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1. Introduction

The chemistry of transition-metal—NO complexes,
or metal nitrosyls, has taken on added significance
in recent years because of the important role that
nitric oxide has been found to play as a signaling
molecule in biological systems. Recent work has also
established that the characteristic chemistry of ni-
trosyl complexes is often markedly different from that
exhibited by their isoelectronic carbonyl analogues.
It has been almost 10 years since these complexes
were last reviewed in the book Metal Nitrosyls,* and
so it seemed to us that an update of this rapidly
expanding field would be appropriate at the present
time. Consequently, this article picks up where Metal
Nitrosyls left off and summarizes comprehensively
the literature dealing with nitrosyl complexes from
1991 to mid-2001. Some particularly relevant work
reported in late 2001 has been included where
appropriate during the final stages of revising and
polishing the text. As outlined in the table of con-
tents, the pertinent information concerning the com-
pounds themselves is first partitioned in terms of the
position of the central transition metal in the periodic
table and then in terms of the ligands other than NO
present in the complexes. In the interests of keeping
the article to a manageable size, most of the routine
preparative and characterization data for individual
compounds are simply referenced rather than being
presented and discussed in detail. The review con-
cludes with a general section that applies, in prin-
ciple, to all classes of transition-metal-NO com-
plexes, namely the characteristic reactivities of bound
NO groups. Whenever possible, emphasis is placed
on the unique physical and chemical properties
imparted to nitrosyl complexes by the presence of the
strongly electron-withdrawing NO ligands. If not
specified otherwise, the abbreviations employed
throughout are those summarized in the ACS Style
Guide.?

Several general articles concerning nitrosyl com-
plexes have appeared between 1991 and 2001. These
include theoretical calculations on nitrosyl frag-
ments®~® and submissions concerning electron count-
ing in nitrosyl complexes.® Several review articles
have also been written concerning a large array of
nitrosyl-related topics, such as linkage isomerism,’
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infrared spectroscopy,® biological aspects of nitrosyl
complexes,® etc.1011

We begin our coverage below with the group 5
metals, since no well-defined nitrosyl complexes of
group 3 or 4 are currently known. This state of affairs
is probably due to the following factors: (1) These
metals are very oxophilic. (2) Most nitrosylating
agents are potent oxidizers and potential oxygen-
atom sources. (3) The low-valent chemistry of the
early metals is not as well developed as it is for
groups 6—9. Consequently, requisite precursor com-
plexes are not readily available, and most attempts
to make early-metal nitrosyls lead to the formation
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of oxo-containing products. A few reports of nitrosyls
from groups 1—4 do exist, though. The interaction of
NO with Na* and K" in the zeolite ETS-10 at 100 K
results in the formation of the weakly bound adducts
M*--NO and M*--:ON.?2 Also, the species Be(NO),
Mg(NO), Sc(NO), Sc(»?>-NO), and Ti(NO) have been
detected in argon matrixes as the products resulting
from the reactions of laser-ablated metal atoms with
nitric oxide.'3'4 The complex CpZr(NO)(PMe3) has
been invoked as an intermediate during the reaction
between Cp,Zr(PMes), and NO.°

2. Group 5 Nitrosyls

2.1. Vanadium Nitrosyls

After a flurry of activity in the 1970s and 1980s,
research on vanadium nitrosyls has diminished in
recent years. V(NO), (x = 1—3) species have been
detected in an Ar matrix.'® The complexes [V(NO),-
(phen),]*t and [V(NO),(bipy).]™ can be prepared by
reacting VO3~ with hydroxylamine and either phen
or bipy in aqueous alkaline solutions and have been
characterized by elemental analyses, IR spectroscopy,
and cyclic voltammetry.'” They can also be formed
by treating [V(CN)s(NO)]3~ with excess bipy or phen
in water.*® [V(tacn)(NO)>(NH3)]l (tacn = 1,4,7-triaza-
cyclononane) has been formed by reacting V,Os,
KOH, tacn, [NH3;OH]CI, and Nal in water. The azide-
substituted derivative, V(tacn)(NO)2(Ns), formed by
metathesis of the ammine precursor with NaNs;, has
been structurally characterized.'®

The nitroxyl anion (NO~) has been trapped in the
vanadium oxide [V1203,]* to form [(NO)V1,03,]°,
which has been characterized by X-ray crystal-
lography.?® Although not strictly a vanadium nitrosyl
complex, the latter species could possibly be used as
a novel nitrosylating agent.
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2.2. Niobium and Tantalum Nitrosyls

M(NO)yx (M = Nb, Ta; x = 2, 3) species have been
detected spectroscopically in an argon matrix.?* Sev-
eral well-defined terminal nitrosyl complexes of nio-
bium and tantalum have also been recently synthe-
sized. The first of these complexes to be prepared
were (trimpsi)M(CO)(NO) [M = Nb, Ta; trimpsi =
BuSi(CH,PMe,);] as summarized in Scheme 1.%?

Both of the dicarbonyl nitrosyls exhibit extremely
low vno values in their Nujol-mull IR spectra (Nb,
1518 cm™%; Ta, 1515 cm™1), thereby indicating the
large amount of M—NO back-bonding extant in these
complexes. The key steps in their syntheses involve
reduction of (trimpsi)M(CO)sl with 2 equiv of Na/Hg
amalgam, followed by nitrosylation with Diazald.
Their thermal stability is due, most likely, to their
bulky coordination environments and the presence
of coligands with the right balance of -accepting and
o-donating abilities.

cis-[M(NO)2(CNAr)4]* complexes (M = Nb, Ta; Ar
= 2,6-Me,CeH3)?® are made by oxidizing [M(CO)e]™
with 2 equiv of [NO]" in the presence of excess
isocyanide. The related Ta(NO)(CNAr)s (Ar = 2,6-
Me,CsH3)?* is preparable by oxidizing [Ta(CO)s]™ with
I, in the presence of 6 equiv of CNAr to generate
Tal(CNAr)s. This species is then reduced with excess
KCs followed by reaction with Diazald to obtain
Ta(NO)(CNAr)s, whose IR spectrum in THF exhibits
a vno at 1542 cm™1L,

(1)1, THF, —=78°C

[Ta(CO)e]

(2) 6 CNAr, —60 to 20 °C

(1) xs KCqg, DME, —55 °

Tal(CNATr), = Ta(NO)(CNAr);

(2) Diazald, 0 °C

Finally, it is interesting to note that all the niobium
and tantalum, and most vanadium, nitrosyls obey the
18e rule.! Furthermore, all known niobium and
tantalum nitrosyl complexes exhibit a formal d®
electron count at their metal centers.
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3. Group 6 Nitrosyls

3.1. Chromium Nitrosyls

3.1.1. Coordination Complexes

Research with chromium nitrosyl complexes has
continued apace during the past decade. Many octa-
hedral complexes Cr(NO)(CN);L»(H,0O) (L = mono-
dentate ligand or L, = bidentate ligand) have been
isolated from the reactions of K3[Cr(NO)(CN)s]-H,O
with L or L,. The physical properties of these com-
plexes are consistent with their possessing octahedral
structures and low-spin electron configurations des-
ignated as {CrNO}® according to the Enemark—
Feltham notation.® A wide variety of Lewis bases, L
or L,, have been utilized in this manner. Repre-
sentative examples include benzimidazoles,?>~28 ben-
zothiazoles,?® tetrahydroquinolines/isoquinolines,3°
aromatic amines,33 quinolines,* pyrazoline-5-
ones,3*3% 8-hydroxyquinolinesulfonamides,®” Schiff
bases,?® Mannich bases,?® and a variety of drugs,
vitamins, and other biologically important com-
pounds.3®~4! Related 2/3-pyrazoline-5-one derivatives
have also been prepared in a similar manner from
the [Cr(NO)(CN)4J?~ anion.*? Similar Cr(NO)(NCS),L»-
(H20) complexes result from the treatment of the
[Cr(NO)(NCS)s]*~ anion with biologically active or-
ganic compounds (L).*® Finally, mixed-ligand com-
plexes of the type Cr(NO)(acac),(L) (L = a substituted
benzimidazole) can be obtained from the reactions of
Cr(NO)(acac),(H,0) with L.44

ESR monitoring of the photosubstitution of CN~
by H,O in [Cr(NO)(CN)s]®~ and Cr(CN)z(H20)3(NO)
reveals formation of the complexes [Cr(CN)s—x-
(H20)x(NO)]*~2 which exhibit different stabilities in
acidic and alkaline media.*® The ESR spectra of the
product complexes have also been simulated.*®

The second-sphere coordination of protonated,
branched poly(ethyleneimine) with [Cr(NO)(CN)s]3~
as a function of pH has been studied by ESR
spectroscopy.*” Simulation of the spectra indicated
that ca. 98% of the chromium complex is bound to
the polymer at pH ~ 7. New Prussian blue analogues
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such as Cr[Cr(NO)(CN)s]o5:2H20-1.8MeOH can be
constructed from the [Cr(NO)(CN)s]3>~ anion.*® IR
spectra are interpreted as being consistent with the
view that the nitrosyl ligands in the anions are
bridging, the vno being some 60—110 cm™! higher
than that of K3[Cr(NO)(CN)s]. Overall, the [Cr(NO)-
(CN)s]®~ anion affords Prussian blue analogues with
lower magnetic ordering temperatures than does the
related [Cr(CN)g]®~ anion. Finally, the [Cr(NO)(CN)s]*~
anion also forms cyano-bridged complexes such as
K[L2FCr—NC—Cr(CN)4(NO)], where L = en or pn.*®

Acid hydrolysis of Cr(H20)(CN).(en)(NO) affords
[Cr(H20)2(CN)(en)(NO)]".%° Linkage isomerization of
bridging cyano ligands has been found to be involved
in the formation of adducts between both of these
chromium complexes and Hg(l1) and Ag(l1).5%5! The
crystal structure of [Cr(H,0)s5(NO)]SO, supports the
formulation of this complex as a Cr(l1l) complex of
NO~.52 However, all electron ab initio multiconfigu-
ration self-consistent field calculations of Cr(NO)**
and [Cr(H,0)s(NO)]?>" reveal the net charge on chro-
mium to be in the range +1.65e to +1.84e.53 This
indicates that the oxidation state of chromium is
approximately +2 in both ions. The related [Cr-
(NCMe)s(NO)J?* cation has also been isolated as its
tetrafluoroborate salt,>* and [Cr(NH3)s(NO)][CIO,]»
has recently been structurally characterized and
studied by DFT methods.%®

The chromium nitrosyls [Cr(NO)(EHBA)]* and Cr-
(NO)(EHBA), (EHBA = 2-ethyl-2-hydroxybutyrate)
have been characterized by continuous wave ESR and
two-pulse electron spin—echo spectroscopy at X-
band.®® The g values are characteristic of a single
unpaired electron in a predominantly dy, orbital. The
formally low-spin d®> complexes relax ~5 orders of
magnitude more slowly than low-spin Fe(lll) por-
phyrins.

The chromium carbonyl nitrosyl Cr,(CO)s(NO), has
been prepared, and its crystal structure has been
determined along with that of the known [Ph4P][Cr»-
(CO)o(N0O)].5” Both complexes possess metal—metal-
bonded structures analogous to that of Mn,(CO)o, the
Cr—Cr bond lengths being 3.00—3.02 A in the neutral
and 2.995 A in the anion vs 2.904 A for the central
Mn—Mn linkage in the manganese carbonyl. Cr,-
(CO)s(NO), is slowly formed in poor yield from
[Cr(CO)4(NO)]” and Cr(CO)4(NO)Br, but it can be
prepared almost quantitatively by the one-electron
oxidation of [Cr(CO)4(NO)]~ by [Ph3C][PF¢].5"%8 In a
related study, theoretical analysis of IR spectral
evidence suggests that Cr(CO)3(NO), has a C,, mo-
lecular structure with the NO groups occupying two
equatorial positions of a trigonal bipyramid and that
Cr(C0O)4(NO) has a Cyy, structure that is very similar
to the isoelectronic molecule Mn(CO)s.5°

A general synthesis for trans,trans-CrH(CO),(NO)-
(PR3); has been developed,® starting from [(5®-arene)-
Cr(C0O)2(NO)]PFs, LiBH,4, and PR3 (R = Me, Et, Ph,
OMe, OPh). The IR and NMR parameters of the
chromium complexes compare well with those exhib-
ited by their tungsten congeners, but the Cr—H
linkages are less hydridic in nature and are thus less
reactive with respect to addition across C=C and
C=O0 bonds than are the tungsten complexes. Fur-
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thermore, the specific reaction of trans,trans-CrBr-
(CO)2(NO)(PPh3), with LiHBEt; in the presence of
PPh; gives trans,trans-CrH(CO),(NO)(PPhs),, which
exhibits a distorted octahedral solid-state molecular
structure.’* Phenyldiazonium hexafluorophosphate
inserts into the Cr—H bond of the hydride to produce
[trans,trans-Cr(NH=NPh)(CO),(NO)(PPh3),]PFs, and
triflic acid reacts with the hydride to afford trans,
trans-Cr(n-OTf)(CO)(NO)(PPhs),.

Reaction of Cr(CO)s with 2 equiv of [NO][BF,] in
MeNO, at 60 °C reportedly produces the unusual
trans-dinitrosylchromium complex [Cr(NO),(CO),-
(MeNO:,),][BF,]. from which the MeNO, ligands are
very easily replaced.®? Thus, treatment with stoichio-
metric amounts or excesses of Lewis bases, L, affords
[Cr(NO)(CO),L][BF]z or [Cr(NO):L4][BF4]2, respec-
tively (L = MeNO,, MeCN, MeOH; L, = bipy).
Similarly, treatment of [Cr(NO),(CO),(MeNO,),]-
[BF4]2 with 2 equiv of NaOR or NaO,CPh produces
trans-{Cr(NO)2(OR)2}» (R = Et, iPr) and Cr(NO)2(O2-
CPh),, respectively. The latter dinitrosyl complexes
undergo trans—cis isomerization in the presence of
MCI, (M = Ti or Sn) and then form adducts formu-
lated as Cr(NO),(OR),(MCl,;); and Cr(NO),(0O,CPh),-
(MCly).%2 The corresponding adducts with EtAICI, are
believed to transform further into ethylidene com-
plexes, one of which has been characterized only by
IR spectroscopy.®? Some of the dicationic dinitrosyl-
chromium complexes catalyze the polymerization of
olefins, and some of the MCI, adducts polymerize
phenylacetylene catalytically.

Finally, it may be noted that nitrosylation of Schiff
base (SB) complexes cis-(SB)Cr(CO), with NO in
benzene under dry argon at room temperature affords
products formulated as (SB)Cr(NO),(NO,),.54

3.1.2. Organometallic Complexes

Microwave rotational spectra for eight isotopomers
of CpCr(C0O),(NO) confirm that the complex has a
piano-stool type structure with one symmetry plane
and give a clear indication of different bonding and
structural parameters for the NO and the CO groups.®®
The Cp—Cr—NO angle is 128°, the Cp—Cr—CO angle
is 120°, the Cp—Cr bond = 1.86 A, and two of the Cp
C atoms are staggered with respect to the NO
nitrogen atom. DFT has been used to calculate the
equilibrium geometry and ESR hyperfine coupling
constants for the 19e complex [CpCr(CO),(NO)] .65
The results are in good agreement with experimental
values and confirm that the unpaired electron is
localized primarily on the NO ligand, which is
significantly bent. However, the Cr—N—O bond angle
(157°) is larger than that predicted by the analysis
of the EPR data (<130°). As expected, reaction of
CpCr(C0O)2(NO) with LiC=CR and subsequent addi-
tion of [Me]" leads to the carbene complexes Cp(CO)-
(NO)Cr=C(OMe)(C=CR) (R = Ph, SiMej3).%"

Chlorination/nitrosylation of (ON)(OC),Cr(175-CsH,)-
C(O)(5°-CsH4)Fe(n®-CsHs) with hydrogen chloride/
isoamyl nitrite affords CI(ON),Cr(#°-CsH,)C(O)(1°-
CsHy)Fe(°-CsHs) (vide infra),58 which also results
from the unexpected Friedel—Crafts acylation of the
bimetallic dicarbonylnitrosyl with (ON)(OC).Cr(#®-
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CsH,)C(O)CL.% The related (57°-CsH4,COOMe)Cr(NO),X
(X = CI) complex has been prepared similarly and
has been converted to its X = | or Me derivatives by
metathesis reactions.” In related chemistry, reaction
of [(MeCp)Fe(CO),;]Na with CpCr(CO)(NO)(THF) gives
the heterodinuclear anion [(MeCp)(OC)Fe(u-CO),Cr-
(NO)Cp]~, which has been structurally characterized
as its [PhsPMe]* salt. It crystallizes as the trans
isomer with an Fe—Cr single-bond distance of 2.611(1)
A. Alkylation of the anion with [Me]* gives the
methoxycarbynes, cis- and trans-(MeCp)(OC)Fe(u-
COMe)(u-CO)Cr(NO)Cp in low yields. Both isomers
undergo slow decomposition at room temperature to
produce (MeCp)Fe(CO),Me as one of the products.”

Cr..,
AN NO
Cl NO

Treatment of (3%-CsEts)Cr(CO),(CE) (E = O or S)
with [NO][BF,] yields [(15-CsEts)Cr(CO),(NO)][BF4]
and [(#5-C¢Ets)Cr(CO)(CS)(NO)][BF4], respectively.
The hexaethylbenzene ligand in both complexes
adopts the 1,3,5-proximal-2,4,6-distal arrangement,
and the tripod ligands eclipse the distal Et groups.’
Variable-temperature NMR data exhibited by the
cationic nitrosyl complexes reveal that each exists as
a single conformer with the same structure as in the
solid state.

The reaction between cynichrodenoic acid, (°-
CsH4,COOH)Cr(CO),(NO), and PCls produces cyn-
ichrodenoyl chloride, (#°-CsH4COCI)Cr(CO)2(NO),
which can be converted to functionally substituted
derivatives of the parent complex.” Thus, reactions
of the acyl chloride with amines lead to the corre-
sponding carboxamides, with alcohols to the corre-
sponding esters, and with pyridine to the carboxylic
anhydride. Metathesis of the chloride with sodium
azide affords cynichrodenoyl azide which undergoes
Curtius rearrangement to form the corresponding
isocyanate that can be subsequently hydrolyzed to
aminocynichrodene. Interestingly, hydrolysis of the
isocyanate with 20% aqueous KOH produces 30%
aminocynichrodene and 40% dicynichrodenylurea,
i.e., (OC)2(ON)Cr[(7°-CsH4)NHC(O)NH(#>-CsH,)]Cr-
(CO)2(NO).™ The related 1,2-dicynichrodenylethene
can be prepared in 36% yield from formylcynichro-
dene via McMurry’s low-valent titanium coupling
reagent (i.e. 2TiCl, + LiAlIH,4), and vinylcynichrodene
can be obtained by dehydration of the corresponding
alcohol.” The NMR spectra of the various cynichro-
dene derivatives have been recorded, and structures
of several of the complexes have been established by
X-ray diffraction.

Addition of nucleophiles R~ to (#%-CsHs)Cr(CO)3
and (18-C;Hg)Cr(CO); followed by treatment with
Diazald produces (7°-C¢HgR)Cr(CO),(NO) and (°-
C7/HgR)Cr(CO)2(NO), respectively. These compounds
can be converted to Fischer carbene complexes, e.g.
(7%-CsHeR)(OC)(ON)Cr=C(OMe)Ph, by sequential
treatment with nucleophiles and electrophiles. Ab-
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straction of hydride from the dicarbonylnitrosyl spe-
cies having R = H produces the corresponding air-
sensitive cations, e.g. [(#5-C;Hg)Cr(CO),(NO)]*.78

The photoinduced decarbonylation of Cp*Cr(CO),-
(NO) in CH3CN in the presence of excess sulfur leads
to the cyclopentasulfido complex Cp*Cr(NO)(Ss),
while in the case of limited sulfur supply the bi-
nuclear Cp*,Cry(NO)2(u-nt,17%-S5), is formed prefer-
entially. The corresponding reaction with elemental
selenium produces Cp*,Cry(NO),(u-nt,n?-Se,), irre-
spective of the available amount of selenium.””

UV irradiation of the cyclohexadienyl complex (1°-
CeHsR)Cr(CO)2(NO) (R = 2-methyl-1,3-dithiane-2-yl)
and 2 equiv of 2-butyne or 3-hexyne in toluene or
n-hexane produces tricyclic complexes.”® These com-
plexes arise from sequential [5 + 2] and homo[5 + 2]
cycloadditions of two alkyne molecules to the #°-
dienyl manifold (vide infra). The tricyclic organic
compound can be released from the chromium’s
coordination sphere by heating the complex in MeCN.

7 D

s

2 RCCR —£ R
_—_—
(‘Zr hy R é
rd ~ r
ocC 111 co oc” 1 ~co
° o

Reaction of Cp,Cr,(u-SCMejs),(u-S) with CINO re-
sults in the production of Cp,Cr,(NO),(u-SCMe3z)(u-
SSCMej3), Cp2Cry(NO)2(u-SCMes)(u-Cl), and Cp,Cr-
(NO)(Cl)(u-SCMej3),.™°

Treatment of CH,CI, solutions of [Cp'Cr(NO)X].
(Cp' = Cp or Cp*; X = Cl or 1) with various Lewis
bases, L, affords good yields of Cp'Cr(NO)(L)X com-
plexes [L = PPhs, P(OMe)s;, P(OPh)s, py, or CsHi;N
(pip)].8° In donor solvents, S, these ESR-active com-
pounds undergo either L or X substitution to form
the 17e Cp'Cr(NO)(S)X and [Cp'Cr(NO)(L)(S)]* spe-
cies, respectively. Electrochemical reductions of the
various CpCr(NO)(L)X compounds are irreversible
and are followed by loss of [X]~. Consistently, reduc-
tion of CpCr(NO)(PPhgs)l in THF by Zn in the pres-
ence of P(OPh); produces the 18e mixed phosphine—
phosphite complex CpCr(NO)(PPh3)[P(OPh)s]. Treat-
ment of [CpCr(NO)I], with [Ag][PF¢] in MeCN affords
the paramagnetic complex [CpCr(NO)(NCMe),][PFe],
whose solid-state molecular structure has been es-
tablished by an X-ray crystallographic analysis.®* Its
room-temperature ESR spectrum in DMF consists of
a broad three-line pattern indicative of the unpaired
electron in the 17e cation being primarily delocalized
onto the nitrosyl ligand (a(**N) = 5.21 G).

Treatment of a green suspension of CpCr(NO)-
(PPh3)l in THF with MesSiCH,MgCI results in the
formation of the unusual 17e monomeric organo-
metallic radical CpCr(NO)(PPhs3)(CH,SiMes).8? Re-
markably, this alkyl-for-iodide metathesis is initiated
by dissociation of the phosphine ligand from the
reactant, and four intermediate complexes which are
formed sequentially on the reaction path from the
iodide to the alkyl have been detected by IR and ESR
spectroscopy.® This understanding of the mechanis-
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tic pathway has led to the development of a general
synthetic route to other 17e CpCr(NO)(L)R complexes
(L = Lewis base, R = hydrocarbyl).8* The ESR spectra
of these radicals vary greatly in appearance, ranging
from featureless singlets to more complicated spectra
which reveal varying degrees of delocalization of the
unpaired electron. For instance, the X-band ESR
spectrum of the prototypical complex, dark green
CpCr(NO)(PPh3z)(CH.SiMes), in hexanes exhibits sig-
nals which indicate that the unpaired electron den-
sity is delocalized virtually over the entire molecule.
Consistently, it possesses a normal three-legged
piano-stool molecular structure with no unusual bond
distances or angles. The chemical properties of the
CpCr(NO)(L)R complexes reveal a degree of selective
substitutional lability. Thus, CpCr(NO)(PPhz)(CH,-
SiMej3) is inert to CO, H,, and C;H,4 but is converted
by NO to CpCr(NO),(CH;SiMe3), by [NO][PFg] to
[CpCr(NO),(PPh3)][PF¢], and by 2 equiv of HSnPhs
to CpCr(NO)(PPh3)(H)(SnPhj3). Other less sterically
congested CpCr(NO)(L)R complexes react readily
with CO to form CpCr(NO)(CO), and CpCr(NO)(L)-
(CO).84

CpCr(NO),CF; is preparable as an exceptionally
thermally and oxidatively stable material by the
interaction of CpCr(NO),Cl with Cd(CF3),-glyme at
65 °C.85 Treatment of Cp*Cr(NO).X (X = Cl or CHCI)
with excess NaO-Pr in 2-propanol produces Cp*Cr-
(NO)(O-'Pr); as a volatile, deep blue-green complex.
The molecule adopts a nearly Cs piano-stool structure
having a terminal NO ligand and isopropoxide ligands
so oriented as to maximize Cr—O z-bonding (Cr—
O(av) = 1.815(4) A).8 Particularly interesting is the
fact that the natures of the ligands control the
electronic stability of CpCr(NO)(ligand), complexes.8”
Thus, o-base ligands stabilize the 17e configurations
of cations such as [CpCr(NO)(NH3),]* whereas z-acid
ligands (e.g. CO) stabilize the 18e configurations of
the neutral congeners. Intermediate ligands (e.g.
P(OMe);) afford complexes capable of existing in both
forms.8 The effects of z-bonding on the stability and
reactivity of CpCr(NO) complexes have been recently
delineated.®?

Several anionic and paramagnetic [CpCr(NO)X;]~
complexes (X = halide, OTf) have been prepared, e.g.
by reaction of [CpCr(NO)X], with X~, as possible
precursors to neutral CpCr(NO)X, species.®®© How-
ever, le oxidation of these anions results in initial
loss of NO from the chromium’s coordination sphere,
probably via a high-spin CpCr(NO)X; intermediate,
and eventual formation of isolable [CpCrCl(u-Cl)].
and CpCr(NO).Cl. The relation between spin-state
and metal—ligand bonding interactions in CpCr-
(NO)X, complexes has been studied using DFT
computational techniques, and these studies have
indeed confirmed a propensity for NO-ligand dis-
sociation from the high-spin complexes.* The calcu-
lated order of relative singlet vs triplet spin-state
stability is CpMo(NO)CI, > CpCr(NO)(NH;)Me >
CpCr(NO)Me; > CpCr(NO)(Me)Cl ~ CpCr(NO)(NHy,)-
Cl > CpCr(NO)CI,. The amide z-donation increases
the HOMO—-LUMO gap, thereby favoring the dia-
magnetic configuration, but the methyl ligand re-
duces electron—electron repulsion through orbital

Hayton et al.
Scheme 2
+ +
N BES H—=——-CO00CH; M OCH;
Mo I BR ——————————————— | g BF,
ON / ¢ R—==—Ph ONy o] 4
ON ON |
#ph
R
AgBF, | - Agl Nal | -CHjI

- NaBF,

== . ==,

I
e M we M
ON VAN ON / o
oN I oN |
F
Ph
(o] R

1
0
#pp

R

M=Cr,R=Et; M=Mo, W;R=Me

expansion, thereby lowering the relative energy of the
singlet state.

The formally 16e cations, [Cp*M(NO),]* (M = Cr,
Mo, W) mediate the regioselective and stoichiometric
assembly of iodopyrones from methyl propiolate,
phenylacetylenes, and l,. This process may be ef-
fected in a stoichiometric cycle, as depicted in Scheme
2_92

Treatment of CpCr(NO),(OTf) with o-donor ligands
(L) produces the [CpCr(NO),L][OTf] salts.®® Poten-
tiometric titrations and *H NMR spectroscopic stud-
ies of CpCr(NO),(OTf) in aqueous solutions provide
evidence for the existence of [CpCr(NO),(H,0)]* and
CpCr(NO)2(OH). When generated in situ by the
reaction of CpCr(NO),(OTf) with an equimolar amount
of CsOH in H,0, the hydroxo complex reacts with a
variety of acids with concomitant NO loss to form
paramagnetic, mononitrosyl complexes [e.g. CpCr-
(NO)(acac)], some of which have been structurally
characterized.®?

Reaction of Cr(NO)(N'Prz); with PhCO,H leads to
Cr(NO)(NiPry)(0O,CPh),.%* Treatment of the bis-
(benzoate) with CpNa produces CpCr(NO)(NPr,)-
(OC(O)Ph) which subsequently yields a series of 18e
complexes CpCr(NO)(NPr2)R (R = hydrocarbyl) when
treated with 1 equiv of the appropriate R,Mg-
x(dioxane) reagent.®® The “strong-field” nitrosyl and
amide ligands in [Cr(NO)(N'Pr,)]?" also enforce a
diamagnetic configuration on the formally 14e Cr(NO)-
(N'Prp)R; (R = CH,SiMe3z, CH,Ph) complexes which
result from reaction of the bis(benzoate) with 2 equiv
of the corresponding R.Mg-x(dioxane) reagent. These
monomeric compounds are stereochemically nonrigid
in solutions and exhibit distortions in their solid-state
molecular structures that reflect the existence of
B-agostic C—H---Cr interactions.% Interestingly, at-
tempts to prepare Cr(NO)(N'Pr,)(o-tolyl), in a similar
manner result in the isolation of Cr(N-o-tolyl)(O)-
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(N'Pr)(o-tolyl), a strongly bent monoimido complex
evidently resulting from nitrosyl-ligand cleavage.®®

3.2. Molybdenum and Tungsten Nitrosyls

3.2.1. Coordination Complexes

Photochemically generated W(CO)s reacts with NO
in the gas phase at room temperature to form initially
W(CO)x(NO) (x = 4 or 5) and then relatively stable
W(CO)3(NO),, which exhibits vco at 2015 cm™* and
vno at 1676 and 1712 cm~1.°7 A theoretical analysis
of CO-substitution reactions on trans-W(CO)4(NO)-
Cl by PMej predicts an associative mechanism with
a 7-coordinate intermediate in which the W—N—-0O
angle is bent to 135.7°. For weaker donors, such as
PH;, this associative mechanism is not available
since they cannot stabilize an intermediate with a
bent W—N—0O bond.%

The electronic structure of LsW(NO)(O)Me (L; =
1,4,7-triisopropyl-1,4,7-triazacyclononane) can be de-
scribed in terms of an octahedrally coordinated W(IV)
center (d?), an antiferromagnetically coupled NO
ligand (S = 1), and one oxo and one Me anion.®® The
related molybdenum complex, LsMo(NO)(O)(OH), is
also known, and it forms the centrosymmetric di-
cation [{LsMo(NO)(O)(OH)}sNa,(H.0),]** that has
been crystallographically characterized.*® The crys-
tal structure exhibits two different types of nitrosyl
ligand—Na interactions, either NO side-on or through
the nitrosyl O atom.

LT
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The three-coordinate complexes Mo(NRAr); (R =
tert-hydrocarbyl; Ar = 3,5-CsHsMe,) or Cr(N'Pr,); are
efficient agents for the quantitative abstraction of
nitric oxide, e.g. from Fe(NO)(L)(NRArg), com-
plexes,'t to generate Mo(NO)(NRAr); and Cr(NO)-
(N'Pr3)s. The related monomeric complex (AdS)sMo-
(NO)(py) (Ad = 1-adamantyl) has also recently been
prepared by treatment of the thio-1-adamantyl dimer
[(ON)Mo(u-SAd)(SAd).], with pyridine.1®? Also known
are the related complexes [(ON)Mo(u-S'Bu)(S'Bu);],,
[(ON)Mo(u-OSiMe;'Bu)(0OSiMe,'Bu),],, and W(S'Bu)s-
(NO)(py).103.104

Mo(NO)(NRAr)s-type complexes can be formed by
a number of other routes (Scheme 3). For instance,
reaction of Mo(NRAr); with N,O results in the
formation of Mo(NO)(NRAr); and Mo(N)(NRAr)z;, a
reaction that involves formal N—N bond cleavage.'%®
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This reaction in unprecedented and indeed is some-
what counterintuitive, since N,O usually acts as a
O-atom donor. The reaction has been studied in great
detail by kinetics and calorimetry, and the N—N
bond-cleavage step is thought to proceed through a
bimetallic 4-N,O complex.'°® The nitrosyl complex
Mo(NO)(NRAr); can also be formed by reacting
Mo(NRAr); with 0.5 equiv of NO,, an equal amount
of Mo(O)(NRAr); also being generated during this
transformation. To the best of our knowledge, this
conversion is also without precedent.%’

The basic hydrides, trans,trans-WH(CO),(NO)-
(PR3)2 (R = Me, Et, Ph, OCMe,)'°8 react with BHs-L
(L = THF or SMey) to form air-sensitive trans-W(?-
BH,4)(CO)(NO)(PR3). as the main products, whereas
the more acidic hydrides (i.e. R = OMe, OPh) do not.
The W(7%-BH4)(CO)(NO)(PR3), complexes are un-
stable with respect to elimination of BH3-PR3.1%°

As illustrated in Scheme 4, the reactions of trans,
trans-WH(CO),(NO)(PMe3s), with activated acetylenes
of the type RC=CCO;R’' (R = H, Me, Ph, R'O,C)
initially afford tungsten vinyl compounds resulting
from trans- and cis-insertion of the acetylenes into
the W—H linkage of the reactant. However, some of
the vinyl compounds are prone to lose CO and form
four- or five-membered metallacycles in which the O
atoms of the ester functionalities are coordinated to
the tungsten centers.!’® In a similar manner, the
W—H bond of trans,trans-WH(CO),(NO)(PMej3), adds
across the C=0 linkages of (pyridin-2-yl)-substituted
aldehydes and ketones. This addition is followed by
rapid extrusion of a coordinated CO ligand to form
O,N-bidentate coordinated tungsten alkoxides.!'* Con-
sistently, trans,trans-WH(CO),(NO)(PMej3), behaves
similarly toward simple and phenoxy-functionalized
aldehydes and ketones!'? as well as f$-diketones.'!3
The related hydride, mer-MoH(CO)(NO)(PMej3)s, also
undergoes facile additions of its Mo—H linkage across
the C=0 bonds of aldehydes or ketones, CO,, and
metal carbonyls to form isolable alkoxide, formate,
or u-formyl complexes, respectively, that exhibit no
proclivity to undergo subsequent extrusion of coor-
dinated CO.'** Similar results have recently been
reported for the tungsten analogue.*®

The molybdenum complex mer-Mo(CIl)(CO)(NO)-
(PMePh,); preparable by the reaction of 4 equiv of
PMePh, with trans-Mo(CIAICI3)(NO)(CO), undergoes
a metathesis reaction with LiBH, to afford the
hydrido nitrosyl complex, mer-MoH(CO)(NO)(PMe-
Phy)s. Reaction of this complex with ethylene (50 °C,
50 psi, 48 h) results in the loss of a PMePh, ligand



942 Chemical Reviews, 2002, Vol. 102, No. 4

and incorporation of 3 equiv of C,H, to produce
complex I in good yield. Styrene reacts slowly (5 d,
50 °C) with benzene solutions of the hydride to give
ethylbenzene and emerald-green trans-l11 in high
yield.116
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The reaction between mer-MoH(CO)(NO)(PMePh,)s
and propylene results in only one olefin being incor-
porated to form the isomeric complexes mer-Mo{#?-
C(O)R}(NO)(PMePhy)s (R = "Pr, 'Pr). Treatment of
these latter compounds with HCI converts them to
the corresponding #*-O=CHR aldehyde complexes
from which the aldehydes may be liberated by CO,
the final nitrosyl product being MoCI(CO),(NO)-
(PMePh,), in both cases.1®

IR and NMR spectroscopic evidence has also been
presented for the existence of intermolecular
M—H---H—OR' hydrogen bonding between the hy-
dride ligand of WH(CO),(NO)(PR3), complexes and
acidic alcohols.*'” The IR and NMR data suggest Ca,
symmetry around tungsten in the adducts, and an
H:---H distance of 1.77 A has been estimated for one
of the adducts [R = Me, R" = (CF3),CH] from the
hydride Timin relaxation time. As illustrated in Scheme
5, reactions of trans,trans-WH(CO),(NO)(PR3). (R =
Ph, cyclohexyl) with HOTf give trans,trans-W(n?!-
OTf)(CO)2(NO)(PR3), and H,. The weakly coordinated
triflate ligands are cleanly displaced by N,H, to form
trans,trans-[W(NH;NH3)(CO)2(NO)(PRs).][OTf], and
selective oxidation of the N,H, ligands in the latter
complexes with Pb(OAc), at —78 °C provides trans,
trans-[W(NH=NH)(CO),(NO)(PR3).][OTf]. The spec-
troscopic properties of the diazene complexes suggest
that NH=NH is coordinated to W via a single N atom
and with trans-NH=NH geometry.!8 It has also been
shown that deprotonation of the ligated NH=NH by
bases and subsequent hydrogen migration to car-
bonyl ligands affords metal formyl complexes.'t®
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Interestingly, the phenyldiazene complex trans,trans-
[W(NH=NPh)(CO)(NO)(PPh3),][PF¢] reacts with [Br]~
by displacement of the NH=NPh ligand but with
azide and amines by displacement of the CO ligand.?°
The congeneric molybdenum hydride, trans,trans-
MoH(CO),(NO)(PR3)2, undergoes many of the same
transformations outlined above for its tungsten ana-
logue.’?!

There are many examples of CO ligand substitu-
tion by the isoelectronic [NO]J*. For example, nitrosyl-
ation of M(N—N)(CO), with [NO][BF,] in MeOH
readily affords [M(N—N)(CO)(NO)(MeOH)][BF,] [M
= Mo, W; N—N = a bis(pyrazolyl)methane-N,N’
ligand].'?> The labile MeOH ligands in the cationic
molybdenum complex containing the bis(3,5-dimeth-
ylpyrazol-1-yl)methane-N,N ligand are readily dis-
placed by anionic, [X]~, or neutral, L, Lewis bases to
form the corresponding Mo(N—N)(CO),(NO)X or
[Mo(N—N)(CO)(NO)L,][BF4] complexes, respectively.
The N—N ligand in this cationic reactant is also
replaced when treated with an excess of a variety of
bidentate ligands (L—L) which form [Mo(L—L),(CO)-
(NO)][BF,4] products. Interestingly, dithiocarbamate
anions, [S—S], react with this cation in MeCN to
form the orange-red dimeric products, [Mo(u-{S—S})-
(CO)2(NO)]2, in which there are no formal Mo—Mo
bonds.??? In related chemistry, treatment of M(CO),-
(L—=L") [L—L" = a chelating 2-(diphenylphosphinyl)-
aniline ligand] with [NO][BF,] affords [M(CO)3(NO)-
(L=L"][BF4] for M = W but M(CO),(NO)(L—L")FBF3
for M = Mo.1% When L—L"' is a bidentate Ng-annulene
ligand, only the cationic tricarbonyl products are
formed for both metals.*?* The related mer-[M(CO)s-
(dppe)(NO)][BF4] salts (M = Mo, W) undergo CO-
displacement reactions in the presence of MeCN and
phosphines, and they afford the g-alkynyl complexes
M(C=CR)(CO),(dppe)(NO) when reacted with an
equimolar amount of the acetylide salts M'C=CR (M’
= Li, Na).1?®

Interestingly, no well-defined nitrosyl products are
accessible from reactions of W(CO)4(PR3)(Ph,PCgH4X-
2) (X = NH; or CO;H) complexes with [NO]* salts.
Thermally unstable [W(CO)3(NO)(PR3z)(Ph,PCgH4X-
2)]" derivatives can be synthesized via displacement
reactions of weakly coordinated ligands ([FPFs]~ and
MeCN) by Phy,PCegH4X-2 from preformed nitrosyl
species such as W(CO)3(NO)(PR3)(FPFs) and [W(CO),-
(NO)(MeCN)z]*.1%6 However, they are prone to lose
CO and readily transform to more stable species such
as [W(CO),(NO)(PR3)(17?-Ph,PCsH4X-2)]*.1?" The 2-(di-
phenylphosphino)aniline cationic complexes having
X = NHj; can be deprotonated with hydride transfer
reagents (e.g. LiAlH,, LIHBEt;, etc.) to obtain W(CO),-
(NO)(PR3)(17?-Ph,PCsHsNH-2) and W(CO),(NO)(?
thPC6H4NH2-2)(7]2-Ph2PC6H4NH-2).127 This chem-
istry has recently been extended to encompass pyridyl-
functionalized phosphine ligands. Thus, substitution
of CO ligands occurs when P(2-py)sM(CO)s [P(2-py)s
= tris(2-pyridyl)phosphine coordinated facially to the
metal centers through three pyridyl N atoms] is
treated with 1 or 2 equiv of [NO][BF,] in CH3NO; to
afford [P(2-py)sM(CO)2(NO)][BF4] and [P(2-py)sM-
(CO)(NO),][BF]2, respectively. Dissociation of the CO
ligands from the dications generates the 16e species
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[P(2-py)sM(NO),]** that bind most Lewis bases, L,
to give [P(2-py)sM(L)(NO),]?>". The Lewis acidity of
[P(2-py)sM(NO)]?* is estimated to be comparable to
that of TiCl; when M = Mo and to BF3z and AICI;
when M = W.1?8 Furthermore, several cationic ni-
trosyl compounds incorporating mono- and bidentate
coordinated pyridylphosphine ligands have also been
isolated [e.g. cis,cis-[W(CO)2(NO)(Ph,PR)(7?-Ph,PR]-
[BF4] (R = 2-pyridyl)], and some of these have been
converted to neutral hydrido complexes [e.g. trans,
trans-HW(CO),(NO)(Ph,PR),] by treatment with hy-
dride transfer reagents.'?® Reaction of N,N'-bis-
(diphenylphosphino)-N,N’'-bis(p-tolylsulfonyl)-1,2-
ethanediamine (L—L) with trans-W(CO),(NO)Br
affords the corresponding cis,cis,trans-(L—L)W(CO),-
(NO)Br complex, whose IR data suggest that the
chelating ligand is about as electron-withdrawing as
diphos-F.1%°

Binuclear molybdenum and tungsten carbonyl-
nitrosyls bridged both by hydride and by bidentate
phosphine ligands, e.g. (u-H)(u-Ph,P(CH3),PPh2)M,-
(CO)7(NO) (M = Mo, W; n = 1-5; shown below) and
(u-H)(u-(Ph,PCH_,);CMe)W,(CO);(NO), have been pre-
pared by nitrosylation of their anionic octacarbonyl
precursors with 1 equiv of [NO][BF4] in CH,CI, at
—60 °C.131.132 Carbonyl ligand-substitution reactions
of these bimetallic complexes!®® and the related
HW,(CO)o(NO) species3* 136 have been reported. The
congeneric molybdenum complex, (u-H)Moy(CO)e-
(NO), is preparable in 32% vyield by treatment of
Na[HMo,(CO),0] with acidic NaNO,, and it undergoes
similar CO-substitution reactions with a variety of
Lewis bases.'3’
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It has been reported that MoOCI3(PPhs), reacts
with NO to give Moy(u-O)2(u-NO),(PPh3) 48 and that
NO-bridged Cs;[Mo,ClsH(u-NO),] may be employed
in the oxygenation of NO with insufficient oxygen.3°
It has also been reported that treatment of cis-
(Ald)Mo(CO), (Ald = aldimines) with NO affords
mixtures of unusual (NO)(AlId)Mo(CO),(NO,) and
(NO),(Ald)Mo(NO,), complexes, whereas CINO yields
only (Ald)Mo(CO),(NO)CI.14°

Numerous nitrosyl complexes of the group 6 metals
with sulfur-dominated coordination spheres have
been synthesized and characterized by Sellmann and
co-workers, often in the quest for complexes model-
ing functional characteristics of metal sulfur oxido-
reductases. Examples of such complexes include
Cr(NOK(Ss)y x =2,y =1; x =1,y = 2), [W(NO),-
(S2)212", W(L)(NO)(Sy) (L = NO, NPMes, NPELs), (u-
O)[W(NO)('S4")]2, and MX(NO)('S4") (M = Mo, W; X =
Cl, SR, NHNRy) in which ‘'S;’?~ = 1,2-benzenedithio-
late(2—) and ‘S,?~ = 1,2-bis(2-mercaptophenylthio)-
ethane(2—).141714 Hydrolysis of MoX(NO)(‘'Ss’) com-
plexes (X = CI, Br, NMe;, NPMej3) affords (u-O)[Mo-
(NO)(‘'S4)]2 in which the u-oxo ligand acts as a 0,7
donor to each metal center.'** Redox-substitution
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Scheme 6

reactions of Mo'"'(SPh)(NO)(‘'Ss’) with phosphines
yield the 17e complexes, Mo'"(PR3)(NO)('S4), which
can be oxidized or reduced electrochemically.#> Alkyl-
ation of Mo(NO)(CI)('S4) by [R30]" (R = Me, Et) yields
the monoalkyl derivatives, [Mo(NO)(CI)(R-'S,)]*, and
the chloro ligand in the neutral complex may be
metathesized by thiolates.'*® Other Mo(L)(NO)(‘Ss")
(L = SPh, PMes, or NO) complexes also undergo
attack at one thiolate atom of the S, ligand when
treated with electrophiles.?*” Molybdenum complexes
of the type [Mo(NO)(u-'Ss)]2, [Mo(NO)(‘Ss’)]*, and
Mo(NO),('Ss"), where ‘S, is a tetrathiadecane ligand
and ‘S5’ is a thioether thiolate ligand, are formed by
treatment of their carbonyl precursors with [NO]* or
NO, and the ‘Ss’ complexes form 1:1 adducts with
PMe;z and [Ng] 148149

A particularly interesting transformation involving
a sulfur ligand on a nitrosyl complex is ethylene
extrusion from the backbone of 1,2-bis(2-mercap-
tophenylthio)ethane (dttd) in Mo(NO)CI(dttd) by
electroreduction.’® The nitrosyl dithiolene product,
[Mo(NO)(1,2-CsH4S,)2]°, reacts with dioxygen to give
free nitrite and the oxide, [Mo(O)(1,2-CsH4S>),]?, in
the presence of phenol. As illustrated in Scheme 6,
multielectron reduction of Mo(NO)CI(dttd) also re-
leases ethylene and incurs the cleavage of the NO
bond to give ammonia and the same oxide. More
recently it has been shown that a mononuclear
nitrosyl complex containing the S,CPCy; ligand,
MoBr(NO)(CO),(S,CPCys), can be prepared from
Mo(CO)3(NCMe); in three steps: (1) nitrosylation
with an excess of [NO][BF.]; (2) addition of bromide
with [Ph4P][Br] or [Et4N][Br]; (3) ligand substitution
by S,CPCys.15! The nitrosyl complex readily reacts
with M(CO)3(NCR); (M = Mo, W) to give binuclear
nitrosyl complexes, (OC)2(ON)Mo(u-Br)(u-S,CPCys)M-
(CO)s, which undergo CO-substitution reactions with
phosphines and phosphites. Complexes with u-PPh,
ligands in place of u-Br atoms are also known.*?

Diethyldithiocarbamate complexes of the types
[Mo(Et;NCS,)(CO)2(NO)X]~ and Mo(Et;NCS,)(CO)-
(NO)L; (X = halide or pseudohalide, L = Lewis base)
exhibit solid-state molecular structures in which the
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stronger electron-withdrawing NO ligand prefers to
be trans to the better electron donors such as [NCS] -,
[N3]~, or [Br]~.1%8 Reactions of NO with W(phen)(CO),-
(SPh),2, W(phen)(CO),(1,2-S,-arene), and W(phen)-
(CO)3(RSH) result in clean conversions to W(phen)-
(CO)2(NO)(SPh), W(phen)(NO),(1,2-S;-arene), and
W(phen)(CO),(NO)(SR), respectively. The conversions
are accompanied by the simultaneous eliminations
of PhSNO, CO, and HNO from the respective reac-
tants.?>*

A new Prussian blue analogue composed of
Ko.sMn'"1 0s[Mo'(CN)s(NO)]-5H,0-1.9MeOH has been
prepared.’® It has a fcc structure, and it exhibits
spontaneous magnetization with a Curie temperature
of 39 K. Octahedral mixed-ligand cyanonitrosyl com-
plexes of molybdenum, Mo(NO)(CN)s(L),, are prepa-
rable by the interaction of the pentacyanonitrosyl-
molybdate(ll) anion with various pyridine deriv-
atives.'>® The reaction of MoO,(dedtc), (dedtc = N,N-
diethyldithiocarbamate) with hydroxylamine in MeOH
produces Mo(NO)(dedtc)s.*>” The related Mo(NO)-
(NS3) (NS3 = N(CH,CH,S)3%") is obtained as a yellow,
diamagnetic solid from the reaction of the diazenide
Mo(NS3)(N2Me) with NO.158

3.2.1.1. Dinitrosyl Complexes. The conversion of
surface nitrosyl species to dinitrosyls at higher cover-
ages has been observed by vibrational spectroscopy
during the adsorption of NO on an oxygen-modified
Mo(110) surface. The conversion of NO¢) to (NO)a@
probably occurs via addition of a second NO molecule
to terminally bound NO).1%°

It is well-known that [NO][BF,] reacts with M(CO)s
(M = Mo, W) in MeCN to give [M(NO),(MeCN),]-
[BF4]>.2° An improved preparation of Mo(NO),-
(S2CNEty) involves treatment of its di- and tricar-
bonyl precursors with NO, a process that affords the
desired compound in 75% yield.'! Reaction of Mo-
(CO)2(NO)Br(x2-S,CPCys) with an equimolar amount
of LiBHEt; in THF or with excess NaBH, in THF/2-
propanol provides the dinuclear complex Mo,(CO)y-
(NO)2(u-x%x1-S2C(H)PCys),.1? The solid-state molec-
ular structure of this complex contains a cisoid
disposition of two [S,C(H)PCys]~ ligands and a cen-
tral quasicubane cage formed by two Mo, four S, and
two C atoms.

The ethylidene complex (AICI,)2(u-OCHMe;),Mo-
(NO),(=CHMe) has been spectroscopically character-
ized and is reported to be an active catalyst for olefin
metathesis. It is formed by the reaction of [Mo(NO),-
(OCHMe,),]nt% with EtAICI, in hexane—toluene,
putatively via the 1:1 adduct (EtAICI,),(u-OCHMe,),-
Mo(NO),.1%* Analogous complexes having x-OR groups
(R = Me, Et) can be prepared similarly.’®® In a similar
manner, various dinitrosylmolybdenum complexes
with Et,Sn (alkylating agent) and AICI; (Lewis acid)
form catalytically active systems for olefin metath-
esis. 166167 Related Mo(NO)2(OAc)2:MeOH, Nay[Mo-
(NO)2(OAC)4], and Mo(NO),(OBz), precursors have
been prepared and examined similarly for such
catalytic activity.'%® Finally, it may be noted that
Mo(NO),(0O,CR)./Lewis acid catalysts (Lewis acid =
TiCl, SnCl4, EtAICI,) polymerize monosubstituted
acetylenes. However, the catalytic ability of the
catalyst and the nature of the products obtained (e.g.
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polymer or cyclotrimer) depend strongly on the Lewis
acid and the solvent.®

A variety of Mo(NO),(HL), complexes (H,L = a
Schiff base) are preparable by the metathesis reac-
tions of Mo(NO),(acac), with H,L. The Schiff bases
behave as monobasic bidentate ligands, coordinating
to the metal center through the azomethine N and
enolic O of the hydrazide moiety after deprotona-
tion.17%17! Tetradentate Schiff bases form the mono-
nuclear complexes trans-Mo(NO),(L') or ligand-
bridged dinuclear complexes, trans-[Mo(NO)(L")]2.1"?
Similar synthetic methodology affords dinitrosyl-
molybdenum complexes of heterocyclic acids.'”® The
ligand exchange reaction of Mo(NO),(acac), with
salicylaldehyde-2-mercaptoanil affords a product that
simultaneously contains an azomethine ligand and
its cyclic oxidation product (vide infra).t’# In related
chemistry, octahedral Mo(NO),(CN),L,-2H,O com-
plexes can be obtained from the interaction of
[Mo(NO)2(CN)4]?~ with Lewis bases, L.1757177

Polymeric [M(NO),Cl;], (M = Mo, W) reacts with
excess NaF in MeCN at room temperature and in the
presence of 15-crown-5 to produce crystalline mix-
tures of [Nay(15-crown-5);(MeCN)][Mo(NO),Cl,],
[Na(15-crown-5)],[Mo(NO)F4CI], [Na(15-crown-5)].-
[W(NO),Cl,], and [Na(15-crown-5)],[W(NO)F,CI], re-
spectively. The crystals can be separated by selection,
and the complexes have been characterized by IR
spectroscopy and X-ray crystallography.'’® Further-
more, reactions of [Mo(NO),Cl;], with PPh3, OPPhs,
or MesSiNPR3 (R = Et, Ph) in CH,CI, or MeCN
suspension produce [MoCl(u-Cl)(NO),(OPEts)],, [MoCls-
(NO)(OPPh3)2][MOC|4(OPPh3)2], and MOClz(NO)(PPh3)2-
(MeCN) as the nitrosyl-containing products, and
these have been characterized by IR spectroscopy and
X-ray crystallography.”® The reactions of [M(NO),Cl],
(M = Mo, W) with unidentate (L) and bidentate (L,)
Lewis bases afford a variety of monomeric cis-
M(NO).Cl,L, complexes in 70—90% yields.*80"182 Simi-
lar M(NO),X,(HA), complexes (M = Mo, W; X = Cl,
Br; HA = heterocarboxylic acid) have also been
isolated from the reactions of [M(NO).X;]n with
HA.183

Reductive nitrosylation of molybdate(VI) by
NH,OH-HCI in 'PrOH solutions gives dinitrosyl
complexes, whereas only mononitrosyl complexes are
formed in MeOH. These transformations permit
complexes such as Mo(NO);L,Cl,, [Mo(NO)2(O'Pr)z],,
and Mo(NO)CI(OMe),L, (L = ROH, py; L, = phen)
to be isolated from the final reaction mixtures.'®® The
reaction of Na,MoO,4 and NH,OH-HCI with 8-quino-
linol (QOH) gives an orange yellow solid from which
Mo(NO)2(Q0O),, M00,(Q0O),, Mo(NO)(QO),, and Mo-
(NO)(NH,0)(QO), can reportedly be obtained by
repeated solvent extraction followed by column chro-
matography.’®* Related Mo(NO),(HA), complexes
(H2A = benzohydroxamic acid, salicylhydroxamic
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acid) have been prepared by the reductive nitro-
sylation of [NH4]s[M07024] by NH>OH-HCI in the
presence of H,A in aqueous aerobic conditions.8
Chloride abstraction from the 1,10-phenanthroline
complexes M(NO),Cl,(phen) by AgCIO, in acetone
produces [M(NO),(phen)(acetone)CI][CIO,], and com-
bination of these species with the related [M(NO),-
(phen)(pyrazine)CI][CIO4] produces homo- and het-
erodinuclear complexes of the type [Cl(phen)-
(NO),M(pyrazine)M(NO),(phen)CI][CIO4]. (M = Mo
or W) which have molecular structures of C,, sym-
metry.186187 Oxo—nitrosyl polymetalates containing
[M(NO),)?>" units (M = Mo, W) of the type [M;0:,M-
(NO)2{ RC(NH)NO} ,{ RC(NH2)NHO};]>~ (R = hydro-
carbyl or 2-thienylmethyl) have been prepared from
monomeric precursors reacting with polyoxometa-
lates, and they have been characterized by various
techniques.1818 Reductive nitrosylation of MoO,-
(acac)z, [BusN]2[M0gO19], and [BusN]2[M04O12(Me,-
CNO),] by acetone oxime in MeOH or EtOH under
reflux produces Mo(NO)(acac),(Me,CNO), [Mo(NO)-
(OR)(M62CNO)2]2, and MOz(NO)z(OR)zCl(MGzCNO)g-
(Me,CNHO) (R = Me or Et), respectively.'® The
thus-formed [Mo(NO)(OMe)(Me,CNO),]. reacts with
[BusN]2[M0,0+] to yield [BusN]2[M04010(NO)(OMe)-
(Me,CNO);], thereby suggesting that reactions of
Mo(Il) nitrosyl complexes with polyoxomolybdates
could well be a general route to a variety of oxo—
nitrosyl species. Consistently, pentanuclear com-
plexes [BusN]2[M40:12M(NO)2(H:L).L.] (M = Mo, W)
have been obtained by the reactions of M(VI) poly-
nuclear complexes with mononuclear M(0) dinitrosyls
and methylthioamidoxime (H,L), and they have also
been structurally characterized.'®!

The doubly charged Lewis acid precursors [HC-
(PY)sM(NO)2(CO)][SbFe]2 [M = Mo, W; HC(py)s = tris-
(2-pyridyl)methane] are conveniently synthesized by
reaction of HC(py)sM(CO); with 2 equiv of [NO]-
[SbF¢].1°? Facile loss of CO from the precursors
generates [HC(py)sM(NO),][SbFg]. in which the Lewis
acidity of the tungsten complex is greater than that
of the molybdenum complex. With the *H NMR
chemical shifts of bound crotonaldehyde as a qualita-
tive assessment of relative acidity, the acidity of the
tungsten species is comparable to that of BF; and
AICl;, while that of the molybdenum species is
similar to that of TiCl,. Analysis of the NMR spectra
of Lewis acid—organic carbonyl base adducts show
that #*-M(O=C) interactions dominate the chemis-
try.192

Diastereospecific alkylation of [Mo(NO)x(‘S;).]?~
('S’ = 1,2-benzenedithiolate) by racemic 1,2-di-
bromopropane and 1,2-dibromobutane affords chiral
Mo(NO)(‘RSs) [R = Me, Et; ‘RS,/H, = 1,2-bis(2-
mercaptophenylthio)alkane].**® Finally, the complex
W(572-mp)2(CO)3 (mp = 2-S-CsHsN) reacts with gas-
eous NO to give W(r>mp)2(NO), in quantitative
yield.1%4

3.2.1.2. Clusters. The predominant product from
the reaction between the complex Cp,Cr,(u-SCMe3),-
(u-S) and W(CO)4(NO)I at 40—50 °C is the antiferro-
magnetic adduct Cp,Cra(u-SCMe3)z(ua-S)Wo(u-1),-
(CO)4(NO),, in which a sulfur atom bridges all four
metal atoms. Further heating in the presence of an
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excess of the chromium reactant affords the tri-
nuclear antiferromagnetic cluster Cp,Cr,(u-SCMejz),-
(u3-S)W(SCMe3)(NO), in which W—Cr = 3.090(1) A
and Cr—Cr = 3.027(1) A% In a related reaction,
polymeric [W(NO),Cl,], reacts with Cp,Cr,(u-SCMes),-
(u-S) in benzene at 40 °C to form [Cp,Cr(u-SCMej3),-
(u3-S)];W(NO),Cl,. Thermolysis of this latter tri-
metallic cluster initiates both cluster formation and
nitrosylation of the binuclear dichromium unit and
results in the production of a plethora of products.”™
Of these, the triangular clusters Cp,Cra(us-S)a(u-
SCMe3);W(NO)(X) (X = NO, CI, and SCMej3) merit
particular mention.

The 12e alkoxide-supported tungsten clusters,
W4(OR)12, react with NO in hydrocarbon solutions at
22 °C to produce [W(OR)3(NO)(py)]z in the presence
of pyridine.'®® The solid-state molecular structure of
the complex having R = CH,CHMe; is centrosym-
metric, each W is in an octahedral coordination
environment, and a pair of u-OR bridges span a
nonbonding W—W distance of 3.406(1) A 1%

An octahedral cluster, MogSs(NO)(PEt3)s, and a
dodecahedral cluster, Mo01,S:6(PEts)10, are obtained
from the reaction of M0gSg(PEts)s with [NO][BF,].
The nitrosyl cluster exhibits a tetragonal distortion
of its core such that the molybdenum atom bearing
the NO ligand projects outward so as to enhance
m-back-donation to the NO ligand.*®”

The CO ligands in HW,(CO)os(NO) can be substi-
tuted by a range of phosphines and isonitriles.198199
Treatment of HW,(CO)o(NO) with [HW(CO)s]™ re-
sults in the formation of [(u-H),W3(CO)13(NO)]~ from
which a carbonyl ligand can be displaced by a variety
of Lewis bases, L, to form the corresponding [(u-
H),W3(CO)12(L)(NO)]~ anions.?® Tetrameric clusters
of Mo and W containing triply bridging hydroxide
groups, i.e., [M(CO),(NO)(u3-OH)]a, result from reac-
tion of the monoanionic tricarbonyl precursor with
[NO][BF4].2%*

Nitrosyl derivatives of polyoxomolybdates and tung-
states have been prepared with a view to studying
(a) the change in electronic structure of the clusters
arising from the replacement of a terminal z-donor
oxo ligand by the very strong s-acceptor nitrosyl
ligand, (b) the chemistry of the resulting M—N (M =
Mo, W) multiple bonds, and (c) the clusters as
possible models for pollution control.?° Common
sources of the nitrosyl ligand for the synthesis of
these derivatives are NO itself, [NO]*, nitrosyl
halides, and hydroxylamine. The synthesis and X-ray
diffraction characterization of nitrosyl derivatives of
polyoxomolybdates have been recently reviewed.?%?
Most of these derivatives contain the Mo'"(NO) unit,
and their structures are related to the following
structural types: Lindgvist; Keggin; decatungstate
[W10032]*.

In a similar manner, the reactions of amidoximes
with MoO,(acac), or a-[BusN]4[MogOz] in alcohols or
MeCN afford compounds with different nuclearities
and various molybdenum cores. Addition of NH,OH
to the reaction mixtures gives nitrosyl complexes
containing either the Mo(NO)3* or the Mo(NO),*"
units.?%



946 Chemical Reviews, 2002, Vol. 102, No. 4

Reactions of NH,OH with isopolyoxomolybdates in
ROH afford nitrosylpolyoxomolybdates [MosO;3-
(OR)4(NO)]®*~ (R = Me or Et).?°* The [MosO13(OMe),-
(NO)]*~ has approximately C, symmetry (i.e. a
square pyramid of Mo atoms), contains an apical and
linear Mo—NO unit, and may be viewed as deriving
from the hitherto unknown lacunar [MosO1g]®~
Lindgvist anion. The sixth (octahedral) site is oc-
cupied by a [Na]* cation which interacts with the four
terminal axial O atoms of the anion. The [Mo0sO13-
(OMe)4(NO)J®~ anion is a convenient precursor for the
synthesis of new nitrosyl polyoxomolybdates.?® Thus,
treatment with acetylacetone and tris(hydroxy-
methyl)ethane respectively produces the anions
[MogO22(NO)a(acac),]*~ and  [MogO10(NO)o{ MeC-
(CH20)3}4]?". The framework of the former anion is
related to those of other derivatized octamolybdates
of the [MogO26X,]?"* type, whereas the latter is made
up of two [Mo3Os(NO){ MeC(CH;0)3}2]~ units con-
nected by nearly linear Mo—O—Mo bridges, a rela-
tively rare feature in polyoxometalates.?%®

In MeOH, the sodium salt of the monovacant
Lindqgvist-type nitrosyl polyoxomethoxomolybdate,
[M05013(OMe)4(NO)]J3~, reacts with a number of di-
valent or trivalent cations, X, to yield 2:1 adducts
[X{M0s5013(OMe)4(NO)}.]"~ which are isolable as
[BusN]* salts. In these compounds the two [M0osO13-
(OMe)4(NO)]J®~ anions provide an eight-coordinate
(either cubic or square-antiprismatic) environment
for the central cation, X. Some of the similar species
containing the related [W40:3(OMe)s{Mo(NO)}]3~
anion have also been prepared.?® The defect Lindqvist-
type species, [M0s013(OMe)4(NO)]3~, can act both as
a ligand and as a source of the Mo(NO)3* unit. This
is illustrated by its reaction with various Ni(ll) salts
in MeOH to give (BusN)z[{ Ni(MeOH),}{ Mo(NO)} .-
(u3-OH)(u-OMe)a{ M0osO13(OMe)4(NO)} 2]. The product
polyoxomolybdate is made of a central rhomblike
{Ni;Moy} cluster linked to two terminal [MosO1s-
(OMe)4(NO)J*~ units, each terminal cluster being
linked to a molybdenum center of the central unit
through two oxo ligands.?%”

Reaction of [BusN]3s[M0sO15(NO)] with Me,SO, in
MeOH produces [BusN]2[SM01:04] and (BusN).-
[MosO17(OMe)(NO)].2%® X-ray diffraction has estab-
lished that the [M0sO17(OMe)(NO)]?~ anion is struc-
turally related to [MogO15(NO)]*~ and [MosO10]2~, but
due to its location on an inversion center, only
structural parameters for the disorder-averaged an-
ion were obtained. The ®*Mo NMR spectra of the
nitrosyl anions exhibit the expected numbers of Mo
signals, although much effort was required to detect
the Mo"(NO) signal. The diamagnetic Keggin deriva-
tives (BusN)s[PM11039{ Mo(NO)}] (M = Mo, W) can
be synthesized in MeCN by reaction of the lacunary
[PM11030]" species with either (BusN)2[Mos0:3(OMe)4-
(NO){Na(MeOH)}1-3MeOH or [Mo(NO)(OMe)(Me,-
CNO),]. acting as the source of the Mo''(NO) unit.2%°
The monosubstituted Keggin compounds Ks[SiW,;-
O39RU'"(NO)]J?° and Css[PW1;039Fe!"'(NO)] are also
known.?'! Reactions of [Cp*RhCl,], with the above-
mentioned polyoxomolybdates in the presence of
AgNO; afford Cp*Rh fragments bound to lacunar
polyanions of the Lindgvist type via the four terminal
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oxygen atoms around the vacant site. Typical ex-
amples include [BusN][Mos0:3(0OMe)s(NO){ RhCp*-
(solv)}] (solv = H,0, MeOH) and Mos013(0OMe)4(NO)-
{(RhCp*),(u-Cl)}.2*2 The whole series of Lindqvist-
type nitrosyl derivatives [BusN]s[MsO1{ M'(NO)}] (M,
M’ = Mo, W) can be synthesized by the reaction of
Mo(NO){ MeC(NH_;)NO} (acac), or W(NO)CIl3(MeCN),
with [BusN]2[Mo0,07] or [BusN]o[WO,] in MeCN.213 All
four species are essentially localized mixed-valence
complexes, with five d>-M(VI) centers and one d*-
M'(11) center, with some electronic delocalization
being indicated by NMR and electrochemical data.

Reduction of either [BusN]z[MosO13(OMe)s(NO)-
{Na(MeOH)}]-xMeOH or [BusN]3[M0sO15(NO)] with
various reducing agents, including NzH4-HCI, in
MeOH/MeCN yields nitrosyl decamolybdates, among
which [BusN][Mo30025(0OMe)s(NO)] and two forms of
[BusN]2[M010024(OMe)7(NO)] have been crystallo-
graphically characterized. Their molecular structures
are closely related to that of [W10032]*~ and consist
of two halves of five edge-sharing octahedra con-
nected through four quasi-linear Mo—O—Mo
bridges.?** Both anions contain molybdenum atoms
in three different formal oxidation states, namely
Mo(Il), Mo(V), and Mo(V1), with considerable electron
delocalization among the eight equatorial Mo sites.
This electron delocalization has been studied in great
detail by DFT methods.?'®

In MeOH, the defect nitrosyl polyoxomolybdate,
[Mos013(OMe)4(NO)]3-, reacts with [Ag]" to give
[Ag2{ M0s013(0Me)4(NO)},]*~, which exhibits attrac-
tive Ag---Ag interactions between the two square-
planar closed-shell Ag(l) cations.?'6

The tungsten oxo nitrosyl complexes (BusN)[WsO12-
(NO)2{ RC(NH2)NHO} ,{ RC(NH)NO};] (R = Me,CH,
CH3CH,CH,, CH3SCHy,) can be synthesized by the
reactions of [BusN]:[WeO1s] and [W(NO).(acac)-
(MeCN),][BF4] with butylamidoxime derivatives.?
The pentanuclear species is formed by the interaction
of the electron-withdrawing W(NO),?" unit between
the two dinuclear W,0s?" cores.

In recent years, giant clusters have received much
attention because of their novel optical, electric, and
magnetic properties. However, in most of these
clusters, the NO groups merely function as spectator
ligands. By utilization of reduction—oxidation—
reconstitution, polymerization—reduction—polymer-
ization, or stepwise substitution of magnetic centers
methodologies, a series of nanoscale polyoxomolyb-
dates such as [M0360103(N0)4(H20)16]127 ({ Moss-
(NO)a}), [M057V60180(NO)s(OH)3(H20)18]*~ ({Mos7-
(NO)GVG}), [M057Fe|I|60174(NO)5(0H)3(H20)24]15_ ({ Mos7-
(NO)GFGIIIG}),2187222 [MO57F€II60177(NO)§(OH)2(H20)22-
(MOO)2]187 ({ MO57(NO)6F9“6}), and [M01540420(NO)14-
(OH)Qg(HzO)m](ZSiS)_ ({M0154(NO)14})223 have been ob-
tained.??4225 Of these, {Mo01s4(NO)14} is particularly
interesting since it is the most spectacular giant
polymolybdate structure that is still a discrete anion.
It is preparable from Naz[MoO4], NH;VO; and
NH,OH-HCI, and it is a water-soluble big wheel with
more than 700 atoms whose cavity is broader at the
equator (d = 20 A at the narrowest point).226

Other recent developments in this area of chem-
istry include the following reports. Ultrathin multi-



Metal-NO Complexes

layer films of the ammonium salt of {Mos7(NO)sVe}
and poly(allylamine hydrochloride) (PAH) have been
prepared by the consecutive stepwise adsorption of
Mos; and PAH from dilute aqueous solution.??” The
Mos; density in the film can be readily controlled by
varying the polyelectrolyte interlayer separation
between each Mos; layer, and the total film thickness
can be controlled by altering the number of adsorp-
tion cycles. In addition, reaction of { Mozs(NO),} with
LaCl; in the presence of NH,OH-HCI gives a novel
chainlike polymer, [M03s0108(NO)4(M0O)2Laz(H20)z2s]n*
56NnH;0 in which the {Moss(NO)s} units are linked
to each other by two parallel La atoms.??* In a related
transformation, reaction of [H3O]*{ Mo3s(NO),} with
NH,OH-HCI in refluxing water for <30 min affords
a novel nanopolymer, {[H30]712{ (H,0O)Mo0O; s{ M03s-
(NO)4} O25Mo(H,0)} 1?7} 1+44nH,0, as red-brown mono-
clinic block crystals in ca. 80% yield. The structure
of the polymer consists of one-dimensional covalently
bonded chains of polyoxometalate clusters containing
38 Mo atoms.??8

Finally, the new nanocompound (NHg)15[H3Mo057Ve-
(NO)§O0189(H20)12(VO)s]-~60H,0 has recently been
obtained by the introduction of six VO®* units into
the cavities of {Mos7(NO)sVe} .22°

3.2.1.3. Pyrazolylborate Complexes. There are sev-
eral similarities between the physical and chemical
properties of the poly(pyrazolyl)borate complexes
described in this section and the related cyclopenta-
dienyl systems that are considered in later sections
of this review. In addition to forming many similar
complexes, both ligands are uninegative, occupy three
coordination sites, and formally donate six electrons
to the central metals. Throughout this section the
standard abbreviation system for poly(pyrazolyl)-
borate ligands is employed.?®® Thus, by conven-
tion, Tp* is used as the abbreviation for the fre-
quently used tris(3,5-dimethylpyrazol-1-yl)hydro-
borato ligand, HB(3,5-Me,C3N,H);. Otherwise, the
basic [HB(pz)s]~ structure is denoted by Tp, and any
non-hydrogen substituent in the 3-position is denoted
by a superscript. Any non-hydrogen substituent in
the 5-position follows the 3-substituent as a super-
script separated by a comma. Thus, [HB(3-isopropyl-
5-methylpz)s]~ is denoted as TpP~Me and [HB(3,5-
diphenylpz)s]~ is TpPM. Since Tp* uniquely defines
the position of the two methyl substituents, a sub-
stituent in the 4-position follows the asterisk; thus,
[HB(3,5-dimethyl-4-benzylpz)s]~ is simply Tp*E2,

By far, the largest amount of work with the Tp and
Tp* ligands has been done with molybdenum and
tungsten, usually starting with the easily prepared
and versatile [Tp'M(CO)3]~ anions (Tp' = Tp or Tp*).
As with their Cp' analogues, treatment of these
anions with Diazald affords Tp'M(CO),(NO) com-
plexes which in turn are readily converted to
Tp'M(NO)X, (X = F, ClI, Br, I) and Tp’'M(NO).CI by
reactions with halogen sources or CINO, respectively.
The halide ligands in the mononitrosyl dihalides may
be exchanged by metathesis reactions with a wide
variety of Lewis-basic reagents, Y, or anionic re-
agents, [Y]~, to obtain Tp’'M(NO)(X)(Y) or Tp'M(NO)-
Y, mono- and polynuclear complexes that now con-
stitute a large subarea of poly(pyrazolyl)borate
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chemistry. Recent examples of such metathesis reac-
tions and the resulting products formed are presented
in the following paragraphs. The bulk of this work
has been performed by McCleverty and co-workers.

Tp*Mo(NO)I, and its congeners react with cyclic
ethers such as oxacyclobutane, THF, or oxacyclo-
heptane in the presence of traces of moisture to
produce diamagnetic alkoxide complexes, e.g. Tp*Mo-
(NO)I{O(CH))nl} (n = 3, 4, 6, respectively).?31:232 The
related alkoxide compounds Tp*Mo(NO)X(OR) and
Tp*Mo(NO)(OR), (X = I, CI; R = substituent contain-
ing a long alkyl chain) and their amide (NHR)
analogues have been prepared, and all undergo
1-electron reduction processes.?33234 The related
Tp*Mo(NO)X(Q) (X = CI, I, OR; HQ = cholesterol)
compounds exhibit similar behavior.?®> The trends in
reduction potentials of a number of similar complexes
have also been determined.?*® These include com-
plexes containing Tp*Mo(NO)CI groups linked by
saturated-a,w-diamido bridging ligands?¥72% for some
of which the first reductions occur at increasingly
anodic potentials as the size of the bridging ligand
is decreased. They also include Tp*M(NO)CI(NHCsH,-
3-Z) (M = Mo, W) systems whose first reduction
potentials correlate linearly with the Hammett meta
substituent parameters for Z.23° Tp*Mo(NO)(O—O0)
compounds in which O—O represents a large (e.g. 14-
member) chelate ring which forms a cyclic polyether
structure are also known.?40

By utilization of metathesis reactions of its dihalo
precursors, the redox-active Tp*M(NO)X moiety (M
= Mo or W; X = ClI, Br, or 1) has been appended in
monometallic [Tp*M(NO)(X)(Y)] or bimetallic [Tp*M-
(NO)(X)(u-Y)(X)(ON)MTp*] complexes to entities Y
such as an arylamino derivative of retinal,?*! pro-
tected and unprotected monosaccharides,?*? various
alkoxides, amides, and -diketonates,?43-248.24° pipyri-
dine and bipyridylpolyene bridges,?%°-253 extended
polypyridyl-type bridging ligands,?®* extended di-
phenol bridging ligands,?®® glucofuranoside and ga-
lactopyranoside derivatives,?®® asymmetric bridging
ligands containing a pyridyl and a phenolate do-
nor,?’=2% a pridging S—S group,?® a bridging O
atom,?61-263 stilbenamide ligands carrying long-
chain alkoxy substitutents,?%* stilbazoles,?®® ligands
based on 4-hydroxyphenylalkanols,?®® a variety of
mono- and bifunctional O- and N-donor ligands,?267-27°
thiolates,?"* redox-active fluorenone-based ligands,?”?
Schiff bases,?”® diolates,?’* and pyrazine.?”>2’6¢ On
occasion, the related Tp*M(NO)(Y) derivatives of the
systems listed in this paragraph have also been
prepared and characterized during the above-cited
studies.

The majority of these bimetallic complexes was
prepared to examine their electrochemistry and to
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ascertain the extent of the electron—electron ex-
change interactions across the bridging ligands. For
instance, the EPR spectra of the binuclear molybde-
num complexes having bipyridine and bipyridylpoly-
ene bridges all show that the two unpaired electrons
(one at each 17e molybdenum center) are in rapid
exchange across the bridging ligand at room temper-
ature.?! In a related study of Mo—Mo interactions
through chains of four carbon atoms, it has been
shown that the interactions are greatest for an alkene
bridge and least for an alkane bridge.?”” Bimetallic
complexes having dipyridyl and diphenol bridging
ligands containing oligothienyl spacers show strong
electrochemical interactions between the termini.?’
Similarly, bimetallic complexes which contain electron-
donating ferrocenyl groups attached via conjugated
bridges to electron-deficient Tp*Mo(NO)CI fragments
exhibit significant intercomponent interactions.?”
For the mixed-valence complexes Tp*Mo(NO)CI-
{O(CsH4)nO}Mo(O)CITp* (n = 1 or 2) and related
species bridged by {OCsH4py} groups, spectro-
scopic data indicate that the nitrosylmolybdenum
and oxomolybdenum centers are weakly interact-
ing.280

Tp*M(NO)X, complexes (M = Mo or W; X = Cl or
1) react with (+)- and (—)-1-phenylethylamine to
afford diastereomeric mixtures of TpM(NO)X-
(NHCHMePh). These can be separated by chroma-
tography, and the solid-state molecular structure of
Tp*Mo(NO)I{ (+)-NHCHMePh} reveals the absolute
configuration at the metal center to be S.?81 The
corresponding Tp*Mo(NO)CI{ (—)-Q} complex (HQ =
menthol) exhibits an R absolute configuration at the
metal.?®? Tp*Mo(NO)CI, reacts with various reducing
agents in the presence of [Ets3NH]" to afford [EtzNH]-
[Tp*Mo(NO)CI;], a 17e species that reacts with
pyridine to form Tp*Mo(NO)CI(py).2®3 Spectroelec-
trochemical studies and molecular orbital calcula-
tions on the mononuclear, 17e Tp*Mo(NO)CI(py) (py
= a substituted pyridine derivative) complexes per-
mit a rationale of the electrochromism exhibited by
these species in the near-IR region of the electronic
spectrum.?® Furthermore, as illustrated in Scheme
7, reduction of Tp*Mo(NO)CI, with "BuLi in the
presence of "BusSnCl affords paramagnetic, 17e
Tp*Mo(NO)CI(3,5-Me,C3HN,H). Related Tp*Mo(NO)-
(X)Q (Q = a pyrazole) can be prepared by the
reduction of Tp*Mo(NO)X; by Q (X = 1) or by "BuL.i
in the presence of Q (X = CI).?® In another study,
He(l) gas-phase photoelectron spectroscopy of
Tp*Mo(E)(OR)2 (E = O, NO; R = Et, Pr) reveals that
the NO complexes (formally Mo(l1)) are 0.8 eV more
difficult to ionize than the O analogues (formally
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Mo(V)). This counterintuitive result has been as-
cribed to the differing z interactions of the NO and
O ligands with the metal centers.?

The reaction of Tp*Mo(NO)CI, with Cu(ll), Ni(ll),
or Pd(I1) Schiff-base complexes can afford bimetallic
or trimetallic species containing two or three poten-
tial redox centers.?®"288 However, cyclic and dif-
ferential pulse voltammetry measurements indicate
that the trimetallic species primarily undergo two
accessible sequential 1-electron reductions associated
with the Tp*Mo(NO)CI centers.?8%2% In related work,
mononuclear Tp*Mo(NO)CI(L) groups [L = a poten-
tially bridging ligand of which one terminus (pyridyl
or phenolate) is attached to the molybdenum and the
second terminus (pyridyl) is pendant] have been
attached to the axial positions of a Ru(tpp) core (tpp
= meso-5,10,15,20-tetraphenylporphyrinate). By us-
ing Ru(tpp)(CO)(EtOH), of which only the axial EtOH
ligand is substitutionally labile, binuclear complexes
with Ru(u-L)Mo linkages have been obtained. With
Ru(tpp)(THF),, in which both THF ligands are labile,
trinuclear Mo(u-L)Ru(u-L)Mo species result. The
complexes exhibit weak electrochemical interactions
between the molybdenum groups and the Ru(tpp)
core.?’! In related work, the [Ru(bipy)s]*" chromo-
phore has been linked at the periphery to the
electron-accepting Tp*M(NO)CI fragments, and this
results in complete quenching of the of the dz(Ru)—
a*(bipy) metal-to-ligand charge-transfer excited state
at room temperature.?®?

Various Tp'Mo(CO)2(NO) and Tp'Mo(NO)X, (Tp' =
TpP~MeOPh TpiPrMe or Tp*R: X = CI, I, OMe, or OEt)
complexes and related species having even bulkier
Tp' ligands?® have been prepared and structurally
characterized.?%42% |n addition, the solid-state mo-
lecular structures of L3Mo(CO),(NO) compounds in
which Lz is a uninegative nitrogen-tripod ligand
derived from heterocyclic compounds including 1-H-
pyrazole and 1-H-1,24-triazole have been deter-
mined.?®” The molybdenum atom remains in an octa-
hedral coordination environment in all these com-
plexes. However, an attempt to prepare Tp'"~MeMo-
(CO)2(NO) produced instead { HB(O-'Pr)R,} Mo(CO),-
(NO) (R = 3-isopropyl-5-methylpz) in which the
alkoxy O atom of the isopropoxide group is bound to
the boron and molybdenum atoms.??® Interestingly,
the spectral and electrochemical properties of Tp*52
nitrosyl complexes of Mo and W are virtually identi-
cal to their Tp* analogues, thereby indicating that
the addition of a benzyl group has no significant
electronic effect. Nevertheless, Tp*E?Mo(CO),(NO)
exhibits an unusual inverted bowllike structure.?®®
The reduction potentials of TpP~MeOPhMo(NO)CI(ER)
(E = O or NH; R = hydrocarbyl) complexes are
similar to those of their counterparts containing the
Tp* ligand. Furthermore, a comparison of the struc-
tures of 24 Tp*Mo(NO) complexes containing various
substituents, X, in the 3-position of the Tp ligand
indicates that variations in the steric demands of the
ligand set are primarily accommodated by changes
in the angles made at the molybdenum atom by the
coligands rather than those made by the Tp ligand.3®
Recently, some B—B-linked “back-to-back” bis[tris-
(pyrazolyl)borate] bridging ligands have been syn-
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thesized and used to prepare a variety of molybde-
num complexes.30!

More complex assemblies involving the Tp*M-
(NO)(X) fragments are also known. For instance, the
trinuclear complexes of L' and L? (shown) with a
paramagnetic Tp*Mo(NO)CI at each binding site
exhibit EPR spectra that demonstrate that all three
electrons are in fast exchange between all three metal
centers.3%?

This work has been subsequently extended to
encompass other di-, tri-, and tetranucleating pyridyl
ligands which facilitate multicenter magnetic ex-
change between paramagnetic Mo centers.3%® Metal-
directed reactions involving the octahedral precursor
complexes Tp*M(NO)I, (M = Mo, W) and 1,4-dihy-
droxybenzene result in the formation of metallo-
cyclophanes, [Tp*M(NO)(0O2.CsHy)]s, containing tri-
angular arrays of interacting redox-active octahedral
metal centers.3** The corresponding reaction with 2,7-
dihydroxynaphthalene affords binuclear [Tp*Mo(NO)-
(2,7-0,C10Hg)]2 as its major product,®® but with
xylenedithiols and related species, mono-, bi-, tri-,
and tetranuclear metallocyclophanes can be
formed.3%6-308 The reaction between TpMo(NO)I, and
tetrahexylcalix[4]resorcinarene affords contained mol-
ecules in which two, three, or four TpMo(NO) units
are incorporated into the rim to produce a host site.
An X-ray crystallographic analysis of the tetra-
metalated derivative reveals that one nitrosyl ligand
forms a hydrogen bond with a CH,ClI, guest molecule
included in the host site.3%%310 Similar Tp*Mo(NO)-
Cl complexes of new pyridyl-based tetranucleating
bridging ligands have been described. One of these
has a tetrahedral donor set, whereas the other
contains two orthogonal noninteracting components.3'*
More recently, trinuclear molybdenum nitrosyl com-
plexes containing Tp*Mo(NO) groups have been
synthesized by using various di- and trinucleating
ligands.31?

Nonlinear and potential nonlinear optical materials
containing the molybdenum and tungsten mono-
nitrosyl redox centers in Tp’M(NO)(X)(L)-type com-
plexes have been synthesized. These include stilbene
derivatives containing ferrocenyl, methoxy, or di-
methylamino donor groups®®® and diaromatic azo
derivatives.?* The ferrocenyl derivatives frequently
exhibit second harmonic generation upon irradiation
at 1907 nm, whereas the other derivatives containing
NMe; or OR groups (R = Me or Et) are generally
inactive. The monomolybdated metalloligand Tp*Mo-
(NO)(CI)(OCsH4PPh,-p) can be viewed as a modified
triphenylphosphine ligand and can be used to gener-
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ate novel transition-metal complexes in which elec-
tron transfer and magnetism are embedded within
a stable ligand framework.31®

Tp*Mo(NO)I, reacts with the oligochalcogenides
[NH4].S10 and [EtyN].Ses in THF to produce the
mononuclear cyclopentachalcogenido complexes
Tp*Mo(NO)(Es) (E = S, Se) and with H,E to form the
binuclear chalcogenido-bridged products Tp*;Mo,-
(NO)2(u-E),.%'¢ The solid-state molecular structure of
Tp*Mo(NO)(Ses) exhibits a six-membered MoSes
metallacycle in the chair conformation and a linear
Mo—N-—0O linkage.

Symmetrically substituted [TpMo(CO)(NO)(z-
allyD]* complexes are preparable from the corre-
sponding TpMo(CO),(r-allyl) precursors by treatment
with [NO][BF,4] in MeCN at 0 °C. The [BF4]™ salts
are unstable in solution but can be stabilized by the
noncoordinating counterion [(3,5-(CF3).CsH3)sB]~
(BArf47).317 The solid-state molecular structure of
[TpMo(CO)(NO)(r73-C3Hs)][BArf4] exhibits a signifi-
cant »® — n? distortion of the allyl moiety that
persists in solutions.

Finally, in related chemistry, [LsMo(NO)CI,][PFe]
(Ls = N,N',N"-trimethyl-1,4,7-triazacyclononane) re-
acts with MeOH to give [LsMo(NO)(CI)(OMe)][PFs],
but the reaction with 4-ferrocenylphenol results in
reduction rather than phenoxide formation. On the
other hand, [L3sMo(NO)Br;][PFs] reacts with 4-amino-
2-methyl-4'-ferrocenylazobenzene (Q) to give a bi-
metallic complex, LsMo(NO)Br,Q, that contains a
7-coordinate paramagnetic molybdenum center (ues
= 3.13).318

3.2.2. Organometallic Complexes

Treatment of Cp'M(CO)sCl (Cp' = Cp, MeCp; M =
Mo, W) with equimolar amounts of Na[Fe(CO)3(NO)]
at ambient temperatures yields the following com-
plexes which are separable by column chromatogra-
phy: orange Cp’'M(CO),(NO); violet [Cp'M(CO)s];
black Cp'M(us-NH)(u2-NO)(u2-CO) Fez(CO)6.319_321 The
addition of [NO][BF,4] to solutions of Cp,Mo2(CO)4(u-
RCCR’) effects substitution of one of the carbonyl
ligands and produces [Cp2Mo0,(CO)3(NO)(u-RCCR’)]-
[BF4] (R, R" = CO,Me, Me, or H).3?22 Similarly, the
bimetallic complexes [Cp'2Moz(u-PPh2)2(O)(NO)][BF4]
(Cp' = Cp or 15-CsH,CO,Me) result from treatment
of their neutral carbonyl precursors with [NO]-
[BF,].38

The most convenient synthetic route to the CpM-
(C0O)2(NO) complexes (M = Mo, W) involves treating
M(CO)s with NaCp in THF—"Bu,O to obtain the salts
Na[CpM(CO)s], which when treated with Diazald
[4-MeCsH4SO,N(NO)Me] in THF give good yields of
the dicarbonyl nitrosyls.??* Similar synthetic meth-
odology may be employed to prepare the analogous
cis- and trans-dimolybdenum complexes, { Mo(CO),-
(NO)} A u-(17°-CsH3)2(SiMey),}, which contain the bridg-
ing bis(dimethylsilanediyl)bis(»°-cyclopentadienyl)
ligand.3?> Analysis of the microwave spectrum of
CpW(CO),(NO) affords the following structural pa-
rameters for this “piano-stool” molecule: Cp—W =
2.06(3) A; Cp—W—N = 122.7(10)°; Cp—W—-CO =
123.2(10)°. The difference between the nitrosyl and
carbonyl angles with respect to the Cp symmetry axis
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is much smaller for this complex than for its chro-
mium congener.3?6 The electron impact (EI) and
multiphoton ionization (MPI) mass spectra of CpMo-
(CO)2(NO) have been recorded, and they reveal that
primary loss of CO ligands from molecular ions is
favored over NO or Cp elimination.3?’

Photodecarbonylation of Cp*Mo(CO),(NO) in CH;CN
in the presence of sulfur or selenium gives the
binuclear derivatives Cp*;Mo,(NO),(u-7,7%-Ez), (E =
S, Se) which are also obtained by treating Cp*Mo-
(NO)I, with H,S or H,Se, respectively.”” The analo-
gous reactions of Cp*W(NO)I, with H,S and H,Se
afford the cyclopentasulfido and -selenido complexes,
Cp*W(NO)(Es) (E = S, Se), as well as some non-
nitrosyl products.

In contrast to suggestions in the literature that
ether solvents are incompatible with nitrosonium
salts, treatment of CpM(CO),(573-allyl) complexes with
solid [NO][PF¢] in 1,2-dimethoxyethane at —10 °C
produces analytically pure [CpMo(CO)(NO)(;3-allyl)]-
[PF¢] as yellow solids.3?® The related allyl(carborane)-
nitrosyl complex, closo-3-(73-C3Hs)-3-(CO)-3-(NO)-
3,1,2-MoC;,BgH;3, is also obtained by treatment of its
dicarbonyl precursor with [NO][BF,4] in CH.CI, at
room temperature. Attack of nucleophiles at the allyl
ligand of the carborane complex affords the corre-
sponding n?-alkene derivatives, e.g. the [closo-3-(3?-
CH,=CHELt)-3-(C0)-3-(NO)-3,1,2-MoC,BgH;;]~ anion
from the reaction with [Me].32°

It is well-known that the CO and NO ligands in a
[CpMo(CO)(NO)(i3-allyl)]* complex exert differential
electronic effects on the allyl ligand and thereby
control the regiochemistry of nucleophilic attack.
Hence, the synthetic challenge is to arrange the
appropriate terminus of the allyl to have the rela-
tionship to the nitrosyl group that will result in
attack at the desired location. Thus, for [CpMo(CO)-
(NO)(n3-allyl)]* cations, nucleophilic addition occurs
at the unsubstituted end of the allyl, and an E-olefin
with no newly created chiral centers is formed.
Sequential addition of two different nucleophiles to
these cations, however, creates these chiral centers
in alkyl ligands.®3° Finally, addition of nucleophiles
to homochiral [(neomenthyl- Cp)Mo(NO)(CO)(phen—
ylallyl)]" complexes yields chiral olefins in high
enantiomeric purity. These principles have also been
applied to the stereospecific functionalization of (s-
allyl)Mo complexes derived from cyclopentenone (vide
infra).®3! Thus, electrophilic [CpMo(NO)(C0)(2,3,4-
7)-1-0x0-2-cyclopenten-4-yl]* reacts with nucleophiles
(e.g. higher order cuprates, malonates, enolates, and
cyanoborodeuteride) to form CpMo(NO)(CO)(y?-
alkene) complexes of 4-substituted 2-cyclopentenones
in good to excellent yields and with high regioselec-
tivity (Scheme 8). High yield oxidative demetalation
with ceric ammonium nitrate provides the 4-substi-
tuted cyclopentenones. This chemistry has been
extended to encompass the synthesis of disubstituted
cyclopentenones,®! and similar transformations have
recently been utilized as a new synthetic approach
to C-glycosides.3*?

Reaction of CpM(CO),(NO) with LiC=CR and
subsequent addition of an electrophile leads either
to a (vinylidene)- or an (y?-alkyne)metal complex.5’
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Cp(CO)(NO)M=C=C(R)(R") derivatives are formed
when alkyl or aryl acetylides (R = alkyl or Ph) and
either a C-electrophile or dilute acid (R' = Me or H)
are used. The acetylene complexes Cp(CO)(NO)M-
(RC=CR’) (R = SiMes, Mg, allyl, Ph; R" = SiMej3) are
formed either when LIiC=CSiMe; is used and the
addition product is trapped by allyl bromide, triflate,
or MesSiCl or when the addition product of LIC=CPh
with the dicarbonyl nitrosyl is trapped by Me3SiCl.%7
Furthermore, treatment of the »*-acetylide anionic
complexes [Cp(CO)(NO)WC=CR]~ with ethyl iodo-
acetate in THF at —78 °C affords, after protonation
with dilute acids, the corresponding oxametalla-
cyclopentadienyl complexes, CpW(I)(NO)[7?-O=C(CH,-

COOEt)CH=CR], i.e.3%
ICH,CO,Et

"BuLi
—_—
oCm / \C\

oc ‘,
ON \\R

o Csc-R

I"")\ =
ON O= 7

OEt

\
H

Reactions of Cp(NO)(CO)W=C=CH(R) (R = H, Me,
Ph) with Ph,PCI produce the metallacycles Cp(NO)-
(CO)W(C=CH(R)PPh,),** while treatment of Cp-
(NO)(CO)W=C=CH('Bu) with excess NH('Pr) yields
Cp(NO)(CO)W=C(CHy(*Bu))(NH(Pr)).335

Chiral-at-metal carbene complexes Cp(CO)(NO)-
Mo=(C(CMe=CH,)(NRCH(2-furyl)) can be synthe-
sized from CpMo(CO),(NO) via the familiar nucleo-
philic addition/alkylation/aminolysis sequence. The
N-alkylated analogues (i.e. R = Me, CH,Ph) undergo
intramolecular Diels—Alder reactions upon warming
to give isoindole derivatives.®® These molybdenum
carbenes are less reactive than their analogues
containing a (MeCp)Mn(CO), or a W(CO)s fragment.

Reaction of the Cp’'M(CO),(NO) precursors with 1
equiv of CINO affords the corresponding dinitrosyl
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chlorides, Cp’'M(NO),CI. Chloride abstraction from
Cp'M(NO)CI (Cp' = Cp, Cp*; M = Cr, Mo, W) with
an equimolar amount of AgBF, in CH,ClI, generates
reactive solutions of Cp'M(NO),BF, which behave as
though they contain the formally 16e [Cp'M(NO),]*"
cations.®®” Thus, all the CpM(NO).BF, complexes
abstract a Ph group from the [BPh,]~ anion to form
the known CpM(NO).Ph compounds, and CpW-
(NO).BF, catalyzes the oligomerization of a-methyl-
propene. Furthermore, methyl propiolate and 2,3-
dimethyl-2-butene condense regiospecifically in the
coordination spheres of all the [Cp’M(NO),]* cations
to produce the cationic lactone complexes shown as
follows:

. 40 Rs
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These cations undergo facile O-demethylation reac-
tions upon exposure to an acetone solution of Nal.
The resulting n-lactone-containing  organo-
metallic compounds have all been fully characterized
by conventional spectrosopic techniques, and the
neutral CpMo lactone complex liberates the iodo-
lactone from the molybdenum’s coodination sphere
upon treatment with iodine.®¥” In a similar manner,
the 16e [Cp*M(NO);]" cations mediate the regio-
selective and stoichiometric assembly of iodopyrones
from HC=CCO,;Me, RC=CPh (R = Mg, Et), and 1,.%2

Cp'Mo(NO),(CH,X) complexes (Cp' = Cp, Cp*; X
= CI, Br) are isolated in 80—90% vyield after the
treatment of the Cp’'Mo(NO),X complexes in THF
with ethereal CH;N, in the presence of copper
powder.3® The analogous CHl complexes are ob-
tained in >90% yield by treating the CH,CI deriva-
tives with Nal in THF. The structural and IR data
indicate the donor properties of the halomethyl
ligands to be intermediate between halide and alkyl
ligands. The Cp'Mo(NO),(CH,X) complexes react
initially with O, to give CH,O and regenerate the
parent Cp'Mo(NO),X compounds, whereas the Cp'Mo-
(NO),CI complexes react with O, after an induction
period to give the well-known Cp'Mo(O),CI complexes
as well as NO,, CINO, and N»0.33 Some molybdenum
and tungsten complexes containing the cis-[M(NO)-
(N2ADN]?* structural unit which are the formal ana-
logues of the M(NO), systems considered above have
been reported.33°

CpMo(NO),CF; is obtainable by the interaction of
Cd(CFj3),-glyme with CpMo(NO),CIl at 65 °C. How-
ever, the congeneric tungsten complex is not afforded
by the analogous reaction with CpW(NO),CI.8> CpMo-
(NO),CF3 reacts immediately upon exposure to air,
and under an inert atmosphere it begins to decom-
pose noticeably within 10 h at ambient temperatures.

3.2.2.1. Cp'M(NO)X; Complexes. These systems and
their organic derivatives have been studied exten-
sively in recent years. The mononitrosyl Cp'M(NO)-
Xz compounds (X = CI, Br, 1) of molybdenum and
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tungsten are obtainable by the reaction of their
dicarbonyl precursors with the appropriate halogen-
ating agent, PCls being a particularly useful chlori-
nating agent.®*° These compounds are monomeric in
solution, but in the solid state may exist as monomers
or dimers depending on the nature of Cp’, M, and
X.134 In a similar manner, the hydroxo derivative
[CpMo(NO)I]2(u-OH); is a dimer in the solid state.®*?
The Cp'M(NO)X, compounds are precursors to a host
of other compounds containing the Cp'M(NO) frag-
ments. Thus, treatment with [NO]* or [Ag]* salts in
MeCN affords a series of diamagnetic cationic ni-
trosyl complexes, [Cp*Mo(NO)(NCMe);]?* and [Cp'M-
(NO)CI(NCMe).]*, which can be isolated as their
[PFe]~ or [BF,4]~ salts. The physical and spectroscopic
properties of these organometallic cations are con-
sistent with their possessing four-legged piano-stool
molecular structures.8!

Treatment of Cp*M(NO)CI, with arylamines, ArNH;
(Ar = Ph, o-tolyl, p-tolyl), affords the 18e adducts
Cp*M(NO)CIz(NH2Ar), which can be dehydrohalogen-
ated with a strong base to produce the amido chloro
complexes Cp*M(NO)(NHAr)CI (M = Mo, W) in good
yields. Interestingly, treatment of Cp*M(NO)CI, with
excess primary alkylamines produces directly the
amido chloro complexes Cp*M(NO)(NHR)CI (R =
alkyl). Mixed alkyl amido and alkoxo amido com-
plexes are preparable by sequential treatment of
Cp*M(NO)CI, with 1 equiv of an alkylating reagent
or lithium alkoxide followed by treatment with excess
alkylamine.®* Similarly, stepwise treatment of Cp*M-
(NO)CI; in THF at low temperatures with 2 equiv of
alkoxide anion affords first Cp*M(NO)(OR)CI and
then Cp*M(NO)(OR), in reasonable yields. Alkoxo
alkyl complexes are preparable from the correspond-
ing alkyl chloro precursors by similar metatheses.3*4
Finally, treatment of Cp*M(NO)(X)CI complexes (X
= CH,SiMe3;, CH,CMez, NHCMe3z;, OCMes, CI) with
lithium phosphides results in either chloride metath-
esis, reduction of the starting material, or scrambling
of the ligands of the starting complex.34

The three related complexes Cp*W(NO)(CH,CMej3)-
(NHCMej3), Cp*W(NO)(OCMesz)(NHCMe3), and Cp*W-
(NO)(OCMez)(CH,CMes), which differ only in the
nature of the pair of groups a to the metal center,
have been treated with ‘BuNC, p-tolyINCO, and CS,
to establish the relative tendencies of the W—C,
W-—N, and W-0 linkages to undergo insertions of
these reagents.3*® The only site of insertion for ‘BUNC
is the W—C bond, the W—N and W—0 bonds being
unreactive toward this substrate. In contrast, the
preferential site of insertion for p-tolyINCO and CS;
isW—-N > W-0 > W-C and W—N ~ W-C > W-0,
respectively. These observations can be rationalized
in terms of two different mechanisms being operative,
one involving initial adduct formation at the metal
center and the other involving direct attack at the
tungsten—element bond undergoing the insertion.

The reaction of CpMo(NO)I, with the mercury
derivatives of substituted N,N-dimethylbenzylamines
[Hg(Qdmba),] affords the complexes CpMo(NO)(I)-
(Qdmba) in nearly quantitative yield as a racemic
mixture of both enantiomers. When the reaction is
carried out with Hg{SCsH,C(H)(Me)NMe,},, a 1:1
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mixture of both diastereoisomers is obtained, and the
resolution of this mixture can be accomplished by
fractional crystallization from CH,Cl,/hexane.?*” In
a related study, the resolution of the chiral metal
center in CpMo(NO)(syn-crotyl)((1S)-10-camphor-
sulfonate) was also effected by fractional crystalliza-
tion. An X-ray crystallographic analysis of the (—)-
diastereomer revealed an S configuration at the
metal.3*? The chiral chelate complexes Cp'Mo(NO)I-
(a-aminocarboxylate) have also been obtained as
mixtures of isomers by metathesis reactions of their
diiodo precursors.3#

The Cp*M(NO)I, complexes react with dithiocar-
bamates, Na[S,CNR;] (R = Me, Et), in THF to form
the corresponding Cp*M(NO)I(S,CNR;) complexes in
high yields.3*® Similar treatments with phosphino-
dithioate (Na[S,PMe;]) and phosphorodithioate ([NH4]-
[S.P(OMe);]) effect metathesis of one or both iodo
groups in the diiodo reactants.

The ortho-metalated phosphine complex Cp*W-
(NO)(H)(1?-PPh,C¢H,) undergoes reductive elimina-
tion of the aryl and hydride ligands in the presence
of two-electron donors, L, to give compounds Cp*W-
(NO)(PPh3s)(L) (L = isocyanides, ketones, EtOAc, or
PMes) in excellent yields. Spectroscopic data for the
product complexes reveal that the 16e Cp*W(NO)-
(PPhgs) fragment is an exceptionally strong z-donor,
coordinating the C=0O linkages of the ketone and
ester ligands in an n?-fashion. Interestingly, the PMe3
reaction also affords the phosphine substitution
product Cp*W(NO)(H)(PMes)(*-CsH4PPh,).3%0

The halide ligands in the Cp'M(NO)X, complexes
may be replaced sequentially by various hydrocarbyl
groups, R, to obtain a wide range of Cp'M(NO)(R)X
and Cp'M(NO)R, complexes.351352 Cp*W(NO)(CH.-
SiMes), may also be utilized as a precursor for the
synthesis of asymmetric Cp*W(NO)(CH,SiMe3)R (R
= alkyl, aryl) complexes via Cp*W(NO)(CH,SiMe3)-
CI.3%8 In general, these hydrocarbyl complexes are
monomeric, 16e species that react with a number of
small molecules. For instance, hydrolyses of Cp'Mo-
(NO)R;, complexes generally afford bimetallic [Cp'Mo-
(NO)R]2(u-O) compounds which possess linear Mo—
O—Mo linkages.®** Similar hydrolyses occur for the
tungsten analogues. The initial investigations of the
characteristic chemistry of the Cp'M(NO)R, com-
plexes have been previously summarized.3>>3% More
recent results are presented below. Under certain
conditions these complexes undergo nitrosyl N—O
bond cleavage during their chemical transforma-
tions,?®” and these processes are considered in a
subsequent section of this review.

The 16e Cp’'M(NO)R, complexes react with CO in
a stepwise fashion as illustrated in Scheme 9.3%8 The
first step involves the formation of 18e mono-
acyl species Cp'M(NO)(#2-C{O}R)R, via initially
formed Cp’'M(NO)(CO)R; adducts. The 5?-acyl com-
plexes may be isolable as such or may undergo
spontaneous reductive elimination of the symmetrical
ketone. The second step involves the uptake of a
second 1 equiv of CO and the formation of the 18e
bis(acyl) complex, Cp'M(NO)(;?-C{ O} R)(COR), again
via an initially formed carbonyl adduct. The outcomes
of the reactions are dependent on both the natures
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of Cp', R, and M and the experimental conditions
employed. Thus, various acyl complexes of tungsten
can be obtained in this manner, but all molybdenum
systems investigated convert to Cp’'Mo(CO),(NO) and
R.CO when exposed to CO.3%8 Consistently, the
asymmetric complexes Cp*W(NO)(R)(R") (R, R' =
alkyl, aryl) insert 1 equiv of CO regioselectively into
their W—C o bonds to produce the corresponding #?-
acyl complexes. All complexes containing a Me;SiCH,
ligand form enolate species Cp*W(NO)(R)(OC{=CH}-
SiMes), probably via formation of an intermediate
acyl complex and subsequent rearrangement via a
1,2-silyl shift. The relative migratory aptitudes of the
various ligands (i.e. CH,CMe3z; > CH,SiMe; > o-tolyl
> Ph > Me) appear to be primarily a function of the
steric bulk of the ligand, the most sterically demand-
ing ligands migrating to CO preferentially.3%°

In the three series of complexes Cp*M(NO)Cl,,
Cp*M(NO)(R)CI, and Cp*M(NO)R, (M = Mo, W; R
= CH,CMe3) the molybdenum complexes are the
stronger Lewis acids, and the mononeopentyl deriva-
tives for both metals are more reactive toward a
variety of substrates (e.g. CO, CNCMe3) than are
their bis(neopentyl) analogues.® Interestingly, the
phosphine complexes Cp*M(NO)(CH,CMe3)(Cl)(PMes)
are readily dehydrohalogenated by lithium diisopro-
pylamide in THF to afford the cyclometalated com-
plexes (7’]5,771'C5H4CH2)M(NO)(CH2CMG3)(PME3). In
related chemistry, it has been shown that treatment
of solutions of Cp*M(NO)(32-CH,Ph)CI (M = Mo, W)
with an equimolar amount of solid AgBF, in MeCN
affords the orange complexes [Cp*M(NO)(?>-CH,Ph)-
(NCMe)][BF4] in good yields. Similar treatment with
silver carboxylates produces Cp'M(NO)(;*-CH,Ph)-
(7>-O,CR) compounds for both Cp and Cp* systems.36!

The heterocumulenes carbon disulfide, p-tolyl iso-
cyanate, and carbon dioxide insert into one of the
M—C o-bonds of Cp*M(NO)(aryl), complexes to pro-
duce n?-thiocarboxylate-, n?>-amide-, and 5?-carbox-
ylate-containing complexes, respectively.3%? Further-
more, Cp*W(NO)(52-S,CPh)(Ph) reacts with PMe; to
form Cp*W(NO)[7?-S,C(PMe3)Ph](Ph), which con-
tains a zwitterionic phosphonium betaine ligand.

Reduction of [Cp*Mo(NO)I;], by Na/Hg in THF at
—30 °C in the presence of an isomeric mixture of (E)-
and (2)-1,3- pentadiene affords two isolable isomers
of Cp*Mo(NO)(r*-trans-1,3-pentadiene) resulting from
the coordination of the (E)- and (Z)-diene to the metal
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center in a twisted, transoidal fashion.®%3 When
treated with acetylenes, CpMo(NO)(»*-trans-diene)
complexes effect a coupling between the diene ligand
and the alkyne to produce an »* (3 n') ligand in
which the n3-allyl portion of the ligand is oriented
endo with respect to the Cp ring. Thus, the reaction
of CpMo(NO)(5*-trans-2,5-dimethyl-2,4-hexadiene)
with 1-phenylpropyne gives the complex shown as
follows:

o MeC=CPh
o _ Mo
L N X
73 \ 0
N

The reactions between CpMo(NO)(;*-trans-diene)
complexes and protonic acids, HX, afford the #3-allyl
complexes CpMo(NO)(r3-allyl)(X), in which the allyl
linkage is asymmetrically bound to the metal.?® In
related chemistry, CpMo(NO)(»*-trans-diene) com-
pounds undergo coupling reactions with acetone to
form endo- and exo-allyl complexes. Thus, CpMo(NO)-
(n*-trans-C4Hs) forms two complexes of composition
CpMo(NO)(#*-CH,CH=CHCH,COMe;) when com-
bined with Me,CO, i.e.36

M N
0\/ Me,CO MO\ “. O Mo r\‘
I
N
(o}

In related chemistry, treatment of Cp*M(NO)(CH,-
SiMe3), (M = Mo, W) with H, in the presence of
acyclic, conjugated dienes affords Cp*M(NO)(*-trans-
diene) complexes,3®® the tungsten species being in-
accessible by other synthetic routes (vide supra):

R
xs Ha, \H\ —Q
i? T T
—_— R
W, . N
R" ‘ R -2 SiMe, \/ A
N
(@)
R= CstiMe3 =HorM

When 1,3-cyclooctadiene is employed as the trapping
agent under identical experimental conditions, it
undergoes a coupling in the metals’ coordination
spheres and forms the following complexes illustrated
for molybdenum:

[MO]
xs 1,3-COD, _ xs13-COD,H, _
O,
.-Mo.,, ZSxMe4

R" % 'R

N

&)
R = CH,SiMes [Mo} = Cp*Mo(NO)

OO

The 2-(2-cyclooctenyl)-1,3-cyclooctadiene thus formed
may be conveniently liberated by exposing the prod-
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uct complexes to O, under ambient conditions.3¢% In
general, treatment of solutions of Cp*W(NO)(CH,-
SiMej3), with H; generates in situ the reactive 16e
alkyl hydride Cp*W(NO)(CH,SiMe3)H, whose exist-
ence can be inferred on the basis of the varied
chemical reactions that it undergoes when generated
in the presence of reactive substrates.?® For instance,
PPh; affords the orthometalated complex Cp*W(NO)-
(H)[?-PPh,CgH,] (vide supra), probably via the 18e
adduct Cp*W(NO)(CH,SiMe3)(H)(PPh3). The charac-
teristic chemistry of the hydride is, however, domi-
nated by the ability of its W—H link to insert
unsaturated linkages, the regioselectivity of the
insertions indicating that the hydride ligand is hy-
dridic in nature. Thus, it adds across N=CR, O=CR;,
HN=CR;, and unsymmetrical RC=CR' functional
groups to form W—N=CHR, W—0O—CHR,, W—NH-
CHR;, and W—CR=CR'H linkages. Insertions of
other olefinic substrates into the W—H bond are
successful only if the unsaturated hydrocarbon also
contains a Lewis-base functional group. Thus, pro-
pargylamine and allylamine produce the related
metallacyclic complexes shown at the bottom of
Scheme 10.366

Exposure of C¢Hg solutions of Cp*Mo(NO)R, com-
plexes (R = CH,CMe;, CH,CMe,Ph) to H, at 5 °C
results in the formation of bimetallic (Cp*MoR),(u-
NO), products. Similar treatment of an equimolar
mixture of the two Cp*M(NO)R, (M = Mo, W; R =
CH,SiMe3) complexes affords the heterobimetallic
species (Cp*MoR)(u-NO)(Cp*WR). The bimetallic
complexes are thermally unstable, and the bridging
M(u-NO),M linkages spontaneously isomerize to
(ON)M=N=M=0 groupings in solutions at ambient
temperatures (see section 9.3 later in this review).36”

As illustrated in Scheme 11, conversion of Cp*Mo-
(NO)(CH2SiMeg3), to the lithium salt of the anionic
alkylidene complex [Cp*Mo(NO)(CH,SiMe3)(=CHSi-
Me3)]2[Lio(THF)3] may be effected with various lithium
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Scheme 11
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reagents, each of which follows a different mecha-
nistic pathway.3%36° Thus, LiNR; (R = SiMe3) effects
this conversion directly with no detectable inter-
mediates. However, LDA deprotonates the Cp*
ligand to form the lithium salt of the isolable “tucked-
in” ate complex that slowly converts to the final
complex when left in THF or CgDs solution at
ambient temperatures for 48 h. On the other hand,
LiPPh, in THF results in a one-electron reduction
that produces the dialkyl anion shown. This 17e
anion is converted to the 18e alkylidene anion by
the Ph,P—PPh, coproduct which effects the
requisite hydrogen-atom abstraction. Finally,
addition of a sterically undemanding alkyllithium
reagent such as MeLi to the 16e dialkyl reactant
leads to the formation of the 18e trialkyl anionic
complex [Cp*Mo(NO)(CH,SiMe3)(Me)][Li(THF)s],
which upon warming loses methane and forms
[Cp*Mo(NO)(CH,SiMes)(=CHSiMe3)][Li(THF)3]. In
most cases, this chemistry exhibited by the molyb-
denum system is duplicated by Cp*W(NO)(CH,-
SiM63)2.369

The unsymmetrical dialkyl complex CpW(NO)(CH,-
SiMez)(CH,CPh3) is thermally unstable and converts
to a metallacyclic complex when exposed to aceto-
nitrile or PPh;z in CH,CI,, e.g.
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The related complex CpW(NO)(CH,SiMe3)(CH,CMe,-
Ph) behaves similarly.37

Thermolysis of CoMo(NO)(CH,CMej3), in CH,Cl; at
ambient temperatures affords the bimetallic complex
shown below on the left of Scheme 12.57* Its most
interesting structural feature is the u-n'-7>-NO
group which functions as a formal 5-electron donor
to the two metal centers. This bimetallic complex
probably arises via the initial formation of CpMo-
(NO)(=CHCMe3), a species that may be trapped as
the 18e adduct CpMo(NO)(=CHCMejz)(L) when the
thermolysis of the bis(neopentyl) complex is effected
in the presence of phosphines or pyridine (L). Ther-
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Scheme 13

R

molysis of CpMo(NO)(CH,CMej3), in the presence of
excess PMe; in CH,CI, produces [(Me3sP);Mo(NO)-
Cl]2.372 The transient 16e neopentylidene complex or
its labile pyridine adduct reacts with the hetero-
atom-H bonds of amines, alcohols, thiols, or carbox-
ylic acids (EHR) to form the neopentyl complexes
CpMo(NO)(CH,CMesz)(ER) that result from syn ad-
dition of the E—H bond across the Mo=C link.
Similar reactions with bifunctional reagents produce
bimetallic complexes, e.g. diols OH—X—0OH produce
Mo—O—X—0—Mo-linked products.37®

The highly reactive alkylidene complex Cp*W(NO)-
(=CHCMej3) is generated by thermolysis of its bis-
(neopentyl) precursor at 70 °C, and it is capable of
effecting single, double, and triple C—H bond activa-
tions of various organic substrates (R = CMe; in
Scheme 13).37437 Interestingly, these activations can
occur in the presence of excess PMejs, as exemplified
by the formation of the Cp*W(NO)(5?-cyclohexene)-
(PMe3) complex shown in Scheme 13. In contrast to
cyclohexane, methylcyclohexane and ethylcyclohex-
ane afford principally the allyl hydride complexes
Cp*W(NO)(1*-C7H11)(H) and Cp*W(NO)(17°-CsH13)(H),
respectively, under identical experimental conditions.
Kinetic and mechanistic studies indicate that the
C—H activation chemistry derived from the bis-
(neopentyl) complex proceeds through two distinct
steps, namely (1) rate-determining intramolecular
o-H elimination of neopentane to form the alkylidene
complex and (2) 1,2-cis-addition of a substrate C—H
bond across the W=C linkage in the intermediate.

The thermolysis of Cp*W(NO)(CH,CMes); in tolu-
ene affords a surprisingly complex mixture of six
products. The two major products are the neopentyl
aryl complexes Cp*W(NO)(CH,CMejz)(CsH4-3-Me) and
Cp*W(NO)(CH,CMej3)(CeHs-4-Me) in approximately
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47% and 33% yields. Of the other four products, one
is the aryl isomer of these complexes, namely Cp*W-
(NO)(CH,CMe3)(CeHs-2-Me) (~1%). The remaining
three products all arise from the incorporation of two
molecules of toluene, namely, Cp*W(NO)(CH,CsHs)-
(CeH4-3-Me) (~12%), Cp*W(NO)(CH,CsHs)(CeH4-4-
Me) (~6%), and Cp*W(NO)(CH,CsHs)2 (~1%). It has
been demonstrated that the formation of these latter
complexes involves the transient formation of Cp*W-
(NO)(CH2CMe3)(CH,CgHs), the product of toluene
activation at the methyl position, which reductively
eliminates neopentane to generate the C—H-activat-
ing benzylidene complex Cp*W(NO)(=CHCsHs). This
intermediate can also be trapped by PMe; to obtain
the adducts Cp*W(NO)(=CHCgHs)(PMe3) in two rot-
americ forms. From their reactions with toluene, it
can be deduced that both alkylidene intermediates
exhibit a preference for activating the stronger aryl
sp? C—H bonds. The C—H-activating ability of the
benzylidene complex encompasses aliphatic sub-
strates as well, as it reacts with tetramethylsilane
and cyclohexanes in a manner similar to that sum-
marized above for the neopentylidene intermedi-
ate.’™

The reactivity differences observed experimentally
for Cp*W(NO)(CH,CMej3), and CpMo(NO)(CH,CMej3),
have been investigated using density functional
theory.3"® The reactions of the CpW(NO)(CH,) model
complex with NH3; and CH,4 are more exothermic and
have lower activation barriers than the corresponding
processes for CoMo(NO)(CH,). The ?(C,H) methane
complexes CpM(NO)(CH)(CH,) (M = Mo, W) can
undergo two competitive processes: C—H activation
to afford CpM(NO)Me, or loss of methane. The
relative barrier heights are almost identical for M =
W, whereas the formation of CoM(NO)Me; is signifi-
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Scheme 14
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cantly disfavored for M = Mo. The activation of C—H
and N—H bonds proceeds via a direct, metal-assisted
1,2-addition across the M=CH,; bond without a
distinct carbene—hydride intermediate. The relative
orbital energies, which are consistently lower for Mo
than for W, can be used to rationalize various
reactivity differences observed experimentally for the
CpM(NO)(alkyl), species, including the selective co-
ordination of small molecules.®’® In related chemistry,
it has been demonstrated that electrophilic addition
of [SMe]* to the Mo=C linkage in CpMo(NO)(PMes)-
[=CMe(OE1)] results in the formation of the cationic
molybdathiacyclopropane complex.3”

Thermal activation of Cp*W(NO)(;2-CPh=CH.)(CH,-
SiMe3) in neat hydrocarbon solutions transiently
generates Cp*W(NO)(#2-PhC=CH), which subse-
quently activates solvent C—H bonds.378379 Repre-
sentative examples of the C—H activation processes
that have been effected by this complex are sum-
marized in Scheme 14. As expected, intra- and
intermolecular selectivity studies reveal that the
strongest C—H bond (yielding the stronger M—C
bond) is the preferred site of reactivity. The dual
C—H bond activations of aliphatic hydrocarbons
depicted in Scheme 14 are particularly interesting
since these processes exhibit a selectivity for sub-
strates that contain an ethyl substituent. Attempts
to trap the intermediate acetylene complex with
PMes result in the formation of the metallacyclopro-
pane complex Cp*W(NO)(CH,SiMej3)(?>-CH,CPh-
(PMey)).37°
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In general, thermolysis of Cp*W(NO)(#?>-CPh=CH,)-
(CH.SiMejy) in the presence of unsaturated, hetero-
atom-containing compounds such as esters and ni-
triles quantitatively affords metallacyclic products of
reductive coupling. These products are trapped as 18e
complexes via either intramolecular rearrangement
or intermolecular reaction with added trapping agents.
The nature of these products (see Scheme 14) is again
consistent with the intermediacy of the acetylene
complex, Cp*W(NO)(y>-CPh=CH).38 As illustrated,
with esters, reductive coupling and C—O bond cleav-
age yield alkoxide-containing oxametallacyclopenta-
diene complexes. With nitriles under differing ex-
perimental conditions, a variety of azametallacycles
are formed. A qualitative orbital-overlap rationale
has been proposed to account for the observed chem-
istry.38t

The solid-state molecular structure of Cp*W(NO)-
(CH.SiMe3)(CPh=CH),) reveals that its vinyl ligand
exists in a distorted form that cannot readily be
described by either of the classic #*-vinyl- or 1-met-
allacyclopropene limiting structures. However, the
NMR parameters for the CPhCH, fragment in this
complex in solutions are characteristic of those of a
1-metallacyclopropene unit.®? Related vinyl-contain-
ing complexes of tungsten, Cp*W(NO)(7?-CPhCH,)X
and Cp*W(NO)(n*-CPh=CH,)(LX) [X = CI, OTf; LX
= 0,CPh, NHCMegs, (PPh3)(H)], have been examined
similarly, and it has been shown that the nature of
the tungsten—vinyl interaction in these compounds
is dependent upon the donor strength of the 1e X or
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3e LX donor ligands that are also present in the
tungsten’s coordination sphere. Reaction of Cp*W-
(NO)(7?-CPhCH,)CI with diallylamine results in cou-
pling of the amine-N with the vinyl group to give
Cp*W(NO)(172-CHPhCH,N(C3Hs),)CI.382

As summarized in the preceding sections, electroni-
cally and coordinatively unsaturated Cp*W(NO)(L)
complexes have been postulated as intermediates in
several related systems. Consequently, model CpW-
(NO)(L) compounds (L = PH3, CO, CH;, H,CCHy,
HCCH) have been investigated theoretically by DFT
computational techniques.®2 The structural param-
eters calculated for saturated CpW(NO)(PH3)(L) com-
plexes are in good agreement with the solid-state
molecular structures determined crystallographically
for the corresponding Cp*W(NO)(PMes3)(L) com-
pounds. The 16e, singlet CoW(NO)(L) species have
geometries comparable to those of the same fragment
in the phosphine adducts and include a high pyr-
amidal conformation at W. The energy of the triplet
spin state is calculated to be close to, or even lower
than, that of the singlet state for these unsaturated
compounds, and it depends largely on the 7-bonding
capabilities of L. The preferred alkyne conformation,
the unusually stable triplet states, and the strong
W-to-Lz-donation observed in these systems may all
be rationalized by the relatively high energies of the
occupied orbitals of the formally W(0) compounds.383

4. Group 7 Nitrosyls

4.1. Manganese and Technetium Nitrosyls

4.1.1. Coordination Complexes

[Mn(NO)(CN)s]®~, the manganese analogue of ni-
troprusside, has been structurally characterized with
a variety of counterions,384-38 and its formation by
NO transfer to Mn(ll) from nitroprusside has also
been reported.®®” Many { MnNO}® manganese nitrosyl
complexes of composition Mn(NO)(CN)z(L)2(H20) have
been synthesized by the treatment of [Mn(NO)(CN)s]*~
with a variety of monodentate and bidentate Lewis
bases_388—391

The manganese complex Mn(tmtaa)(thf) (tmtaa =
dibenzotetramethyltetraaza[14]annulene) reacts with
gaseous NO to form the paramagnetic nitrosyl com-
plex Mn(tmtaa)(NO). This compound then reacts with
pyridine to form the diamagnetic adduct, i.e.3%?

O
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At first glance, the paramagnetism of Mn(tmtaa)(NO)
is rather surprising given the strong s-acceptor
nature of NO and the formal d® electron count, but
it is attributed to the excitation of two electrons into
a low-lying LUMO. This excitation is inhibited by the
binding of a strong o-donor trans to the NO ligand,
an action that raises the energy of the LUMO and
leads to a diamagnetic species.

[MNn(CO)3(NO)]?, formally a d'© nitrosyl, has been
synthesized by Ellis and co-workers via the two-
electron reduction of Mn(PPhz)(CO)3(NO).3% This
anion reacts with Ph3SnCIl to form [Mn(CO)3(NO)-
(SnPh3)]~. The infrared multiphoton dissociation
spectrum of the related nitrosyl anion [Mn(CO);(NO)-
(CF3)]™ has also been recorded.3** The neutral com-
plex Mn(NO)(CO),(PPh;H), can be prepared by the
straightforward thermal substitution of the carbonyl
ligands in Mn(CO)4(NO).3%

Several technetium nitrosyls have also been syn-
thesized in recent years. These include the d* nitrosyl
Tc(NO)(CI)(tmbt); (tmbt = 2,3,5,6-tetramethylben-
zenethiol)®% (vide infra) and several d® nitrosyls
having the general formula Tc(NO)Xx(L)s in which
X is a pseudohalide and L is usually a phosphine.397-403
The precursor to these types of compounds is the
interesting and synthetically important complex
[BusN][Tc(NO)(CI)4].%%* In addition, it has been es-
tablished that the ESR parameters A, and g, of
technetium nitrosyls are different for Tc(ll) and
Tc(VI1) complexes.*%® Finally, the cationic [Tc(NO)-
(NHz)(phen);]™ has been prepared by reacting [NH4].-
[TcClg] or [NH4]2[TcO4] with hydroxylamine and 1,10-
phenanthroline.4%

O
N

|
S— ch<§
a

Several dinitrosyl complexes having the composi-
tion Mn(NO)2(CN)2(L), have been synthesized by
reacting the dianion [Mn(NO),(CN),]?>~ with various
donor ligands.*%74% The hydrido dinitrosyl complexes
Mn(NO)2(PR3);H (R = Me, Et), which can be made
by reacting the bromo precursors with NaBHj,,*%®
react with CO, to form n*-formato complexes. These
complexes have been studied by a variety of NMR
techniques to characterize the metal—hydride inter-
actions which appear to be normal.#1%411 The isoelec-
tronic Mn(NO),(PPh3)2(X) (X = BF,~, OTf~, OSO,F ",
etc.) species have been prepared by adding HX to the
hydride precursor.'?

4.1.2. Organometallic Complexes

Several complexes of the type [Cp'Mn(CO)(NO)-
(L)]" (L = phosphine) are now known.*3414 They can
be made by the electron-transfer-catalyzed sub-
stitution of a carbonyl ligand in [Cp'Mn(CO),(NO)]*
by a phosphine via a 19e intermediate.*> Interest-
ingly, the photolysis of [Cp’'Mn(CO),(NO)]* at low
temperature affords predominantly [Cp'Mn(CO)-
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Scheme 15
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(NO)]*.#1% Finally, the complex [(1-Ph-»*-SC4H,)-
Mn(CO),(NO)]™ has also been prepared by treat-
ing the neutral tricarbonyl precursor with [NO]-
[BF4].4Y7

The addition of [D]™ to [(#°-cyclohexadienyl)Mn-
(CO)2(NO)]* affords only the endo product (Scheme
15) and is believed to proceed via a formyl intermedi-
ate. The same reaction with [(17°-cyclohexadienyl)Mn-
(dppen)(NO)]™ [dppen = cis-1,2-bis(diphenylphos-
phino)ethylene] affords exclusively the exo product,
(6-ex0-Ph,1-0,3—5-n-CsH7)Mn(dppen)(NO), thereby giv-
ing credence to the proposed mechanism for the
carbonyl species. Furthermore, the investigators sug-
gest that the nitrosyl ligand may well bend during
the reaction pathway.*!®

The reaction between Rh,(CO)4(u-RNNNR), (R =
p-tolyl) and Cp’Mn(NO)(CN)(PPhs3) yields a hetero-
polynuclear cluster,*® while CpMn(NO)(CN)(P-
(OMe)3) reacts with BPh; to form a cyano—borane
adduct.*®0

4.2. Rhenium Nitrosyls
4.2.1. Coordination Complexes

Several d® nitrosyl complexes of rhenium having
the general form Re(X)3(NO)(L), are known, and
some have been structurally characterized.?1-428
They usually result from the reaction between NO
and Re(0O)(X)s(L).. Also isolated from a reaction of
this type is the d* nitrosyl Re(NO)(Ph)Br3(PPh3).4?°
The cationic d® and d® nitrosyl complexes [ReCl-
(NO)(dppe).]?"* and [ReF(NO)(dppe).]* are also
known.#30431 [Na(15-crown-5)][ReFCl3(NO)(MeCN)]
has been prepared by reacting NaF and 15-crown-5
with ReCl3(NO),(MeCN).#? The substitution kinetics
of the aquo ligand in the [Re(NO)(H,0)(CN)4]?>~ anion
have been studied, but no definitive mechanistic

conclusions could be drawn about this conver-
Sion_433,434

The complex Re,Cls(u-dmpm); contains a central
Re=Re bond and reacts with 2 equiv of [NO][PF¢] to
afford ClzRe(u-dmpm),ReCl>(NO) in 41% yield. This
complex possesses a solid-state molecular structure
in which the nitrosyl ligand is cis to the Re=Re bond
(vide infra).#354% The related complex [Rex(u-H)(u-
Br)(P(O)Ph;)Br,(NO)(u-dppm),]* has also been re-
ported.437:438
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Several thiolate-bridged dimers and trimers of
rhenium nitrosyls have been formed by the reaction
between Re,(CO)4(NO),Cly and Na[SCMes]. Several
of these have been structurally characterized, includ-
ing Reg(CO)g,(NO)3(/t-SCMe3)3(‘u3-SCM83)(‘u-O) and
R93(CO)3(NO)g([t-scM93)3(//L3-S)(/t3-C|).439

Several d® nitrosyls of the type Re(NO)X,(L)z (X =
halide; L = nitrile, phosphine, or phosphite) have
been recently reported.#?7:440-443 |n one instance the
halides have been metathesized with MeLi.*** Also
stable are cationic complexes having the general
formulas [Re(NO)(X)(L)3(CO)]* and [Re(NO)(L)4-
(CQ)]?".441443445 The anionic complex [Re(NO)(CO),-
(N3], which exhibits a vno at 1771 cm™ (KBr), can
be made by adding excess Nal to acetone solu-
tions of [CpRe(NO)(CO).]*.448 If only 1.5 equiv of Nal
is added, then CpRe(NO)(CO)(I) is the isolated prod-
uct. The cationic complex [(bdmpza)Re(CO),(NO)]*
[bdmpza = bis(3,5-dimethylpyrazol-1-yl)acetate], iso-
electronic to [CpRe(NO)(CO),]", is also known.44”

Much research has been devoted to the synthesis
and spectroscopic characterization of ReH,(CO)(NO)-
(PR3), and related dihydrides.#10:411.448-455 |t has been
demonstrated that perfluoro-tert-butanol can hydro-
gen bond to the oxygen atom of the NO ligand in such
species. Furthermore, it has been reported that
mixtures of ReH»(NO)(CO)(PR3), (R = iPr, Me, O'Pr)
and CF;COOH can hydrogenate benzaldehyde in
CD,Cl,.4%6

The dihydrogen complexes Re(NO)(H)Br2(PR3)2 (R
= Cy, 'Pr) have been prepared from [Et;N][Re(NO)-
Brs] and excess PR3 in ethanol.*%” They are very rare
examples of nitrosyl—dihydrogen complexes, and they
react with BH; to form the [BH,]~ adducts or with
H, to form the tetrahydrides ReH4(NO)(PR3).. They
also form the anions [ReH3(NO)(PR3).]~ when treated
with KH in the presence of 18-crown-6.4% When
[ReH3(NO)(P'Pr3),]~ is reacted with phenylacetylene,
the anionic vinyl complex [ReH(CPh=CHy,)(NO)-
(PPrs),]~ is formed in 75% yield.*5°

The reaction between Cp,Cr,(SCMes),S and Re,-
(NO)2(CO)4Cl, leads to a number of CryRey clusters
such as Cp2Cry(us-S)2(u-SCMe3),Re(CO)(NO) (vide
infra).#6%461 However, no reaction occurs when Re-
(NO)(CO)(PR3)2Cl; is used in place of Re;(NO)2(CO),4-
Cl4.%61 Denitrosylation of [CpCr(u-SCMes),(us-S)Re-
(CO)(NO)], by Co,(CO)s has been observed.462

Re(H)(BH,)(NO)(L), (L = bulky phosphine) reacts
with [NO][BF,] to give the d® dinitrosyl Re(NO),(H)-
(L)2.%457 Also known are the related cationic complexes
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[Re(NO),(PR3),]" and [Re(NO)»(PR3)2(L)]" (L = CO,
PhCHO).#63 For the L = PhCHO derivative, one
ReNO linkage is bent, thereby making the complex
a formally 16e species. This bending has been at-
tributed to the steric effects of the phosphine co-
ligands. The complex Re(NO)2(X)2(PR3), has been
claimed,*®* and it has been partially characterized by
ESR, 3P NMR, and magnetic susceptibility measure-
ments. Also known is trans-[Re(NO),(dppe).]*, which
has been prepared in 70% yield by the action of NO(g)
and TIBF,; on trans-ReCI(N,)(dppe).. It exhibits a
single vno stretching frequency at 1650 cm™! and is
one of the very few trans-dinitrosyl complexes to be
isolated.*3* Unfortunately, an X-ray crystallographic
analysis of this important complex has not yet been
performed, but the trans-dinitrosyl [Mn(NO).pc]~
(Hzpc = phthalocyanine) has been structurally char-
acterized.*65

4.2.2. Organometallic Complexes

A great deal of research has been done by the
Gladysz group on complexes containing the chiral
Cp'Re(NO)(PPh3) fragments.*%®¢ Generally, the ni-
trosyl ligand is not involved in the chemistry. The
parent compounds of this series, [Cp’'Re(NO)(PPh3)-
(CO)]*, have been studied in great detail,*67468 and
the electronic structures of CpRe(NO)(PPhz)(X) (X =
Cl, Br, 1) have also been investigated by valence
photoelectron spectroscopy.*® When X = 1 in the
latter complexes, CuR reagents can effect the me-
tathesis to generate the corresponding rhenium or-
ganometallic derivatives such as CpRe(NO)(PPhs)-
Me.*’® The related methyl complexes CpRe(NO)-
(PRg)Me (R = CgHs-4-Me, C6H4-4-tBU, C5H4-4-Ph,
CsH4-4-OMe) can be oxidized to their 17e cations with
ferrocenium salts.*71:472

Both Cp and Cp* versions of Cp’'Re(NO)(PPh3)(L)
(L = CHCl,, Ce¢HsCI) are known,*347 as are the
haloalkane complexes having L = ICH,CH,;CMegs,
ICy, I'Pr, and I(CH,)4Re(CO)s5.475477 These complexes
are usually generated by treating Cp'Re(NO)(PPhs)-
Me with HBF4OEt, in the presence of an alkyl
halide. The Cp*-containing fragment displays higher
thermodynamic binding selectivity but, curiously, is
more thermally sensitive.*”® The haloalkane ligand
can be easily displaced by a large number of unsatu-
rated substrates and Lewis bases such as al-
kenes,*’87485  alkynes,*8®  ketones,*®"492  alde-
hydes,491"‘93*499 imines,5%0-5%2 gllenes,5% ethers,504-506
sulfides,*®” sulfoxides (both S and O bound),°8
amines,®%°-513 nitriles,%** and esters.>*® The familiar
PPh; ligand has also been replaced with the per-
fluorinated analogue, P(CgFs)3.516

If the rhenium fragment has been resolved and the
unsaturated substrate has enantiotopic faces, then
two diastereomers are generated. The interconver-
sion of these & diastereomers has been studied in
detail. The suggested mechanism is a nondissociative
one in which a C—H o-bond to the metal center is
formed as the alkene rotates from face to face.*81.517
The use of HPLC to resolve enantiomers has been
described,5!® and procedures for measuring the opti-
cal rotations of organometallic compounds have been
outlined.5®
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Much research has been done on functionalizing
the unsaturated substrates once they are bound to
the rhenium fragment. This functionalization usually
consists of deprotonation by a strong base or the
addition of a nucleophile. The deprotonation reactions
are summarized first. The cationic DMSO complex
[CpRe(NO)(PPh3)(S-DMSO)]*, undergoes a [1,2] H
migration when treated with base and forms CpRe-
(NO)(PPhg)(CH,S(0)Me).52° Deprotonation followed
by protonation converts the alkene complex [CpRe-
(NO)(PPhgz)(7>-CH,=CHR)]" to the alkylidene com-
plex [CpRe(NO)(PPhg)(=CHCH.R)]".5%! However, some
alkene complexes readily isomerize to vinyl-contain-
ing species upon deprotonation.521.522

Also well studied are amide and phosphide com-
plexes of the type CpRe(NO)(PPh3)(ER'R) (E =N, P;
R = alkyl, aryl; R' = H, alkyl, aryl),523-%27 which are
formed by deprotonation of the parent amine or
phosphine complex. One such complex, (17°-CsHa-
PPh;)Re(NO)(PPhg)(PPh,), reacts with [Rh(NBD)CI],
and [Ag][PFe] to give [[NBD)Rh(x?-(17>-CsH4PPh;)Re-
(NO)(PPh3)(PPh))]*, which is effective as a enantio-
selective hydrogenation catalyst.5® CpRe(NO)-
(PPh3)(CH2CN) can also be deprotonated and then
reacted with MeOTf to obtain CpRe(NO)(PPhjs)-
(CHMEeCN).52°

Gladysz and co-workers have also studied the [2,3]
sigmatropic rearrangement at the CpRe(NO)(PPhj3)
center illustrated in Scheme 16 which proceeds by
deprotonation of a o-bound sulfide.>3°-53 It was found
that the chirality of the rhenium fragment was
transferred to the new carbon stereocenter during the
reaction. Also, the alkene substituents in [CpRe(NO)-
(PPh3)(S(CH,CH=CHy,),)]* can undergo olefin me-
tathesis reactions.53

The additions of nucleophiles to unsaturated
substrates at these rhenium centers are well docu-
mented. For example, the cations [CpRe(NO)-
(PPh3)(7?-O=CHR)]" (R = Me, Et, CH,Ph, Ph) react
with [Et4N][CN] to afford CpRe(NO)(PPhs)(OCH-
(CN)R).5%55%6 In a similar manner, treatment of
[CpRe(NO)(PPhs)(5?-alkene)]*™ cations with R,CuLi
reagents gives the neutral alkyl species.5375% Addi-
tion of R,CuLi to an n!-cycloalkenone complex, fol-
lowed by workup in aqueous HI, generates CpRe-
(NO)(PPh3)l and the 3-substituted cyclopentenone in
good enantiomeric excess.> Similarly, the addition
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of RLi to cationic [CpRe(NO)(PPhz)(1*-N(Me)=CHPh)]*
complexes forms amido complexes of the type CpRe-
(NO)(PPhz)(N(Me)CH(R)Ph).>*° Nucleophilic addition
to quinoline complexes is also possible,5*~%% and
treatment of #?-aldehyde complexes with [H]~ gener-
ates rhenium alkoxides of the type CpRe(NO)(PPhg)-
(OCH3R).54554 Both silyl and germyl complexes of the
type CpRe(NO)(PPh3)(MR3) (M = Si, Ge; R = alkyl,
halide) are known 547~549

The Gladysz group has also expended considerable
effort in synthesizing —(C=C),— chains capped by
the Cp’'Re(NO)(PPh;z) fragments.550-557 Chain lengths
as great as n = 10 have been obtained.5%85%° In
general, the alkylidyne moiety is introduced into the
metal’s coordination sphere as an n?-acetylene com-
plex (e.g. [Cp'Re(NO)(PPhs)(n?-acetylene)]t). This
cation can then be deprotonated to obtain the neu-
tral alkylidyne.*70560561 These carbon-chain ma-
terials are redox active,>2-56 and many are hetero-
metallic.56%:567=574 For these complexes vno steadily
increases as the chain gets longer and reaches a
maximum at ~1660 cm™?, thereby indicating a de-
crease in back-bonding to the nitrosyl ligand with
increased chain length.5%8

The phenyl complex CpRe(NO)(PPh3)Ph reacts
with [PhsC][PFe¢] to give the following thermally
unstable bis(vinyl)alkylidene complex decomposing
above —40 °C:57®

CPhs

Several related alkylidene complexes are
known.56577 These can be converted into alkene
complexes by treatment with diazoalkanes. In con-
trast, the cationic propylidene complex [CpRe(NO)-
(PPh3)(=CHETM)]* cleanly converts to the #?-propene
complex [CpRe(NO)(PPh3)(7>-CH,=CHMe)]" via an
intramolecular hydrogen shift usually termed a
Wagner—Meerwein-type rearrangement.5’®

The N-pyrrole complex CpRe(NO)(PPh3)(N-NC4H,)
isomerizes to the C-pyrrole complex CpRe(NO)(PPhs)-
(C-NC4H4) upon addition of HOTf or HBF,-OEt;
followed by 1 equiv of KH.579:580

As illustrated in Scheme 17, the CpRe(NO)(PPhjy)-
(OMe) complex catalyzes the epimerization of second-
ary alcohols via a ketone hydride intermediate.58%.582

Other studies that have been effected with com-
plexes containing the chiral Cp'Re(NO)(PPhs) frag-
ments include the following. Allyl alcohol bound to
the [CpRe(NO)(PPh3)]* fragment can undergo nu-
cleophilic substitution at the hydroxyl group without
affecting the alkene portion.583-%85 CpRe(NO)(CO)H
inserts alkenes into its Re—H linkage to form the
corresponding alkyl complexes.58 [Cp’'Re(NO)(PPhy)-
(CO)]* can also be made with a chiral-substituted Cp
ring.587-58 Furthermore, (3% 1-CsH;CH,CH,NMe,)-
Re(NO)(CO)Br has been prepared, and its chemistry
is similar to that of CpRe(NO)(PPhg)X.5%°

Hayton et al.
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Positional disorder between the nitrosyl and car-
bonyl ligands in [Cp’'Re(NO)(CO);]" has been found
for Cp' = CsMesH and CsH4SiMes;. The authors
suggest that this type of disorder is fairly common
among carbonyl nitrosyl complexes on the basis of
their analyses of the structural reports of similar
compounds extant in the literature.5°!

To close this section, it may be noted that the
Fischer carbene complex (7°-7,8-C,BgH;;)Re(NO)-
(CO)(=C(OMe)R) (R = Ph, C¢HsMe-4) has been
prepared,®®? and many complexes of the type Cp*Re-
(NO)(CO)(n*-COOH) and Cp*Re(NO)(CO)(u-n*-CO,)-
MR, (X = 1, MR, = SnMes; X = 2, MR, = ZrCpa,
Mo(CO),Cp) are known.5®3-5% Finally, the cationic
thiophene complex [CpRe(NO)(PPh3)(S-SC4H,)]" re-
acts with strong bases to form CpRe(NO)(PPh3)(C-
SC4H3). This complex then reacts with strong acids
to give the carbene species [CpRe(NO)(PPhs)(C-
SC4H,)]" at low temperature, but upon warming, it
reconverts to [CpRe(NO)(PPh3)(S-SC4H,)]+.599:600

5. Group 8 Nitrosyls

5.1. Iron Nitrosyls

5.1.1. Coordination Complexes

The [Fe(CN)s(NO)]>~ nitroprusside anion is per-
haps the earliest discovered nitrosyl complex, and it
remains the subject of intense research efforts.601-604
Numerous single-crystal384605-615 and powders16-619
X-ray/neutron diffraction studies continue to be car-
ried out on nitroprusside with various counterions.
The bonding in these cation—anion pairs is not
always straightforward since there is the possibility
of bridging interactions via the cyanide ligands.2° So-
called “double complexes”, such as the copper nitro-
prusside species [(en),Cu(—NC—)Fe(CN)4(NO)] have
received considerable attention due to the weak
antiferromagnetic coupling exhibited between the
two metal centers of the cation and anion.621-632

Irradiation of ground-state [Fe(CN)s(NO)]>~ with
400—540 nm light produces two exceptionally long-
lived (r > 107 s) metastable states. It has long been
proposed that these metastable states are formed via
charge transfer from the iron d,, orbital to the
antibonding 7#* NO orbital and that they may thus
involve bending of the nitrosyl ligand. Recently,
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Coppens and co-workers have utilized low-tempera-
ture X-ray diffraction studies to confirm that these
states are comprised of an isonitrosyl (M—O—N)
form and a less prevalent side-on #z2-bound NO
form.8327635 This work is presented in more detail in
another review in this special issue of Chemical
Reviews.

Iron-based enzymes play a prominent role in
physiological systems, and this fact has led to the
development of a number of model complexes with
which to study the active sites of these proteins. In
this regard, nitric oxide has been shown to interact
with many enzymatic sites to reversibly form stable
Fe—NO complexes.3 The binding in these complexes
is similar to the coordination of dioxygen to such
metal centers, although the nitrosyl products are far
more stable and easy to characterize than are their
superoxo analogues. Many non-heme iron proteins
are activated by O, binding to the metal core,®®” and
transition-metal nitrosyl complexes have therefore
been extensively investigated with a view to modeling
the interactions of O, with metal centers.

{Fe—NO}’ coordination complexes such as Fe(NO)-
(edta) and (L3)Fe(NO)(Ns). (Ls = triazacyclononane
and derivatives) have been studied in great detail by
Solomon and co-workers using diverse techniques
including ESR, EXAFS, resonance Raman, magnetic
circular dichroism, and magnetic susceptibility meas-
urements. These studies have shown the { Fe—NO}~
complexes to be best described as a high-spin ferric
ion (S = 5/2) antiferromagnetically coupled to NO~
(S = 1).5%8-642 Miossbauer spectroscopic studies by the
research groups of Wieghardt and Bill on these
complexes and also (L3)Fe(NO)(ONO)(NO,) and the
series [(L4)Fe(NO)CI>*2* (L4 = tetraazacyclotetra-
decane) are in agreement with this description.643:644
A series of trigonal bipyramidal { Fe—NO}’ complexes
has been reported by Borovik and co-workers. These
complexes were synthesized with tripodal ligands
derived from tris(carbamoylmethyl)amine (vide infra)
by reaction of Fe(OAc), with the tripotassium salt of
the ligand. The R groups in these complexes form
cavities around the metal ion which can influence the
properties of the molecule. For instance, while the
solid-state molecular structures of these species are
similar, the Fe—N—0O angle is related to the size of
the cavity. A smaller cavity (R = 'Pr) results in a
more linear metal—nitrosyl linkage and hence a less
rhombic ESR spectrum. Magnetic moment, Mdss-
bauer, and ESR data are all consistent with an
electronic configuration of [Fe!''—N(Q].645646
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Iron(11) benzoylformate complexes of the type
Fe(NO)(L)(OC(O)C(0O)Ph) (L = tris(2-pyridylmethyl)-
amine or its 2-methyl-substituted equivalent) (vide
infra) have been studied to model the putative
dioxygen-bound active-site structure of a-keto acid
dependent non-heme Fe'' enzymes.547

R R = N-(8)-(-)-{0t)-methylbenzyl
= isopropyl
= cyclopentyl
= 3,5-dimethyl phenyl

0]
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Lippard and co-workers have described the diiron
dinitrosyl complex [Fe;(u-Et-HPTB)(u-O,CPh)(NO),]-
[BF4]2-3MeCN (Et-HPTB = N,N,N’,N'-tetrakis(N-
ethyl-2-benzimidazolylmethyl)-2-hydroxy-1,3,di-
aminopropane) as a model for the binding of O, to
non-heme iron proteins.®4 The iron nitrosyl com-
plexes E(CH,CH,SCsH4-0-S),Fe(NO) (E = NR, S)
have also been cited as models for the active sites in
nitrogenase enzymes.549-65! The related cationic com-
plex [Fe(NO)(“pyS4)]* (“pyS4” = 2,6-bis(((2-mercap-
tophenyl)thio)methyl)pyridine(2—)) can be reduced by
one electron to form Fe(NO)(“pyS4”), which reacts
with CO to form Fe(CO)(“pyS4”).552

Derivatives of Fe(NO)(edta) have been utilized as
NO scavenging agents,5537%% and they have been
shown to electrocatalytically reduce [NO;]~ to N,O,
N>, [NH3OH]*, and [NH,]*.6%¢ Complexes of the form
[(Ly)Fe(NCMe),]?* (L4 = macrocyclic 4 N donor ligands)
have also been shown to be effective NO scaven-
gers_657,658

Magnetic susceptibility and Mdssbauer measure-
ments on [Fe(NO)(salen)]?* have detected transitions
between the S = 3/2 and S = 1/2 spin states.®®° In
contrast to this behavior, the isoelectronic five-
coordinate iron(l) complexes Fe(NO)(E.CNRy), (E =
S, Se) and [Fe(NO)(S,CC(CN)2)2]?>~ have been found
to be pure low-spin species by ESR spectroscopic and
magnetic susceptibility methods.®%9-668 Kirmse and
co-workers have utilized isotopic labeling techniques
to prove that trace amounts of Fe(NO)(S.CNEt,), are
responsible for a previously ill-explained triplet at g
= 2.0 in the ESR spectrum of Fe(S,CNEt,)s. The
nitrosyl-containing impurity is present as a result of
traces of nitrate ions in the FeCl; starting materi-
als.5%4 Only one example of the chemical reactivity
of an Fe(NO)(E2CNRy), system has been reported to
date, namely the displacement of a dithiocarbamate
ligand by donor molecules (L) to generate the di-
chloromethane adducts Fe(NO)(S,CNR,)L-nCH,ClI,.563

Various Fe(NO)(L,)(PPh3), and Fe(NO)(L;), com-
plexes (L, = cysteine, phenanthroline, dithiolene,
bipyridine) have been found to exhibit no antibacte-
rial activity.®5°

Finally, Berke and co-workers have developed two
synthetic routes to form iron nitrosyl hydride com-
plexes, namely®7°

(OC),(Et,P),Fe(H)(OC(O)R) + Diazald —
(OC),(Et,P),Fe(NO)(OC(O)R)
H+LiAIH,
(OC)(Et,P),Fe(NO)(H) + (Et,P),Fe(NO),

and
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(OC),(R4P),FeCl, + ‘BuLi + [NO][BF,] —
(OC),(R4P),FeCI(NO)
I+NaBH,
(OC)(R4P),Fe(NO)(H)

5.1.2. Organometallic Complexes

The tricarbonyl nitrosyl ferrate anion,’* [Fe(CO)s-
(NO)], is an efficient carbonylation reagent for the
formation of methyl esters and acetamides from alkyl
halides.t7267 The derivative tin complexes (Cl3-nRnSn)-
Fe(CO)3(NO) (R = Me, Ph) have been characterized
by IR spectroscopy and crystallographic methods.67*

Complexes of the form (n3-allyl)Fe(CO),(NO) are
generated by the reactions of [Fe(CO)3;(NO)]~ with
allyl halides®75-677 or allyl transmetalation reagents
such as [(3-allyl)PdX)],.67® The n3-allyl ligands in
these nitrosyl complexes react with both carbon- and
nitrogen-based electrophiles and nucleophiles and
thus serve as synthetically equivalent synthons for
carboanions and carbocations.675.679-684

As summarized in Scheme 18, (r3-allyl)Fe(CO),-
(NO) undergoes displacement of a carbonyl ligand by
phosphines and phosphites (L) to form (y3-allyl)Fe-
(CO)(L)(NO).572 In contrast, reaction with bidentate
phosphines such as diphenylphosphinoethane (dppe)
causes regioselective insertion of a carbonyl ligand
into the less-substituted Fe—C o-bond of the 7%
allyl resonance form resulting in (RIR2C=CR3C(0))-
Fe(CO)(dppe)(NO).680881 Interestingly, the n3-cyclo-
propenyl analogues of these systems, (73-CsPhs)-
Fe(CO)2(NO), react with P"Bus to generate both the
carbonyl-substituted complex (13-C3Ph3)Fe(CO)-
(P"Buz)(NO) and the product of CO insertion (3°-
C3Ph3CO)Fe(CO)(P"Bus)(NO).58 The neutral acyl di-
carbonyl nitrosyl complexes, (RC(O))Fe(CO),(NO),
react with allenes to form #3-allyl complexes which
have acyl groups at the central carbon of the allylic
ligands.586

Scheme 18
[Fe(CO)3(NO))
Rl
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The [Fe(CO)3(NO)]~ anion also reductively couples
a-bromo-N-methoxyimines to form diimines via (3°-
l-azaallyl)Fe(CO),(NO) intermediates.®®” Finally,
[CpFe(P(OMe)3)(1)(NO)][BF4] has been synthesized
by the action of [NO][BF4] on the neutral carbonyl
precursor.588

5.1.3. Dinitrosyl Complexes

Iron dinitrosyl complexes have been cited as suit-
able catalysts for the dimerization of diolefins.689-692
One of these complexes, the prototypal Fe(CO),(NO),,
has been studied by microwave spectroscopy,®® ion-
ization mass spectrometry,%%* and theoretical meth-
0ds.%956% Novel synthetic methodologies for the pro-
duction of this toxic liquid via the action of ethylnitrite
on Fey(CO)g or silver nitrite on Fe(CO,4)l; have also
been reported.®®” Chemically, Fe(CO),(NO), is readily
oxidized by tetracyanoethylene (TCNE), [NO]*, or
electrochemical means to generate mononuclear cat-
ions of the form [Fe(CO),-,(NO),(solvent),]". These
cationic complexes decompose over the course of a few
hours to form trinuclear clusters that are detectable
by IR and ESR spectroscopies.®® Similarly, Fe(NO),-
(CO)(PR3) complexes undergo rapid oxidation by
TCNE to form tetrahedral Fe(NO),(?>-TCNE)(PR3)
complexes. These species have been crystallographi-
cally characterized, and in solution they exhibit slow
rotation of the olefin group at room temperature as
detected by NMR spectroscopy.699:700

The carbonyl ligands of Fe(CO)2(NO), may be
displaced by o-donor ligands (L) to form Fe(NO),L,
complexes.”®1-7% This methodology has been utilized
for the formation of Fe(NO)(Melm), (Melm = 1-
methylimidazole). Monitoring the course of this reac-
tion by ESR spectroscopy reveals the existence of the
radical [Fe(NO),(Melm),]*, a molecule which exhibits
ESR data similar to that displayed by biologically
relevant non-heme-iron centers.”%¢

The complex (dppe)Fe(NO).® reacts with the di-
azonium cation [p-FCsH4N_]* by undergoing insertion

of the terminal nitrogen atom into the Fe—P bond,
i.e.707
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Fe(NO),L, complexes are related to the 17e radical
species Fe(NO),LX (X = halide) by a redox square in
which one-electron oxidation activates the former
complexes toward substitution by o donors and one-
electron reduction activates the latter species toward
substitution by better z acceptors, i.e.”%?

FeNORL, =——= [Fe(NO)L,]
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These Fe(NO),LX species can also be generated by
the addition of L to the dinuclear dinitrosyl complexes
[Fe(NO)(u-1)]2.7%879° Carrying out these reactions
with bidentate phosphines (PP) leads to the forma-
tion of [Fe(NO),(u-PP)]..7*° However, if these reac-
tions are performed in the presence of dioxygen,
complexes of the form Fe(O,NO),((O=PCH,),)Cl, in
which both nitrosyl and phosphine ligands have been
oxidized to nitrates and phosphine oxides, respec-
tively, are obtained.”08710-713 Similar nitrosyl to ni-
trate conversions can be effected using bidentate
amines such as 2,2'-bipyridine, Fe(NO3),Cl(bipy) be-
ing formed in this instance.”** These and related
conversions of bound NO are considered in greater
detail in a later section of this review.

The cyclodimerization of 1,3-butadiene has been
achieved by using [Fe(NO),Cl],, reduced with zinc,
as a catalyst.”'®> Addition of bipy to [Fe(NO),ClI], leads
to a disproportionation reaction that forms the para-
magnetic complex [Fe(bipy)s][Fe(NO).Cl,],."*476 These
complexes also react with molecular oxygen to con-
vert NO to nitrate.”** Paramagnetic iron dinitrosyl
complexes such as [Fe(NO)l,]~ have been character-
ized by ESR and IR spectroscopies and X-ray crystal-
lography. On the basis of these studies, the investi-
gators conclude that these species are best described
as 17e complexes with a d° configuration rather than
the d’” configuration assumed by most previous
researchers.”t’

ESR and NMR spectroscopic investigations of iron
dinitrosyl complexes containing an amino acid sub-
stituent have revealed that the amino acids chelate
to the metal center via their amino and carboxylate
gI"OUpS.718’719

5.1.4. Clusters

Sulfur-containing nitrosyl complexes are primarily
of interest for the numerous roles they play in
biological processes.”?® From an inorganic perspec-
tive, the archetypal iron sulfur nitrosyl complexes are
Roussin’s black ([Fes(NO);Ss]7) and red ([Fe;-
(NO)4S,]?7) salts, so named after their discoverer and
colors. The correlation of the counterion size on the
solid-state molecular structures and Mossbauer spec-
tra of both varieties of Roussin’s salts have been
established,’?>~72® and the selenium analogue of
Roussin’s black salt has been structurally character-
ized.”?* Furthermore, both salts have been investi-
gated for their photolytic,’?5-727 electrochemical,’?®
and biological”®~732 properties. Solutions of Roussin’s
red and black salts undergo facile aggregation to form
the larger clusters [Fes(NO)sS,]~ and [Fe7(NO)10S6],
whose structures have been calculated by density
functional theory.”®® Roussin’s red salt reacts with
sources of [R]* (R = aryl, alkyl, H) to generate the
neutral species [Fe(NO).(SR)].. These “Roussin es-
ters” have also been isolated from the reactions of
Fe'!' salts with sulfur-containing amino acids in the
presence of NaNO,"3477% and by other methods.5%"
Similar reactions have also generated Roussin’s black
salt.”®2735 A mononuclear derivative of a Roussin
ester, namely Fe(NO),(SCsH4-2-NHy), has been pre-
pared via the use of a bidentate thiolate ligand.”’
Larger iron sulfur nitrosyl clusters such as [FegSe-
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(NO)e]?~, which consists of two fused Fe3S; rings’38
and Cp';M,{Fe(NO);} S, (Cp' = Cp, Cp*, CsMe4,Et; M
= Mo, W), have also been crystallographically
characterized. Phosphine-containing derivatives of
Roussin’s black salt have been reported,’ 74 and an
S,03-substituted version of Roussin’s red salt is also
known, i.e., [Fe2(NO)4(S203),]%.742

The nature of the products resulting from the
chemical and electrochemical reduction of [Fe(NO),-
(SR)]. species has been the subject of some contro-
versy, the products being variously formulated as
mono- and dianionic species.”®" 746 The tellurium
analogues of Roussin esters can be synthesized by
the action of [NO][BF4] on the anion [Fe(CO)s-
(TePh)3]~.74" Furthermore, reaction of the selenium
analogues, [Fe(NO),(SeR)], with dimeric [Ni(x-SCH-
CH,),S)]. in the presence of a source of nitrite ions
forms the heterobimetallic compound [(ON)Ni(u-
SCH2CH2)2S)F9(NO)2].748

Mild thermolysis of a solution of [Cp'Fe(u-NO)].
and Cp'Co(CzH,), (Cp' = 5°-CsH;Me) leads to the
generation of the cluster molecules Cp'sCozFe(us-
NH)(/43-NO), Cp'3C02Fe(u3—NH)2, and Cp'4C02F92(,M3-
NO), as the major products. The nitrosyl groups of
Cp'4CozFes(us-NO), bridge the CoFe; faces of an ideal
Co,Fe; tetrahedron.”® Interestingly, the Cp* ana-
logues of these complexes undergo a different mode
of reactivity. Thus, the thermal or photochemical
reaction of [Cp*Fe(u-NO)], and Cp*Co(C,H4), occurs
via the slow transfer of NO from iron to cobalt, giving
Cp*3C03(/A3-NO)2 and Cp*3C03(,ug-CCH3)(,ug—NO). The
related complex Cpsz*CozFe(us-NH)(us-NO) was iso-
lated in very low yield as the only iron-containing
species. The differences in reactivity between the
mono- and pentamethylcyclopentadienyl systems are
attributed to steric effects.”™

Treatment of iron carbonyls with N-nitrosoamines
results in homolytic cleavage of the N—N bonds and
formation of a number of organoiron products. These
products include Fe(CO),(NO), and Fe(CO)4(u-CNR2)-
Fe(CO),(NO).%97 Reactions of [Fe(NO)(CO)s]~ with
[CPM(CO).(CPh)]" (M = Mn, Re) produce the bi-
metallic bridging-carbene complexes, CpM(CO),(u-
CPh)Fe(CO),(NO). Addition of Fe,(CO)g to these
bimetallic species generates trinuclear MFe, clus-
ters.”s! [CpFe(CO)(u-CO)], reacts with NO gas in
refluxing xylene to form another trinuclear cluster,
namely (CpFe(u-CO))s(us-NO). The vno of this cluster
species occurs at 1325 cm™! in its Nujol-mull IR
spectrum, thereby indicating a highly activated ni-
trosyl group.72753

Other carbonyl nitrosyl clusters of iron have also
been characterized, and these include Fe3(CO)s-
(NO).S, Fe3(C0O)7(NO)2(S'Bu), and HFe3(CO)3(NO)S.
The latter complex readily dissociates a proton in
solutions to form the corresponding [Fe;(CO)s(NO)S]~
anion.” Furthermore, the reaction of [Fe,(CO)e(u-
CO)(u-PPhy)]~ with [NO][BF,] provides [Fe,(CO)e-
(NO)(u-PPhy)]. Carbonyl substitution by phosphines
and phosphites (L) in these compounds leads to a host
of complexes of general formula [Fe,(CO)s(L)(NO)(u-
PPh,)] and [Fex(CO)4(L)2(NO)(u-PPh,)].7% It may also
be noted that the cluster Fe,N(CO)11(NO) was briefly
reported in 1994756
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Rossel and co-workers have described the gold-
containing cluster FesC(AuPPh3)(CO)15(NO) which
exhibits a terminal nitrosyl stretch at 1754 cm™? in
its IR spectrum (THF). Fe4,C(AuPPh3)(C0O)11(NO) can
also be obtained if an excess of [NO][BF,] is used
during the preparation of the former cluster from
[EtsN][FesC(us-AuPPh3)(CO)16]77 The interaction be-
tween CpMn(CO),(THF) and Cp,FeMn(u-NO),(NO)
results in the formation of CpsFeMn;,(u-CO)(u-NO),-
(u3-NO). This complex represents the final link in the
series of the isoelectronic clusters CpsMnz(u-NO)3(us-
NO) and CpsFe3(u-CO)3(us-NO).”® The related Cps-
MnFe,(u2-CO)2(u2-NO)(us-NX) complexes have been
characterized by single-crystal X-ray diffraction, IR,
IH NMR, laser-desorption, FT mass spectrometric,
and electrochemical methods.”® The trimetallic mo-
lybdenum iron cluster (°-CsHsMe)Mo(uz-NH)(u-NO)-
(u2-CO)Fe,(CO)s can be synthesized by the reaction
of (7°5-CsH4Me)Mo(CO);Cl with Na[Fe(CO)3;NO], and
its solid-state molecular structure has been estab-
lished by a single-crystal X-ray diffraction analysis.”®°

[FesN(CO)14(NO)J?> has been isolated in 11% yield
from the reaction between [Fe;N(CO);2]- and Mo-
(CO)3(NCEt);. The source of the NO ligand in the
product complex is probably the nitride which is
oxidized during the course of the reaction by some
as yet unknown agent.”®! Finally, it should be noted
that numerous heteropolytungstate molecules con-
taining Fe—NO groups have been reported in recent
years.211*762‘764

5.2. Ruthenium and Osmium Nitrosyls
5.2.1. Coordination Complexes

The ruthenium and osmium analogues of nitro-
prusside are well-known and exhibit behavior similar
to that of their iron congener. For instance, just as
for nitroprusside, [Ru(CN)s(NO)]?>~ can be excited
selectively to form two long-lived, metastable states.
The shifts in the nitrosyl-stretching frequencies of
these states suggest that the electronic changes are
mainly localized at the NO ligands.”®®

[Ru(CN)s(NO)]?>~ can be electrochemically reduced
to [RU(CN)s(NO)J*". In contrast to its iron analogue,
the ruthenium complex does not eliminate a cyanide
ion. Rather, there is evidence for dimerization of the
trianion.”®® The current view is that the unpaired
electron density lies mainly on the nitrosyl ligands
in these anions, thus formulated as [M"(CN)s(NO*)]3~
(M = Fe, Ru, 0s).603767=770 The complex [trans-
Ru(Cl)(cyclam)(NO)]*" (cyclam = 1,4,8,11-tetraaza-
cyclotetradecane) forms [trans-Ru(Cl)(cyclam)(NO°)]*
when reduced by one electron at low temperature,
and the extra electron resides on the NO ligand in
the product in a manner similar to that observed for
[RU(CN)s(NO)J*~.7"* Light-induced metastable states
have also been studied in octahedral Ru'' nitrosyl
complexes containing oxalate and ethylenediamine
ligands.””?

Naz[Os(CN)s(NO)]-2H,0 is isostructural with its
iron and ruthenium analogues and can be synthe-
sized by photolysis of the hexacyanoosmate(ll) anion
in the presence of nitrite salts.””® The [M(CN)s(NO)]?>~

Hayton et al.

(M = Fe, Ru, Os) anions react with hydroxide ions
to form equilibria with the N-nitrite complexes
[M(CN)s(NO,)]*~.773-775 An investigation of the reac-
tions of the bimetallic complexes (H3zN)sRu''-NC—
M(CN)4(NO) (M = Ru, Os) and their oxidized forms
[(H3N)sRu"'=NC—M(CN)4(NO)]* with [OH]~ has re-
vealed that the cationic form contains a significantly
more electrophilic nitrosyl ligand.2°

Several structural determinations of the rutheni-
um- and osmium(ll) pentahalo complexes [M(NO)-
Xs5-nYn]>” (M = Ru, Os; X and Y = halide) have been
published in recent years.”’6778% In each of these
structures, the most electronegative halogen atom is
situated in a position trans to the nitrosyl ligand. The
vibrational spectra of these complexes have also been
recorded.”’6786-788  The mixed-halide complexes
[M(NO)Xs-,Yn]?~ are usually formed by the reaction
of [Y]™ salts with the [M(NO)Xs]?~ precursors. How-
ever, treatment of [BusN]z[Ru(NO)Is] with [BusN]CI
leads instead to the dimeric, bridging iodo complex
[BU4N]2[{RU(NO)(C')(l)z}z(ﬂ-lz)]'z|2.777

The osmium dianions [Os(NO)Xs]?~ are readily
oxidized to their monoanionic form, [Os(NO)Xg]~.780.789
In the case of ruthenium, however, one-electron
oxidation in acetonitrile leads to the formation of
several products, one of which is [Ru(NO)CIl4(NCMe)]~
that has been crystallographically characterized.”®®
The DMSO derivative of this compound has been
synthesized by the reaction of Ru(NO)Cl3-nH,0 with
dimethyl sulfoxide, Ru(NO)(DMSO),Cl; also being
generated during this procedure.”® The Os(DMSO)
analogue, namely [Os(NO)CIl4(DMSO)], is formed by
the DMSO-for-halide displacement on the [Os-
(NO)CIs]?>~ precursor.”27% Other reported [M(NO)-
X4L]~ complexes include [Ru(NO)(OAc)3(OC(=0)-2-
CsHsN)]~ 74 and [Ru(NO)CI4(OHy)] ~.7%5

The trianionic forms of both the ruthenium and
osmium pentahalonitrosyl complexes doped in AgCl
powders have been studied by ESR spectroscopy.’®
The [Ru(NO)CIs]?~ anion liberates NO rapidly under
photolysis conditions.”” The solid-state phase trans-
formations of [Phz;PH][Ru(NO)CIs] have been studied
by thermogravimetric analysis and IR spectroscopy,
and it has been shown that at 140 °C 2 equiv of HCI
are eliminated and trans-Ru(NO)(PPhs).Cl; is
formed.”® Theoretical comparisons of the effects of
NO vs NS (a stronger sz-acid) coordination in these
systems have also been published.”82799

Numerous octahedral ruthenium- and osmium(ll)
complexes of compositions [MLs(NO)]** and [ML4X-
(NO)J?" [monodentate L = pyridine,8%0-803 NH;,804-815
phosphines,?16-820 arsines,?6 H,0;8'? bidentate L =
bipyridine,8%0.821-831 phenanthroline,?2%830.8%2 (arylazo)-
pyridine, 8384 azoamines,’3® oximates,836-8 di-
amines,’’2842 diarsines,829843 ketoximes;®* tridentate
L = terpyridine 8883 2 6-bis(pyrazol-1-yl)pyridines;8°
tetradentate L = 1,5,9,13-tetraazacyclohexadecane,®
1,4,8,11-tetraazacyclotetradecane-5,7-dione;86 X =
halide, OH™] have been reported. Similar ruthe-
nium(11) complexes containing bidentate monoanionic
ligands, e.g. [Ru(quinolinato)(CI)(NO)]~, have also
been reported.832847-853 The series of related nitrite
complexes [M(NO)(NO,)s—nXn]?>~ have been well stud-
ied by crystallography,®485 %Ru and >N NMR
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spectroscopy,®%6:857 electrochemistry,888%° and ther-
mochemistry.860.861

One of the most common starting materials in
ruthenium(ll) nitrosyl chemistry is Ru(NO)Cls:
(OHy), which can be readily obtained by passing NO
gas through alcoholic solutions of RuCl3(OHy,),.862
This nitrosyl complex holds promise as a carrier of
NO in the photodynamic therapy of tumors and in
other biological applications.”97.863-866 |n general,
addition of donor molecules (L) to the hydrous
ruthenium nitrosyl trihalide typically affords octa-
hedral Ru(NO)XsL, or [Ru(NO)X,L3]* complexes.87-870
When L is a nitrogen-based ligand such as an amine
and X = ClI, the presence of coordinated water leads
to further reactivity and diminished vyields of
Ru(NO)CIsL, complexes. Consequently, Bohle and
Sagan have developed a route to anhydrous Ru(NO)-
Cl; via the nitrosylation of Ru(NO)Cl;+(OHy)x in
thionyl chloride. This anhydrous trichloro complex
reacts with 3,5-dimethylpyrazole (LH) to generate the
mononuclear product trans-Ru(NO)(LH).Cl; in good
yield. As illustrated in Scheme 19, this latter complex
rapidly reacts with water to form bimetallic Ru(ll)
complexes that contain bridging oxo and apical
nitrosyl ligands. Furthermore, trans-Ru(NO)(LH).Cl3
reacts with dibenzyldithiocarbamate to form various
isomers having the composition Ru(NO)(S,CNBz,),-
C|.87l

Treatment of Ru(NO)CI; with pyrazolylborate an-
ions (Tp') leads to the formation of Tp’'Ru(NO)CI,
complexes. The vno values exhibited by these com-
plexes are at higher energy by ca. 90 cm~* than those
displayed by their Cp analogues, thereby indicating
a lesser degree of Ru—NO back-bonding in these
compounds.872

Ru(NO)XsL, complexes can also be generated by
other synthetic methodologies. For instance, Ru(CO),-
(bipy)Cl, reacts with nitric acid in HX (X = CI, F) to
form fac- and mer-Ru(NO)X,Cl(bipy), the trichloro
members of which have been structurally charac-
terized.®737875 The related Ru(NO)CI3(PPhz), reacts
with H;[S:N2H3] [S2N2H; = 1,2-ethanediamine-N,N'-
bis(2-benzenethiolate)] to produce either [Ru(NO)-
(PPh3)(S2N2H)]CI or the thiolate-bridged bimetallic
[Ru(NO)(S2N2H)], depending on the pH of the reac-
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tion mixture. As shown in Scheme 20, [Ru(NO)-
(S2N2H)]. can be converted to [Ru(NO)(PPhz)(S,N,H)]*
by the addition of PPh; under acidic conditions.87®

Ru(NO)CI3(PPhs), also reacts with 1,2-dithiolato-
benzene (S;*7) to form square pyramidal anionic
complexes of the form [Ru(NO)(S,).] . As illustrated
in Scheme 21, further reaction with (BrC,H,),S leads
to template alkylation across a thiolate linkage of
each S, moiety and the formation of an #°-dithiolate—
trisulfur donor ligand (Ss?7) in the octahedral [Ru-
(NO)(Ss)]* complex.877878 Related ligand systems have
also received some attention.”49.879-81

The octahedral Ru(NO)CI;(AsPhs), has been struc-
turally characterized and shown to exist in the trans-
arsine configuration in the solid state.®8 This com-
plex and its stibine and phosphine analogues have
also been examined by electrospray mass spectrom-
etry®8 and photoelectron spectroscopy.®8* The biden-
tate diarsine complex fac-Ru(NO)(pdma)Cl; [pdma =
1,2-phenylenebis(dimethylarsine)] reacts with AgX (X
= 0,CCF3, OTf, NO3) at room temperature to effect
halide exchange and form Ru(NO)(pdma)CIX; in
which CI is situated trans to the NO ligand.8® In
contrast, the use of coordinating solvents such as
pyridine or other potential L ligands results in the
formation of the cationic species [Ru(NO)(pdma)-
C|L2]2+.885

Nitrosyl complexes containing ligands of general
formula ((Ph,ACH,CH,);N);R (A = P, As; R =
CH,CH,, m-xylyl) have been reported. Pictured as
follows, these complexes are of two types, either
[Ru(NO)Cls(u-L)]. in which each metal center is
coordinated by two phosphine or arsine arms of the
ligand or [{ Ru(NO)Cly(u-L)}»]?>" in which the bridging
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ligand also coordinates to the metal center via
amine functionality:86
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The dimeric complex {Ru(acac).}.(u-NO), can be
electrochemically oxidized in acetonitrile to obtain 2
equiv of cis-[Ru(NO)(NCMe)(acac),]".28” The acetyl-
acetonate complexes [M(NO)Cls—_,,(acac),]™ [M = Ru,
Os;n=0(mM=2),n=1(m=1),n=2(m=0)] have
also been electrochemically characterized.%8®

Ru(NO)(salen)Cl is an effective catalyst for Diels—
Alder reactions, even in water.88 Furthermore, upon
photoactivation, a chiral variant of this complex8%
exhibits catalytic activity toward asymmetric epoxi-
dation,®?! cyclopropanation,®®> and hetero Diels—
Alder reactions,8938%

The Ru—Ru multiply bonded species Ru,(Fap)s-
(NO)CI [Fap = 2-(2-fluoroanalino)pyridinate] has
been synthesized and structurally characterized. The
Ru—N—0 angle was found to be 155.8(6)°.8%

Reaction of Ru(NO)CI;(PPhs), with binaphthyl
Schiff base salts ([SB]?") generates complexes of the
form Ru(NO)(SB)CI. Several of these have been
structurally characterized and found to exist as the
cis-isomers with the NO ligands trans to oxygen
atoms. As depicted in Scheme 22, these complexes
are effective catalysts for the asymmetric trimethyl-
silylcyanation of aldehydes.8%

Reactions of Ru(NO)X3-xOH, (X = CI, Br) with
diethylenetriamine (dien) yield either [Ru(NO)(dien)-
Cl,]" or [Ru(NO)(dienH)Brs]* cations.®%® In other
work, RuL,X, complexes such as those containing
tridentate (LX;) pyridinedicarboxamide ligands have
been treated with nitrite ions in methanol to form
Ru(NO)(LX3)(PPhz)(NO,).8%"
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Coordinated NHj3; groups have been electrochemi-
cally oxidized to nitrosyls on a number of different
ruthenium and osmium centers. Thus, the six-
electron oxidation of coordinated ammonia in [Os!'!-
(terpy)(bipy)(NH3)]?* results in the formation of a
nitrosyl ligand in the product [Os'(terpy)(bipy)-
(NO)J®*. Cyclic voltammetry measurements on this
system suggest that an Os(IV) complex, namely
[Os'V(terpy)(bipy)(NH)]®", is an intermediate that is
subsequently hydrated to form a hydroxylamine
(—=NH20H) complex. Further oxidation of this hy-
droxylamine complex leads to the final nitrosyl
product.®% Similarly, Os(terpy)Cl,(NH3z) undergoes a
sequence of two reversible one-electron oxidations
followed by a proton-coupled two-electron oxidation
to form an Os(1V) nitrido complex.8%° This nitrido
complex is then oxidized to the nitrosyl by reaction
with trimethylamine N-oxide in acetonitrile.®®® The
ruthenium ammine complex [Ru(bipy)2(NH3),]?" can
be converted to [Ru(bipy)2(NH3)(NO)J]*t either via
electrochemical oxidation®?! or by oxidation with
aqueous Cl, and HOCI.87

As illustrated in Scheme 23, oxygen-atom transfer
to a terminal osmium nitride is also known for TpOs-
(N)Cl,. In this instance reaction of the nitride with
MezNO generates the nitrosyl TpOs(NO)CI,.9%? If Sg
or Se metal is used in place of Me3sNO, the corre-
sponding chalcogenonitrosyls are generated. The
same osmium nitride complex has also been shown
to exhibit remarkable reactivity toward NO(g). When
TpOs(N)CI; is reacted with 2 equiv of NO, nitrogen-
atom abstaction occurs to form N,O and { TpOsCl;},
which is trapped by the second 1 equiv of NO to form
the known TpOs(NO)ClI,.°%®

Relatively few Os(NO)Xs;L, complexes have been
reported in the past decade. Unlike its ruthenium
congener, Os(NO)Br3(Et;S), has not been isolated
from the reaction of [OsBrg]?>~ with NO gas and Et,S.
Instead, the oxidation product Os(NO)Br3(Et,S)(;'-
Et,;SO) (vso = 940 cm™!) is obtained in small
amounts.®®* Nitrosylation of [OsCl¢]?>~ in 2-methoxy-
ethanol followed by addition of PEt,Ph affords
Os(NO)CIy(PEt,Ph),(OCH,CH,0OMe).%4

Ru(NO)CI3(PPh3), may be reduced by Zn/Cu to
generate the extremely reactive square-planar Ru®
complex Ru(NO)CI(PPhj3),. This species subsequently
undergoes phosphine exchange with added PR; to
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form Ru(NO)CI(PR3),.°% These Ru(NO)CI(PR3), com-
pounds react with sz-acidic molecules (Y) to form the
18e adducts Ru(NO)(Y)CI(PR3). (Y = TCNE, CO,
CHo,, n%-0,). When Y = O, the complexes are highly
oxidizing and react with SO, to form Ru(NO)(#2-SQO,)-
CI(PR3)2. The Ru(NO)CI(PR3), complexes also un-
dergo oxidative addition with HCI to form the Ru(ll)
hydrides Ru(NO)CIy(H)(PR3),.%%

An osmium analogue of this system, namely Os-
(NO)CI(PPr3),, is formed by ligand displacement from
either the 18e precursor Os(NO)CI(PPhs3); or the
peroxocarbonylosmium(ll) derivative Os(NO)CI(PPh),-
(C(0)O0). As illustrated in Scheme 24, there are
some striking differences in the reactivity displayed
by the second- and third-row species. For instance,
in contrast to its ruthenium counterpart, the square
planar osmium complex reacts readily with H; to
form the octahedral dihydride species,*”~9% and it
undergoes other oxidative addition reactions more
readily.®1°

Os(NO)(H),CI(P'Pr3), reacts with [H]" at a hydride
ligand to eliminate H, and form the [Os(NO)(H)CI-
(PPr3),]* cation. The dihydrido analogue of this
cation, [Os(NO)(H)2(P'Prs),]™, is obtainable via halide
abstraction from the neutral chloro precursor. Both
of these hydrido cations are very electrophilic and
reversibly coordinate CH,ClI; in solution. The dihy-
dride complex reversibly binds H, and forms the
[Os(NO)(H)2(H2)(P'Pr3),]™ cation, which exhibits a
large barrier to hydride exchange.®™ Furthermore,
as shown in Scheme 25, the dihydrido cation coordi-
nates ethylene to form an #?-ethylene dihydrido
complex which exists in equilibrium with its ethyl
monohydrido tautomer.%*?

Sodium borohydride reacts with Os(NO)(H).ClI-
(P'Pr3), to form the trihydride complex Os(NO)(H)s-
(P'Prs),. The ruthenium analogue of this species is
produced quantitatively by the reaction of excess H;
with Ru(NO)Me(P'Pr3),. NMR and IR spectroscopies
characterize the molecular geometries of these tri-
hydrides as being pseudooctahedral with significantly
compressed H—M—H angles. Theoretical calculations
rationalize these geometries as being due to increased
H—M o-donation and the presence of the strongly
m-accepting NO ligand. The hydride ligands in these
complexes undergo site exchange via a dihydrogen
intermediate.?*3
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As depicted in Scheme 25, thermal elimination of
H, from Os(NO)(PPhs3),H; affords square-planar
Os(NO)(PPhs),H. Oxidative addition of the Sn—H
bond of (p-tolyl)sSnH to this Os(0) complex or its
chloro analogue generates the Os(lIl) stannyl com-
plexes Os(NO)(Sn(p-tolyl)s)(PPh3)sHX (X = H, CI).
The high trans influence of the hydride ligands in
these complexes confers lability to one of the phos-
phine ligands, thereby enabling its ready substitution
by CO or dithiocarbamates.'4

Os(H)>(OT)(NO)(PPr3), reacts with lithium 2,2,6,6-
tetramethylpiperidide to give Os(H)2(Me)(NO)(P'Pr3)2
and Os(H)2(CgH14N)(NO)(P'Prs), via an interesting
C—C bond cleavage reaction, i.e.?!®

Os(H),(OTHNONP'Pr;); +1.5 LN - s

P'Pr;

i |
OsHLMNOYPPry); + 05 O
P

The complexes Os(NO)CI(PPhs),(OSA) (A = O,
CHj, S, NR; R = p-tolyl, o-tolyl, SO,-p-tolyl) have
been reported, and Os(NO)CI(PPhz),(17?>-OSNCeH,Me-
4) has been crystallographically characterized. The
iminooxosulfurane ligand is coordinated to the metal
center in a psuedoolefinic fashion.?16:9%7

Ru(NO)CI(PPh3), reacts with diazomethane in Et,O
to afford the methylene complex Ru(NO)CI(=CHy)-
(PPhg),. This complex reacts with electrophiles in a
manner that is dominated by the nucleophilic char-
acter of the methylene carbon. Thus, reactions of this
complex with various molecules lead to addition of
polar bonds across the metal—methylene linkage and
formation of the octahedral complexes Ru(NO)CI(Y)-
(CH2X)(PPh3), (XY = HCI, CIHgCI, OSO). The ru-
thenium methylene complex reacts with olefins and
acetylenes to produce Ru(NO)CI(CH;PPhz)(PPhs)-
(RCCRy) [R = Ph (x =1); R = F (x = 2)] via the
migration of PPhs to the methylene carbon and the
coordination of the unsaturated reagent.®*® This
reactivity contrasts with that of the osmium ana-
logues which fail to form tractable products when
treated with olefins.
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Ru(NO)CI(PPhg), reacts with thiirane S-oxide (C,Hs-
SO) to give Ru(NO)CI(SO)(PPhs),, which contains a
linear nitrosyl ligand and a bent Ru—S—0 linkage.
This complex can be oxidized with m-chloroperben-
zoic acid to form Ru(NO)CI(3?-SO.)(PPhs),, Ru(NO)-
CI(SQO4)(PPh3),, and a small amount of Ru(NO)CI(5?-
0,)(PPhs3),.%1° This latter complex can also evidently
be obtained by the reaction of Ru(NO)CI(SO4)(OHy)
with triphenylphosphine.83°

The square-pyramidal complexes M(NO)CI(CO)-
(PR3)2 (M = Ru, Os) are preparable by the reaction
of M(H)CI(CO)(PR3), with Diazald in refluxing etha-
nol. Subsequent treatment of these complexes with
1,1-dithiolates results in nitrosyl ligand substitution
and the formation of RuCI(;?-dithiolate)(CO)(PR3),.9%°
Alternatively, chloride abstraction by [Na]* or [Ag]*"
salts of weakly coordinating anions generates the
four-coordinate cationic species [M(NO)(CO)(PR3z)2]"
which exist in a sawhorse molecular geometry and,
unlike the precursor chlorides, contain a linear NO
ligand. The lability of the chloro ligand during this
transformation is enhanced by the alteration of the
bonding mode of the NO ligand, i.e., from bent to
linear. The formal oxidation state of the metal center
changes from +2 to 0 upon nitrosyl-straightening,
and so this is an example of an intramolecular redox
process. The cationic complexes readily form adducts
with H,O, MeCN, CO, [F]", and [H] in both the
ruthenium and osmium systems. However, as il-
lustrated in Scheme 26, reactivity differences do exist
between the second- and third-row congeners. The
osmium complex is more electron-rich, more Bronsted
basic, and more readily oxidized than its ruthenium
analogue. Consequently, [Os(NO)(CO)(PR3).]* readily
undergoes oxidative addition with H, to form [Os-
(H)2(NO)(CO)(PR3)2]". Furthermore, reaction of the
osmium complex with acetylenes (H-C=C—-R, R =
H, Ph) forms [Os(NO)(CO)(#>-HCCR)(PR3).]* which
in the case of R = Ph establishes an equilibrium with
the hydrido alkynyl isomer. Over time this equilib-
rium mixture slowly converts to the vinylidene form.
None of this reactivity occurs for the ruthenium
analogues.910.921-924

It may also be noted that fac-RuH(NO)(P3) (P3 =
tridentate phosphine donor) complexes are active

Hayton et al.
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hydrogenation catalysts for aldehydes and ke-
tones.925‘928

Treatment of [Ru(Hedta)CI] -2H,0 with hydrox-
amic acids in aqueous solution results in the forma-
tion of brown [Ru(NO)(edta)Cl]?>". This complex was
synthesized as part of a study designed to test the
ability of hydroxamic acid to act as a nitric oxide
donor.??® The analogous Ru(lll) complex, Ru(NO)-
(edta), is a highly effective catalyst for the transfer
of oxygen atoms from O, to unsaturated hydrocar-
bons, e.g. during the transformation of 1-hexene to
2-hexanone.%30.931

Finally, Shepherd and co-workers have studied the
series of complexes [Ru(hedta)(NO)]"~ [hedta = N-
(hydroxyethyl)ethylenediaminetriacetate; NO = NO*
(n = 0), NO (n = 1), or NO~ (n = 2)]. This study
provided the first comparison of the entire set of
NO**~ as ligands on the same metal center in a
constant ligand environment.%3?

5.2.2. Organometallic Complexes

The dicationic Ru(ll) complexes [Cp’'Ru(NO)L,]**
(Cp' = Cp or Cp*; L = Lewis base) have been
synthesized by a number of routes. One such route
involves treatment of neutral Cp’'RuL,X or mono-
cationic [Cp'RuLs]™ and [Cp'RuL;]" complexes with
nitrosonium salts.®*3-93° Another popular method of
synthesis is the reduction of the nitrite ligands in
Cp'Ru(NO,)L, complexes with protic sources.%34°940
Furthermore, the triflate ligands of Cp*Ru(NO)(OTf),
can be displaced by bidentate L, ligands to generate
[Cp*RU(NO)L,J*".** The phenazine derivative [Cp*Ru-
(NO)(dpp2)]*" (dppz = dipyrido[3,2-a:2',3'-c]phen-
azine) is particularly interesting since it intercalates
DNA with a binding constant of >108 M~1,94

The neutral dichloro complex CpRu(NO)CI, can be
made by the reaction of Ru(NO)Cl; with CpH.%*? As
depicted in Scheme 27, this complex and its Cp*
congener may be reduced with Zn dust to form the
bridging nitrosyl complexes [Cp'Ru(u-NO)],.%42%43 In
the case of the Cp* system, the intermediate [Cp*Ru-
(u-NO)CI]; has been isolated and crystallographically
characterized.®*

Reaction of [Ru(RH)CI,], (RH = n*-cyclooctadiene,
n®-cycloheptatriene, 5%-benzene) with NOCI report-
edly affords the corresponding cationic nitrosyls
[(RH)Ru(NO)CI,]*. The thionitrosyl analogues can be
synthesized by a similar methodology utilizing
(NSClI);.942

Chloride substitution by H,O occurs when Cp'Ru-
(NO)CI, complexes are dissolved in water, resulting
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in an equilibrium mixture of [Cp'Ru(NO)Cl;]aq plus
the [Cp'Ru(NO)CI(OH)]* and [{ Cp'Ru(NO)(u-OH)} 2]**
cations. H/D exchange in the Cp* methyl groups
occurs when Cp*Ru(NO)CI; is dissolved in D,0O. It is
proposed that this exchange occurs via a ring slippage
of the Cp* ring to a n*-fulvene coordination mode, a
process that is facilitated by the z-donor ability of
the OH™ and H,0O ligands.*** Similar OTf ligand
displacement by water occurs with the Cp'Ru(NO)-
(OTf), complexes.®**

Reaction of Cp*Ru(NO)CI, with ethereal diazo-
methane over a copper catalyst leads to the stepwise
insertion of methylene units into the Ru—CI bonds
(vide infra). Photolysis or thermolysis of the resulting
Cp*Ru(NO)(CHCI), complex leads to the elimination
of ethylene via an intramolecular coupling of CH,
groups with concomitant formation of the dichloro-

starting material.®*®

Ru —_— Ru

Ru
> & o N NCHyCI cH,e” H el
0 0 0
\Aﬂ/

The thermally induced reductive elimination of
biphenyl from the coordination sphere of Cp*Ru-
(NO)Ph, results in the generation of the 16e transient
species Cp*Ru(NO) which subsequently dimerizes to
[Cp*Ru(u-NO)], (Scheme 28). Bergman and co-
workers have detected the intermediate Cp*Ru(NO)-
(7?>-CsHs) complex by careful monitoring of the reac-
tion in aromatic solvents by *H NMR spectroscopy.
Addition of naphthalene to solutions of the inter-
mediate complex results in displacement of benzene
and formation of Cp*Ru(NO)(?-naphthalene), the
solid-state molecular structure of which has been
determined. This complex can be independently
synthesized by the reaction of Cp*Ru(NO)Me(OTf)
with LiIHBEt; in benzene, followed by the addition
of naphthalene.®*® The bound arenes reversibly dis-
sociate from the coordination sphere of the metal,
thereby generating Cp*Ru(NO), which can be trapped
with phosphines and oxidatively adds the silicon—
hydrogen bond of Ph3SiH or a carbon—hydrogen bond
of CH,Cl,.943946 Reaction of Cp*Ru(NO)(r?-arene)

-4

HSiPhy naphthalene
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/
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complexes with dialkyl disulfides leads to the forma-
tion of the dithiolato complexes Cp*Ru(NO)(SR),.%46

The hydrocarbyl ligands of Cp’'Ru(NO)R; (R = Me,
Ph, p-tolyl) complexes readily undergo protonolysis
upon addition of suitable acids.®*97:948 For example,
treatment of Cp*Ru(NO)R; with 1 equiv of triflic acid
generates Cp*Ru(NO)R(OTY). Significant amounts of
Cp*Ru(NO)(OTf), are produced when R = aryl,
thereby indicating that the monoaryl complex is more
susceptible to protonolysis than is the diaryl precur-
sor. Cp*Ru(NO)R(OTY) dissociates its triflato ligand
in solution and forms the reactive electrophilic frag-
ment [Cp*Ru(NO)R]*.%4” Attempts to trap this frag-
ment when R = Me with methyl acrylate lead to
three ruthenium species that are detectable by NMR
spectroscopy, hamely the olefin complex [Cp*Ru(NO)-
Me(7?-CH,CH(CO,Me))]" and the metallacycles [Cp*-
Ru(NO)(CH(CH3)CH,C(0O)OCHa)]* and [Cp*Ru(NO)-
(CH,CH,C(O)OCHpg)]". The olefin complex converts
to the a-Me metallacycle via migratory insertion of
the olefin into the Ru—Me bond over 0.5 h. The a-Me
metallacycle in turn converts to the a-H metalla-
cycle over 15 h at room temperature. As illustrated
in Scheme 29, the latter process occurs via deinser-
tion of the a-Me metallacycle to form the olefin
hydrido cation [Cp*Ru(NO)(H)(#?-CH3;CH=CHCO,-
Me)]*. Elimination of the coordinated methyl cro-
tonate from the cation followed by coordination of
another 1 equiv of methyl acrylate and subsequent
migratory insertion then forms the thermodynamic
product.®*8

The [Cp*Ru(NO)R]" cations also react with alkynes.
For instance, reaction with PhC=CPh generates the
ruthenacyclopentadiene complexes Cp*Ru(NO)-
(C(Ph)=C(R)CsH3X) (X = H, Me). These conversions
occur via migratory insertion of the alkyne into the
Ru—R bond followed by deprotonation at the ortho
position on a phenyl ring.%#

Treatment of Cp*Ru(NO)CI, with disodium dithio-
lates leads to chloride metathesis and the isolation
of ruthenium dithiolate complexes.?**~92 Similar
methods have been employed for the preparations of
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Scheme 30
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related oxygen-donor diolate complexes.®*® Cyclic
voltammetry indicates that all these complexes dis-
play reversible one-electron oxidation and reduction
couples.

As shown in Scheme 30, reaction of the bimetallic
complex [Cp*OsBr(u-Br)], with nitric oxide in CH,Cl,
affords the dibromonitrosyl compound Cp*Os(NO)-
Br,.%%* Treatment of this complex with NaBH, yields
Cp*0Os(NO)H,. This dihydrido complex undergoes H,
elimination over a few days in solution, ultimately
producing [Cp*Os(u-NO)].. The Os=0Os bond length
in this latter complex is 2.359(1) A.95 Attempted
metathesis of the halide ligands of Cp*Os(NO)BTr,
with R,Mg reagents leads only to the formation of
the monoalkylated products, Cp*Os(NO)(R)Br, even
when large excesses of alkylating reagent and ex-
tended reaction times are employed. The dimethyl
complex, Cp*Os(NO)Me,, is accessible by the treat-
ment of Cp*Os(NO)MeBr with AgOTf followed by
metathesis of the triflato ligand with Me,Mg.9%
Cp*Os(NO)Br, reacts with Na,S; or [Et;N].Ses to
generate the metallacyclic tetrachalcogenido com-
plexes Cp*Os(NO)(E4) (E4 = S—S—S—S or Se—Se—
Se—Se) (vide supra). Dechalcogenation of these com-
pounds with "BusP leads to the formation of [Cp*Os-
(NO)(u-E)]a, the tellurium analogue of which can also
be formed by the reaction of the dibromo complex
with Li,Te.%6

Hydrometalation of RuH(NO)(PPhs); with 1,3-
butadienes and allenes proceeds regio- and stereo-
selectively to produce the corresponding #3-allyl
complexes in good yields.%”

5.2.3. Clusters and Dinitrosyls

The dianionic carbide carbonyl cluster [RugC-
(CO)s6)?> reacts with 1 equiv of NO gas to form
[RusC(CO)15(NO)]~. Further reaction with gaseous
NO results in the production of a neutral penta-
nuclear cluster having NO and NO; ligands, i.e.,
RusC(CO)14(NO)(NO,). Similar chemistry occurs upon
nitrosylation of the hexanuclear allyl complex [RusC-
(CO)15(C3Hs)] %5899 The resulting [RugC(CO)14(C3Hs)-
(NO)J?~ anionic cluster is stereochemically nonrigid,
and its fluxionality is believed to involve the rapid
migration of a CO and an NO ligand around the
cluster framework as well as rotation of the allylic
fragment, i.e.960.961

Hayton et al.
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Nitrosyl-containing clusters are often synthesized
by the reaction of nitrosonium salts with neutral or
anionic precursor clusters. For instance, [Ru,(CO),-
(u-H)(u-NO)(u-PBuy)(u-dppm)]* is formed by the
reaction of Ruz(CO)4(u-H)(u-P'Buy)(u-dppm) with ni-
trosonium tetrafluoroborate, and it has been struc-
turally characterized.%6?

[Rus(u-NO)(CO)10]~ reacts with 1 or 2 equiv of
tertiary silanes and stannanes to afford trinuclear
[Rus(u-NO)(u-H)(ER3)(CO)o]~ or [Rus(u-NO)(u-H),-
(ER3)2(CO)3]7 (ER3 = SiEtg, Slph3, SnBU3, SnPhg),
respectively. Spectroscopic data indicate that the
monohydrido complexes are isostructural and that
the structures of the disilyl dihydrido derivatives (Cs)
differ from those of the distannyl dihydrido deriva-
tives (C;).%83

While Ru(NO),(PPhs); has been known for over 30
years, new methodologies for its synthesis have been
developed in the past decade. These methodologies
involve the action of HNO3z; or AgNO3z on RuCl; or
RUH(S0,4)2(OHy)s followed by treatment with tri-
phenylphosphine.®®“ This dinitrosyl complex reacts
with excess HgX; by substitution of one nitrosyl and
one phosphine ligand and oxidation to the formal
Ru(I1) complex RuXz(HgX)(NO)(PPhs). An exception
to this generalization is the reaction with Hg(SCN)s,
which forms Ru(SCN)(HgSCN)2(NO)(PPhjz).%5

Last, the tetrametallic nitrosyl cluster RusPt(u-H)-
(ua-17?-NO)(CO)10(P'Prs) has recently been formed in
12% yield by the reaction of Rus(u-H)(u-NO)(CO)1o
with Pt(nb)2(P'Prs) (nb = bicyclo[2.2.1]hept-2-ene).%6¢
This complex exhibits the interesting NO-binding
mode shown as follows:

O—Pt
l
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6. Group 9 Nitrosyls

6.1. Cobalt Nitrosyls

Numerous investigations involving the archetypal
cobalt nitrosyl complex, the d*® Co(CO)3(NO), have
been reported in recent years. These include chemical
vapor deposition studies,®®” photochemical stud-
ies,%8-970 thermal decomposition studies,*”*°7 theo-
retical studies,®®® microwave spectroscopic studies,®’*
its deposition onto Mo/Al,Os surfaces,®” its use as a
precursor to Fe,Co, particles,®® and its photodisso-
ciation.%””

The substitution of the carbonyl ligands in Co(CO)s-
(NO) by chiral phosphines and isocyanides has been
effected.987980 The Co—CO and Co—NO bond lengths
and L—Co—C(CO) and L—Co—N(NO) bond angles of
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several such substituted complexes have been estab-
lished, and distinct differences exist between the
parameters involving the CO and NO ligands, thereby
affording a method of differentiating the two ligands.®!
The carbonyl ligands of Co(CO)3(NO) can also be
displaced by PHPh,. The disubstituted species, Co-
(CO)(NO)(PHPhy),, can be isolated in 44% yield, and
it has been structurally characterized. Deprotonation
of this species with 2 equiv of "BulL.i, followed by the
addition of 2 equiv of Mel, cleanly generates Co(CO)-
(NO)(PMePh2)2.395

The 5?-hydroxylamine complex [(MeC(CH,PPh,)3)-
Co(#>-NH»0)]" reacts with O, to produce (MeC(CH-
PPh;)3)Co(NO), a phosphine-substituted variant of
Co(CO)3(NO), which exhibits a vno (Nujol mull) of
1630 cm~1.98 In a related transformation, the six-
electron oxidation of [Os(terpy)(bipy)(NH3)]?* pro-
duces [Os(terpy)(bipy)(NO)]**, presumably through
a similar n?-hydroxylamine intermediate.®%

The substitution of water in the d® aquo complex
[Co(NO)(CN)4(H20)]?> can be effected by a variety of
donor ligands,®3-95 and the thermolysis of the parent
complex [Co(CN)s(NO)]J®~ in the solid-state results in
dissociation of NO.%6

The prototypal Schiff base nitrosyl complex Co-
(salen)(NO) dissociates NO when photolyzed in tolu-
ene.?®” The complexes Co(0-OC¢H,CH=NR)»(NO) (R
= Me, Et, "Bu, Ph, CH,Ph) have also been prepared
by adding NO to the cobalt Schiff-base precursor.
They have been shown to contain a bent Co—N—O
linkage by X-ray crystallographic analyses, and they
have also been thoroughly characterized by °Co
solution and 5N solid-state NMR spectroscopies.®8
Co(naphth-en)(NO) [naphth-en = (0-OC;1oHsCH=
NCHy).] (vide infra) can be synthesized in the same
manner as Co(salen)(NO). Just as in the salen case,
it also contains a bent nitrosyl ligand as confirmed
by >N NMR spectroscopy.55°

i
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The d® complexes [Co(NO)(L—L).J*" (L—L = nu-
merous diphosphine ligands) disproportionate in the
presence of nucleophiles, [X]~, to give the dinitrosyl
cations [Co(NO),(L—L).]" and the cobalt(l11) species
trans-[CoXa(L—L),]*.%8° The disproportionation reac-
tion probably proceeds via a bent-nitrosyl intermedi-
ate, [Co(X)(NO)(L—L)]".

2[Co(NO)(L—L),J*" + 2[X]” —
L = phosphine
[X]” = halide

[Co(NO)(L—L)]* +

trans-[CoX,(L-L)]" + L—L

The related Co(NO)(6,13-di(ethoxycarbonyl)-7,12-
dimethyldibenzo[b.i.]-1,4,8,11-tetraaza[14] annulene)
complex is also known, and it has been structurally
characterized.®®® Furthermore, Co(NO)(NO2)2(PRs).
(R = Me, Et) reacts with O, to generate Co(NOs3),-
(PRs3)2, a transformation which may involve the
conversion of the nitrosyl to a nitrate.®®! Also, IR
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spectroscopic and mass spectral evidence suggests
that the reaction of [Co(CN)s]3~ with NO(g) may well
proceed through a dimeric cobalt complex containing
bridging nitrosyls.%??

The mixed-metal cluster [RuCo3(CO)i,]t reacts
with [NO][BF4] to produce RuCo3(C0O);1(NO), which
contains a linear terminal nitrosyl (vno = 1820 cm ™1,
hexanes solution).?9394 Both the 5°Co and **Ru NMR
spectra of the neutral cluster have been recorded.%
This cluster reacts with phenylacetylene to form
RuCo3(CO)o(NO)(us-n>-PhC=CH) whose molecular
structure is as follows:%%

(0]
C
\
Ru

IR spectroscopic studies suggest that the cobalt
ions in the zeolites Co—APO-18 and Co—APO-5 form
dinitrosyl species when exposed to NO gas.®%

The structurally characterized [Co(NO)(py).]* cat-
ion can be prepared from [Co(NO).l],, [Na][BPh,],
and pyridine,®® but it slowly decomposes in CH,Cl,
in the absence of excess pyridine. The related [(dppf)-
Co(NO),]" [dppf = 1,1'-bis(diphenylphosphino)ferro-
cene] has been prepared in a similar manner, and it
has been characterized by Mdéssbauer spectroscopy
and X-ray crystallography.704705

The complex Co(DATI-4), [DATI-4 = 1,4-bis(N-
dansyl-N-amino-N'-troponimino)butane] reacts with
NO to generate Co(NO),(DATI-4) (Scheme 31).%% The
net result of this transformation is that half of
the ligand, specifically the part that contains the
fluorophore, is pushed away from the quenching
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metal center. Consequently, the fluorophore can then
be observed by fluorescence emission spectroscopy.
This strategy may well serve as the basis for a useful
method of detecting NO in situ in real time.

The tropocoronand complexes Co(NO)(TC-n,m) (n,
m = 3, 3; 4, 4) can be obtained by reacting the parent
complexes, Co(TC-n,m) with NO, and both complexes
have been structurally characterized. When n = m
= 3, a paramagnetic square pyamidal complex is
generated, but when n = m = 4, a diamagnetic
trigonal bipyamidal complex is formed. In both cases
the nitrosyl ligand is bent, i.e.%°

0
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Cp*3Cos(u-H)4 reacts with gaseous NO to afford
Cp*3Cos(us-NO),, which has been structurally char-
acterized.%% This same cluster can also be made by
the reaction of [Cp*Fe(u-NO)], with Cp*Co(C2Ha)..
Also formed in this latter reaction is Cp*3Coz(us-NO)-
(u3-CCHg3), which has also been structurally charac-
terized.”91001 |n the same vein, the thermolysis of a
mixture of [(#°>-CsHsMe)Fe(u-NO)], and (75-CsH4Me)-
Co(C,H4)2 generates (°>-CsHsMe)sCozFes(us-NO), as
one of the products. The solid-state molecular struc-
ture of this tetrametallic species has also been
established.”® The reaction of CoCl,, [Na][CsH(Pr),]
or [Na][CsH»('Bu)s], and NO(g) produces a number
of nitrosyl-containing products. Among these are
[Cp'Co]2(u-NO), and [Cp'Co].(u-NO)(u-Cl), which have
been structurally characterized for Cp’ = CsH.-
(tBU)3.1002‘1003

6.2. Rhodium and Iridium Nitrosyls

The most common coordination compounds for
rhodium and iridium nitrosyls are those having the
general formula M(NO)(X)2(L). (X = halide or pseudo-
halide; L = Lewis base). Thus, both square-pyramidal
Rh(NO)(NO,)2(PPh3), and Rh(NO)(OACc)(CI)(PPhs),
are known, and both possess bent apical nitrosyl
ligands.1094.1005 photolysis of the complexes M(NO)-
(X2)(PhzE), (M = Rh, Ir; E = P, As; X = CI, Br, |)
results in the loss of NO from the metal, but no
tractable products have been isolated from these
reactions.®® Furthermore, Rh(NO)CI,(PPhg), reacts
with [Rh(CO),ClI]; to produce the bimetallic Rh(CO)-
(PPh3)(u-Cl),Rh(NO)(CI)(PPh3).1%  Treatment of
Ir(NO)CI,(PPhg), with [Na][SMes] (Mes = mesityl)
results in the production of the d® nitrosyl complex
Ir(NO)(SMes),(PPhgs), which is square planar prob-
ably because of the steric bulk of the mesityl sub-
stituents.%97 Unlike the starting material, this com-
plex also contains a linear nitrosyl ligand. Other
complexes in this class are Ir(NO)(SH),(PPhs),, which
is formed by the reaction of NaSH with Ir(NO)CI,-
(PPh3),, and [Ir(NO)(u-S'‘Bu)(PPh3)],, which is a
metal—metal-bonded dimer with linear nitrosyl
ligands.1008

The reaction of Rhy(OACc)4(H20), with KNO, and
HNO; gives Rhy(OACc)4(NO)(NO,),1® and Rh(H)-
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(P'Pr3)s reacts with Diazald to form Rh(NO)(P'Pr3)s,
which is unstable and reacts with one molecule of
Rh(H)(P'Pr3); to produce the dimer Rhy(u-NO)(u-
H)(P‘Pr3)4.1°l°

Two SO; molecules in Rhy(u-SO,)Cly(u-dppm), are
displaced by 2 equiv of [NO]" to give [Rha(NO)x(u-
Cl)2(u-dppm),]?* (vide infra), which contains linear
nitrosyl ligands.101!

2+
= ~ppp,
Ol | .NO
e

PhyP

ON

PhyP. PPh,
2 ~_

The cluster anion [Irg(CO)11(4-CO)3(NO)]~ has been
prepared by the one-electron oxidation of [Irg(CO)s]?,
followed by addition of NO(Q). It has been structurally
characterized and shown to contain a linear nitrosyl
ligand.1012

As summarized in Scheme 32, Cp*lr(5?>-CyH,),
reacts with 1 equiv of [NO][BF,4] to afford [Cp*Ir(NO)-
(7?-C2H4)] in high yield [vno = 1822 cm ™! (acetone)].
This cationic molecule reacts with KX (X = ClI, Br, I)
to give the neutral Cp*Ir(NO)X species [vno = 1751
cm™! (EtOH) for X = 1], which slowly convert to
[Cp*Ir(X)]2(«-NO)(u-X) upon warming. Furthermore,
[Cp*Ir(NO)(>-C,H,)]"T reacts with NaOEt to give
Cp*Ir(NO)(CH,CH,OEt).10131014

Scheme 32
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In a similar manner, Cp*IrMe,(PPh3) reacts with
[NO]J* to produce [Cp*IrMe,(NO)]*. Curiously, this
reaction appears to be reversible since [Cp*IrMe,-
(NO)]" reverts to the starting material in the pres-
ence of 1 equiv of PPh3.10151016 The related dication
[Cp*IrMe(PR3)(NO)]?" is also known, and it can be
reduced with Cp,Co to obtain a 19e monocationic
complex that is detectable by ESR spectroscopy.

7. Group 10 Nitrosyls

7.1. Nickel Nitrosyls

Cp'Ni(NO) is undoubtedly the best studied class
of group 10 nitrosyl complexes, and they have
been the subject of many investigations, including
those involving photoelectron spectroscopy,0t7-1019
EXAFS,1920 and mass spectrometry.0?! Their forma-
tion at a nickel electrode under an NO atmosphere
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has also been documented.'%?? The metastable isomer
Cp*Ni(#%-NO) has recently been characterized by
X-ray crystallography.1023

Ni(NO);—3 species have been detected by guided ion
beam mass spectrometry.1%* Most nickel nitrosyls,
however, are of the form [Ni(NO)Ls]*, are tetra-
hedral, and contain a linear nitrosyl ligand. For
instance, [NiL3(NO)]* (L = PH,Mes) has been syn-
thesized by reacting NiL, with [NO]".19% The related
complex with L = 1,3,5-triaza-7-phosphaadamantane
can be prepared in a similar manner.1%26 Also known
are complexes of the type [Ni(NO)(L)(L—-L)]" (L = a
phosphine)'%?” and NiX(NO)(L—L) [X =ClI, Br, I, CN;
L—L = 1,2-CgH4(PMePh);].2%2¢ The related Ni(NO)-
(PPh3)(L) (L = 3,6-di-tert-butyl-o-benzosemiquinone)
has been synthesized by reaction of TIL with Ni(NO)-
Br(PPhs), and has been characterized by ESR spec-
troscopy.1%?® However, the identity of the products
formed during the reaction between Ni(NO)CI(PPhj3),
and Hg(CN), has yet to be established conclu-
sively.1030

Ni(0-(MeS)CsH4S), reacts with [NO]* or NO to
generate the dimer [Ni(0-(MeS)CsH4S)(NO)]. shown
as follows:1931

Also known is the heterometallic complex Ni(NO)-
(u-S(CH3)2S(CHy,)2S)Fe(NO); in which the geometry
around the d'° Ni center is tetrahedral, i.e.”®

S/\ NO
Ve
oN \S/ N,

7.2. Palladium and Platinum Nitrosyls

The adsorption of NO on Pd-exchanged H—ZSM-5
generates NO-containing species with vyo values at
2126 and 1881 cm~1.10321033 M(NO);, (M = Pd, Pt)
species have been detected in an argon matrix.19%4

The square pyramidal Pt(CsCls).Cl2(NO) has been
synthesized and structurally characterized. It con-
tains an apical bent NO ligand that displays a
stretching frequency of 1776 cm~* (Nujol mull).103%
Indirect kinetic evidence for the existence of [Pd-
(NO)CI3]?™ has also been collected.1036:1037

The palladium cluster triangulo-Pd3(u-NO)(u-SO,)-
(u-CI)(PPhg)s is formed by the reaction between [NOJ*
and [Pdg(ﬂ-SOz)z(ﬂ-C')(Pphg)g]_.1038

I|>Ph3
Cl—Pd—S0,
/N
Pd——Pd
AN
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The first A-frame nitrosyl complexes, [MxCl,(u-
NO)(u-dppm).]*t (M = Pd, Pt),1039.1040 have also been
made by reacting [NO][BF.] with Pty(u-dppm).Cl.,
contrary to unfavorable theoretical predictions.1%4
Both of the d® metal centers in this compound are
square planar, i.e.

+

The double-A-frame complexes [Pts(u-NO)2(RNC),-
(u-dpmp),]** (dpmp = bis(diphenylphosphino)phenyl-
phosphine; R = xylyl, mesityl) are also known.042

The large cluster anion [Pt;9(CO)21(NO)]3~ is made
by substitution of a CO by [NO]" in [Ptig(CO)x2]*".
Surprisingly, it contains a bent nitrosyl ligand
which results from an intramolecular redox reaction,
whereby two electrons that were delocalized over
the metal cluster are transferred to the nitrosyl
group.104

Several oligomeric platinum species containing
u-NO and u-NO; groups are known,1944-1048 gnd of
these Pty(u-NO)»(u:17%-N,0-NO,),(u-PrC0,), has been
structurally characterized, i.e.

8. Group 11 Nitrosyls

8.1. Copper Nitrosyls

Several theoretical and matrix-isolation studies on
copper nitrosyls have been reported.049-1952 These
investigations have found that N-bound nitrosyls are
more stable than O-bound nitrosyls and that the
ground-state geometry for Cu—NO is bent while that
for [Cu—NOQ]* is linear. Also, copper-containing zeo-
lites have been found to form mono- and dinitrosyl
species when exposed to NO.1053-1056

The first copper nitrosyl, synthesized in 1983, was
a heterobimetallic copper—iridium bridging nitrosyl
complex.197 The first homometallic copper nitrosyl
to be structurally characterized was [Cuy(XYL-O)(u-
NO)J?" [XYL-O = 2,6-bis(bis(2-pyridylethyl)amino-
methyl)phenolate)] (vide infra), formally a d° com-
plex.1%%8 This complex reacts with [NO,]~ to form the
bridging oxo species [Cu(XYL-0)(u-O)]*, N.O, and
0.5 0,.19%9 This conversion is important since it is
thought to mimic the mode of action of nitrite
reductase, a metalloenzyme containing two copper
centers. Indeed, one of the intermediates in the
nitrite reductase mechanism is believed to be a
copper nitrosyl.1060
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Further progress in copper—nitrosyl chemistry
occurred when the first terminal nitrosyl complex,
Cu(HB('Bu-pz)3)(NO), was fully characterized.1060-1063
This compound exhibits a vyo at 1720 cm™ (KBr) and
contains a linear nitrosyl ligand. On the basis of
electronic spectra, ESR studies, and theoretical cal-
culations, the favored view of the bonding extant in
this molecule is Cu(l)—NO-, as opposed to Cu(ll)—
NO~ or Cu(0)—NO*. The NO ligand can be easily
displaced by MeCN or CO, and it can also be removed
by simply placing the complex under a gentle vacuum.
In the presence of excess NO, the related molecule
Cu(HB(Me;-pz)3)(NO) undergoes NO disproportion-
ation, yielding N,O and Cu(HB(Me;-pz)3z)(17>-0O,0-
NO,) (Scheme 33).10641085 This conversion is thought
to proceed via a cis-dinitrosyl/hyponitrite intermedi-
ate (vide infra). Examples of this disproportionation
reaction are known for triazacyclononane derivatives
as well,19% put the nitrosyl intermediates have not
been detected spectroscopically for these transforma-
tions.

The remarkable feature about Cu(HB(‘Bu-pz)s)-
(NO) is that it is a {Cu—NO}*, 19e species. This
feature is in striking contrast to the niobium and
tantalum nitrosyls, the other periphery of known
nitrosyl complexes, since they rigorously obey the 18e
rule.

Scheme 33
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Treatment of the complex (‘Prz-tacn)Cu(N-NOy)
(‘Prs-tacn = 1,4,7-triisopropyl-1,4,7-tiazacyclononane)
with 2 equiv of acid (HX) results in the production of
1 equiv of NO(g) and the concomitant formation of
(PPrs-tacn)Cu(X), and H,0. Presumably, this reaction
proceeds via a nitrosyl intermediate.1067.1068 A related
nitrosyl intermediate has also been proposed for the
disproportionation of NO by alcoholic solutions of
[(Prs-tacn)Cu(MeCN)]". This reaction is catalytic and
affords N0, aldehyde, and H,0 as products.'06°

The synthesis of Cu(AsPh3),(NO)CI has been
claimed, but given its incomplete characterization
and putative air stability, its existence remains to
be proven.1070

8.2. Silver and Gold Nitrosyls

No well-defined silver or gold nitrosyl complexes
are known to exist. There are, however, reports
concerning the formation of silver and gold nitrosyls
in zeolites. Thus, Ag(l)—ZSM-5 forms Ag(NO) upon
exposure to NO (vno = 1882 cm™1) at 100 K. The
interaction is deemed to be weak and electrostatic
in nature.’°”* Similarly, AuCl-impregnated NaY zeo-
lite exhibits a strong IR absorption at 1820 cm™?
when exposed to NO. However, this absorption band

disappears upon exposure of the system to vac-
uum.107211°73

9. Nitrosyl Ligand Reactivity

9.1. Interaction with Lewis Acids

The ability of nitrosyl ligands to form adducts with
hard Lewis acids was first documented by Legzdins
and co-workers over 30 years ago.0741975 Since then
the ability of a nitrosyl oxygen atom to function as a
Lewis base has been well established.? In all cases
the coordination of the Lewis acid to the nitrosyl
ligand results in a drain of o electron density from
the N—O linkage and a concomitant increase in
M—NO back-bonding into the z* orbitals of the NO
ligand. The resultant lowering of the N—O bond order
is readily observed spectroscopically by the decrease
in the value of vyo Which can range from 50 to several
hundred wavenumbers.

Several examples of nitrosyl—borane adducts have
been reported in recent years, namely CpRe(SiMe;-
CI)(PR3)(NOBCIy),5*71976 Re(H)(P'Pr3)(NO)(NOBFs3),*”
and Cp*WRz(NOBF3) (R = CHQSiMeg, CHzph).1077
Complexation of a borane to the nitrosyl oxygen leads
to a lowering of the vno by 159 to 264 cm™t. The
decrease in the N—O bond order is also evident in
the solid-state molecular structures of these adducts.
Typically, the N—O bond is increased in length (ca
0.07 A), and there is a less pronounced decrease in
the metal—N distance. The solid-state molecular
structure of CpRe(SiMe,Cl)(PPh3)(NOBCI;) displays
more drastic distortions of the metrical parameters
relating to the M—N and N—O distances than do the
other examples,>71976 though Berke and co-workers
have suggested that this discrepancy may be due
more to the relatively low quality of the crystal-
lographic data set obtained for the rhenium complex
rather than any chemically meaningful change in
bonding parameters.45”
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Nitrosyl ligands can also bridge metal centers via
isonitrosyl interactions. For instance, hydride ab-
straction from Re(NO),(P'Prs),H with 0.5 equiv of
trityl cation generates the bimetallic cation [Re(NO),-
(P'Pr3),{ ONRe(NO)(P'Pr3),H}]* in which the unre-
acted starting material acts as a ligand to a cationic
rhenium center via an isonitrosyl interaction, i.e.#631078

fRJ +

PR, ON

ON, | 0.5 [PhyCT* PR3 “Re-1H
“Re—H ———» |ON, | 7 \

oN” | on” PR,
PR; PR

Alkali and alkaline-earth metals often complex the
nitrosyl ligands of formally anionic complexes. Reac-
tion of Cp*M(NO)(CH.SiMe3), (M = Mo, W) with
lithium bases generates a variety of nitrosyl “ate”
species. These complexes fall into two main catego-
ries, namely monomeric species containing a M—NO—
Li(THF)s linkage and dimeric species in which two
nitrosyl ligands are bridged by two solvated Li
cations in a O—Li—O—Li— square. Inspection of the
IR data for these complexes as KBr pellets reveals
consistently lower NO-stretching frequencies for
those complexes containing bridging [u2-Li(THF),]2
moieties (1350—1399 cm™') as compared to those
containing terminal Li(THF)s; groups (1463—1481
cm™1). Examples of each of these interactions have
been structurally characterized, and in accord with
the proposed accommodation of charge in the 7* MO's
of the nitrosyl fragment, they exhibit shorter M—N
bond lengths and longer N—O bond lengths than do
their parent nitrosyl complexes.345:368:369,1079

Wieghardt and co-workers have reported an inter-
esting variation on the bonding of alkali-metal cat-
ions to nitrosyl ligands. The tetrameric cluster [{ MoL-
(NO)(0)(OH)}sNay(H20),]% [L = tris(N-isopropyl)-
triazacyclononane] consists of two sets of crystallo-
graphically independent molybdenum complexes.
While the nitrosyl ligand of one of these complexes
coordinates the sodium cation in an orthodox end-on
manner [vno = 1476 cm™! (KBr)], the other exhibits
a novel side-on bond [vno = 1529 cm™! (KBr)], i.e.1080

N

l |
Mo Mo

Treatment of the lithium isonitrosyl complex
[Cp*MoMes(NO-u-Li)], with a trimethyloxonium salt
results in the formation of a methoxylimido ligand
in the complex Cp*MoMez(NOMe). This complex
exhibits an intense IR absorption at 1260 cm™~*, which
is attributed to the nitrosyl-derived ligand on the
basis of labeling studies.®”® Only one other class of
complex containing a terminal alkoxylimido ligand
has been reported, namely Cp’'NbX;(NO'Bu) (Cp' =
Cp, CpMe; X = CI, CH,SiMe3), although these
complexes were not derived from a nitrosyl-contain-
ing precursor.108!

Gladfelter and co-workers reported an example of
the bridging methoxylimido complex [Ru3(CO)1o(u3-
NOMe)] in 1990. This complex is preparable by the
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reaction of [Ruz(CO)io(u-NO)]~ with 1 equiv of
MeOTf.1082.1083 The nitrosyl-cleaved product [Rue(u-
H)(CO)16(-CO)(us-NH){ u3-7>-CO,Me}] can be iso-
lated in low yield if 1.5 equiv of MeOTf is employed
to effect the methylation.1%%* Furthermore, thermoly-
sis and pyrolysis of Ruz(CO)1o(us-NOMe) generates
a variety of nitrosyl-cleaved cluster molecules.1084-1086

The reaction of CpMnFe,Cp'a(u2-CO)2(ua-NO)(u
3-NO) with MeOTf produces [CpMnFe,Cp’',(u2-CO),-
(u2-NO)(u 3-NOMe)]*. The us-NOH analogue of this
cation is also formed during this reaction, reportedly
as a result of insufficiently dry solvents.”®

9.2. Interaction with Protons

In 1990 Gladfelter and co-workers reported that
the reaction of the anionic cluster [Ru3(CO);0(u-NO)]~
with HOTT generates the O-protonated nitrosyl com-
plex Ruz(CO)10(u-NOH). In contrast, reaction with the
weaker acid CF;CO;H affords the hydride complex
Ru3(CO)10(u-NO)(H).1082.1083 Sypsequent reinvestiga-
tion of this system by Hash and Rosenberg has shown
that the kinetic site of protonation in both cases is
the nitrosyl oxygen atom.%87

IR spectroscopy indicates that the hydroxyl proton
of (CF3)3COH hydrogen bonds to a terminal nitrosyl
ligand of Re(NO)(CO)(PR3)(H), complexes (vide infra).
The nature of the phosphine ligands has a surprising
effect on this interaction. When R = Me, hydrogen
bonding to a hydride ligand is favored over hydrogen
bonding to the nitrosyl, but when R = Pr, the
NO---HOC(CF3); complex is exclusively formed.

PiPr3 PiPr3
oc__ | _H (F4C);COH oc_ | _H
e\ - e\
oN” | TH (F3C);COH----ON” | ~H
P'Pry P'Pr3

When Re(PPh3)2(CO)2(NO) is reacted with HCI, the
N-protonated nitrosyl complex, Re(PPh3),(CO),(Cl)-
(NH=0), can be obtained in 79% yield. Use of HOTf
in place of HCI results instead in the isolation of
[Re(PPh3),(CO)(NO)H] ", which has been structurally
characterized.’®®® The HNO ligand is also formed
when [Ru(NO)(“pybuS4”)]t [“pybuS4” = 2,6-bis((2-
mercapto-3,5-di-tert-butylphenyl)thio)dimethyl-
pyridine(2—)] is reacted with [Na][BH4] in MeOH.
The structurally characterized product, Ru(HNO)-
(“pybuS4”), can be reconverted to the starting mate-
rial by reaction with Brgnsted acids.08°

The first fully characterized examples of O-pro-
tonated terminal nitrosyl complexes have recently
been described. As illustrated in Scheme 34, treat-
ment of Cp*WR2(NO) (R = CH,SiMe3z, CH,Ph) with
the oxonium acids of weakly coordinating counterions
forms the hydroxylimido complex [Cp*WR.-
(NOH---OEt,)]*, thereby showing that the nitrosyl
ligand is a stronger base than diethyl ether. These

Scheme 34
"Aw + HX —_ . W\
R/ “NO RY/ SN .OEq
R R o-H"

X = [(3,5-CF3CgH3)4B, [(C¢Fs),Bl
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complexes are unstable with respect to protonolysis
of an alkyl ligand. The *H NMR signal of the
hydroxylimido protons is exhibited between 12.5 and
14.5 ppm depending on solvent and counterion, and

the vno Of the dibenzyl cation is centered at 1302
Cm_l.1077

9.3. Activation and Cleavage

The activation and cleavage of nitrosyl ligands is
of fundamental importance in inorganic chemistry
and of relevance to biological and environmental
chemistry. Recently, the nitrosyl ligand of [Cp.Fe,-
(NO)]* was observed to undergo N—O bond cleavage
by tandem mass spectrometry. The products thus
generated are [CpFe O] and pyridine, the latter
presumably being formed by insertion of nitrogen into
the Cp ring.1%°° Furthermore, the nitrosyl ligands of
cluster molecules are known to undergo nitrosyl-
ligand cleavage to form nitrido species.'! However,
there are remarkably few examples of monomeric or
dimeric nitrosyl complexes undergoing similar N—O
bond dissociation processes. Cummins and co-work-
ers have deoxygenated the nitrosyl ligands of Cr-
(N'Pr2)3(NO) and Cr(NRAr)3(NO) [R = C(CDs).Me; Ar
= 2,5-CgH3FMe, 3,5-CsHsMe;] with the highly oxo-
philic reagent (THF)V(Mes); to generate nitrido
complexes, i.e.109

0]
l
N N
C| (THF)V(Mes); ﬂ[
It | ——————— | S
RRN” \ DRR toluene, 65°C, 1-2h  RRN” \ NRR
NRR' NRR'

A similar transformation occurs when W(NO)-
(silox)s (silox = '‘BusSiO) is reacted with V(silox)s to
obtain W(N)(silox)s and V(O)(silox)s.10%3

A review of NO cleavage in Cp’"M(NO)R; (M = Mo,
W) complexes has been published,?” and the high-
lights of this account are presented below. There are
only two examples of reactions in which well-defined
(R—)[M](—NO) complexes convert into their thermo-
dynamically more stable (RN=)[M](=O0) isomers. As
shown in Scheme 35, CpW(NO)(o-tolyl), reacts with
trace deaerated water to generate both the expected
CpW(O),(o-tolyl) complex and the nitrosyl-cleaved
product CpW(O)(N-o-tolyl)(o-tolyl). Labeling studies
have shown that two distinct reaction pathways form
these two species. Remarkably, despite extensive
investigations, no other bis(hydrocarbyl) complexes
have been discovered to undergo a similar transfor-
mation upon treatment with H,0.1094.109

Very recently, Cp*M(NO)Me; (M = Mo, W) com-
plexes have been found to be thermally unstable
with respect to their Cp*M(O)(NMe)Me isomers.
Thus, solutions of Cp*Mo(NO)Me; afford the bimetal-

W Trace H,O W
@ """ ; ' "~NO benzene 'N// \O

Scheme 35
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lic species Cp*Mo(NO)Me,(u-O)MoCp*Me(O)(NMe),
which can be isolated as a solid in high yield (vide
infra). The isomerization process is inhibited by the
presence of Lewis bases in solution. Consequently,
formation of the oxo imido product with its Lewis
basic oxo ligand dramatically slows the transforma-
tion. The currently available evidence points to a
bimetallic mechanism being operative, possibly one
involving Mo—NO—Mo interactions. The tungsten
congener isomerizes far faster than does the Mo
complex, and so Cp*W(NO)Me; is not isolable free of
a supporting donor interaction.°7®

A ON™ NMe
2. Mo\ —>b Me/ \O\\ /
Me' NO enzene M

The diphenyl complex Cp*W(NO)Ph, undergoes
thermal conversion to a number of nitrosyl-cleaved
products including [Cp*W(NO)Ph](u-N)[Cp*W(O)-
Ph].19% This complex and the analogous alkyl species
can also be generated by the reduction of Cp*W(NO)-
(R)CI (R = Ph, CH;SiMe3, CH,CMej3) with Zn powder
(Scheme 36).19%7 Furthermore, the bridging nitrosyl
complexes [Cp*MoR(u-NO)]; (R = CH,CMe;, CH,-
CMe,Ph) are thermally unstable with respect to the
formation of the analogous molybdenum compounds,
[Cp*MoR(NO)](1-N)[MoCp*(O)R].367:1997 These trans-
formations may well occur via an intermediate
containing a Mo(u-NO)(u-7*:72-NO)Mo bridge. One
example of a complex containing such an activated
NO ligand has been reported, namely [Cp*Mo(NO)]-
(u-n%:n%-NO)(u-CHCMes)[MoCp*(=CHCMes)], and it
results from the spontaneous thermal decomposition
of Cp*Mo(NO)(CH,CMey),.371:372

The products of the treatment of Cp*W(NO)(CH,-
SiMe3)Cl with metal alkoxide salts are highly de-
pendent on the nature of both the alkoxide reagent
and the solvent used for the reaction. Reaction in an
ethereal solvent generates the chloride metathesis
products Cp*W(NO)(CH,SiMe3)(OR). However, if the
reaction with either KOCMe; or KOMe is attempted
in pentane, the bimetallic NO-cleaved species [Cp*W-
(NO)(CH,SiMes)](u2-51:n2-NC{ H} SiMes)[Cp*W(CI)-

Scheme 36
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(0)] and [Cp*W(NO)(CH,SiMes3)Cl](u-N)[Cp*W(CI)-
(7>-N{ O}{ H} CH,SiMe3)] are formed instead (Scheme
37). The mechanisms of these reactions are unclear,
but it has been suggested that coordination of [K]*
is important since the expected metathesis products
are obtained when lithium or sodium alkoxide salts
are used.19%

Legzdins and co-workers have reported the step-
wise hydrolysis of a terminal nitrosyl ligand. Careful
reaction of the cationic nitrosyl complex [Cp*W(NO)-
(CH,SiMe3)(NCMe),][BFs] with 1 equiv of water
produces the hydroxylamido compound [Cp*W(O)(#?-
NH,0)(CH,SiMe3)][BF,4]. As depicted in Scheme 38,
it is believed that this reaction occurs via the
displacement of acetonitrile from the metal’s coordi-
nation sphere by H,0, followed by hydrogen-atom
transfer from the coordinated water to the nitrosyl
nitrogen atom and bending of the nitrosyl to an 7?-
coordination mode. The hydroxylamido species reacts
further with water to ultimately form the dioxo
complex, Cp*W(O),(CH,SiMe3).10%°

Mo(NO).('Sy) ['Ss’ = 2,2'-(ethylenedithio)diben-
zenethiolate] can be converted to Mo(#?-NH,0)(NO)-
(‘'S4 in a 2-electron-2 H* process in which the NO
ligand is hydrogenated to an »?-hydroxylamido ligand
(Scheme 39).1100 Treatment of this latter com-
plex with HCI results in the expulsion of the hy-
droxylamido group from the metal’'s coordination
sphere and the formation of Mo(NO)(CH('S4). The
byproducts of this reaction, [N,Hs]Cl and [NH4]CI,
are formed by hydrolysis and acidolysis of the liber-
ated hydroxylamine.!'%! Electrochemical studies on
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related molybdenum thiolate complexes have dem-
onstrated the reduction of NO ligands to form free
NH3.150

The reaction of [{ (ON),Fe(u-SR)},]?>~ with an excess
of alkyl iodide (R'I) leads to the formation of [(ON),Fe]-
(u-SR)(u-NHR"), allegedly via the reduction of coor-
dinated NO.73745746 FEyrthermore, several examples
of the reduction of the bridging nitrosyl ligands of
clusters and bimetallic species to u-amido and u-
imido ligands have also been reported.749:759.1102

9.4. Insertion of Bound NO

Hall and co-workers have used theoretical methods
to investigate the migratory insertion of NO into the
cobalt—carbon bond in the model complex CpCo(NO)-
Me, both with and without the assistance of an
incoming ligand (PH3).11931104 |In agreement with
the experimental results of Bergman and co-
workers,11051106 insertion is found to occur without
prior phosphine association.103

Upon treatment with [NO][BF.], the complexes
[CpMo(CO)(NO)(52-allyl)]™ undergo oxidative decom-
plexation of the sz-allyl ligand to form organic isoox-
azole compounds. It has been claimed that insertion
of the coordinated nitrosyl fragment into the allyl
ligand is a key mechanistic step during this trans-
formation,1107.1108

9.5. Metal-Catalyzed NO Disproportionation

The disproportionation of nitric oxide into N,O and
NO; is thermodynamically downhill. However, NO
gas is kinetically inert, and a metal catalyst is
generally required to effect this transformation.

Tolman and co-workers have investigated the reac-
tions of Tp*Cu(L) [Tp* = substituted tris(pyrazolyl)-
borate; L = MeCN, THF] complexes with nitric oxide.
When the Tp ligand is sterically demanding, the
nitrosyl complexes Tp*Cu(NO) are reversibly formed.
Complexes containing less bulky Tp ligands also form
mononuclear nitrosyl species initially, but upon reac-
tion with excess NO these cleanly convert to Cu''-
(NOy) species with the evolution of N,O. Mechanistic
studies on this system have ruled out a mechanism
involving rate-limiting dimerization of the copper
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species and instead support a process in which a
further 1 equiv of NO gas reacts with the initially
formed mononitrosyl species. The dinitrosyl or hy-
ponitrite (N2O,) complex thus formed quickly reacts
with further NO to generate the observed prod-
UCtS.1060’1062'1064’1065

Manganese and iron tropocoronand complexes also
catalyze the disproportionation of NO to N,O and
NO,. The metal nitrosyl—nitrito species cis-M(NO)-
(NOy)(tropocoronand) (M = Mn, Fe) is formed in each
case. The NO ligand of the manganese product is
labile, and so the nitrito complex M(NO,)(tropo-
coronand) is the ultimate product. In contrast, the
iron complex loses NO, from its coordination sphere,
and this further reacts to nitrate the tropocoronand
ligand. The mechanism postulated for the overall NO
disproportionation reaction is similar to that pro-
posed in the Tp*Cu(NO) system shown in Scheme 33.
However, an NO-exchange step was detected in the
manganese and iron systems, and this supports the
existence of a dinitrosyl intermediate along the
reaction pathway.'1%%1110 Dyring these studies it was
also discovered that the {MnNO}®é tropocoronand
complex transfers its nitrosyl ligand to Fe(tropocoro-
nand). A kinetic analysis of the transfer indicates
that it occurs via a dissociative mechanism.t!

Reaction of Co(gn);:2H,O or Co(NO)(gn). (gn =
8-quinolinolate) with nitric oxide in pyridine gener-
ates the nitrate complex Co(NOs)(gn).(py) with lib-
eration of N,O. The same products are formed upon
the reaction of Co(NO)(gn).(py) with NO gas.11?

9.6. NO Reduction

A number of homogeneous systems catalyze the
reduction of NO by CO to produce N,O and CO,. The
aqueous PdCIl,_CuClI-HCI (x = 1, 2) systems are
among the simplest and most effective of these
catalysts.11131114 Trogler and co-workers have inves-
tigated the nature of the active intermediate in these
catalytic systems. Work in nonaqueous solvents has
identified [Pd,Cl4(NO);]>~ as a key intermediate.
However, this dimeric species exists primarily as the
mononuclear complex [PdCI3(NO)]?~ in aqueous con-
ditions.19% A detailed kinetic study of the overall
reaction has revealed that NO reduction by Cu' is
the rate-limiting step.10%7

The reduction of coordinated NO by sulfite and
bisulfite ions has been studied for ferrous chelate
nitrosyl complexes. The products of this reaction are
Fe'"', N,O, Ny, sulfate, and S,0¢%".11%° Electrochemical
reduction of cis-[Os(tpy)(Cl)2(NO)]* results in the
formation of the ammine complex cis-[Os(tpy)(Cl),-
(NH3)]+.900

[Re(NO).(dppe).][BF4], a 20-valence-electron com-
pound containing the unusual trans-di(linear)nitrosyl
fragment, reacts with protic sources to effect reduc-
tion of the NO ligand to nitrous oxide.*3!

Nitroprusside reacts with hydrazine in water to
form [Fe(CN)s(OH2)]®", NHj;, and N;O. A Kinetic
study of this system found the reaction to be first-
order both in nitroprusside and N;H,. The reaction
evidently occurs via nucleophilic attack of hydrazine
at the nitrosyl nitrogen. The {Fe—N(O)NH;NH,}
intermediate thus formed rapidly deprotonates at the
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bound nitrogen of hydrazine. After tautomerization
and elimination of ammonia, [Fe(CN)s(N.O)]*~ re-
sults, but it is unstable with respect to loss of nitrous
oxide.”” Other researchers have also reported the
reduction of the NO ligand of nitroprusside by
hydroxylamine.116

9.7. Conversion of NO to NO, and NO;

Reaction of a pyridine solution of bis[(phthalo-
cyaninato)iridiumy], (Ir(pc))., with NO gas generates
nitrosyl-containing species that are immediately
oxidized by air to Ir(py)(NO.)(pc).*Y” Other ex-
amp|es Of M—NO to M_N02823,827,835,897,901,1118—1122 or
M—NO3%! conversions are known.

Reaction of trans-[ReCI(N;)(dppe).] with NO gas in
THF yields the nitrosyl product trans-[ReCI(NO)-
(dppe)2][NOs].. Thus, in addition to substitution of
coordinated dinitrogen for nitrosyl, NO gas has been
oxidized to nitrate ions.*3°

Examples of intramolecular oxygen exchange be-
tween nitrosyl and nitrite ligands are well-known.1123
For instance, the labeled complex CpCr(NO),(*>NO,)
converts into CpCr(NO)(**NO)(NO,) both in the solid
state and in solutions.1124.1125

9.8. Release of NO

Since the discovery that nitric oxide is a physi-
ologically important molecule, there has been great
interest in the use of metallonitrosyl complexes as
pharmaceuticals.''?® Particularly interesting are those
complexes which can deliver NO to biological targets
on demand.*?71128 The nitrosyl ligand of Ru(salen)-
CI(NO) dissociates upon photolysis,*'?° as do the NO
ligands in nitroprusside and Roussin’s red and black
salts.”?® Furthermore, reduction of [RuCI(NO)(cy-
clam)]?* results in the rapid loss of CI~ (k =1.5s™1)

followed by the slower loss of NO (k = 6.1 x 107
S*l)_llSO
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