhCHCgH,y),l2 [RhCl(PCy;),(PhNCO)] light-sensitive complex; IR 1842, 1589, 1333 ¢cm™! 27a
10a  RhCl(PPhy), [RhCH(PPhy),(PhNCO)], 28
10b  Rhy(u-NHMe)(CO)y(u-dppm)-  Rhy(u-n-RNCQ)(CO),(u-dppm), IR »(CO) 1963, 1946 cm™ 161
(u-Ph,PCHPPh,) (R = Me, Ph, p-C¢H Me)
11 {U(»-CsHMe)y}- THF {U(n-CsH Me) 3}y (u-1*,7-PhNCO) (1) X-ray structure 29
12 RugH(CO);o(NHPh) [PPN][RuzH(CO)g(5-PhNCO)] (PPN-3) X-ray structure; IR 1610 cm™! 30
13 W,(OBu)s W,(OBu?){u-PhNC(0)} (2) X-ray structure 31
With Acyl and Aroyl Isocyanates
14  IrCHCO)(PPhy), IrCl(PPh,),{RC(O)NCO} (11) equivocal coordination mode proposed; see ref 19 18
(R = 2-furyl, Ph, p-C¢gHNO,,
p-CeHMe, p-C¢H,OMe)
15  Pd(DBA)(Bpy) Pd{C(O)N=C(Ph)X}(Bpy) IR 1630 (X = 0), 1620 (X = 8) cm™! 32
16  Re(CO),(NO)(PPhy), Re(CO)(NO)(PPh;),{RC(O)NCO} IR 1960, 1730 cm™! 33
(R = Ph, p-C¢H Me)
17  RhCl(PPhy), [RhCl(PPhy),{PhCONCO}], (12) IR 1710 cm™ 32
18  RhCl(PPhy), RhCl(CO)(PPha)Q{C(O)N=C(Ph)S} IR 1623 cm™! 32
19  RhCHCO)(PPh;), ﬁCl(CO)(PPha)Q{C(O)N=C(Ph)S} IR 1623 cm™ 32
20  [Rh(COD)(Bpy)][BPh,] [Rh(PPha)z(BDY){C(O)N=C(Ph)X}]- IR 1623 (X = 0), 1620 (X = S) cm™! 32
(BPh,]
21  [Rh(COD)(o-phen)][BPh,] + [l{h(PPha)z(o-phen){C(O)N=C(Ph)X}]- IR 1628 (X = 0), 1615 (X = 8) cm™! 32
PPh, [BPh,] (13)
22  Ru(CO);(PPhy), Ru(CO)g(PPha),{C(O)N=C(R)0} IR 1575 (R = Ph), 1600 (R = p-CsH,Me) cm™! 34
With Sulfonyl Isocyanates
23 Ru(CO)3(PPhy), Ru(CO),(PPhy),y{p-CH;CH SO, NCO} IR 1565 (C=0) and 1235, 1130 (S = 0) cm™! 34
With Other Isocyanates
24 Os;(u-H),(CO)s(PMe,Ph) Os3(1-H)5(CO)g{us-ButCH=NNC(0)}- X-ray structure 35

(PMe,Ph) (4)
3The metals are listed alphabetically.

ligands, u3 coordinated to the Ru,® or Osg3 cores, re-
spectively (Table I, entries 12 and 24).

. Bul_H
3o R
(00),RiA—Ru(co) oc-oiNi=beico
D / \\\ / ]
) ot %)
3 4

A particular bonding mode has been proposed for the
trinuclear iron complex (FeCp);(CO)(CH,NCO) (5)

obtained in low yield by treatment of Na[Fe(CO),Cp]
with chloromethyl isocyanate.?? The proposed structure

is based on 'H NMR and infrared spectroscopy (Table
I, entry 2a). The isocyanate group is thought to be
7-C,N-coordinated to two iron atoms. The related
molybdenum complex Mo(CO),Cp(CH,NCO), prepared
by a similar method, was found to be mononuclear with
no interaction of the isocyanate group with the metal
(Table I, entry 3).

The molybdenum complex Mo(N,),(dppe);, whose
PMe,Ph analogue binds CO, to afford Mo(CO,),-
(PMe,Ph), (6),*! reacts with isocyanates to yield the
related complexes Mo(RCzH ,NCO),(dppe), (7) (Table
I, entry 4).2 The low value found for the »(CO) infrared
vibration in 7 (1620 cm™), close to that observed in 6,
was interpreted as resulting from an %C,0 coordination
mode of the isocyanate ligands. This appears to be the
only report where such a bonding mode has been pro-
posed (see below).

4N4R

Cc
vd
(Mol ([)

In all other cases, isocyanate ligands are bonded in
an 72-C,N fashion. There are only relatively few such
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complexes and they are generally difficult to charac-
terize because they tend to undergo further reactions,
e.g., decarbonylation or coupling with a coordinated
ligand. This is the case for the nickel complex Ni-
(PPh;),(PhNCO) (8), which slowly decarbonylates at
room temperature to afford Ni(CO)(PPh,); in 33%
yield. The intermediate formation of [PhN] would
account for the organic products formed in the presence
of ethanol (eq 1).%

Ph Ph

|

N N

H/ \,(,:/ \H
8 0

Ni(PPhy1y(PANCO) ———=  Ni(CO)PPhy); + PhNH, +

Ny (n

The paramagnetic cobalt complex [Co-
{(PhyPCH,CH,);N}(PhNCO)][BPh,] is unstable even
in the solid state.?! Infrared spectroscopy provides
evidence for a coordinated isocyanate but does not allow
the assignment of a structure to this complex (Table
I, entry 1).

The rhenium complex ReCl(n2-MeNCO)(dppe), (9),
obtained by deprotonation of [ReClI(CONHMe)-
(dppe).][C1O,] (eq 2), is stable enough to allow complete
characterization (Table I, entry 8).1°

(o]
Base /

e
{L,ReCONHMe}* s R
mremel m—mm— L@

L,ReC = NMe

Me
9

The stable complex RhCI(PCy;)o(PhNCO) has been
isolated from the reaction of phenyl isocyanate with
[RhCl(CgH,4)0]s in the presence of tricyclohexyl-
phosphine (Table I, entry 9).272 It contains an #2-C,N-
bonded ligand. Surprisingly, ethyl isocyanate does not
react under the same conditions, presumably for elec-
tronic reasons. Carbonylation of the imido complex
IrCp*(NBu) afforded IrCp*(CO)(Bu*NCO) (Table I,
entry 2b).2%

A dinuclear iridium complex was also reported to
contain a u-52-C,N-bridging isocyanate ligand (Table
I, entry 2c).2™

Aroyl isocyanates show particular abilities for coor-
dination because the neighboring carbonyl group can
participate in the bonding, giving a five-membered
chelate ring in which the isocyanate function is no
longer recognizable. Rhodium, iridium, rhenium, ru-
thenium, and palladium aroyl isocyanate complexes
have been prepared from aroyl azides (eq 3) or by direct
coordination to the metal (eq 4) (Table I, entries
14-22).1832-3¢ They all have a structure of type 10 with

RC(O)N,
L,M(CO), L,M(CO),4[RC(O)NC(0)] (3)
RC(0)NCO

L.M L, M[RC(O)NC(0)] 4)

possibly one exception, the iridium complex IrCl-
(PPhy)o[RC(O)NC(0)] (11), which was reported to have
an n2-C,N-bonded ligand.’® However, further investi-

[o]
1 Ph,P c
o e
LM 1l C|—|r< Vi
[
~N -
o] R Ph P @

10 11

Braunstein and Nobei

gations showed that the latter complex has most prob-
ably a structure of type 10.1° Dimeric rhodium com-
plexes with bridging aroyl isocyanates have been pre-
pared by using Wilkinson’s complex (eq 5) (Table I,
entry 17).32 Each isocyanate ligand is n?-C,N and 7!-O

RhCIL,
RC(O)NCO
R
0 . AL
'-I i *c.—|—u/c\o_ | o .
Py, RN @ pyridine RN ‘| 22C. pefonco
T \Ng-C~ 7N LA
| No~“~r o | Yo Ny
L4 L 5)

L = PPhy, R = Ph
12

bonded to the metal atoms. This binuclear complex
liberates quantitatively the isocyanate ligand when
heated to 200 °C. Pyridine displaces the bridging ox-
ygen and the chlorine atoms of 12 to afford a mono-
nuclear derivative.

4. Metal-Medlated Transformations of Organic
Isocyanates

As can be deduced from the limited number of iso-
lated complexes with organic isocyanates, their syn-
thesis from the free ligand is hampered both by the high
reactivity of the latter in the presence of metal ions and
its weak coordinating ability.

Organic isocyanates may undergo decarbonylation
and/or coupling reactions in the presence of metal
complexes, generating nitrene or urea derivatives. In-
deed, in the presence of titanium(II) complexes phenyl
isocyanate converts to diphenylureylene, which can be
found coordinated in three different ways to one or
more metal centers, as shown in 14-16 (Table II, entries
19-21).%5 Metallocyclic complexes of type 16 are also

o R R R
/ : o’Tl\o 5 x N N N
\T,'/ ‘C’ \c/ \Ti/ ﬂ\ / \c/ AN % \ﬂ/ \C=0
¢ SN N y T 1
\ R R
R = Ph
14 15 16

generated in the reaction of isocyanates with palladium,
platinum, rhodium, and iridium complexes.®® With
triiron dodecacarbonyl and phenyl isocyanate, a dinu-
clear complex is formed,? the structure of which had
been widely discussed until being definitely established
by an X-ray diffraction study.?® It was shown to be the
dinuclear diphenylureylene complex 17 resulting from
a decarbonylation reaction. Complexes of type 14-17

Ph /c/\"lph
2

(CO&F‘ Fv(CO)s

17

may be considered as structural models relevant to the
reduction of nitrobenzene to aniline and 2,2’-di-
phenylurea, catalyzed by triruthenium dodecacarbonyl.®

The formation of the ureylene ligand RNC(O)NR in
14-17 requires the breaking of a C=N bond and the
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TABLE II. Transition-Metal-Promoted Transformations of Organic Isocyanates®
entry precursor comlex? isolated complex comments ref
1  Co(salen)Na-THF + RNCO (R = Ph, 1-naphthyl) {Co(salen)},Nay{u-NRC(O)NR} IR 1670 cm™}; [Co(CO),]" is formed 42
2  Fe3(CO),, + RNCO (R = Ph, Et) {Fe(CO)4lo[u-n*~{NRC(O)NR}] (17) X-ray structure for R = Ph 20
3  MoCp,(0) + PhNCO MoCp,{n*-OC(O)NPhH} (22) X-ray structure 45
4  [MoCp(0)(u-0)]; + PANCO [MoCp(NPh)(u-NPh)], 46
5  Mo(O)Cly(S;CNEt,), + PhNCO Mo(NPh)Cl,(S,CNEt,), 47
6 Ni(COD), + PhNCO Ni{NPhC(O)NPhC(O)(TMEDA) (18) IR 1645 cm™! 43
7  Ni(COD), + PhNCO Ni{NPhC(O)NPhC(O)NPh}(PEty); (19) X-ray structure; IR 1645 cm™ 43
8 Ni(CDT) + PhNCO Ni{NPhC(0)C(O)NPh}(PMe;) (20) IR 1540 cm™! 44
9  M(PPhy), + RNCO M = Pq, Pt; M{NRC(O)NR}(PPhy), 48
R= p-MeCGH‘SOQ)
10  Re(0)CLL, + PhNCO (L = PEt,Ph, PPhy) Re(NPh)ClL,L, reaction also observed for Cp,TiO;, 49
(PPhj3);Pt0,, V(acac),(0), and
CpMo(0)Cl,
11 [Re(Cp*)(0)(u-0)], + PANCO Re(Cp*)(0){#-OC(O)NPh} (23) X-ray structure 50
12 Re(CO),(PPh;){OCHNC¢H Me-p} + PANCO Re(C0)y(PPhy),{n>OC(NHPh)O} 51
13 Re(CO)y(PPh;){OCHNCgH Me-p} + Re(CO);(PPh;),{PhN=C(OEt)0O} 52
PhNCO + EtOH
14  Re03(0SiMe;) + ArNCO Re,0,(NAr); other complexes of formula 53
(Ar = 2,6-diisopropylphenyl) Re,0,(NAr),., are formed in the
reaction
15  RhCHPPh;); + RNCO (R = p-MeCgH,SO,) Rh{NRC(O)NR}(PPh;), 48
16  M(NO)(PPh;); + RNCO M{NRC(O)NR}NO)(PPh;), 48
(M = Rh, Ir; R = p-MeC4H,SO,)
17 Rhy(p-n-MeNCO)(CO),(u-dppm), + CO Rhg{u-n2-C(O)NMeC(0)}(u-CO)- X-ray structure 161
(CO)q(u-dppm)y
18  Ruy(CO)y, + PANCO Rug(CO);o(us-NPh) (24) 54
19  TiCp,(CO), + PANCO {TiCpglsiNPhCONPh}, (14) X-ray structure 55
20  TiCp,(CO), + PANCO {TiCpyls{u-NPhC(O)NPh} (15) X-ray structure 55
21  TiCp,(CO), + PhNCO TiCpo{NPhC(O)NPh} (16) 55
22 V(0)Cl; + RNCO (R = p-C¢HMe) V(NR)Cly 56
23  WCL(PMe,Ph), + RNCO WCL,(NR)(CO)(PMe,Ph), similar reaction with CO, 57
(R = Bu’, SiMe;, p-tolyl)
24  WCp,y(CO) + RNCO (R = Me, Ph) WCp,{C(O)NRC(0)} (25) X-ray structure for R = Me 58
25  W(O)Cl, + RNCO (R = Et, Ph) W(NR)Cl, X-ray structure for 59
W(NPh)Cl3(PPh,), and
W(NPh)Cl,(PMe;);

8 The metals are listed alphabetically.

loss of 1 equiv of carbon monoxide. The way these
transformations occur and whether the decarbonylation
precedes or follows the dimerization of the isocyanate
remain unclear, although Hoberg has proposed that

phakd
complex 19 was formed-upon decarbonylation of Ni-

[NRC(O)NRC(0)](PEt;), (for which the related com-
plex 18 with the TMEDA ligand has been isolated) and
subsequent insertion of RNCO.# These coupling re-

R
. A
(TmEDA)NI N\fo (etyP)NI -R
\O(N\R ’ 's‘_g

R R=Ph

18 19

actions proceed generally via head-to-tail linkage and
C-N bond formation. An interesting exception is the
nickel-mediated C—-C bond formation between two
phenyl isocyanate molecules in the presence of suitable
ligands, as observed in 20 (Table II, entry 8). Subse-
quent hydrolysis liberates oxanilide (eq 6).#* Changing

z HaO' 0, o]
~
(MQSP)M\NI: 7y . H’T T‘H
4 R R (6)
20 R = Ph

the nature of the ligand used in the reaction alters the
product distribution. This remains so far the only re-
ported head-to-head dimerization of isocyanates pro-

moted by a transition-metal complex.

Isocyanate decarbonylation may sometimes precede
and/or prevent further dimerization. Indeed Mayer
and co-workers have recently reported that the oxida-
tive addition of organic isocyanates to WCl,(PMe,Ph),
affords the imido carbonyl complex WCIl,(NR)(CO)-
(PMe,Ph), (Table II, entry 23).57 In this reaction, se-
lective C=N bond cleavage has occurred with formation
of the carbonyl and nitrene ligands. Similar reactions
with oxo complexes of titanium, rhenium, platinum,
vanadium, tungsten, and molybdenum afford the cor-
responding nitrene complexes with evolution of carbon
dioxide (eq 7).464749535659 This reaction type resembles

LyM=0 + RNCO LyM=NR + CO, N

LyMuaasc0
RNawz:C20

21
metathesis and appears to be fairly general with oxo
complexes. The assumption that it proceeds via a
four-membered metallocyclic intermediate of type 21
may find support in the fact that such metallocycles
have indeed been isolated for Mo*® and Re™ (eq 8 and
9). However, thermolysis of 22 or 23 did not afford the
nitrene derivatives. The reaction of phenyl isocyanate

PhNCO 0,
B

A
7
CpMo=0 CpMo[ Cm0O —H—= CpMo=NPh 8)

N
1
Ph

22

with Rus(CO),, affords a cluster with a triply bridging
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(0] o]
) PhNCO 1,0 4 ”
iCP*Re(Opl; ————m= Cp*Re] JCm0 % Cp*Re=NPh )
i
Ph

23

nitrene ligand Rug(CO);4(u5-NPh) (24) in 20% yield and
traces of the bis(nitrene) cluster Ruz(CO)q(u3-NPh),.5
The latter has been prepared recently in 56% yield by
the reaction of the mononitrene complex with azo-
benzene.!* Nitrene complexes may act as intermediates
in the transition-metal-catalyzed synthesis of iso-
cyanates from nitro compounds!? as well as in the
synthesis of urea derivatives.® Recently, such trans-
formations have been observed,!*15% e.g., upon expo-
sure to CO!" of the cluster Ruz(CO),o(us-NPh), and
addition of halides!® has been found to promote nitrene
carbonylation to form phenyl isocyanate. Further ev-
idence for such transformations is given by the con-
version of RugH(CO),o(PhNH) into [PPN][RuzH-
(CO)g(u3-PhNCO)] (PPN-3) in alkaline medium (Table
I, entry 12).8° When heated to 80 °C under CO, 3 lib-
erates phenyl isocyanate.

In contrast to the above-mentioned decarbonylation
reactions, isocyanates have also been shown to undergo
coupling reactions with a coordinated carbonyl ligand
to afford metallocycloimides (eq 10).5® The authors

o]
n n

PhNCO N H,0 ,C—OH
Cp,W(CO) ——m——m CpW NPh —= Cpp¥ Bo— (WO (10)
G—NEn - PhNH, + CO,

o
I}
o}
25

suggested that metallocycloimides related to 25 might
be involved as intermediates in the catalytic conversion
of isocyanates to carbodiimides (vide infra). This
transformation more probably requires an oxygen-
transfer step. Indeed such transfers have been ob-
served?®% and sometimes mechanistically studied.6!-62
Thus carbon dioxide was shown by !3C isotope labeling
studies to transfer both oxygen atoms to coordinated
isocyanides to afford carbon monoxide and the corre-
sponding isocyanate, which can in a second step transfer
its oxygen atom to give the carbodiimide. This reaction
follows the isotopic course shown in eq 11 and 12. To

0=C=0 + *C=NR = *C=0 + O0=C=NR (11)

MeN=C=0 + *C=NR =
*C=0 + MeN=C=NMe (12)

account for the transfer of the labeled carbon atom, the
following mechanism was proposed (eq 13 and 14).

R AN R
R
i\i /C\N/ o
. ol I
S
M—nM e / \M / \M = RNCO (13)
R /C\\J/R
A e X :
M—M ﬁcg M \M :1/ \M + RN=C=NR (14)

It has been shown recently that phenyl isocyanate
may be reduced by Nay[W(CO);], leading to 84% and
5% solution yields of W(CO)q and W(CO);(CNPh),
respectively.®
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5. Insertion Reactions of Organic Isocyanates

Insertion of an organic functional group into a met-
al-ligand bond represents a fundamental step for many
metal-promoted functionalizations. Therefore, inves-
tigations about the factors governing the insertion re-
action are of great interest and should allow a better
understanding of the mechanism and of the conditions
required to render the transformation catalytic.

5.1. Insertlon into a Metal-Carbon Bond

Insertion reactions of isocyanates into main-group
metal-carbon bonds have been studied in some detail
and reviewed by Lappert and Prokai.%# However, there
are relatively few reports concerning the reactivity of
isocyanates toward transition-metal-carbon bonds.

Niobium and tantalum complexes of the type M-
(Me),(Cl), have been found to insert methyl or phenyl
isocyanate at room temperature.® In this reaction, the
methyl or the phenyl group was transferred to the iso-
cyanate carbon atom, generating an amido ligand (eq
15). This feature is quite general. Thus the zirconium

M(Me),(Cl), —~—=> M(Me),(Cl),(NRC(O)Me), ,
(15)

complex Cp,ZrR, (R = CHj, Ph) inserts PANCO in an
analogous manner, but in spite of the large excess of
isocyanate used, one isocyanate molecule could be in-
serted into only one of the Zr-C bonds™ (Table III,
entries 8 and 9). The structure of the insertion product
29 was definitely established by an X-ray diffraction
study.” In contrast to isocyanates, carbodiimides in-
Me R

/ 7
SzroN

X \o.'c-Me

29

sert into both M—C bonds of Cp,ZrR, whereas carbon
dioxide does not insert at all. This observation suggests
that precoordination of heterocumulenes appears to be
necessary (i) to bring in a close geometrical proximity
the group onto which the alkyl can transfer and (ii) to
enhance the polarity of the inserting molecule. Tita-
nium(III) alkyl complexes undergo a similar reaction
(Table III, entry 4) (eq 16),% and diphenyltitanocene
affords the titanametallacycle 2767%8 resulting from
coupling with the intermediately formed benzyne tita-
nocene (Table III, entry 5) (eq 17).7

R = CH;, Bu® (16)

AN
Cp,Th 1C=R
NG

CpiTitPhy, —2—m Cp,Ti PANCO i (17)
\O/C§
N—Ph

27

A new Wittig-like reaction has been recently de-
scribed involving the tungsten alkylidyne complex
W(CBu’)(dme)Cl; which reacts with 2 equiv of cyclo-
hexyl isocyanate to form the oxazetin tungstenacycle
28 (Table III, entry 7). The reaction proceeds pre-
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TABLE II1. Insertion Reactions of Organic Isocyanates into a M—C Bond®

entry precursor complex® isolated complex ref
1 MCl;Me, (M = Nb, Ta) MCL{NRC(0)Me}, (R = Me, Ph) 65
2 MClL,Me; (M = Nb, Ta) MCL,Me{NRC(0)Me}, (R = Me, Ph) 65
3 TaCl;Me, TaCly(Me),;..{N(R)C(0)Me}, (x = 2, 3) 65
4 TiCpy(R) (R = Me, Bu®) TiCp{NPhC(O)R} (26) 66
5 TiCp,y(Ph), TiCpalo-CeH,C(=NPh)0} (27) 67, 68
6 UCp4=CHP(Me)(R)(Ph)} (R = Me, Ph) UCp4{NPhC(O)CHP(Me)(R)(Ph)} (30) 69a
7 W(CBu)(dme)Cl, W(=NCy){NCyC(0)C(=C=0)Bu¥Cl, (28) 70
8 ZrCp,Me, ZrCp,Me{NRC(0)Me} (29) (R = Ph, 1-naphthyl) 71
9 ZrCp,Ph, ZrCp,Ph{N(C¢H,,)C(O)Ph} 7
10 ZrCp*y(n*-C Hg) iGC*2{OC(=NR)CH,CH=CI'TCH2} (R = Ph, Bu’, Me) 72
11 ZrCp*y(*-CeHy) iGC*2{OC(=NPh)CHZCH=CHCHQC(=NPh)f)l 72
¢ The metals are listed alphabetically.
TABLE 1IV. Insertion Reactions of Organic Isocyanates into a M-H Bond®
entry precursor complex® isolated complex ref
1 FeHCp(CO), FeCp(CO),{C(O)NH(Bu*)} (31) 74
2 MHCp,y(CO) (M = Nb, Ta) MCp,(CO)(#*-OCH=NPh) 75
3 NbCp,(PMe,Ph)H NbCpy(n*-~OCH=NPh) 75
4 Os4(u-H),(CO)4 033(p-H) (CO) o[ p-n?-{0=C(H)NR}] (33) (R = p-C;H ,Me) 76, 77
5 Os3(u-H)4(CO)yq Os3(p-H)(CO) o[ u-n*{0=C(H)NR}] (33) + 76

O8(u-H)(CO) o[ u-n?-{N(Me)=C(OH)}] (34) +
O8,(u-H) (CO) o[ u-n?-{0=CNH(R)}] (35) +
0s3(1-H)(CO) 1o [-n*-{N(Me)—COC(=0)NH(Me)}]] (36)

(R = Me, Et)
6 Os,(u-H)5(CO)o(PMe,Ph) O84(1-H)(CO)4(PMe,Ph) [1-n?-{O—=CNH(R)}] (32) 77
(R = p-C;H,Me)
7 trans-Pt(H),(PCys), trans-Pt(H)(PCy;){OCH=NPh} 78
8 WHCp(CO), WCp(CO)4{C(O)NH (Me)} (37) 79a
9 ZrCp,H(C]) ZrCpy(CH{RN=C(O)H]} (38) (R = C¢H,,, Ph, p-C¢H Me) 80

2The metals are listed alphabetically.

sumably in a stepwise manner, e.g., via an intermediate
containing cyclohexylimido and ketenyl ligands and into
which W-C bond an isocyanate molecule can be in-
serted (eq 18). An interesting insertion into the ac-

(0] (0]
7 CyN 4
) CyN—C noC
W(CBU)(dme)Cly  ——-e { ] — | aw-~C
A;W==Cp,! Npy!

28

tinide~carbon double bond of Cp;U=CHP(Me)(R)(Ph)
occurs with phenyl isocyanate (Table III, entry 6) (eq
19).8%2 Complex 30 results from a rare example of in-

sertion of a heterocumulene into a metal-carbon mul-
tiple bond.6%

Ph
|

PhNCO

CpsUsCHP(Me)R)(Ph)  —————w  Cp,U CeCHP(Me)R)(Ph) (19)

N

2

Ny
30

5.2. Insertlon Into a Metal-Hydrogen Bond

Insertion of isocyanates into M-H bonds may give
rise to three types of products. The hydrogen atom can
be transferred to the isocyanate nitrogen atom, afford-
ing carboxamido complexes as illustrated by the reac-

tions of HFeCp(CO),™ or Os;(u-H),(CO)o(PMe,Ph)™
with isocyanates (eq 20 and 21). If Osy(u-H)5(CO),y is

HFeCp(CO), + Bu!NCO —
CpFe(CO)zlg{O)NH(Bu‘)] (20)

H. R
A4
N\
C=0_ PMe,Ph

/
Os3(-H)2(CO)g(PMe;Ph) + p-CH3CgH NCO — o (OC);OSWOS(CO)z (21)
0s
(CO)

32

used instead of its phosphine-substituted derivative, the
hydrogen atom is transferred to the carbon to yield 33
as the major product (Table IV, entry 4).7%"" By using
K
o/C\N

(OC),Osts(CO);

N
(C0)4
33

alkyl isocyanates as reagents in this reaction, it was
possible to detect the new insertion product 34 in which
the hydrogen has migrated to the oxygen of the iso-
cyanate (Table IV, entry 5).7 The x-O,N isomer 33

H\ /R
HO R N,

\C=N/ ;c=
(OC)3OS§70$(CO)3 (OChOSwOS(COh
(C0)4 (CO)4
34 35
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was found to be prevalent (80%) and does not inter-
convert to either the u-C,N 34 or the ¢-C,0 35 forms.
A keto—eno] equilibrium was detected for 34 with the
enol tautomer predominating. This complex is unsta-
ble, converting with a half-life of 17.5 days at room
temperature to the u-C,0 form 35. In the presence of
an excess of isocyanate, 34 can insert a further molecule,
affording 36, whose structure was established by X-ray
diffraction.”® It is noteworthy that the insertion

N\
(0C):08 gz O5(C 03
N

Os
(COj,

kI

product of Osz(u-H),(CO),, with isothiocyanates, in
spite of spectroscopic similarities, has a different
structure than those found in 32-35.8! The hydride
ligand was in this case transferred to the carbon atom,
affording a thioformamido ligand bridging an edge of
the osmium cluster via its sulfur atom (eq 22).

RNQC/H
|
b S\
Os3(u-H)»(CO)yg + RNCS (OChOS\WH/Os(CO)3 (22)
R p-CqHaF Os
ple (€O,

Migration of a hydride ligand of trans-PtHy(PCys;),
to the carbon atom of PANCO was proposed to occur
on the basis of spectroscopic data (Table IV, entry 7).8

The insertion of methyl isocyanate into the tung-
sten-hydrogen bond of HWCp(CO); shows some
unexpected features (Table IV, entry 8). The reaction
is reversible in the presence of amines (eq 23).7%2

HWCp(CO); + CH;NCO _NEt . WCp(CO)3{C(O)NHCH3} (37) (23)

NEt; 1§

|

[NHE;;}* + [WCp(CO)s) + CH;NCO

Complex 37 formally appears to result from an insertion
of CH3NCO into the W-H bond but no reaction occurs
in the absence of NEt;. The authors concluded that it
proceeds by nucleophilic attack of [WCp(CO);]™ on the
isocyanate. Although the pK, values of HWCp(CO);
and [NHEt,]* are ca. 16 and 10, respectively, they
found that NEt; was capable of deprotonating the
tungsten hydrido complex.™ This could be explained
by a strongly solvent-dependent order in the strengths
of the two acids. On the other hand, the carboxamido
complex 37 was shown to be deprotonated by excess
amine (eq 23) but there was no evidence for [WCp-
(CO)3{C(O)NCHS}]". The ease with which the carba-
moyl ligand of 37 converts to either CH;NCO or
(CH3NH),CO suggests that such species might be in-
volved in carbonylation reactions of amines leading to
such products.®2 Furthermore, related reactions of CO,
with primary amines have been reported to afford iso-
cyanates.1®

Floriani et al. have reported the stepwise reduction
of isocyanates to amido derivatives with zirconium
complexes.® The first step of the reaction is an in-
sertion of the isocyanate into the Zr-H bond to give 38
(Table IV, entry 9), followed by a second insertion into
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another Zr-H bond and subsequent formation of the
oxo complex [ZrCpy(Cl)]o(u-0). The resulting imine
reacts further with 1 equiv of ZrCp,H(Cl), affording 39

(eq 24). 'The driving force for the reactions is the
R H H
! R
N SN
VA ZiCpH(Ch) / \
ZrCp,H(Cl) + RNCO  ——== Cpy(C)Zr CH Cpy(ChZr Zr(Cl)Cp,
Ny

. |

{{ZrCp(Ch 5(p-O)) + RN=CH,

R

7
,"\CH 2:Cp,H(Cl)
Cp,2r 3

N
a

39 (24)

formation of zirconium oxo complexes, due to the high
oxophilicity of this element. Interestingly, ZrCp,H(Cl)
reduces also carbon dioxide to formaldehyde and sub-
sequently to a methoxy ligand (eq 25).8° Although no
intermediate (e.g., a formate complex) could be trapped
in the CO, reaction, a mechanism similar to that pro-
posed for the reduction of isocyanates is very likely to
account for the formation of formaldehyde.

Co,
9ZrCp;H(Cl) — [ZrCpy(C)1]y(u-0) +
ZxCp H(CH
H,C=0 ZrCpo(OCH,3)(CD) (25)

5.3. Insertlon into a Metal-Oxygen Bond

Insertion reactions of organic isocyanates into the
M-0 bond of some metal alkoxides have been inves-
tigated. They generally lead to the formation of car-
bamate ligands (eq 26). Trialkylstannyl carbamates®3

[M]JOR + R'NCO — [M]{NR'C(O)OR} (26)

or alkylzinc carbamates® can be obtained from tri-
alkyltin or alkylzinc alkoxides and isocyanates in good
yields. Note that in organozinc derivatives of type
ZnR(OR’), the Zn-O bond is reactive toward iso-
cyanates, in contrast to the Zn—-C bond (Table V, entry
5).85 With niobium alkoxides, the degree of insertion
may be controlled (Table V, entry 2). Thus mono-, di-,
tri-, tetra-, and pentacarbamates have been isolated (eq
27).87  Alcoholysis of 40 liberates the corresponding

Nb(OR); + nR’NCO — Nb(OR),_s{NR'C(O)OR},
40

RO, Nb(OR); + nNHR'C(O)OR (27)

urethane and regenerates the niobium alkoxide. It is
noteworthy that the insertion reaction is reversible with
Ti(OR),* and that phenyl isothiocyanate does not in-
sert into Nb(OR);.

Insertion of PhNCO into the M-O bonds of di-
molybdenum or ditungsten hexaalkoxides was found to
afford dinuclear species containing two bridging car-
bamate ligands (Table V, entry 1) (eq 28).818¢ The
reaction proceeds in a stepwise manner: first an iso-
cyanate becomes u-coordinated to the metal (see section
2) and this is followed by migration of one OR group
whereas a second molecule of isocyanate coordinates to
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TABLE V. Insertion Reactions of Organic Isocyanates into a
M-0O Bond*

entry precursor complex?
1 Mg(OR)s (M =

isolated complex ref
Mo,(OR),{u-NPhC(O)OR}, (41) 31, 86

Mo, W;R =

Pri, Bu¥)
2 Nb(OR), Nb(OR),.s{NPhC(O)OR}, (40) 87
3 Pt(PPh,),0, - P{0,C(=NPh)O}(PPhj), 88a
4 Ti(OR), R = Pr, Ti(OR),,{NR'C(O)OR}, 90

But, Ph) (R’ = Et, Bu, PhCH,,

Ph, a-naphthyl)

5 ZnR(OR’) ZnR{NR”C(0)OR’} 85

3The metals are listed alphabetically.

TABLE VI. Insertion Reactions of Organic Isocyanates
into a M-N Bond®

entry  precursor complex®

la  Pt(PPhy),(RNO)
(R = By, CFy, Ph)
1b  trans-PtH(NHPh)-

isolated complex ref

Pt{ON(R)C(=O0)NPhj(PPh;), 88

trans-PtH{NPhC(O)NHPh}- 89

(PEty), (PEt,),
2 M(NMe,), M{NPhC(0)NMe, 91
(M = Ti, Zr, Hf)

3 Ti(NMep), Ti(NMe,)o{NPhC(0O)NMey}; 91
4  ZnR(NR'p) ZnR{NR”C(O)NR’;} 85

3 The metals are listed alphabetically.

a metal center. In contrast to the related insertion of
carbon dioxide into the M—O bonds of these complexes,
isocyanate insertion appears to be an irreversible pro-
cess.

P, o
N O Phy _Co
<] -

PhNCO N i

Mj(OR)y ———wm  RORM=——M(OR), (RO)JM—l{l(OR)z

o)
i
c
[l
NPh
[
Ph
AN | /C\?
(ROYM==== MOR), 4—J (28)
o_ _N
e
|
oR

41, M = Mo, W; R = Pr, Bd'

TABLE VII. Coupling Reactions with Coordinated Ligands®
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5.4. Insertion Into a Metal-Nitrogen Bond

The insertion reactions of isocyanates into M—-N
bonds are very similar to those occurring with M—-O
bonds and the NR, group is generally transferred to the
isocyanate carbon atom (eq 29). Thus, M(NMe,), (M
= Ti, Zr, Hf) reacts exothermically with an excess of
phenyl isocyanate to give the corresponding tetrakis-
ureido derivative [M]{NPhC(O)NMe,},.*!

[MINR; —2. [MJ{NR'C(O)NRy}  (29)

Insertion into the Pt—N bond rather than into the
Pt-H bond of the hydrido amido complex trans-PtH-
(NHPh)(PEt;), yielded the diphenylurea derivative
trans-PtHPhNC(O)NHPh(PEt,),.%

6. Coupling Reactions between Organic
Isocyanates and Unsaturated Substirates

In the presence of organometallic compounds iso-
cyanates may undergo coupling reactions with unsatu-
rated molecules, e.g., alkynes, alkenes, aldehydes, and
imines, or with coordinated unsaturated ligands. Some
of these reactions can be made catalytic when choosing
the appropriate ligands and reaction conditions. The
isolation of new complexes is therefore of great interest
because of their possible relevance to intermediates in
catalytic reactions.

6.1. Coupling Reactlons with Coordinated
Ligands

Complexes of activated alkynes, e.g., Os,(CO),;(u 3_3
HC,CO,Me)(u-S)?? and RhyCpy(CO) (u- CF3CZCF3)9 5
have been reported to react with isocyanates to afford
substituted acrylamides (Table VII, entry 12) (eq 30).

N
A
RhyCpa (COY(-CF3CoCFy) —BNCO o R 7"\%,, _g (30)
Pl
G’ﬁ T———C
CF,y
2?2

Whereas the synthesis of 42 from RNCO requires

entry precursor complex® isolated complex ref
1 Cr(CO);(x%-0-C¢H FLi) Cr(CO)a[ne-o-CaH‘{NPhC(=O)NPhC(=0)l] 96
2 M(CO)s(C=NCH=PPh;) M = Cr, W) M(CO)s{CNHC(PPh3;)C(O)NR} (43) (R = Me, Ph) 97
3 [CI*[M(CO)s(C=NCHCO,Et)] (M = Cr, W) [CT*IM(CO)s{CNHC(CO,Et)C(O)NPh}]- 98
4 M(BAEN) (M = Cu, Ni) M[BAEN{C(O)NH(R)},] (46) 99-101
5 FeCp(CO)4{C=NCH,CH,0} ﬁeCp(CO)(=COCH2CH2NC(O)NMeC(0)! (44) 102
6 iGC*(PMea){CHQCMegNH} IGC*(PMea){CHQCMe;NC(O)NHBu‘} 103
7 Ni(acac), Ni[0=C(Me)C{C(O)NHPh}=C(Me)O], 101b
8 cis-NifPh,PCH=C(0)Ph}, cis- Nl[PthC{C(O)Ph“_c((‘))NHAl']g 105
(Ar = Ph, p-MeC¢H,)
9 054(00)11(#4'H02002Me)(#4'5) 053(00)9[#3'773 {MeNC(O)CHC(COQMe)}] (u3-S) 92
10a (C N)Pd{Ph,PCH=C(O)R} (C N = 8-mq, dmbsa; R = Ph, OEt) (Cﬁ_l.’d[PthC{C(O)R}{=C(O)NHPh}] (48) 104, 105
10b (Ci)_l.’d{PthCH=C(O)Ph} (C N = 8§-mq, dmba) (C@_l.’d[PthC{=C(O)Ph}{C(O)NHPhl] (49) 104
11 ¢is-Pt{Ph, PCH=C(O)Ph}, cis-Pt[Ph,PCIC (O)Ph}{—C(OH)NPh}]{thPCH=C(C)Ph} 105
12 Rh,Cp2(CO) (u-CF3C,CFy) Rh,Cp,[u-7°-{C(CF;)C(CF;)C(O)NR}] (42) 93-95
(R = Me, Bu, p-tolyl)
13 W(CO){=C(OEt)Ph} + CyNC W(CO)s=CC(OEt)(Ph)NRC(O)NCy} (45) 108

8The metals are listed alphabetically.

(R = Me, Bu*, Bu, Ph)
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drastic reaction conditions, its formation from the ap-
propriate azide or carbodiimide is quite instantaneous
at room temperature. This observation suggests that
the carbonyl ligand of the precursor RhoCpy(CO){(u-
CF;C,CF3) may inhibit the initial coordination of
RNCO and that prior dissociation of CO is required in
order to allow coordination of RNCO and further cou-
pling with the coordinated alkyne.

The metallo nitrile ylides M(CO)5(C=NCH=PPh,)*"
(M = Cr, W) (Table VII, entry 2), the imidoyl complex

FeCp(CO0)4,(C=NCH,CH,0)!? (Table VII, entry 5),
and the carbene complex W(CO);[=C(OEt)Ph] in the
presence of isonitriles (Table VII, entry 13)1% undergo
polar cycloadditions with methyl isocyanate (eq 31-33).

{OCHM(CNCHPPhy) ©oom—c: 11 (31)

0
Cp(CO)Fe/L:> (32)

o] N 0]

o \’leNCO
Cp/CO):Fe—<\
N

OEt y
RNCO/CyNC N
oW =< —_— <c0)5w:>\4 (33)
Ph N o

45

In the reaction of eq 31 the ylidic proton has migrated
to the neighboring nitrogen atom. Similar proton shifts
have also been observed in the insertion reactions of
isocyanates into the C-H bond of coordinated lig-
ands.910L104105 Thyg, copper and nickel 8-keto imine
complexes have been reported to undergo Michael-type
reactions with isocyanates to produce amido derivatives
(Table VII, entry 4) (eq 34).91%! This reaction pro-

N N H N N NHR

— Ne= RHN =3 =

\M/ RNCO \ ’ /

A\ SN / — o”c A\ o>4\o / C\\o (34)

ceeds stepwise and may be regarded as an electrophilic
substitution reaction in which the acidic proton of the
ligand was transferred to the isocyanate nitrogen atom.
Its rate depends on the metal ion and on the nature of
the organic group present in the isocyanate moiety.

A related reaction involving chelated phosphino
enolates of the type [Ph,PCH=C(O)R]™ (R = Ph, OEt)
afforded new bifunctional phosphine ligands that may
display several coordination modes (Table VII, entries
10 and 11) (eq 35).104105 The new ligands formed in

Ph, Phy T
2N c. P
E /P PhNCO [ ot ]I\/LO (35)
i ;
H
s \ N/ \O T,
Ph

47a, R= OE
a, R=OEt 48

47b, R = Ph

this reaction result from carbon—carbon bond formation
and H transfer to the isocyanate nitrogen atom. With
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the platinum complex cis-Pt{Ph,PCH—=C(O)Ph],, H
transfer occurred to the isocyanate oxygen atom (Table

VII, entry 11).1% When R = Ph both isomeric forms
48 and 49 are formed in a 1:1 ratio (eq 36). Further

GOCT — G f

49 48 (R = Ph)

investigations showed that the equilibration proceeds
through rotation about the P-C bond, revealing the
hemilabile behavior of the new ligand (eq 37).1% An

[C\P;«Pm‘z “©
N/ ‘<2=<
L o= NHPh ¢ oh
f NHPh = I Ph = [ \P:’*P 2 °
N/ 7(0 Ph N =
[N Ph, Ph—  NPh
[ /Pd<—P o] 0.--H

49 N ’
'0—2/_(NHPh

. l;hz Ph [)’d«-P Ph
{:N/N\of;g -0 o 37)

N-
Ph Ph

1

48

interesting feature of 47a (R = OEt) is its ability to bind
reversibly CO &wa a C-C coupling reaction similar to
that of eq 35.1% However, 47b (R = Ph) does not react
with CO,. This may be accounted for by the observa-
tion that the nucleophilic character of the carbon atom
a to phosphorus is stronger in the former complex.1%?
Furthermore, 49 might represent a model complex for
an early step of the CO, fixation by 47a.

6.2. Coupling Reactions with Alkenes

Nickel-mediated coupling reactions of isocyanates
and unsaturated molecules have been studied in detail
by Hoberg and co-workers (see Table VIII). These and
the related carbon dioxide reactions may be rationalized
in terms of electrocyclic transformations (eq 38).1617

. 4 y
Oy Oy

LING — om | (38)
x#=C=0 X=0 X"

, NR
Y = O, NR, CRR’

Isocyanates react with alkenes (e.g., ethene, propene,
styrene, and cyclopentenes) and nickel(0) precursors
with C-C bond formation, to produce azanickelacyclo-
pentanones (eq 39) (Table VIII, entry 6).11512 When

(‘L)Nl/\\/ + (]_)M\)\\ (39)

N/C\

Ni(0) + H,C=CHR’ + RNCO

R R

50 §1

the reaction was carried out with styrene or functional
alkenes (R’ = OEt, SPh, CO,Me),'??* only 51 was
formed whereas with propene (R’ = CHj), both possible
isomeric nickelacycles (50 and 51) were formed in a 5:95
ratio, showing that the thermodynamically less stable
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TABLE VIII. Coupling Reactions with Unsaturated Substrates®
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entry precursor complex?

isolated complex ref

1 Fe(CO)g + PhNCO + PhC=CX (X = H, Br) no organometallic species was isolated but hydantoin derivatives 109, 110
s |
2 Ni(COD), + RNCO + PhN=C(Ph)H Ni{CHPhN(Ph)C(O)NR}(TMEDA) (54) 111
(R = Me, Bu®, Bu?, Ph, p-C¢H,Me, Cy)
3 Ni(CDT) + RNCO + PhC(O)H Ni{CHPhOC(O)N(R){L,, (53) (L = TMEDA, Bpy, PCy;) 112

(R = Me, Ph, p-C;H,Me)
Ni(COD), + PhNCO + PhC=CPh

Ni{CPh=CPhC(O)NPh}(TMEDA) (62)

113, 114

Ni{CPh=CPhC(O)NPh}(TMEDA) +
Me0,CC=CCO,Me
6 Ni(0) + PhNCO + H,C=CHR + L

Ni{CR—CRCPh=CPhC(O)NPh}(TMEDA) (63) (R = CO,Me) 114

R = H; L = PPh,, PCy, Ni{(CH,),C(O)NPhiL + Ni{(CH,),C(O)NPhIL (52) 115-118
R = Me; L = PCy, Ni{CH,CHRC(O)NPhJL (50) + Ni{CHRCH,C(O)NPhIL (51) 116, 119
R = Ph; L = PCyj;, dcpe, dppe, Bpy Ni{CHPhCH,C(O)NPh|L 120a
R = CH=CH,; L = PEt, Ni{CHRCH,C(O)NPhjL 121
R = CF,, OEt, SPh, CO,Me, CH=CHMe; L = PCy, Ni{CHRCH,C(O)NPhiL 122
R = CMe—CHj,; L = PCy, Ni{r3-CH;CMeCHCH,C(O)NPhjL 121
R = CH,CH,CH=CHj; L = PCy,, Bpy Ni{CH,CHRC(O)NPhJL + Ni{CHRCH,C(O)NPhjL 123
7 Ni£C%’£‘)_+Rl;}1_N§F)R-t l:x,g?gfcﬂiv}v + Ni{CHQC(=CR‘R’)C(O)N(P}'1)}L (55) + 124, 125
R1(= Me, R? = H: R! = R? ='Me;e‘ Nil(CR'R}C(=CH,)C(O)N(Ph)IL (56)
L = TMEDA)
Ni{CH,C(=CMe,)C(O)N(Ph)iL 124
8  Ni(COD); + OCN(CHy){NCO + LNi{CH(Ph)CH,C(0)N(CH,){NCO} 126
PhCH—CH; + PCy,
9  Ni(COD); + OCN(CH,),NCO + LNi{CH(Ph)CH,C(O)N(CH,)NC(O)CH,CH (Ph)|NiL 126

PhCH=CH; + PCy;
8The metals are listed alphabetically.

product was formed preferentially.!'® Furthermore, 50
was shown in a different context to liberate meth-
acrylanilide in a reversible process.!?” With ethylene,
the 8-elimination step is irreversible and 90% acryl-
anilide (based on nickel) could be isolated after heating
and workup. Further insertion of ethylene into the
Ni~C bond of 50 (R’ = H) leads to 52, which evolves to
give several products. Carbonylation of the nickela-
cycles may lead to the corresponding succinimides!?2b<
whereas upon addition of oxidizing agents, i.e., FeClg
or I,, to these complexes, o,w-diamides were produced,
which resulted from intermolecular C-C bond forma-
tion (eq 40).118122¢ Fluorine-substituted alkenes afforded
regioselectively azanickelacycles of type 51 whose re-
activity was shown to differ strongly from that of the
corresponding alkyl- or aryl-substituted nickela-
cycles.!?2¢ Finally, the reaction of eq 39 has been ex-
tended to diisocyanates and afforded either mono- or
bisazanickela 5-rings (Table VIII, entries 8 and 9).1%

/\‘ C,Hae i Ox.

Wnil =, WINi ———u—= |/2 PhHNC(O)(CH,)5C(O)NHPh
N/C%O ,N‘C
h w0
L Ox. 52

172 PhHNC(0)(CH,)sC(O)NHPh , (40)

6.3. Coupling Reactlons with Heteroalkenes

Organic isocyanates react with aldehydes or imines
in the presence of nickel(0) species to afford nickela-
cyclopentanones (eq 41) (Table VIII, entries 2 and
3).11L112 The reaction probably proceeds via coordina-
tion of an aldehyde (or imine) molecule followed by

C-X (X =N, O) bond formation. No complex resulting
from C—-C bond formation was detected in the reaction.
X /H
\ | \R 1
o :‘:/C\\O

Ni(0) + L + R'HCsX + RNCO (41)

(L)N1

X

anl ] 53,X=0
N/C§0 54, X = NPh
)

~

6.4. Coupling Reactions with Dienes

Isocyanates also couple with dienes, e.g., allenes,
1,3-butadiene, isoprene, 1,3-pentadiene, or 1,5-hexadi-
ene, to afford substituted azanickelacyclopentanones
of type 50 and /or 51.121"13 These reactions are catalytic
and will be discussed in more detail in section 7.2.5. In
the case of allenes (Table VIII, entry 7), important
steric effects of the R substituents of the allene and of
the ligand coordinated to nickel have been observed on
the regioselectivity of the C—C coupling reaction (eq
42).124125 Tsomer 56 was only observed when R! = H,
R? = Me but in all cases the exocyclic C=C and C=0
double bonds are conjugated.

C/R i RL :RZ /H
—R & C—y
PhNCO
H,CzC=CR'R? (‘L)Ni(Y + (L)Ni\>\( (42)
Ny N

1 |
Ph Ph

55 56
6.5. Coupling Reactlons with Alkynes

Phenyl isocyanate was found to react with phenyl-
acetylene in the presence of iron pentacarbonyl, af-
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fording 4-benzylidene-1,3-diphenylhydantoin (57) in

85% yield (Table VIII, entry 1) (eq 43).199 With di-
ih P

Pth=c< \E (43)

" "“ph
y
o

Fe(CO,
PaCECH + PANCO Fel€Os

87

phenylacetylene, the 2/1 adduct was not formed but
1,3,4-triphenylpyrroline-2,5-dione (58) and 1,3,4 tri-
phenyl-5-(phenylimino)pyrrolin-2-one (59) were isolated
in 42% and 15% yield, respectively (eq 44). Formation

Ph Pl: Ph Ph
Fe(CO — —
PHCECPh - PRNCO oD, . (44)
O N (o] PhN N
\ )
Ph Ph
58 59

of 59 suggests that diphenylcarbodiimide is produced
in situ from phenyl isocyanate under the reaction con-
ditions. The mechanism is assumed to proceed via a
CO insertion step (eq 45). When phenylbromo-
Ph S
| X

c ‘ Nes?

~ PhN=CsX c
PhCECPh + Fe(CO); —a “/Fe(CO)3

c

/
——  (COkF¢
¢ %Ph
Ph Ph
Ph Ph
.
XZLO (45)
)
Ph

58,X=0
59, X = NPh

acetylene is employed instead of phenylacetylene, the
hydantoin derivatives 60 and 61 are formed in 18% and
8% yield, respectively (Table VIII, entry 1) (eq 46).11°

Ph Ph
o ! o
New & Ph New ?
Fe(CO)s /¢ \ /¢
PhCHCBr + PINCO ———2e PRHC=C_ | +  PhC=C-C=C ]
N
I/C/ ~Ph /,C/ “pPh
o
60 61
+ PhCaC-C=CPh (46)

Isocyanates, alkynes, and nickel(0) precursors undergo
cycloaddition reactions under mild conditions to afford
azanickelacyclopentenes 62 (Table VIII, entry 4). Ad-
dition of an activated alkyne to 62 yields the azanickela
seven-membered ring 63, which has been shown to be
an intermediate in the nickel-catalyzed synthesis of
2-pyridones 64 from alkynes and isocyanates (Table
VIII, entry 5) (eq 47).113114 If alkyl isocyanates are used

Ph M
o MeO,C. COMe COMe
= Me0.CCaCCOM: \/ Ph MeO,C, oz Pk
ONC £0,CCaCC0Me N e |
O Ne Ph b
N o) et pr’ ¢ P
PR o b
62 63 64
(47)

instead of aryl isocyanates, pyrimidinediones are ex-
clusively formed in the sense of [2 + 2’ + 2’] cyclo-
additions (eq 48).114

Braunstein and Nobel

Ph o
Ni(0) + . = PACZCPh +RNCO ~ ————e L (48)

R = Mz Cy Il

7. Transition-Metal-Catalyzed Reactions of
Organic Isocyanates

Isocyanates are capable of entering into auto-
cyclization or polymerization reactions with formation
of linear high molecular weight polymers.!?® These
reactions as well as the copolymerization with other
monomers have been well investigated. Dimerization
of isocyanates is a reversible process, in contrast to the
trimerization.!? Numerous nonmetallic systems are
capable of catalyzing the dimerization reaction whereas
the trimerization is essentially catalyzed by metal com-
plexes.1?® Relatively little is known about transition-
metal-catalyzed reactions and only a few research
groups have carried out investigations in this area.
Their results are summarized below.

7.1. Catalytic Transformations of Organic
Isocyanates

7.1.1. Synthesis of Spiro Compounds and
N-Formylureas

Alkyl isocyanates were catalytically spirocyclized in
the presence of the anionic cluster [N(PPh,),][HRu;-
(CO),o(SiEt3),] and triethylsilane (eq 49).!* Methyl,

0 R R
YN ! o
HRu,(COkg(SiEts) /0 O\ N—=¢?
5 RNCO 4{COh(SiEY R—N ¢ (49)
N oM
Et;SiH Et;SiOH g 8§ R

65

ethyl, and n-propyl but not phenyl isocyanate react in
THF at 150 °C to afford the spiro compound 65.
Triethylsilanol and its condensation product hexa-
ethyldisiloxane are formed as byproducts, suggesting
that the oxygen of one of the five isocyanate molecules
has been removed by triethylsilane. The first step of
the reaction may be considered as an insertion of the
isocyanate into the Ru-Si bond (by analogy with the
CO, reaction),'® leading to an isocyanide complex that
can further insert other isocyanate molecules. In a
similar reaction, carried out under 50 atm of H, and in
the presence of [PPN][H;Ru,(CO),,], N-formylureas
were obtained in good yields (46-56%).132 This reaction
is restricted to linear alkyl isocyanates, as phenyl or
branched alkyl isocyanates afford the usual ureas.

7.1.2. Conversion of Isocyanates into Carbodiimides

Alkyl and aryl isocyanates can be selectively con-
verted to carbodiimides by using metal carbonyls as
catalysts (eq 50). Iron, tungsten, and molybdenum

2RNCO — RN=C=NR + CO, (50)

carbonyls have been employed successfuily.!33 However,
the most active catalyst is Fe(CO),(CNPh), which
converts o-tolyl isocyanate into di-o-tolylcarbodiimide
(83% isolated yield). The reaction proceeds through
CO, evolution and isocyanide formation, the latter re-
acting further with another isocyanate molecule to af-
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ford the expected carbodiimide (eq 51). The use of

[M](CO) 225 [M](C=NR) + CO, —2

RN=C=NR + [M](CO) (51)

transition-metal catalysts for this reaction prevents
formation of triisocyanurate, which is usually present
as a side product in the base-catalyzed transformation
of isocyanates to carbodiimides.

7.1.83. Catalytic Reactions with Grignard Reagents

Isocyanates react with Grignard reagents in the
presence of catalytic amounts of Cp,TiCl, (molar ratio
Cp,TiCly/PhNCO ca. 1:6.3) to afford either amides
(60-85% yield) or N-methyl-N,N’-diphenylurea
(50-80% vyield) (eq 52).13%135 That the product dis-

Py M
] 2 o] R am My
H
iow
Ty ] H\N’C\N’
o 22 [onma] 5 AN R R (6D
A
G
: i
Lo, |:cp,r.’N\c—njl ety 0 PR Y =

10

tribution observed varies with the temperature was
assumed to be the result of the instability of the in-
termediate [Cp,TiR]. At low temperature, its formation
would be followed by PhNCO insertion into the Ti-R
bond, whereas at room temperature, [Cp,TiR] would
convert to [Cp,TiH] by a 8-H elimination process. The
latter intermediate would then reduce PhNCO to
[Cp,;Ti(NMePh)] (see section 4.2), which in turn could
insert PhANCO and afford the corresponding urea.

7.2. Catalytic Syntheses from Isocyanates and
Unsaturated Substrates

The polar addition of isocyanates to the C=C double
bond of unsaturated substrates is an exceedingly useful
method for the synthesis of linear or heterocyclic
molecules. Addition of isocyanates to a C=N double
bond is a well-documented reaction that does not re-
quire the use of catalysts.® With substrates containing
a C=0 double bond, transition-metal catalysts allow
milder reaction conditions, whereas coupling reactions
with alkynes or alkenes always require transition-metal
catalysts.

7.2.1. Reactions with 2,4-Pentanediones

Bis(2,4-pentanedionato) metal complexes M(acac),
(M = Mg, Cd, Co, Li, Mn, Cu, Fe) catalyze the addition
of phenyl isocyanate to acetylacetone which affords
3-substituted 2,4-pentanediones (eq 53).19138 The most

CH3C(O)CH2C(O)CH3 + RNCO —cxch M(acac),
CH;C(O)C{C(O)NHR}=C(OH)CH;, (53)

efficient catalyst was found to be [Ni(acac),]s, which has
been also successfully employed with several alkyl and
para-substituted aryl isocyanates. However, steric ef-
fects were evidenced by the absence of reaction with
tert-butyl or trimethylsilyl isocyanate.!?!* The catalysis
occurs by electrophilic addition of the isocyanate at the
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SCHEME 1
M(co),
RCHO
RNCO
R
taM_ N\céo
R'CHO n c/° €O,
R W
R
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L7l e
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N tam_ |
/ ~R
RN=CRH RNCO

methine position of the coordinated acetylacetonate.
7.2.2. Reactions with Aldehydes

The reaction between organic isocyanates and al-
dehydes to afford imines has been known since the
beginning of this century*?” and proceeds under drastic
conditions (8 h under reflux for benzaniline, yield 66 %)
(eq 54).18 The use of appropriate transition-metal

RN=C=0 + R’'CHO — RN=CHR’ + CO, (54)

catalysts can moderate the reaction conditions as well
as the reaction time. In the presence of various metal
carbonyls, e.g., W(CO),, Fe(CO)5;, Cr(CO)q, or Ni-
(PPhg),(CO),, the reaction proceeds readily and the
yields reach 90-100%.13%1%0 Co,(CO)q was found to be
the most efficient catalyst. Kinetic studies and isotope
labeling experiments suggested some likely intermedi-
ates (Scheme I). The rate-determining step was sug-
gested to be the electrophilic attack by aldehyde at the
metal center of an #%-bonded isocyanate complex. It
is noteworthy that under the same reaction conditions,
isothiocyanates are unreactive. This behavior may be
attributed to the different coordination abilities of these
reagents.

Carbonyl-free nickel(0) systems have been found to
be more efficient than the above-mentioned complex-
es.}4! Thus, Ni(COD)(DABCO) catalyzes the reaction
at 120 °C in xylene to afford 99% N-benzylaniline in
2 h. The use of other ligands (pyridine, phosphines, or
TMEDA) instead of DABCO significantly decreased the
yield of the imine. This catalysis proceeds via a five-
membered metallacycle, which has been isolated and
shown to liberate the expected imine upon heating.
Possible intermediates accounting for the formation of
the imine are shown in Scheme II. The nickel pre-
cursor can first add the aldehyde or the isocyanate.
Then the aldehyde (respectively the isocyanate) is in-
corporated with C—O bond formation, affording inter-
mediate 66. Reductive elimination leads to 1,3-oxaz-
etidinone 67, which is known to decarboxylate easily.
A less likely possibility is the formation of nickel imine
complex 68 (by spontaneous decarboxylation), which
is known to react further with an isocyanate molecule
(see section 5.3). It is noteworthy that nickel imine,!!!
aldehyde,!*? or isocyanate? complexes related to all the
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SCHEME 11

L-Ni(RNCO)

% L-Ni{RcHO) \

Ni Ly L- N| i 66
2]

é L N,(Ruc NR)%
RN=CHR'

H

R‘(’:—O

N—C,

proposed intermediates have been isolated. Moreover,
a nickel complex containing both ethylene and form-
aldehyde as ligands has been recently synthesized and
its structure established by X-ray methods.!4® It might
also be relevant to the intermediates involved in
Schemes 1 and 2.

7.2.3. Reactions with Alkynes

As mentioned earlier, decarboxylation as well as po-
lymerization reactions of isocyanates are catalyzed by
many transition-metal complexes. These reactions can
be prevented by reacting isocyanates with alkynes or
dienes which afford cyclic or linear telomers. An in-
teresting reaction of this type is the cobalt-catalyzed
synthesis of 2-oxo0-1,2-dihydropyridones from alkynes
and isocyanates (eq 55a).14447 The best yields of the

R? R
R R R~y R’
RC=CR? «+ RNCO —————p Bl . , | (55a)
R NS0 RSN
|
R

|
R

2-0x0-1,2-dihydropyridines (1210 mol/mol of catalyst)
were obtained when methyl phenylpropiolate and
methyl isocyanate were reacted in benzene at 135 °C
for 8 h in the presence of cobaltocene. Only two isomers
among the four possible were detected. This observa-
tion was made in all cases where unsymmetrical alkynes
were used. Further investigations performed with the
cobaltacyclopentadiene complex 69 (which is also a
catalyst for this reaction) showed that the reaction
proceeds regioselectively, affording only one of the two
possible isomers (eq 55b). Moreover, a similar obser-

CO,Me

R S R

MeO,C | | R Me0,C” N0
|
R “come e me (55b)
% PPh; R
Meozcjl\/ﬁcowe
R N

|
Me

69 R:Ph

vation for the catalytic reaction suggests the interme-
diates shown in Scheme IIL.144}45 Since the discovery
of this reaction, other cobalt complexes such as CoCp-
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SCHEME III

VA

Co(PPha)

\ 2RC=CR
|
RNCO \
PPh,
SCHEME IV
Ni L,

R /
"HR R'NCO + RC=CR
1o / .

b

(CO), or CoCp(C,H,), have been reported to be efficient
catalysts for the reaction.*”'*®¢ With nickel(0) com-
plexes, the [2 + 2 + 2'] cycloaddition of alkynes and
isocyanates, described in section 6.5, becomes catalytic
when monodentate phosphines are coordinated to the
metal.l1311% The use of basic phosphine ligands, e.g.,
triethyl- or tricyclohexylphosphine, allows the reaction
to proceed under very mild conditions (20 °C) in con-
trast to the 60 °C needed with triphenylphosphine.!4®
A mechanistic pathway has been proposed which differs
from that suggested for the cobalt-catalyzed reaction
(Scheme IV). The first step in the reaction is the
nickel-promoted oxidative coupling of the alkyne with
the isocyanate, followed by insertion of a second alkyne
molecule into the nickel-carbon bond. Both interme-
diates have been isolated, and 70 has been shown to
generate the 2-oxo-1,2-dihydropyridine by reductive
elimination.!4

In contrast to the products formed with disubstituted
alkynes, with methyl propiolate and in the presence of
cobaltocene a different class of compounds, i.e., (Z)- and
(E)-((methoxycarbonyl)methylene)-1,3-dimethyl-
hydantoins 71 (R = Me), were formed, corresponding
to the coupling of two isocyanates with one alkyne (eq

56).14¢ A related reaction involving phenylacetylene
R
N0
2RNCO + RCECH  —SBm (Z+ErR'HC= c 11: (56)
C’ N

Casr. = CoCp,
Cat. = HRu,(CO)yy

R = Me; R' = COMe
R = Me, Et, Pr", Bu» {R' = Ph
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SCHEME V
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and alkyl isocyanates is catalyzed by several ruthenium
clusters.!® Formation of 71 requires the transfer of the
acetylenic hydrogen. The different behavior of methyl
propiolate or phenylacetylene and other terminal alk-
ynes in this reaction may be attributed to differences
in their ability to oxidatively add to the catalyst. A
reaction mechanism has been suggested for the iron-
promoted stoichiometric synthesis of hydantoin from
phenyl isocyanate and phenylacetylene (Scheme V).1%?
Phenylacetylene would first coordinate to iron, afford-
ing a complex that could rearrange to the hydrido
acetylide form. This would be followed by insertion of
the isocyanate into the Fe—C bond and further insertion
of isocyanate into the Fe-N bond. The complex thus
formed converts to hydantoins 71 by hydrogen transfer
and ring closure. As an alternative for this mechanism,
one could also invoke an initial acetylene to vinylidene
rearrangement.

7.2.4. Reactions with Alkenes

Ethylene,!!” propene,!!® styrene,!2° vinylcyclo-
hexane,'? and cyclopentenes!?* react catalytically with
phenyl isocyanate in the presence of nickel(0) species
to afford unsaturated amides. With ethylene, the
highest number of catalytic cycles was reached when
the reaction was performed in THF in the presence of
tri-n-propylphosphine (ca. 19 catalytic cycles), affording
a mixture of acrylic and pentenoic amides. The yields
of unsaturated amides could be increased by adding
slowly a dilute solution of PANCO to the mixture con-
taining the phosphine, the alkene, and the nickel(0)
species. This procedure may prevent formation of a
Ni(II) heterocyclic species (see section 3), which would
deactivate the catalytic system. The general mechanism
shown in Scheme VI may account for the formation of
these products. Formation of the products may be
explained by the five-membered metallocyclic inter-
mediate 72 which by 8-H elimination gives cinnamalide
(R = Ph) or acrylamide (R = H). Alternatively, sub-
sequent insertion of ethylene into the Ni-C ¢ bond
affords the pentenoic derivatives. The mechanism of
the catalytic formation of isomeric carboxamides from
vinylcyclohexane and PhNCO has been shown to in-
volve selective 8-H elimination reactions.!2®

7.2.5. Reactions with Dienes

An analogous reaction to that presented in Scheme
V1is the nickel-catalyzed synthesis of sorbanilide from
1,3-pentadiene and phenyl isocyanate.!?? Nickel com-
plexes, e.g., Ni(CDT) or Ni(COD),, in the presence of
strongly basic and bulky ligands catalyze the C—C bond
formation between piperylene and phenyl isocyanate
to afford sorbanilide in 250% yield (based on nickel)
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(Scheme VII).

Related reactions involving 1,5-hexa-
diene,'? 1,6-heptadiene,!? or butadiene!?! afforded the
expected acyclic amides and also carbocyclic five-mem-
bered amides of type 77 (see Scheme VIII). With
1,7-octadiene,'2%¢ selective formation of the carbocyclic
six-membered amide was observed in the presence of
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PCy; whereas the unsaturated open-chain isomer was
formed in the presence of P(OPr');. Butadiene (eq 57)
and isoprene (eq 58) react also catalytically in the

A (58)

presence of palladium complexes, e.g., Pd(PPh;),(MA)
or Pd(COD),.13b152  In the case of butadiene, a 1:1
mixture of (Z)- and (E)-3-ethylidene-1-phenyl-6-
vinyl-2-piperidones (73, 74) was isolated in 75% yield
(eq 57).1%! In a similar reaction involving isoprene, 82%
(based on isocyanate) of trans-3,6-diisopropenyl-1-
phenyl-2-piperidone (75) was isolated (eq 58).15! The
strong similarities observed between the nickel- and the
palladium-catalyzed telomerization of butadiene with
PhNCO may be accounted for by the mechanism shown
in Scheme VIII. Zerovalent precursors are known to
promote the dimerization of butadiene to afford mono-
or bisallylic species. Insertion of the C=N bond into
the ¢ M-C bond followed by reductive elimination
liberates piperidone 74.12! In the case of nickel, isom-
erization of the intermediate affords the bicyclic nickel
compound 76, which by B-elimination gives 77. In
contrast to the reaction with isoprene, one of the double
bonds can migrate to afford the conjugated piperidone
74. These cycles bear strong similarities to those sug-
gested for the nickel-1% or palladium-catalyzed!” tel-
omerization of butadiene and CO,.

7.2.6. Reactions with Strained Cycles

Activated vinylcyclopropanes have been recently re-
ported to condense with aryl isocyanates.!®* This re-
action, which is limited to aryl isocyanates, is catalyzed
by Pd(0) complexes in the presence of phosphine lig-
ands (eq 59). It is best understood as resulting from
cycloaddition of the zwitterionic intermediate with the
isocyanate molecule.

R\;!\A<: JM_,[E?/\J;\/“} m._.:)op)\\'w

N\
. A (59)

The related reaction of eq 60 involving epoxides has
found synthetic applications.!® An interesting feature
of this reaction is that it proceeds exclusively by in-
tramolecular N- rather than O-cyclization. As men-
tioned for the reaction of eq 59, the choice of the iso-
cyanate and of the added ligand is critical: aromatic
isocyanates and triisopropyl phosphite gave the best
results.!5® Optically active oxazolidone was obtained
from racemic vinyloxirane and PhNCO in the presence
of a chiral palladium catalyst (43% ee).15%

% -~
Ae (60)

?\10) Pd° WO RNCO
- e —

7N\
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A further example of catalytic cycloaddition (e.g. of
oxetanes and isocyanates) is given in eq 61.1%

R
A
) Bu,Snl,/ OPPh, (\
R | +rnco — 1 (61)
RN
T R
o}
R=H R'= p-XCgH, , X = H, Me, Cl, NO,

ReH,Me R'=PhCH, Me

8. Concluding Remarks

Isolation of simple organic isocyanate complexes is
hampered by their high reactivity in the presence of
metal ions and by the ease with which these species
undergo decarbonylation. However, in the presence of
the appropriate metal complexes and unsaturated
substrates, coupling reactions with C—C bond formation
occur under mild conditions. These reactions show
strong similarities with those reported in CO, chemistry.
It has often been suggested to use CO,-like molecules
rather than CO, itself to gain a better understanding
of the mechanisms involved in CO, chemistry.4»157
Indeed, heterocumulenes, e.g., isocyanates and carbo-
diimides, have been successfully employed for this
purpose and have allowed, by isolation of related in-
termediates, elucidation of the mechanism of the step-
wise reduction of CO, to methanol.® Furthermore,
parallel studies of coupling reactions of CO, and iso-
cyanates with unsaturated molecules might enable one
to render catalytic some stoichiometric reactions. Thus
Hoberg et al. have recently reported the synthesis of
acrylamide from ethylene and PhNCO, catalyzed by
Ni(0) species.l'” However, acrylic acid could only be
obtained until now in stoichiometric amounts from
ethylene and CO,.15%15% A better understanding of the
factors governing the PhANCO reaction and the use of
other transition-metal complexes might eventually allow
the CO, coupling reaction to run catalytically.

Furthermore, transition-metal-promoted reactions of
isocyanates are not only powerful models for the
transformations of other heterocumulenes but also tools
for synthetic applications. Thus, the palladium-cata-
lyzed vicinal hydroxyamination of chiral epoxides (see
section 7.2.6) is enantioselective. The potential of this
reaction is illustrated by the synthesis of (-)-N-
acetyl-O-methylacosamine (78), an amino sugar deriv-
ative.!%2 The key step of the reaction is the conversion
of the epoxide to the 2-oxazolidone (eq 62). With

R = protecting sulfoxide

p-tolylsulfonyl isocyanate this transformation occurs
with complete retention of configuration. A further
example of application is the cobalt-catalyzed co-
cyclization of alkynes and isocyanates, which has been
successfully employed for the total synthesis of camp-
tothecin (79), an antitumor alkaloid (eq 63).16°
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