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QNO quinoline N-oxide
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A INTRODUCTION

Amine N-oxides act as electron-parr donors, forming molecular adducts and complexes
with a variety of acceptor molecules, such as metal salts and complexes !+ 2, halogens3,
and organic compounds® Although complexes of pyndine N-oxides with HCl (ref 5),
SO; (ref 6), BF; (ref 7), iron carbonyl®, and uranium compounds?, and a larger number
of adducts between aliphatic amine N-oxides and various Lews acids 10-15 were previous-
ly known, systematic synthetic and characterization studies of metal complexes of aro-
matic amune N-oxides were imtiated 16-19 1n 1961 Dunng the last decade, a strong inter-
est 1n the coordmnation chemistry of aromatic amine N-oxides was displayed by many re-
search groups, and a large number of publications appeared 1n the literature. These studies
were greatly encouraged by the ready availabuity of a variety of higands of this type 20.
Two reviews !+ 2 covering the subject appeared 1n this journal in 1968 Since then a sign1-
ficant number of important contributions has appeared in the literature The present re-
view 1s mainly concerned with the progress in the field of the coordination compounds of
aromatic amine N-oxides to date The metal complexes of ahiphatic and non-aromatic
heterocychic amine NV-oxides are also briefly covered.

B AROMATIC AMINE NV-OXIDES
(1) Preparation and properties

Aromatic anune N-oxides are generally prepared in good yields by direct N-oxidation
of the corresponding aromatic amine with an organic peracid, such as monoperphthalic
acid, or hydrogen peroxide and glacial acetic acid 5-20-23_ Other preparative methods in-
volve cychization reactions of compounds with aliphatic chains20:21.24.25 N.Oxidation
leads to significant alteration of the reactivity of the aromatic ning, owing to a reversal in
the electron density distnbution about the rning, in companson with that observed in the
corresponding armne 2622 The N*—O~ group 1s strongly polarizable in both directions
and can act erther as an electron-attracting or as an electron-donating group, facilitating
both electrophilic and nucleophilic substtutions30 In contrast, electrophilic substitution
1s not facile in aromatic amines.

In aliphatic anune N-oxides the four atomic orbitals of the nitrogen atom are close to
sp3, and have an approximately regular tetrahedral structure 20:31_ In aromatic amine
N-oxides, however, the lone-pair electrons of the mitrogen, before formation of the N-O
bond, are on the sp2 orbital, so that the N—O bond 1s in the same plane as the aromatic
ring, and the oxygen 2p w electrons interact directly with the n-electron system of the ring.



COMPLEXES OF AROMATIC AMINE N-OXIDES 95

This leads to differences in the chemical properties of aliphatic and aromatic amne V-
oxides20. The unsubstituted pyridine N-oxide mvolves nearly equal contnbutions32 from
canonical structures I, II and IIL.
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The contnbutions of structural type II are demonstrated by X-ray data and dipole moment
determinations Thus, the N—O bond 1s significantly shorter in pyridine NV-oxide (1 37 A) 33
than in trimethylamine N-oxide (1 388 A)3! or its hydrochlonde (1 424 A)34. Contnbu-
tions of structural type H are enhanced when electron-withdrawing substituents occupy
ning positions !. This 1s suggested by the mncreased double-bond character of N—O 1n com-
pounds of this type (e g the N—O bond length n 4-nmitropyndine N-oxide 1s 1.26 &) 35
On the other hand, the fact that the difference 1n dipole moment between pyndine (2 22
debye) and pyndine N-oxide (4.24 debye) 1s considerably smaller than that between trimethyl-
amme (0 65 debye) and trimethylamine V-oxide (5 02 debye) has been also attributed to the
importance of the contributions of canonical structure II 1n the aromatic oxide 36

The organic chemistry of aromatic amine N-oxides has been repeatedly reviewed 20:21,30,37,38
The vapor ultraviolet spectra of pyridine NV-oxide are characterize! by a very intense band
at 35,960 cm~! and a relatively less intense absorption at 29,291 cm—1; these bands are,
respectively due to the # = #* and n > 7* transitions39 At higher energies two additional
bands are observed, and attributed to # = 7** and n - 7™* transitions 32, Similar vapor
UV spectra have been reported for substituted pyndine N-oxides49. In aprotic solvents,
the 7 —> r* transition in aromatic amine N-oxides exhibits a red shuft and a hyperchromic
effect when compared to the same absorption in the corresponding aromatic ammne In
hydroxylic solvents, on the other hand, the N-oxide 7 = 7* band shows a blue shuft, which
1s mainly due to hydrogen bonding#!:42_ The infrared spectra of aromatic amine N-oxides
have been studied extensively 43 —4 _ The bands of special interest to coordination chenusts
are” vy _q» occurnng at 1300—-1200 cm~1, 8N-0» Occurnng at 880—-830 cm~!, and CH
out-of-plane deformations, which occur m the 900—650 cm—! region47-48_ These bands
usually exhibit charactenstic shifts upon metal complex formation47-48 (vide infra)
Proton NMR spectra of pyndine N-oxides 1n non-polar aprotic solvents exhibit chemical
shifts in the order y-H > 3-H > o-H from the hugher magnetic field 20:28.49 The o- and
y-protons of the parent base undergo higher shifts than the g-protons upon NV-oxidation49.
Thas is due to an increase in the negativity of the nitrogen by N-oxidation, leading to a
general decrease in the electron density of the aromatic ring; this decrease 1s most pro-
nounced for the f-carbon atoms, which do not recewve the electron-donating resonance
contribution from the oxygen atom 20

(1) Substituent effects and correlations

As already mentioned, electron-withdrawing substituents enhance the contributions of
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structural type I1, contnibutions of canonical forms like Il increase in the presence of
electron-releasing ring substituents or with increasing size of the parent heterocycle 120,38
These effects are manifested by changes of vanous physical and chemical properties with
vanation of the substituent(s) on the aromatic nng Many successful correlations of var-
ous properties of substituted aromatic V-oxides with the substituent Hammett sigma con-
stants 50 or the hybrid set of parameters o* (for strongly electron-releasing), o~ (for
strongly electron-withdrawing) and o (for weakly electron-releasing or withdrawing sub-
stituents)S! have been reported 1,38.50,52--54

The vy_o frequencies of substituted aromatic N-oxides correlate moderately well wath
the Hammett o constants38:43; correlations of vy_q with the 0*, 0~ and ¢ hybnd set of
parameters are more successful 38:53 In 1967 Nelson et al introduced the opyyno constants
(Table 1), which were derived from the acid dissociation constants of protonated substi-
tuted pynidine N-oxides35 Correlations of opyno With vanious properties of free and
complexed (vide infra) substituted pyndine N-oxides are generally successful 1155,

TABLE 1
apyNO constants for substituted pynidine N-oxides S

Substituent Ligand pKpyi+ IPyYNO
4-CH30- 20549 -0603
4-CH3~ 1.29b -0 240
3-CHa- 1082 ~0139
H 0.79b 0
4-Cl-- 036¢ 0206
3-Cl- 1344 0263
4-03N- ~1.7 & 1.19
4-HO- 2360 -0 751
4-H;N- 365¢€ -137
3-HaN-- 147b -0325
4-HOOC- ~048f 0 608
3-HOOC- 009/ 0335
4-H3CO0C- —0.41¢€ 0574
3-HgC400C~ 003b 0 364
3,4-(CH3)2~ 1ot d -0 105
4-(CHa)zN— 3884 ~1.48
4CeHsO- 26749 -0574
4CN- ~1178 094

@ I N Gardner and A R Katntzky, J Chem. Soc, London, (1957) 4375

b AR Katntzky and F.J Swinboume, J Chem Soc , London, (1965) 6707.

€ Ref 54

411 Grandberg, GK Faizova and A N. Kost, Khim Geterotsikl Soedin , 4 (1966) 561
€ 1§ Hsrayama and T Kubota, Yekugaku Zesshr, 73 (1953) 140

I Ref. 32

8 R G Garvey and R Scheele, results reported n ref. 55
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(1) Donor properties

The oxygen tn N-oxides is basic and hence susceptible to electrophilic addition by
metal 10ns, Lews acids, protons, halogens and organic electron-parr acceptors20. 1 1 and
2°1 adducts of aromatic amine N-oxides with hydrogen halides have been reported; 2.1
adducts are also obtamned with other inorganic acids of the type HX (X = ClO4™, SbClg™,
PFg~, AsFg™, SbF¢™, etc.)56-58. The 1 1 adducts are of the normal type IV, while the
2:1 adducts have been formulated as involving hydrogen bonding (V); in fact, their IR
spectra do not exhibit absorptions charactenstic of free hydroxyl groups56 ~58_ An “ab-
normal” 1:2 Nal salt with 2-picoline N-oxide has also been prepared by VozzaS6 and as-
signed structure VL
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Amine N-oxides also form molecular adducts with alcohols and phenols through intermo-
lecular hydrogen bonding A numberof | 1,2 I and | 2 adducts of various phenols with
4-nitropyridine N-oxide have been 1solated 1n crystalline formS? The infrared spectra of
adducts of this type provide a measure of the donor strength of the N-oxide. In fact, the
negative shuft of the vy mode of the alcohol or phenol, observed during adduct forma-
tion with a neutral ligand, 1s a function of the bonding formation enthalpy60.61 . Numer-
ous studies of the properties of aprotic solveat (e g CCly) solutions containing mixtures
of aromatic N-oxides and alcohols or phenols have been reported43.53,55,62-65_guccess-
ful Avgy correlations with 0, 0* and 0~ or op, N demonstrate that the o-donor strength
of aromatic NV-oxides increases with increasing contnibutions of canonical forms III, 1 €.
with increasing electron-releasing character of the substituent, as would be expected43,53,55,62
Figure | illustrates the Avgy vs Op,Nno Plot for a series of adducts of substituted pyndine
and quinolme N-oxides with phenols33:55.62_ Linear AHY vs Ay plots were also re-
ported for methanol adducts with pyridine N-oxides®S Studies of the adducts between
aromatic N-oxides and 10dine are also suggestive of an increase in the donor strength of
the oxide with increasing electron-releasing ability of the substituent366-68_ A linear log
Keq VS Opyno Plot, obtamed for a senies of 4-substituted pyridine N-oxides®?, 1s illustra-
ted in Fig. 1. Recent studies of the molecular adducts between mono-N-oxides of aromatic
diazines and 1odine led to the conclusion that the N—O oxygen rather than the second nng
nitrogen 1s the donor atom in these compounds®.
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Fig 1 Correlations of apyNO (ref $5) with (A), o, Avoy trequencies for the mnteractions of 4-sub-
stituted pyridine NV-oxides with p-methylphenol %2, e, log Keq for the interactions of 4-substituted
pyndine N-oxides with 10dine 7, (B), o and », Avpy frequencies for the mteractions of 4- and 6- (re-

spectwvely) substituted quinoline M-oxides with phenc!‘sz Avqy for 6-substituted quinoline NV-ovides
gives more satisfactory plots when correlated with the Hammett o constants

C. METAL COMPLEXES OF MONO N-OXIDES OF AROMATIC AMINES

{1} Preparation of metal complexes and some reactions between N-oxides and metallic
compounds

The majonty of the metal complexes of aromatic amine N-oxides are decomposed by
water The methods employed for their preparation mvolve, therefore, interactions be-
tween [igand and metallic compound in non-aqueous solvents! In certan cases, organic
dehydrating agents, such as triethyl orthoformate 70 and 2, 2-dimethoxypropane 7%, have
been utilized erther for the dehydration of hydrated metal salts or even as interaction me-
dia Crystalline metal complexes with N-oxides are usually rather easily obtained and a
large number of compounds of this type are stable in the atmosphere. Descriptions of the
vanious synthetic methods employed for the preparation of N-oxide complexes are, thus,
considered unnecessary, special synthetic procedures or handling precautions required for
certain metal complexes will be mentioned in the approprnate sections

Synthetic procedures for mixed N-oxide—m-higand Pt complexes of the general type
(A)P1Ci,(L) (where A = alkene, alkyne, styrene, vinyl ester or CO and L = aromatic
amine N-oxide) 7279 were described n detail 1n a previous review? Analogous Pd" com-
plexes are more difficult to 1solate, owing to their lower stability, nevertheless, a series of
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complexes of the type [(C,H;) PdCl,L] (L = CsHsNO and substituted derivatives) was
obtained by interaction of [(CyH4)PdCl,], with an aromatic N-oxide 1n dichloromethane,
under an ethylene blanket at low temperatures 80,

In certain cases, the aromatic N-oxides react with labile metallic compounds. Thus,
when VI salts interact with excess NV-oxide, erther in the presence of air or under inert
conditions, part of the ligand 8183 may cxidize V3* to VO2* Reactions of V(CIO4),
with vanous pyndine N-oxides, under inert conditions, resulted in the formation of N-
oxide complexes of the VI salt, contamnated with major or minor amounts of VO(ClO4),-
N-oxide complexes82 Pure VO(C10,), - 5C5HgNO was prepared from VCly, CsHgNO and
L1ClOy in ethanol in the presence of atmospheric oxygen8! On the other hand, VO(NCS),
+nCsHsNO (n = 4, 5) and VO(NCS), - 4(4-CH3C5H4NO) were obtaned by reaction of
V(NCS); and aromatic N-oxide, under mnert conditions83 The following redox reaction
was proposed for these mteractions83, where Z = H, CH;

V(Z-C5H,NO),,(NCS); — VO(Z-C5HyNO),,_;(NCS), + { Z-CsH,N + SCN} §))

Redox reactions of the above type have been widely utilized for the deoxygenation of
aromatic N-oxides, for synthetic purposes?? Reactions of aromatic N-oxides with P!
halides 1n organic solvents lead to the formation of the corresponding amines and PV oxo-
halides; the reactions most probably involve formation of a PX;—-/N-oxide adduct as an
mntermediate 84

CsH5NO +PCl; - [CsHyNO-PCly ] - CsHgN + POCl, @

Other reducing agents, reportedly deoxygenating N-oxides, are ferrous salts35, sodium
hydrosulfite or sulfite, NaBH, + AICl; (ref 86), NO (ref. 59), Fe or Zn powder 1n acetic
acid 87 or alkaline mediaS?. sulfur (1n liquid ammonia), sulfur compounds®8 (e g mercap-
to compounds, thiourea, S;Cl,, CgHgSCl), etc. Sulfur dioxide, which reportedly forms a
1 1 adduct with tnmethylamine N-oxide 1913 can reduce aromatic N-oxides only under
certain reaction conditions8% Mixtures of triphenylphosphine and an aromatic amine N-
oxide react at 230°C, yielding tnphenylphosphine oxide and the corresponding aromatic
amine %0 Neutral phosphute esters are not very effective deoxygenating agents for N-
oxides 84, however, the reaction goes to completion when triethyl phosphite is used in
combination with a peroxide and oxygen?!. Reaction of aromatic N-oxides and N, N-
dioxides with PClg, POCl5 or KCN leads to deoxygenation of the amine oxide and simul-
taneous wmsertion of halogen or CN groups at the 2- or 4- ring position?2-9% Intermediates
of the types L+ PClg (ref. 92) and (L)P(O)Cl, (ref. 93) (L = amine N-oxide) have been
proposed for N-oxide reactions with PClg and POCl; respectively. Pyndine N-oxide reacts
with CgHMgBr in tetrahydrofuran to yield 1-hydroxy-2-phenyl-1,2-dihydropyndine, the
quinoline analog can be obtamned by a sumilar reaction at low temperatures, but at higher
temperatures 2-phenylquinoline N-oxide derivatives are the main reaction products?3

Aromatic amine /V-oxides can generally displace n-higands from their metal complexes.
Thus, in addition to the displacement of ethylene in Pt! (refs 2, 72—-79) and P! (ref. 80)
complexes, reaction of pyndine N-oxide (PNO) with iron tetracarbonyl in benzene, leads
to the formation of [Fe(PNO)gl[Fe4(CO) 3], ron 15 in the +2 oxidation state in the
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cationic PNO complex8. Substitution reactions of halopentacaibonylrhentum(I) com-
nlexes with PNO yield Re(CO)3(PNO); X (X = Cl, Br, 1), while tricarbonyl(cyclohepta-
triene)molybdenum produces Mo(CO)3(PNO); when allowed to interact with PNO%6,
Finally, metailations of the aromatic ring of /V-oxides have also been reported reaction of
PNO with Hg!! acetate i glacial acetic acid yields?7 4.ClHgCsH,NO, and reaction of 4-
chloro-3-methylpyndine M-oxide with #-butyllithium results in the msertion of Li at the
6-position of the aromatic ring, via an N-oxide—Bu” L1 adduct intermediate”S.

{11] Generalities

Monodentate “oxo-I'sands”?? of the general type R,,ZO (where Z 15 a Group VA ele-
ment N. P, As, etc ) coordinate mvariably through the oxygen to metal 1ons 16—18,47,48,100-102
Only in the case of metal complexes of organomtroxide free radicals has the possibility of
mteraction of an unoccupied orbital of the metallic compound with the three m-electron
fragments N O been advanced 103 however, infrared evidence 1s generally n favor of co-
ordination of the latter ligands through the N—O oxygen 104-107 The mtrogen atom 1n
tertiary amine N-oxidss 1s devoid of a lone pair, n fact, the lone electron pair of nitrogen
in tertiary amnes 1S used for bonding to the oxygen atom during NV-oxidation, 1 e

‘;‘N + 6 = —=NO 3)

Hence, the only site available for coordination 1n tertiary amine N-oxides 15 the oxygen
atom

The aromatic rings of PNO, quinoline N-oxide (QNO) and 1soquinoline N-oxide (IQNO)
do not introduce severe steric hindrance dunng formation of cationic metal com-
plexes 16—18.53,81,82,108-121 Thys, complexes of the types [MLg]?* (1 = 2 or 3) (refs
1618, 53, 82, 108, 110-112, 117—120) and [MOLS]z* (refs 81, 114, 115} are formed
during interactions of these ligands with most 3d metal perchlorates, tetrafluoroborates
and, 1n certain cases in the presence of excess ligand, nitrates Copper(II} generally forms
[CuL,]?* cationic complexes with aromatic N-oxides, and only 1n the cases of PNO and
4-methylpynidine N-oxide were [CuLg]2* complexes also 1solated 17-122_ Although the
maxynum possible coordination numbers for complexes of 3d metal 1ons with monoden-
tate ligands are usually attained in cationic 3d metal complexes with PNO, QNO or IQNO,
the effective symmetries of these [ML¢]"* and [CuL4]%* complexes are lower than Oy
or Dyy,, respectively 123 (vide infra) This is due to the non-lineanty of the N—O—M bond
sequence, a necessary requirement of the electronic distnibution about the oxygen atom 123
Examunation of the two extreme cases of tetrahedral sp3 (for a purely single N—O
bond) 124 and trigonal planar sp? (for a double N—O bond) disposition of oxygen lone
patrs 1n the metal complexes of aromatic amuine N-oxides, shows! that the M—O—N bond
angle should lie somewhere between 108° and 120° X-ray crystal structure determmnations
of various cationic and neutral aromatic amine N-oxide metal complexes has established 125134
that the M—O—N bond angle hes between 108° and 134°. Comparison of the cationic 3d
metal complexes of unsubstituted pynidine and quinoline V-oxides with those reported
for R3ZO (R = alkyl, aryl, dialkylamino group, Z = Group VA element)100,102,135-140
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clearly shows the greater steric hindrance introduced during coordination of the latter k-
gands In fact, R3Z0 ligands usually form 4 1 complexes with divalent 34 metal per-
chlorates100,102,135-139 complexes of the type [M(R3Z0)5]12* have been reported 140
for R = CH; and Z =P The highest possible coordination numbers are, nevertheless, not
always attained 1n PNO metal complexes, for instance, Yl and Ln! 1ons form
[M(PNO)g}3* cationic complexes 13 Higher coordination numbers have been reported
for several cationic complexes of these metal 1ons with other monodentate ligands (e g
certain sulfoxides yield [YLg]3* and [LnLg]3* complexesi#l)

The presence of 3- or 4-substituents in the aromatic nng of PNO and 4- or 6-substitu-
ents in that of QNO does not mntroduce steric interference at the coordination site, thus,
{MLg]"* complexes of hgands of these types with a variety of 3d metal 1ons have been
reported8,53.82, 108 117-119 4 Ethoxypyridine N-oxide (4-EtOPNO) forms
[M(4-EtOPNO)5]2* with certain metal (Mn, Co, N1, Zn) perchlorates 142, but
{M(4~EtOPNO)6]2“’ complexes were obtained during interactions of an excess of this li-
gand with Co! and Ni! mitrates43 Steric effects become obvious mn 2-substituted and
2,6-disubstituted pynidine M-oxides 2-Picoline N-oxide (2-P1icNQ) forms [Co(2-PicNO); }-
(C104),, nvolving a trigonal bipyramidal complex cation 123,133 "and 4 1 complexes
with Nifl mtrate and perchlorate 144 However, the 2-ethylpynidine N-oxide (2-EtPNO)
yields a hexacoordinated cationic Nill complex, under the same experimental conditions 144,
QNO, which corresponds to a 2, 3-disubsututed pynidine N-oxide, behaves in a stmilar way,
as already mentioned 2,6-Lutidine V-oxide (2,6-LNO) forms 4 1 complexes with dwvalent
3d metal perchlorates (M = Mn to Zn) 145 These ligands (2-P1icNO, 2-EtPNO, 2,6-LNO)
were, on the other hand, also found to yield 6 1 complexes with the same 3d metal per-
chlorates, when different synthetic procedures were employed 146, The [Co(2,6-LN0O)s]2*
cation has been shown to exist 1n solutions of [Co(2,6-LNO),4}(C104),, contaning excess
ligand }45: 147 and in mtromethane solutions 146 of [Co(2,6-LNO),J(CIO, ), 2H,0.

2-, 3- and 4-cyanopynidine N-oxides generally form 148 6 1 complexes with Coll and Nylf
perchlorates and 2 I complexes with AgClO4 The above examples suggest that substituents
at the 2- and 6- positions of the PNO ring, although introducing sufficient stenc interference
as to cause the stabilization of lower than hexacoordinated cationic complexes with 34
metal 1ons, do not provide a severe enough steric hindrance to impede the formation of

the corresponding 6 1 complexes, the stoichiometry of the complexes obtained with these
higands depends on the synthetic method utihzed. Finally, acridine N-oxide (ANO), corre-
sponding to a 2,3, 5,6-tetrasubstituted pyridine N-oxide, forms complexes of the type
[M(AN0)4(OH2)2](C30§)2 +xH>0 (M = Co, N1, Zn) 49 Trwvalent 3d metal 1ons (1 &

Cr3*, Fe3*) yield [MLg]>* complexes with 2- and 2,6-substituted pyndine N-oxides and
ANO 145, 146,149

The steric effects of substituents on the aromaric ring of N-oxides are also evidenced
by the influence they exert on various properties of mixed N-oxide—anionic or neutral
higand metal complexes Thus, adducts of the type TiF, « 2L (or, more generaily, MX, - 2L,
X = halide 10n) with non-bulky or stenically hindered higands, such as pyridine N-oxides,
are normally ¢is-octahedral 150-153 The ¢rans-octahedral 1somers are stabilized only when
there 15 sufficient steric interaction to overcome symmetry effects and the tendency to
maximize F-to-T1 p,~d,, bonding, !19F NMR studies of adducts of this type with various
pyndine V-oxides suggest that the cus isomer is the predominant species when L = PNO,
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2-PicNO, 2-EtPNO, 2,4-INO and 3,5-LNO, however, in the case of TiF, * 2(2,6-LNO),
stabilization of the cis 1somer 1s stencally hindered, and the trans complex 1s formed ex-
cluswvely 153,

Bis-(-ketoenolato) Coll, NiMl and Cull chelates form 1solable 1.2 and/or 1 1 adducts
with aromatic amine N-oxides 154-157 Proton NMR contact and pseudocontact shift stu-
dies of these adducts in solution have established many cases of steric interference of the
ning substituents of aromatic amine N-oxides Thus, the meta-substituent in 3-PicNO inter-
feres with the Co(2,4-pentanedionato), (Co(AA),) ring system {but, presumably not
with the corresponding Ni(AA), system), restnicting the rotation of the pyridine ring 154
The stenic nfluence of the methyl substituents of 2,6-LNO m adducts with M(AA), 1s
sugpested by the fact that no proton 1s allowed to spend much of 1ts time at apogee or
perigee (1n a rotamer, having the plane of the pynidine ring perpendicular to that of the
B-ketoenolato ning, the protons at apogee and perigee with respect to the metal were, re-
spectively, defined as at 0° and 180° nternal rotation), similar effects were not observed
for the corresponding adducts of any of the less sterically hindered picoline N-oxides,
moreover, 2,6-LNO apparently forms only the 1 1 adduct with M(AA), (M = Co, Ni) 154
QNO, corresponding to a 2,3-disubstituted pyrnidine N-oxide, also forms only 1 1 adducts
with M(AA),, whereas IQNO, a 3,4-analog, forms 2 1 adducts with these metal chelates 155

Steric effects may also influence the mode of coordination of polyanions with coordi-
nating ability 1n aromatic amine N-oxide metal complexes Thus, divalent 3d metal ni-
trates generally form neutral 1 2 complexes with these ligands when stoichiometrnic
amounts of salt and ligand are allowed to interact 16, 18,110,143, 144,158,159 Complexes
of thus type (the exception being the Cull compound) with PNO and 4-substituted deriva-
twes are hexacoordinated, involving two chelating nitrato groups, as indicated by spectral
and magnetic evidence 16:18,110,143,144 [C5(2,6-LNO),(NO3),] and 1ts 2,4,6-colldine
N-oxide (2,4,6-CNO) analog were assigned similar structures 158 However, more recent
studies of [M(2,6-LNQ),(NO3),] (M = Mn, Co, N1, Zn) complexes led to the conclusion
that these compounds are pentacoordinated, involving one mono- and one bidentate ni-
trato higand 159 In fact, the electronic spectra and magnetic moments of these complexes
are suggestive 159 of pentacoordinated configurations 123,142.145,146,160_Qn the other
hand, the presence of two types of coordinated mitrate (mono- and br-dentate) is demon-
strated by the occurrence 159 of four bands (combination vibrational modes of the mitrato
groups 161,162) at 1800—1700 cm—!, compounds involving one type of coordnated ni-
trate exhubit only two bands in this region 161,162 Formation of complexes of this type
with 2,6-LNO 1s apparently due to steric interference between the methyl nng substitu-
ents and the nitrato ligands {59,

In a series of papers Muto et al discussed the effects of aromatic ring substituents on
the properties of 1 1 complexes between N-oxides and Cu™! halides 163-166, Compounds
of this type are binuclear, N-oxide-bridged, and exhibit subnormal and temperature-
depen-ent paramagnetism 167 they have been the subject of extensive studies, which will
be discussed in a later section Spin—spin coupling 1n compounds of this type primanly
occurs by means of a super-exchange interaction between the Cull 1ons of the dimer,
through the bridging oxygen atoms of the N-oxide hgands 168—170_ Prymanly, Muto et al.
found the following Although substituent Hammett o constants do not correlate with
the observed (d—d) band positions or magnetic moments in the complexes, a fairly linear
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plot of the 7, (kK) of the (d—d) band vs pe 1s obtained. Increasing spin—<pin inter-
action and occurrence of the Cu2* (d—d) transition at higher energes are generally ob-
served with ncreasing steric hindrance of the N-oxide higand. Thus for example, y.¢ and
the wavelengths of the (d—d) band maximum increase along the senes 2,6-LNO <
2-P1cNO < 3-P1cNO < 4-PicNO. These trends, which are lustrated in Table 2, suggest that
in Cull - M-ox1de binuclear complexes, the sternc factor 1s more important in determining
the extent of the magnetic mnteraction, or the (d—d) transition energy, than the electronic
effect 163-166 The importance cf the substituent(s) electronic effects is evident 1n mono-
menc N-oxide—metal complexes, in complexes of this type a variety of successful correla-
tions of substituent sigma constants to various physicochemical properties (including
linear P, of the (d—d) band in [CuL4](ClO4), vs o plots 166) have been reported, and
will be detailed in the next section

Mixed N-oxide—anionic or neutral ligand metal complexes can be obtained in a variety
of metal to /V-oxide ratios Specifically, studies of equilibria in the system Cr{ClO4)3—~
HClO4—H,0—PNO revealed that the complete series of species, typically [Cr(OH,)g_ .-
(PNO),,13*, where n = 0-6 nclusive, are formed !71. For n =2, 3 or 4 both cis and trans
1somers were obtained with separation achieved by 1on-exchange techmiques!7!. The
widest vaniety of metal to N-oxide ratios has been reported for metal halide complexes
The stoichiometnes of the complexes obtained with these salts depend on the synthetic
procedure utilized, complexes involving high metal to NV-oxide ratios have also been ob-

TABLE 2

Effects of substituents on the aromatic ring on the magnetic moments and the (d-d) transition maxr-
man 1 1 CuCly—aromatic amine N-oxide complexes163—166

Ligand Amax Heff (25°C)
(nm) (BM)
3-CIPNO 820 046
3-HOOCPNO 88s 054
3-H5C,00CPNO 825 048
4-H;C200CPNO 830 050
3-CH3COPNO 900 057
4-NO,PNO 1100 120
4-CNPNO 805 Q96
3-HOPNO 795 0.37
4-HOPNO a 0133
2-EtPNO 763 032
3-EtPNO 810 046
4-EtPNO 820 059
2,4-LNO 765 037
2-CH,OH« PNO 800 039
3-CH,OH- PNO 813 050
4-CH,0H- PNO 818 053
QNG 733 0.33
4-MeQNO 750 040
IQNO 810 051

@ Not reported
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tamned 172173 by thermal elimination of N-oxide or aquo groups from richer (in V-oxide
higands) or hydrated metal halide complexes A few ilustrate examples of certain metal
halide—aromatic amine N-oxide (L) complexes of various stoichiometries are cited here
(X = halide ligand) MCly-nL (n =1, M =Te (ref 174),n =2, M = Hf, Th, Te, Sn (refs.
174—176);n = 3, M =Zr, Pt (ref 175)), MCl3 nL (n=2,M = Fe (refs 177, 178),n=3,
M = e, Ru (refs. 177, 179),n = 5, M = Rh (ref 179)), MX, -nL (n =4, M = Mn, Ni (ref.
172),n =1, M =Mn, Co, Ny, Cu, Zn, Cd, Hg, Sn (refs 16, 167, 172, 173, 180—183),n=2,
M = Mn, Co, Ny, Pd, Cu, Zn, Cd, Sn (zefs 16, 18, 142, 167, 172, 173, 180, 183, 184),
n=3 M=Co(ref 16),n=4,M=Ny, Cu (refs 18,185}, n=5, M=Ni(ref 172),n=6,
M = Ni (refs 18, 172)), M3XcL, (M = Cu, CQ) (refs 180, 186), My XgL, (M = Cu, Cd)
(refs 180, 186) It should be noted that, in addition to the two latter types of complex,
many of the MX, - nl. compounds involving high M to L ratios are bi- or polynuclear

{11} Infrared spectra

Coordmation of aromatic amine NV-oxides through the N—O oxygen 1s manifested by
characteristic shifts of various ligand IR bands In metal complexes of pyndine V-oxide
and its substituted dervatives, vy _ generally occurs at lower frequency than in the free
higand47:48_ Coordmation of pyridine V-oxides with metal 1ons results 1n a dram of elec-
tron density from the oxygen to the metal, this leads to an increase of the energy mus-
match between the oxygen and mitrogen p orbitals and, consequently, a decrease of the
contribution of the oxygen orbitals 1n the 7 system of the aromatic ing33. The N-O
bend 1s thus weakened to some extent, this effect gives rise to negative vy _( frequency
shifts#8.53. 111 On the other hand, kinematic coupling!!! and, m the case of transition
metal 1ons, metal-to-hgand d_—p,, back-bonding would tend to produce positive vyy_go
frequency shifts In metal complexes with pyndine MV-oxides the former effect obviously
overndes the latter effects, since negative vy _o shifts are invariably observed. Metal com-
pl2xes of 1soquinohne and acridine N-oxides also exhibit negative vy _q shifts 117,149,
However, 1n 3d metal complexes with quinoline N-oxides and 4-substituted derivatives,
Vn_o 18 found erther at the same frequency as 1n the free ligand or even shghtly shifted
towards hugher frequencies 117119, This 1s mainly due to the “umpunty” of vy_g 1n
quinoline N-oxides 119, 1n fact, vyy_q 15 coupled with vibrations of the quinolne ring in
these compounds 187, Nevertheless, extensive metal-to-igand #-bonding may also be con-
tribu.ing’to this effect 117, in fact, metal 1ons with no d electrons available ford, —p,,
back-donation (e g Ti02*, Zr02*, Th**), form QNO complexes, exhibiting large negative
vp-.o Shifts 121 Transition metal complexes of 6-substituted quinoline N-oxides show
negative shufts 118 of the bands assigned as vy_q- Typical examples, 1llustrating the shifts
of ¥y_g and other IR bands of aromatic amine /V-oxide metal complexes, are given 1n
Table 3. vy _g splittings in [MLg ] and [CuL,]2* complexes with pyridine N-oxides
have been interpreted 1n terms of ligand-field symmetries lower than Oy and Dy, re-
spectively 123 (cf Sect C(vu))

Other ligand IR bands, undergoing shufts upon metal complex formation, are §yy_q
and the CH out-of-plane deformation modes*7-48.176 (Table 3). The 8y_q mode occur-
ning at 880—830 cm™1 tn the free ligands shows small negative or positive frequency shufts
in PNO metal complexes#7-48; larger and invanably positive §y_¢ shifts are observed n
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QNO and IQNO metal complexes!17-118 The CH out-of-plane deformation bands (yeg)
are generally shifted towards higher frequencies upon metal complex fonnanon”"s&(i%.
These positive shifts are due 1838 to a decrease 1n the electron density of the ring, resulting
from the coordnation of the ligand to a metal ion48. Absorptions attnbutable to charac-
teristic vibrations of substituents on the aromatic ning may also be shifted 1n V-oxide
metal complexes Thus, vo_g 10 3- and 4-acetyl-substituted pyrnidine N-oxides is shifted
towards higher frequencies in the metal complexes of these hgands*8. These shufts are
larger for the 4- than for the 3-substituted ligand, this 1s consistent with the much greater
influence of the increased (through coordination to metal ions) electron-attracting prop-
erty of the NO group on the electron density at the 4- (and 2-) ning position relative to
the 3-position, in fact, complex formation results in an inhibition of resonance structures
II of the igand 48

Metal—ligand (vys_c) vibrational modes occur47-48,53,108, 111,119, 146, 180182, 189193
n the low-frequency IR region, at 500—200 cm~! vy for a given metal 10n and N-
oxide ligand decreases with mcreasmg coordmation number (e g vp_Q occurs 108 41 366
cm~1 1n [Cu(PNO)4]2* and as a doublet at 417 and 385 cm=1 1n [Cu(PNO),]2*) (cf.
Table 3) Metal halide complexes exhibit the metal—halogen stretching vibrations n the
same frequency region, these bands are generally diagnostic of the stereochemustry of
these complexes (see, for example, ref 194). Conclusions concerning the nature of the
bridging ligand 1n bi- or polynuclear N.oxide metal halide complexes can be drawn from
the splitting of the sy _q or vy_x bands180-182.189,195,196 Raman spectra lead, of
course, to more decisive conclusions 197, especially when the nature of the bridging Ii-
gand (1 e. N-oxade or halogen) cannot be unambiguously established from IR spectra alone.
For instance, duneric V-oxide complexes of the type HglX,, for which both N-oxide
oxygen- 181 and halogen- 180, 195pr1dged structures were proposed by different groups on
the basis of low-frequency IR spectra, have been recently assigned a halogen-bridged
structure on the basis of a combimed IR—Raman study !97) Finally, N-oxide metal com-
plexes involving coordinated polyanions show bands attnbutable to the metal—polyanion
stretching vibrations n the low-frequency IR region (e g vy _q (perchlorato 193, nitrato
or sulfato15% 198) . or vy (thiocyanato!59:199) etc ), sphittings of the fundamen-
tal vibrational modes of the 1onic polyantons are also observed in the IR spectra of com-
plexes of tlus type

The frequencies of various IR bands of free and coordinated aromatic amine N-oxides
are influenced by the inductive effects of substituents on the aromatic ring vy _o Vs @
plots are linear for 4-substituted pyndine N-oxidesS3:55:108 a5 already mentioned Suc-
cessful correlations of »y_o with o constants have also been reported for the complexes
of 4-substituted vyridine N-oxides with several metal 1ons53.108, 190,191,200,201 Meta]
1ons reportedly showing linear vy _q vs. o plots for their 4-substituted pyridine N-oxide
complexes are Mn'l to Znll (refs 53, 108), TolV (ref. 190), ZrIV (ref. 191), UOZ" (ref.
200), and organo-tin(IV) and -lead(IV) 10ns201. Characteristic plots of this type are llus-
trated 1n Fig. 2 and Table 4. Nevertheless, in pyndine N-oxide complexes wath other met-
al 10ms, vyy_g was found nsensitve to substituent vanations82.108,202-205 (Table 4),
metal ions showng thus tr nd are” vanadium tons (VII, VIV, VO2*) (refs 82, 202, 203),
Crlli, Felll (refs 108, 205), Sn** (refs. 203, 204) wy_q 15 also rather insgnsitive to sub-
stituent vanations m TiCly complexes with pyndine N-oxides293, but the corresponding
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Fig 2 Correlations of opyNQ (ref 55) with uN_O frequencies of 4-substituted pvridine N-oxides and
theiwr metal complexes. o, free 4-Z-PNO (ref 53), s, [N1(4-Z-PNO)¢} (C104); (ref 53}, X, Ti(4-Z-PNO}),F,
(ref 190), Z, V(4-Z-PNQ)2 4 (ref 192)

TiF,4 complexes produced a linear vy_g vs o plot190. In (A)PtCl,(L) (A = alkene or CO,
L = PNO and denvatives) complexes, vy_q 18 sensitive to the inductive effects of substitu-
ents on the aromatic ing%77. The vo—¢ or vc modes of the 7-ligand are virtually in-
sensitive to these effects?: 73,72 Trans-axial coordination (relative to the vanadyl oxygen)
of one aromatic amine N-oxide ligand to the VIV 10n 1n bis-(B-ketoenolato) oxovanadmm(IV)
chelates results 1n negative shifts of the V=0 stretching vibrational mode 206208 Ay
(1e vy_g (in the onginal pentacoordinated chelate) minus »y_q (in the hexacoordinated
N-oxide adduct)) was quite successfully correlated to 4-substituent Opyno COnStants, m
addition, linear plots of Ary..g vs —AH (reaction enthalpy) and —AH vs. OpyNno Were
reported 206-208_ In analogous uranyl complexes the U—O (uranyl or g-ketoenolato) vi-
brations are msensitive to the effects of 4-substituents on the pyridine rmg?ﬂg, but vy _

in UO,%* complexes with aromatic N-oxides is, generally, sensttive to these effects 209,210
For cattonic complexes of the unsubstituted pyridine NV-oxide with 3d metal 10ns a linear
vN_Q VS- VM- Plot was reported, for divalent 3d 5-19 metal 10ns (Mn!! to Zn) the order
of increase of uN,,(l, (or vy _g) follows the usual pattern of increasing higand-field stabili-
ties for this series 111 In the quinoline N-oxide series, no correlations of vy_g to o con-
stants or other parameters have been generally attempted, in view of the “impunty” of
this IR band (vide supra) 187,

Vp—o bands in aromatic amine V-oxide metal complexes are generally sensitive to the
inductive effects of ring substituents, furthermore, they are inherently more sensitive than
vn_o to metal-to-ligand (or higand-to-metal) m-bonding !9 Linear vyy_¢ vs @ plots for
4-substituted pyridine N-oxide complexes with metal 10ns with no d electrons available
for back-donation (1 Ti**, Zr**) ord! systems (V4*) were reported190-192;p,, . in
complexes of this type increases with increasing electron-releasing property of the sub-
stituent 190-192 (Fig 3) No correlation was, however, found in similar plots of the cor-
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Fig 3 Correlations of opyNQ (ref 55) with vpg_ o frequencies of 4-substituted pyndme N-oxide met-
al complexes ( %1(4-2 -PNO};Fs (zef 190}, e, V(4-Z-PNO),F4 (vef 192), Z, Zr{(4-Z-PNO);F4
(ref 191} (——-) X {Nl(4~Z PNO) | {C104),, linear trend, reported by Herlocker et al

(=—s—~—3, V-shaped trend for the same senes of N1 comple*(es, obtamed by using the vyg_ ) assign-
ments (+} made by Whyman et al for the 4-PiICNGO cmnpiet . 98 and by Nathan and Ragsdale for the
4-MeOPNO complex !?

responding TiF 4, complexes with 4-substituted quinoline N-oxides; this was attributed to
strong coupling 204, Herlocker et al. reported hinear vy, vs o plots for [NiL¢ }(C104),
complexes with 4-substituted pyridine N-oxides S3(F 1g 3) In these complexes vy, _g -
creases with increasing electron-withdrawing ability of the substituent, owing to Ni-to-
higand back-donation. This was attributed to an mcrease in the energy of the ligand #* or-
bital with decreasing electron-withdrawing character of the substituent. Thus, although
the o-bond mitially formed between nickel ton and ligand becomes stronger with 4-sub-
stituent vanation along the series NO; < COCH; < Cl < H < CH3 < OCH;, the overall
strength of the Ni—-O bond increases in the réverse order, owing to mcreased mickel-to-
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Jhgand rm-bonding with decreasing encrgy of the =® orbital 33, Whyman et al. found similar
linear trends in vy vs o plots for the corresponding Ce'Mt, Fe!l' and Colt complexes;
however, the vy, values for the 4-methyl-substituted hgand were always high 198, More
recently, Nathan and Ragsdale obtamed V-shaped vy () vs 0 plots for Critl, Mall, Fe!ll
and Zn'! perchlorate complexes with 4-substituted quinohine V-oxides 11? A reexamina-
tion of the low-frequency IR spectra of d-methoxypyndine V-oxide-Col!, -Nilt and -Zn!!
perchlorate complexes revealed that two bands having all the charactenstics of vy ¢ oc-
cur at 300 280 and 422 310cm ! (et 119). The lower frequency bands have

been assigned as vy () dunng carhier studies 33108 jcqonment of Py o 31422 410cm
would lead to V-shaped plots 119 (Fig. 3) V.shaped trends of this type were interpreted
1 terms of combination of two competing cffects, i ¢ for electron-releasing substituents,
the basicity of the hgand s the factor determiming the M O bond streagth, while for
clectron-withdrawing substituents the 7-bonding effect is predonnant '1? More recently
sinular V.shaped trends were reported for FeCly and Fe(ClOy4)y complexes with 4-sub-
sututed pyndine N-oxides, morcover, the assignment of vy, 1n the FeCly+ 21 complex
with 4-methoxypyndine N-oxide at 440 ¢cm ! appears to be unambiguous, as no band
with the charactensucs of vy, (, was observed at 350- 290 cm ! an this complex 205,
Also, vy, ¢ vs. o correlations could not be made for Snk ¢« 21. complexes with 4-subst-
tuted pyndine and quinoline AV-oxides, as well as TiF 4+ 21 complexes with the quinoline
N-oxide senies?™ . 1n the case of Snky complexcs, the change of vsn o With substituent
vanation was attibuted to back-donation from $nfY to hgand. increasing with the increase
of the clectron-withdrawing atnlity of the substituent, and counterbalancing the sigina
nteraction to reduce the v, o range 2% Thus, both Zn" (ref. 119) and $Sn'V (1ef 204),
which have filled outer d-shells, appear to be non inert to metal-to-ligand back-bonding
Michelson et al. comment also on the possible ambiguity of s or frans stereochemical
assignments on the basis of IR evidence alone 2% (scc also ref 211) A charactensuc
example for aromatic amine V-oxide complexes is provided by the case of (CH;y);8nX5-
(PNO), (X = halogen) complexes IR evidence scems to pomt to ¢is configurations 212,
but the crystal structure deternunation of (CH ), SnClL(PNO), established the location
of all paits of wWdentical higands in trans positons !

{v) Electrome specitra

Hexacoordimated first-row transiion metal complexes with PNO and substituted denv-
atives exhibit clectronic spectra, which may be convemently divided mto three regions 213
(1)45,000 29.000cm "1, (2) 29,000 21.,000cm !, and (3) 21,000 -5.000cm !
Region 1 contains the 7 2® and 7 #°® transitions of the higand (vide supra). High-spin
PNO complexes with 3d metal 1ons exhibit the 7 -7 transition at lower energies than in
the free ligand (Table 5)2'3. 4-Nitropyndine N-oxide analogs show a shuft of the 7 -n®
band towards hugher encrgies?!? These trends concern solid-state spectea. in acetonitnle
solution the UV spectra of these complexes were identical to those of the free ligand, with
the exception of Crii! complexes, in the latter case the kinetic stability of the d3 chro-
nuum ton precludes dissociation duning the course of the measurement 213, The dissocia-
tion of aromatic amine N-oxide metal complexes in various solvents (acetonitnle, nitro-
methane etc.) has also been pointed out by Herlocker et al. 33, Acetonitrnile solution spectra
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TABLE S

.
ftuse teflectance spectsa of pyndine M-ovides and theu metal complenes i the ultiaviolet tepran 3

Compound vd

(xK)
PNO 3194, 3038
[CriPNO) J(C1O4 )y 8o
[T c(PNO), J(C1O4) I 529 15)
[Fe(PNO), [(C10O4) 813
[(‘o(p.\n’o)al(("‘o;); IR1(29 7%)
[Cu(PNOY J{CTI04); 389
[Zn(PNOD)61(C104); 385 (3223)
[NHS-PeNOY, 1C1O,) 388 (3129)
4-NOQR PNO 424, 3058¢
[} el NO3PNOY, [ (C10,4); 437,30 85 €
INHR-NOPNO) JCI04) 2 44 25,31 0¢
[Culd3-NOFPNOLJ(C10y) 424, 31 08¢

4 Shoulders in parenthescs
by 2% anunon
€ The band at 30 31 kK 1w assocated with the mitro group

of PNO and ONO complexes with Ti07*, Z:0?*, Thi* and U()zz' perchlorates exhibit
7 =° transition shifts towards higher energies 14116120 The higand i 7* transiion 1s
not observed in the UV spectra of aromatic V-oxide metal complexces H14. 116,121,213
bands observed 1n certain 3d metal complexes with PNO at 33,000 29,000 cm ! (Table $)
are unlikely to be due to this transition, which should be of high encigy in metal com.
plexcs 213

Region 2an octahedral 3d metal 1on complexes contains low-lying charge-transier bands
and. for certan metal 1ons (e g Ce3* Ni2%), hugher encrgy (d of) bands2!3 Carhin, in one
of the eather studies of transition metal perchlorate complexes with PNQO, pointed out the
unusual yellow color of the Mn'! complex and ascnbed it to the presence of a low-lying
charge-transter band!7 The onset of the charge transter for the senes of IMLG)™ (M -
G M2t Fed* Co N2 and Cu?®) and [Cut ] 2° complexes was observed 17 at
3875 S000 A Lever and co-warkers discussed the charge-transter spectra of divalent
34 metal complexes with pyndine N-oxides in detail 713219 With PNO the charge.
transter band moves to ligher encrgy n the sequence Ma#t < Nt - Fell = Colt -< Cult,
the fact that the species most difticult to oxadize (Cull) hies at highest energy suggests that
the charge transter s from metal to higand 213 Introduction of electron-withdrawing sub-
stituents ( NO,,  COO etc ) at the 2- or 4- ning positions resuits 1n considerable shifts of
the charge-transfer bands towards lower energies, thus, an increase in the acceptor abihity
of the hgand icads to a decrease in the encrgy of the charge-transfer band, as would be ex.
pected for metal-to-ligand charge teansfer 213 In picolimic acid N-oxide dwalent 34 metal
chelates the encrgy of the charge-transfer band increases <15 along the series Fell < Colt
< Nilt <Mn? < Cu't In the cases of Cri'Mt and Fe!'! complexes, shoulders observed on the
nsing absorption of the UV band were not assigned by Lever and co-workers 213 In tugh.
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spin complexes, the lowest energy metal-to-ligand charge transfer was assigned as follows:
ty, * w* for db -d3 and db-d*® systems; and e, > 7* for ¥, d% and d? sy“sxcmsz” Rato-
natization of the data was made by using, for the first time, the optical clectronegativity
approach for the elucidation of metal-to-ligand charge-transfer spectra2!3. This method
had been successfully used by Jérgensen et al. for the exgl;mation of the ligand-to-metal
electron-transfer spectra of metal hexa- and tetra-halides 216 Selected optical clectronega-
tivity data for divalent 3d metal complexcs with aromatic amine V-oxides are shown in
Table 6. The encrgy of the metal-to-ligand charge-transfer band, corrected for changes in

spin-pairing encrgy is given by

vl = 30,000 (Xopr(M) — Xopt(LD) *)
and
vy = ver - OSPE +nDg )

where x,0((M) and x,5,(L) are the optical electronegatvities of the metal 1on (in the
stercochemical environment of interest) and the higand, respectively, ASPE s the change
in spin-painng energy from the ground state to the excited state; n = 6 for e, > 7* transe
uons and nn - 4 for ¢y, = 7™ transitions, and [)q 1s the higand-field parameter2!? The
charge-transfer bands in aromatic amine N-oxide metal complexes were, therefore, assigned
as fy, = #* transitions for Fell, Col! and Nill and as e, - =* transitions for Mn!! and Cul!
complexes 213, (cf. Table 6). It should be noted that a pure @, symmetry was assumed

for the hexacoordinated N-oxide complexes for the purposes of these studies 213 a).
though these compounds are not octahedral 123 (vide infra)

Region 3 contains exclusively crystal-field (d--d) bands Earlier reports on electrome
spectra of cationic 3d metal complexes with aromatic N-oxides and determinations of
hgand-field parameters 7. 110. 217,218 yere based on solution spectsa However, aromauc
amine V-oxide metal complexes are dissociated 1n solution $3213 45 already menuoned;
thus, reliable data can be obtained by spectral measurements either in the sohid state (re-
flectance or mull spectra) or in solutions contaiming excess N-oxide ligand Room-tempera-
ture sohid-state electronic spectra of [ML,]"* complexes with aromatic V-oxides exhubit,
in certain cases, sphitting of the (d-d) bands 198, at low temperatures (- 1967) thus sphtuing
15 resofved 1n two distinct peaks, in addition, other (d—-d) bands are split in the low-
temperature spectra 23 (Table 7). This sphitting 15 indicative of the presence of lower sym-
metry components in the higand field 123 (cf. Sect. C(vu)). Table 7 shows the electronic
spectra of a number of hexa-, penta- and tetraceoudinated complexes of 34 metal perchlo-
rates with aromatic amine N-oxides Band assignment and calculations of higand-field param.
eters pven 1 Table 8 for hexacoordinated complexes of this type were generally based
on the assumption that these cationic complexes are purely 0y,. Caution must be exercised
in assigung the higher energy (d-d) bands, since they may overlap with the charge-transfer
band in this region

Reedijk ' calculated the hgand-field parameters for hexakis-PNO cationic 3d metal
complexes from low-energy (d-d) bands (see ref. 219). Comparison of the Dq values of
PNO wath those of H,0 and dimethyl sulfoxide (DMSO) towards octahedral dwvalent 3d
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TABLE 8
Ligand-field parameters for [MLg}{ClO4)y, complexes with aromatic ammne N-oxides

Metal jion Ligand Dq e Ref.
cm—1)

Ce3t 4-MeOPNO 1613 076 108
4-PicNO 1600 075 108

PNO 1587 077 108

4-CIPNO 1575 071 108

2,6-LNO 1686 145

4-MeOQNO 1600 0173 119

4-MeQNO 1558 072 119

QNO 1618 083 119

4-CIQNO 1562 080 119

4-NO,QNO 1575 119

ANO 1590 149

Mn?* 4-MeOQNO 710 076 119
4-MeQNO 747 078 119

QNO 703 077 119

4-CIQNO 690 078 119

FeZt PNO 930 111
Fe3t QNO 1373 119
Co?t 4-MeQPNO 950 088 108
2-PicNO 657 096 146

3-P1cNO 898 5 082 146

4-PicNO 950 0.88 108

906 08s 146

2-EtPNO 657 0955 146

PNO 950 088 108

890 0 80 111

4-CIPNO 950 088 108

4-NO,PNO 940 0389 108

2-CNPNO 996 080 148

3-CNPNO 1010 094 148

4-CNPNO 986 080 148

4-MeOQNO 835 094 117

4-MeQNO 971 094 117

QNO 976 097 117

IQNO 979 094 117

4-CIQNO 955 093 117

4-NO,QNO 965 098 117

N2t 4-MeOPNO 800 098 53
2-PicNO 780 0935 146

3-P1cNO 800 091 146

4-PicNO 794 096 53

833 090 108

PNO 794 097 53

826 091 108

820 081 11l
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TABLE 8 {continued)

Metal 1on Ligand Dgq ge Ref
(ecm™")

Ni2F 2-EtPNO 780 0935 146

4-CIPNO 786 092 53

823 093 108

4-NO, PNO 830 53

823 095 108

4.CH3COPNO 784 083 53

3-CNENO 808 087 148

3-CNPNO 826 089 148

4-CNPNO 813 082 148

3-MeOQNO 835 094 117

6-MeOQNO 813 088 118

4-MeQNO 826 079 117

6-MeQNO 809 0.88 118

QNO 790 084 117

IQNO 805 083 117

4-CIQNO 842 089 117

6-CIQNO & 785 084 118

6-BIQNO 811 079 118

4-NO,QNO 874 078 117

6-NO,QNO 824 087 118

cut PNO 1220 111

2 3= B (complex)/B {(gaseous 1on)
b Tetrafluoroborate complex

metal 1ons produces the spectrochemical series!11: 127 DMSO < PNO < H, O, although
vpro values mdicate that DMSO 1s a generally stronger igand than PNO 220 Dgq values to-
wards octahedral Crll are suggestive of the spectrochemical series 108:221 DMSO =~ PNO
< H,0 The nephelauxetic series for Coll and N1l has the sequence 11! PNO < DMSO <
H,0 Unsubstituted aromatic amne N-oxides compare as follows 53,108,111, 117-119, 149
1n the spectrochemical series towards Oy, Crill. PNO = ANO < QNO, towards 0y, Coll
PNO < QNO < IQNO, and towards O, Nill PNO =~ QNO < IQNO 4-Substituted pyrnidine
N-oxides exhibit a trend of decrease of Dg towards @, Crill, Coll or Nill with decreasing
o-donor strength of the ligand (1 e increasing electron-withdrawing ability of the substitu-
ent)53.108 However, 4-NO,-PNO shows the highest Dg value33 towards Nifl. In the quino-
line N-oxide series, mtroduction of 4- or 6-substituents in the aromatic ring results i gen-
erally higher Dq values towards Oy, Coll and Nill relative to those reported for the corre-
sponding 4-substituted pyridine NV-oxides 117,118, One explanation advanced nvolves con-
sideration of a lowering of the quinoline N-oxide’s #* orbitals relative to those m pynidine
N-oxides, so that there would be more metal-to-ligand back-boading 1n the complexes of
the former ligands!17 Dg (for O), Ni¥) vs o plots for 4- and 6-substituted quinoline V-
oxides show a V-shaped trend 1 17-118 however, the 4-chloro- and 4-nitroquinoline N-
oxides exhibit lower Dq values towards O, Col! than QNO 117, while Dgq towards Oy, Crlll
for 4-substituted quinoline N-oxides increases along the series 119 4-CH3 <4-C1 < 4-NO,
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< 4-CH30 < 4H The effects of the same substituent at defferent ring positions have been
reported for cyano-substituted pyndime N-oxides' Dg towards (,, Colt or Nill and v, )
ot vy,_q are gencrally highest for the 3-cyano denvative, increasing in the order 4.CN <
2.CN < 3.CN with the exception of the Dq towards O;, Nill, which gives the senes 33
2.CN < 4.CN < 3.CN Analogous data for 2., 3- and 4.alkyl-substituted pynidine V.oxides
are not avaldable 2,6-1.NO exhtbits a nigher g value towards (), Cel than any mono-
dentate pyndine V-oxide hgand studied thus far 145 this value 1s lower than those reported
for tnmethylamine NV-oxide (TMNO) 1% and the chelating agent picolimic acid V-oxide
(PicANO) 215, The spectrochemical sertes towards 0, Crll for the latter two higands and
a number of aromatic amine V-oxides 1s” 4.CH3-QNO < 4.CI-QNO < 4-NO,-QNO ~
4CI-PNO < PNO < ANO < 4-CH;0-QNO = 4-CH;-PNO < 4.CH,0PNO < QNO < 2,6
LNO < TMNO (Dg = 1740 cm 1) < PicANO (Dg = 1755 em ~1)100. 108, 119,145, 149. 215
Elcctronic spectra have also been reported for a vanety of other hexa., penta- and tetra-
coordinated neutral and cationic complexes with aromatic anune Noxides (1) e p.
VCly - 21 (ref. 222), VOX, - nL (X = CL Br, NCS, ClOg.n = 4 01 5)?73 FeCly-nl.(n -
2, )77 {Co(2PicNO) [(C104), (octahedral, mull and solution spectra) 224,
[Co(2-PieNO) g (C104), (tngonal bipyranmdal) 23, CoCly - 21 (tetrahedral) '8, CoCly - 31,
(ref 225), Co{NO, )5+ 2L (el 226), [N1(2,6-1.NO)4 J(C10O4); (square-planar, diamagne.
e M3 and 1ts paramagnetc nomer) M6 193 CuX, - Land CuX, 21 (X halopen) 163 166,227
In dimenc CuX, - L complexes the position of the (¢ d) band depends on the stenc elfect
of substituents on the aromatic nng!®? 106 4 alicady mentioned (¢f Table 2)

(v) Mugnctic propertics

Cupric halide complexes with aromatic anune V.oxides have been the subject of exten-
sive magnetic and structural studies, which were recently sunmmanzed by Watson 167 (cf.
Table 9 for examples) Binuclear complexes of the types [Cul.X5]5 and [Cul, X5 ], 0 =
aromatic atmne Moxide, X - Cl, Br) almost invanably exlubit subnonnal and temperature.
dependent magnetic moments [Cu 3(.‘]6(2-5’|c?\’())_,(()ll_,)2|n also shows subnormal para.
magnetism These compounds normally contain bridging .V-oxide hgands and their demag.
netization has been generally attnbuted to spin spin couphng OCCUININg v1a a superex-
change mechamsm operating through the orbitals of the bndging oxygen atoms (tels
129, 163 170, 186, 228 239) Rclined X-ray structural data favor a = mechamsm for
this interaction 23 The magnetic suscepuibility of the Cu! 1ons in these bi- or polynuclear
complexes can be fitted 1o an equation which s denived from a sunple scalar interaction of
the form  2/,.8,-5,. For a binuclear complex the exchange energy J 1s the scparation be-
tween the singlet and tuplet states generated by the scalar interaction The interaction s
usually antiferromagnetic and the ground state s the singlet 237, The temperature depen-
dence of the paramagnetism of complexes of these types was established during a number
of studies 169.186.229.230,236.237. 5 generally subnormal in the 80- 450°K region,
tor example 230,y (B M) for (Cu(PNO)Cly )5 016 at 140°K, 0.62 at 293°K. 1 01 at
448°K. and for [Cu(PNO),Cl]; 032 at 263°K, 0 52 at 307°K, 0 82 at 395°K The
tnplet state was found to be appreciably populated at temperatures below 195°K, in most
cases 19 The magnetic propertics of these Cull complexes were suggestive of bi- o1 poly-
niclear structures, involving budging V.oxade ligands, a sernies of crystal structure determina-
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tions established that this 1s indeed the case 125,127,129,240-243  gipctures VII and
VIII (L = aromatic amine N-oxide; X = halogen)

L
e Neu?” el Neulx
X/ ~N, Ny L/ \L/ \X

VII VI

have been respectively estabhished for binuclear 1:1 and 1 2 cuprnic halide complexes with
aromatic amine NV-oxides 125:129,241-243 A more recent refinement of the crystal steuc-
ture of [Cu(PNO)Cl, ], led to the conclusion that the compiex consists of oxygen-bndged
dimers VII held together by weak chlonde bridges240. However, 35Ci NQR studies of
this complex suggest that chlonde bndging between adjacent dimers does not occur 244,245
It should also be noted that Hyde et al obtained a better fit of magnetic susceptibility and
EPR data for thus complex by assuming the presence of small arnounts of the monomenc
Cu(PNO)Cl, species in their samples 235, [Cu;Clg (2-P1cNO),(0H,), ], consists of an
wnfinite cham of 1-1 dimers (structure VII) joined by chlonde bridges to Cull 1ons with
distorted octahedral geometry 127

The majonty of CuX, « L complexes with aromatic N-oxides (X = halide 10n), as well
as thewr 1 1 adducts with other ligands (e g H50, DMSO, N, N-dimethyl formarmmde) are
magnetically subnormal 163-167,228,229,234_ A pumber of chloro- or mitro-substituted
quinolme and methylqumoline N-oxides form magnetically normal 1 1 complexes with
Cull halides186:233,246,247 (¢ g [Cu(4-NO,-QNO)Cl,], with proer (BM ) =198 at 4 2°K,
and 2 08 at 299°K (ref 247), however The magnetic behavior of the latter complexes was
attributed to halide-bnidged dimenc structures by Hatfield and co-workers 186 while
Muto and Jonassen assumed oxygen-bridged structures for these complexes and mnterpreted
their normal paramagnetism 1n terms of the electron-withdrawing effect of the nitro or
chloro substituent on the bnidging oxygens 233,

2 1 N-oxide—cupric halide complexes are, 1n most cases, monomenc and magnetically
normal (Table 9) However, the PNO complexes of this type are binuclear (structure
VIIN) 241,243 while for the 4-P1cNO analogs, two 1somers have been 1solated a yellow
oxygen-bridged dimer, VIII242, and a green rrans monomer !67 The magnetic moments
of the above binuclear complexes are subnormal (Table 9) The PNO and QNO 2:1 com-
plexes with Cull nitrate are also binuclear, with a structure similar to VIII (X = —ONO, in
this case), involving a tetragonal pyramidal symmetry 126 These complexes are, neverthe-
less, magnetically normal 16 168,230 (Table 9) Recent magnetic susceptibility and EPR
studies of [Cu(PNO),(ONO,), 1, suggest that this compound represents the first authen-
ticated example of exchange-coupled Cull 1ons with a tnplet ground state248 The ex-
change coupling 1s a g-orbital mechamism which 1s transmitted through the orbitals of the
bridging oxygen atoms by electron transfer plus intraatomic direct exchange 248 (see also
ref 249) Finally, EPR studies of mixed metal 1on dimeric complexes of structural types
VI1I and VIII (where the one metal 1on 1s Cull and the other 1s Zn™, Nill, Cd!, Pb¥ or

Ball) have also been reported 250,251
The magnetic properties of aromatic amine N-oxide complexes with the halides of
other 3d metal i1ons are generally normal for high-spin configurations and the stereochem-
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TABLE 9
Types of copper (11) halide complexes with aromatic amine N-odes @

Compound Hefl Ref

(BM)
1 1 complexes
[CuPNOICI3 ) 0591 06 16, 167, 168, 228
{CuQONOYQ13 5 0.0 36 168, 228, 230
[Cu(4-NO; PNO) Bey |3 045..1.77 129, 164
[Cu(3-NO2-6McQONO) Bra |y 172 186
Adductsof 1 ] complexes
{Cu(PNOMDMFIClz] 3 & 053 228
[Cu (PNOIDMSO)Be, |4 b 112 228
2 I dimeric complexes
{Cu(PNO)Clz |2 046063 129, 230
[Cu(#-PrxNO)1Bry ]2 133 229
Trans 2 1 monomers
fCu(2-PieNO ) (15 ) 193 167
[Cu(2,6-LNO);Cl3 ) 1 90 129
[Cu(ONO);Cla ) 1 88 230
Dsgorted cis 2 1 monomers
[Cu(2,6-1L.NO¥;Cly | 19 186
2 1 CuBrz maonomers
{Cu(2.6-LNO)3Bry ] 204 129
{CulQNO) B4} 196 230
Adducts of 2 1 monomers
[Culd-NO3 PNO);(0OH,);Clg ) 196 230

Polynuclear complexes

[Cu3Clg(2-PeNOY (OH )3 | 122 167
[Cu3Cle(4-CIQNO); | 207 186
[CusCla(3-NO3-6-McONQ)3 | 191 186

@ See ref 167 for a complete Table
b DAF = N, N-dimethyl formamide, DMSO » dimethylsulfoxide

1stry of each complex. However, a number of Mn!! complexes of the type MnLCl, show
low pegp (5 40-5.60 B M) for this metal 10n, these compounds are bi- or polynuclear and,
most probably, chlonne-brndged 182, [Colg}?* catonic complexes with N-oxides show
magnetc moments !23 of 4.70-4.80 B M. Thesc moments are low for purely O, configura-
tions and suggest a loss in orbital degeneracy of the ground state (4 T)g). caused by lower-
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symmetry componcnts in the hgand ficld P31V N analogs extubit moments of 3 30 B.M.
or shphtly hygher, these are alsoandicative of the presence of distoruon from an octahedral
environment 123 The paramagnetsm of complexes involving ML, )" (M = Cr3*, Mn2,
Fe?* be'. Cu?) or (Cul ¢]2* cations s nommal for high-spin contigurations
[CO2-PIcNO)YJCI0,) shows a moment (4 S8 B M a1 20°C) consistent wath a high-spin
tngongl bipyramdal contiguration 23 The violet [N1(2,6.1L.NO), 1(C104), complex 1s
spin-parred (diamagnetic) and somorphouc withats Cull analog, both these compounds
involve square planar MOy moicties 133 The corresponding Coll and Fe!! complexes also
appear tonvolve square planar MO, moteties 195173 the Fel! complex exhibits 2 halt.
quenched spin (S = 1 g 3 KR8 B M) while the coll compound as of the spin-fice

Ber = 4 73 B M) type "¢ High span, squate planar Colt complenes are unusual, in sdds-
tion to the above compound high.spin Coll complexes with 1. 2-bis(mercapto)o.
catborane *2 and o-hydroxyany! aldehydes ot ketones 253 were also charactenzed as
square-planar in recent years Furthermore, 1t has heen pointed out that a donor set of
four oxygens aught produce a higand ficld of intensity insutticient toinduce spin-painng
i planar Colt compounds 233 arbital contnibutions leading to moments hugher than 4 70
B M can be explained if the energy orderd .. d . > d.:. which gives a ‘f," ground state
s assumed 7MY Paramagnetic vellow or grecn complexes of the type Nil ((ClO, (1 2.
PIONO or 26 ENO i - 316 and 2 RIB M respectively H4.130) 406 penta (ret 193)
orhexa: (refs 144, 136) coordinated . a monomene structure. involving coordinated
perchlorato higands V3¢ and bi- or polynudlear stiuctures, mvolving V-oxide-budged coumn-
plex polycations 13417 have both been proposed tor compounds of this type

(vt} Qther properties

(@) Conductances

Corductivity mcasurementsan suitable solvents (¢ g mittome thane, mitrobenszene, ace:
tomitale) are, i most cases, in agreement with stiuctures suggested by other data Thus,
many metal hahide - V-oxide complexes in high metal-to-hgand ratios appeat trom their
other properties to be neutral, and behave. 1n fact, as non-clectrolytes in solution 16,18
In the case ot Felll camplexes. FeCly - 2PNO exhibits low trequency IR and Raman bands
typical of the tetrachloroterrate (1) amon, and was formulated as [Fe(PNO) ClL | FeCly ).
this complex behaves as a 1 1 electrolyte in solution ' 77 FeCly - 3PNO. on the other hand,
13 a non clectrolyte in solution, does not exhibit bands attnibutable to the presence ot
(FeClg)  and was formulated P77 as [Fe(PNO)Cly ] Cauonic complexes of the type
[IMLL[X]),,, (X -ClOg, BF g . n =3, Sor6,.m =2 3)chow conductances consistent with
thew formulations 16 18123135 1a0n (0 6. LNO)(OCIO ) (CIO ) behaves as a 1 2 clec.
trolyte in mitromethance, however, although the ptesence ot coordinated perchlorato
groups s quite obvious trom {R studies, the conductance of this complex s suggestive of
dissoctation in solution 3% On the other hand. certam metal mitrate complexes of the
type [MLg J(NOy), (M = Nt e pet) showing IR evidence favoning the exclusive
presence of 1onic nitrate, behave as 11 electrolytes 1n nitromethane H44- 159 thas behavior
has been interpreted in terms of displacement of V.oxide by mitrato higands in solution 144
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(b} NMR spectra
19F NMR studies have been used extensively for characterization of TiF, * 2L and
r
TiF4(L)(L) (L = aromatic amine N-oxide, L’ = dimethylacetamude or tetramethylurea)
complexes 150, 152,153,204, 255-259 _These studies were covered in a previous review ! . Dis-
tinction between the c15-IX and trans-X 1somers
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in complexes of this type can be based on 19F NMR spectra153:258,25% Sansfactory corre-
lations of opynp With the chemical shufts of F, and Fy, were reported for a senes of cus-
TiF, - 2L complexes with 4-substituted pyridine N-oxides 152 Chemucal shufts for F,
fluonnes are much Iess sensitive to 4-substituent vanation than those for Fy fluorines 258
In SnF, « 2L analogs with 4-substituted pyndine and quinoline N-oxides, the 19F NMR
chemical shufts do not appear to be sensitive to substituent variation 204

Proton NMR spectroscopy has also been employed i various studies of V-oxide com-
plexes Kluiber, Horrocks et al (see also Sect C(i2)) interpreted the contact shufts of the
higand protons, in mixed N-oxide-g-ketoenolato complexes of paramagnetic metal 1ons
(Colt, Nill, Cull), 1n terms of spin delocalization from metal to NV-oxide via a  mecha-
msm 154-156,260_ For complexes with pyridine N-oxides 1t was impossible to distinguish
whether the spin was delocahized 1n the highest filled n-bonding or the lowest empty #-
antibonding orbital of the N-oxide, because of the spin distribution similarity n these two
orbitals 134 In the case of the qumoline N-oxide complexes, correlations of expernmental
data and spin density distmbution suggest that the spin 1s delocalized in the highest filled
n-bonding molecular orbital 155 Recently, Perry et al reported !H NMR contact shuft
studies in [M(4-PieNO) 1(C10,), (M = Co, N1) complexes?2*. Aithough the general pat-
tern of the observed contact shifts has the gross features of spin delocalization via a =-
mechanism, Perry et al concluded that 1H contact shifts alone do not provide sufficient
information for an unambiguous distinction between a 7 or o mechamsm for spin delocal-
1zation 1n paramagnetic metal complexes, especially in the absence of MO calculations 224
In addition the ratios of the proton shifts for Coll, with unpaired electrons mn both the ey
and £, sets, and Nill, with unpatred electrons only 11 the €, set, are wdentical, contrary to
what one might have expected. Thus, Perry et al. suggested that the contact shifts of
atoms other than the protons (13C or 14N) should be determined before conclusions con-
cerning the importance of spin density delocalized in ¢ or m molecular orbitals of the
aromatic N-oxide ligands are reached 224, Recent !H NMR studies of [M(PNO)¢ 1(BF,),
complexes (M = Fe, Co, N1) established that the contact shift ratios of the pyndine V-
oxide protons are 1dentical for these three metal 10ns29! INDO spin density calculations
on N1(AA), L, complexes (L = PNO and derivatives, QNO, IQNO) suggest that the direc-
tion of spin transfer 1s from hgand to metal 262,263 Metal orbitals were neglected in these
calculations, which considered only the ligand fragment; metal-to-ligand spin transfer was
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considered as relatively umimportant, since the metal atom is separated by an oxygen atom
from the antibonding 7 orbitals of the ring systemn 262:263 The results of INDO calculations
were in better agreement with NMR and EPR data than those made by other methods of
calculation 262 (e ¢ Huckel method; cf ref 264) Contact shuft data for the above Nitl

complexes demonstrate that 2,6-LNO, containing two electron-releasing ortho substituents,
1s a considerably stronger ligand than PNO and mono-substituted derwatwes262 thisism
agreement with Dq values 145 (vide supra) and vy data!93 reported for these ligands

Ligand exchange kinetics m NV-oxide paramagnetic metal complexes have also been
studied by 1H NMR spectroscopy 147157265 For complexes of the type [M(AA),-
(4-P1cNO). ] 1t was found that the rates of N-oxide exchange are faster in Coll than m Nill
complexes; this order of lability for hexacoordinated Coll and Nil!l complexes has been
observed i many other cases and is in agreement with ligand-field stabilization arguments 157,
[Co(2,6-LNO)4 1(Cl04), yields [Co(2,6-LNO)5|(ClO4), when dissolved 1n the presence
of excess igand 145, the latter complex 1s quite stable over a wide range of conditions 1n
CD;NO,/(CD3),CO {1-1) solutions 147 broton NMR studies indicate that this trigonal b
pyramidal cationic complex exhibits a first-order exchange rate law, suggesting that the
exchange mechanism may be dissociatively controlled 147 Studies of [Ni(3-PicNO)4}1[BF,]5
in the same solvent mixture, involving vanation of the free hgand concentration, demon-
strated that the exchange rate 1s independent of this concentration 265,

Proton NMR spectroscopy has been utilized in several studies of diamagnetic metal 1on
complexes with N-oxides NMR shifts of the N-oxide ring a-protons i 4-substituted pyn-

dine N-oxide-UO,Cl; complexes were correlated 210 yith rN_©O» 1t mixed-higand, 4-Z-

PNO-B-ketoenolato-uranyl complexes, the chemical shifts of the N-oxide a-protons vary
hinearly with the o constant of the substituent; however, the chemical shifts of the g-pro-
tons in these complexes are reasonably constant20?, except when Z = NO, In (CH;)3MX-
- (4-Z-PNO) complexes (M = Sn, Pb, X = Cl, Br) the §-protons of the N-oxide are sensitive
to substituent effects, whereas the resonance of the a-protons appears static or even suffers
modest high-field shifts on complexation, the latter effect was attributed to a shielding,
having its ongin 1n the magnetic influence of the bulky tin or lead atoms, and specifically
affecting the ortho regions20! A more sensitive response was observed for the N-oxide
protons in complexes of the type (CH3),SnCl, + 2(4-Z-PNO), since a greater range in J 1s
theoretically and actually possible in these complexes266. Studies of analogous 2,4-LNO
complexes with (CH3)3MX show a marked movement of the resonance of the a-proton
to high field, as well as indications of a steric congestion in the region of the 2-methyl
group, which, because of its bulk displaces the metal atom towards the unsubstituted 2-
position 201 Ths effect 1s less pronounced in (CH3)»SnCl, - 2(2,4-LNO), since the induc-
tive deshielding effect 1s greatest m this case, and tends to nullify the shielding effect201
In 2,4, 6-collidine N-oxide complexes with (CH3)3MX, a rather severe steric inhibition of
approach of the metal to form a strong bond with oxygen is suggested by the 1H NMR
data (CHj3),SnCl, forms a 1-1 pentacoordinated complex with this higand, formation of
the 2 1 complex 1s obviously sterically hindered 201.

Finally, the NMR chemucal shifts in (A)PtCl,(L) (A = olefin or CO) of the pyridine
ring ang olefimc ligand protons267-268 have been rather extensively discussed in a previous
review 4.
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{c) NOR spectra

35C1 and 19Br nuclear quadnupole resonance (NQR) studies of binuclear complexes of
the types [Cu(L) X515, [Cu(L)X5(DMSO)], and [Cu(L),X,], (L. = N-oxde, X = Cl or
Br) are gencrally suggestive of the exclusive presence of terminal hahide ligands 244. 245
Sunilar studies (35C1, BBy, 127 on Hg(L)X, complexes suggest that tetrahedral mercury
15 unlikely in these compounds?6?. A recent X-ray study of the 3, 5-dibtomopynidine V-
oxide HgCl, complex of this type shows that this lattice 15 made up of infinite chains of
HgCl, molecules; thus, with the coordination of the V-oxide hgand mercury attains very
d:slo’r;(c)d pentacoordination 270, All the chlonne atoms in the latuce brdge to some ex-
tent <

{d) EPR spectra

In addition 10 EPR data obtained for atomatic anune N oxide complaxes with cupric
hahdes and 3d metal -ketoenolates (vide supra), EPR studies have been reported duning
several other studies Thus, Xeband EPR spectra of [Fe(PNO) | X, (X = ClO4 of NO4)
complexes are clearly indicative of a severe distortion trom pute (), symmetry * /7
(Mn(PNO), J(C104)5 has a g value of 2.00 ¢ 0 01, and a band width of about 250 gauss
Nuclear hyperfine splitting was observed when this complex was diluted 1 the 1isomorphous
ZnW analog ' No X-band EPR spectrum has been observed for [N1(PNO), J(ClOy),.
this was attnibuted to a zeso-field sphtting of the ground state larger than the encigy of
radiation, measurcments at higher frequencies would be expected to give a resonance sig-
nal 1'1 [Cu(PNO J(C1O,)5 shows s single band at g - 2 15« 0 01 (width 60 gauss) The
first denivative of this band 1s symmetncal even below room temperatute, the EPR signal
becomes asymmetne at 40 o 60°C In view of the somorphism of this complex and
the Nill analog, and the fact that [Cu(PNO),)2* complexes extubit sphit vy, (, bands, the
above data were attnbuted to a possible dynanue Jahn Teller distortion, which becomes
static at lower temperatures !

() Mosshauer spectra

The >7Fe Mossbauer spectrum of [Fe(PNO)g [(ClO4), exlubits normal chenmical shift
and quadrupole sphtung for hexacoordinated, lugh-spin Fel! compounds!!! Fe(PTNO),
(PINO = 2-pyndinethiolate l-oxade higand) shows Mossbauer chemical shifts at 300 and
77°K suggesting that hittle, of any, additional covalency due to sulfur exists in companson
with the spectra of Fellt complexes with bidentate 0, O-hgands 2! Quadiupole sphitungs
for Fe(PTNQO); are smaller than those of O, O-hgand analogsI“ H9SH Mossbauer spectra
have also been reported 1n Sal! adducts of the type SnX, « L (X = Cl, Br, NCS) the follow-
ing order of decreasing donor strength for several higands was denved from Mossbauer
chemucal shifts tnphenylarsine oxide 22 thphenyl phosphune oxide > pynidine > thiourea
> PNO > diglyme > urca > water 277 The largest decrease 1n chemcal shuft occurs upon
1 1 complex formation for SnX, compounds The addition of a sccond hgand molecule
sesults i a smaller drop an chenuceal shift, possible explanations for this further drop in
stuft arc that either the second hgand 1s weakly bonded to the tin d-orbitals or that it s
not honded to the un atom, but the structure of the complex 1s such that the onginal bond
between the Sn atom and the first higand 1s strengthened 272 The Mossbauer spectrum of
(CH4),8nC1(PNQO),, in which cach set of identical higands (1 ¢ CHj, Cl or PNO) are
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trans to one another (structure X1) 13!

PNO

ECHS
H3C (o1}

3 \
PNO
XI

shows a positive sign for the quadrupolar interaction and a negative ¥, (ref 273) In com-
plexes of the types R,Sn(PTNO),, the R groups are cis to each other for R = phenyl and
trans to each other for R = n-C4Hy, as suggested by Mossbauer quadrupole splittings274
Mossbauer data and the occurrence of a band attributable to vg,  at 355 cm~1,led to
the conclusion 274 that SnV 1s octacoordinated 1n Sn(PTNO), Finally, complexes of the
type RSnX(PTNO), (R = C4Hg, CgHs; X = Cl, NCS) were characterized as mvolving R
and X groups cis to each other, on the basis of Mossbauer, IR and electric dipole moment

studies 273,

(f) Luminescent metal complexes

Fluorescent Eulll complexes with aromatic amine N-oxides of various types have been
prepared and characterized on the basis of fluorescence emission spectral studies276—281,
Assignments of 5D0 - 7F0_3 and 5D1 -TF 02 transitions led to the following conclusions
regarding the stereochemustries of these compounds In [Eu(PNO)g]X; complexes (X =
Cl, Br, I, Cl0,, PF;) the Eulll 10n 15 m a site with D,y; symmetry, shghtly distorted to
D,,;, the stereochemustry of the complex cation 1s square antiprismatic 279,281 {:2 adducts
between tns(-8-ketoenolato)Eull! and aromatic amine NV-oxides276—278,280 paye 3 face-
centred trigonal pnismatic structure, and the point symmetry278 at the rare earth site 1s
Cy 11 analogs276.280 are most probably heptacoordinated Finally, Eu(PNO);Cl3 and
analogous complexes are obviously hexacoordinated 276

(g) Crystal structure deternunations

The literature 1s rich 1n X-ray crystal structure determinations of N-oxide metal com-
plexes of various types125—134,167,240-243,268,270,282—-286_ The data are presented in
appropriate sections, during the discussion of these metal complexes or their properties.
Unfortunately, no X-ray data have been as yet published on /V-oxide complexes involving
cations of the type [MLg]""*. The stereochemucal aspects of these complexes are discussed

below
(vu) Stereochemical aspects of cationic metal complexes

(a) [MLg]™"

Byers et al 123 mterpreted the combined evidence provided by vy _g» ¥y and (d—d)
transition splittings and the magnetic behavior (vide supra) of hexakis-(N-oxide) cationic
metal complexes in terms of a ligand-field symmetry lower than Oy,. The MOg4 moieties
may be O, but the nonlinear M—O—N groupings and arrangement of the aromatic rings in
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space introducc lower symmetry components 23, 5o that the true (local or effective) sym-
metry influencing the metal 10n 1s lower than O, The splitungs of the (¢ d) transitions
in the electronic spectra are generally consistent with a symmetry lowering to S¢ or Dy
symmetry, however, in the case of Ni¥! complexes, where the spin—orbit coupling coetfi-
cient is moderately large and the spliting moderately small, the possibihity of attnibuting
the components of the spectrum to spin- orbit structure cannot be entirely excluded 123,
On the other hand, a molecule of §, symmetry would be expected to give nise to two ac-
tive vy o and two active vy . bands of classification 123 4, + £, The magneuc data
wetre discussed in Sect C(v). Although these observations provide httle information when
viewed individually, their combination provides definitive evidence '23 1n favor of an inter-
action between the metal d orbitals and the ligand orbitals such that the effective sym-
metry of the species s lower than 0,,.

Reedik observed single vy and vy ¢y bands in most of the [M(PNO)¢ ]"* complexes;
vy o splitings were observed only in the case of [Cu(PNO),]2*, and attributed to the
Jahn - Teller effect Pl In the low-frequency region additional bands *hat might possibly
be attributed to a sphitting of vy - have been observed for M ettt Colt N1l and ALY
complexes of this type38. 108 However, Reedik, 1n view of the absence of spht vy
bands in [M(I’NO)(,IZ‘ (M - Mn, Cu, Zn, Cd) and the 1isomorphism between [M(PNO),,IZ'
(M = Mn to Zn, Cd), concluded that it s unhikely that deviations from O, symmetry, 1f
present, are responsible for these additional bands . In the near IR spectrum of
[Zn(PNO)g 12" an IR overtone was identitied ' atca 7300 cm !, Reedigk 1! pointed
out that splittings of the lower energy (4 ) bands reported by Byers et al 123 for Coll
and Nifl involve one band in this repion (7280 cm 1), and thus, no conclusions regarding
possible distortion of the octahedron may be denived from these sphittings 1t should be
noted, however, that [Nl(d-PacNO)‘,]z‘ extubits three bands in this region (7280, 8060,
9000 cm 1)123; these probably account for both a sphiting of the (d ) transition
A, 37, and the IR overtone mentioned above Reedyk concluded that the general
information obtaned from IR and clectronic spectra, magnetic properties and X-ray pow-
der dhagrams suggests that the MO * octahedeal groups in PNO complexes are hardly dis-
torted, and only the relatively low ur recorded for [(,‘u(l’.\‘())ﬁll' complexes may be an
indication 11! for a symmetry lower than O,

A crystal structure deternmunation of a representative Ml ]17* complex would be most
desirable at thus pomnt. It may be stated, nevertheless, that the overall evidence and sterco-
chemical considerations presented by Byers et al 123 1n combination with the estabhished
wwariable presence of bent M- (O N groupings in aromatic amine V.oxide metal com-
plexes 125 134,167,230 243,268,270, 281 - 285 yphe PR spectrum of [Fe(PNO), HC10,),
(ref. 177), and the fact that the spin delocalization patterns in [M(4-PicNO), (C1O4),

(M - Co, Ni) suggest that M Q- N s also nonlincar in these complexes 223, are definitely
w favor of an effective symmeltry lower than Oy, in the complexes undet discussion.
Furthermore, sumilar assignments were made for analogous [ML]7* complexes with
DAMSO 220 and tetramethylene sulfoxide 287, on the basis of stereochemical considerations
(the M O 8 groupings are also nonhnear) and from detailed theorctical and experimental
vibrational spectral studies.
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(b) [ML5] 2*

The crystal structure determination 133 of [Co(2-PicNO);](Cl04), revealed that the
CoO4 chromophore has a slightly distorted trigonal bipyramidal structure; the average
Co—O axial bond length is 2.098 A and the average Co-O equatorial bond length is
1.975 A. The Co—O—N angles for the three equatorial and one of the axial Co—O bonds
are 121—~124°, but that corresponding to the other axial Co—O bond is 134°. The perchlo-

rate groups are jonic133.

(c) [ML 4]

Stereochemical considerations by Byers et al. indicate that [ML,]2* complexes (M =
mainly Cu?*; L = PNO and derivatives) have a Dy, (square planar) symmetry if only the
MO, moiety is examined; however, interaction of the copper d-orbital wave functions
with the ligand wave functions via the nonlinear M—-0Q—N bonds will lead to a lowering of
the effective symmetry 123, There are a number of possible orientations of the pyridine
N-oxide about the copper atom which would minimize steric interaction between adjacent
ligand molecules. The most symmetric of these structures have Cyj, Dy, and Cy,, sym-
metry 123, Unequivocal IR evidence in support of these predictions was not obtained 123,
but the crystal structure determinations of [Cu(PNO),1X, (X = ClO,, BF,) established 128,282,241
that the complex cation has indeed an effective symmetry close to Cy;,; the CuQ4 chromo-
phore has a square planar arrangement (Cu—O bond lengths = 1.92—-1.93 A) and the ar-.
rangement of the four PNO molecules around the Cull ion is a “swastika™-like configura-
tion, the nitrogen atoms lying approximately in the copper—oxygen plane and the benze-
noid rings lying approximately perpendicular to this plane (Cu—O—N angles 116.7—118.6°).
The polyanions occupy approximately octahedral positions, but are not involved in
any coordination 128,282,283 ince the closest Cu—O (or F) approach is 3.34—3.38 A. The
isomorphous [M(2,6-LNQO),](ClO,), complexes (M = Ni, Cu) have 145 most probably,
stereochemistries similar to [Cu(PNO),]2*; Fell and Coll—2,6-1NO analogs are not iso-
morphous with the above complexes and may involve greater distortion from pure D,
symmetry 145, Finally, for paramagnetic NiL4(ClO4), complexes (L = 2-PicNO, 2,6-LNO),
a crystal structure determination would be desirable in order to establish whether these
complexes are bi- or polynuclear N-oxide-bridged cations 144- 193 or monomeric involving
coordinated perchlorate 146 (vide sﬁpra). The latter possibility might appear as rather re-
mote, as no IR bands attributable to coordinated perchlorate were observed in these com-
plexes 144193 however, for similar pentacoordinated divalent 3d metal complexes with
phosphine oxides not exhibiting splittings of the ionic perchlorate IR bands, the overall
evidence was interpreted as pointing to the presence of [ML4(OCIO;)]™ cations by certain
groups 136,140,288 \hile other groups believe that the presence of [L;ML,ME;]4* cations
is more probable 138,289 '

(d) [MLy]*, [ML3]* and [M,L4]**

Complexes of aromatic N-oxides with Ag! perchlorate, of the types [AgL,](ClO4),,
have been characterized as involving either a linear, mononuclear [AgL,]* cation 290 or 3
binuclear, N-oxide-bridged [LAgL,AgL]2* cation 18, by different groups of workers.
Hg! analogs were formulated 29! as involving four ligand groups per Hg,“" ion (i.e.
[Hg,L,1(Cl0,),). 3:1 N-oxide—AgClO, complexes are believed 290 to be of the type
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[Agl.21(C10,)- L., the formulation [Agl.3 J(C10,) cannot be ruled out, however.
(viit) Metal complexes of monaodentate mono-N oxude higands

(a) Complexes with 3d mcral ions

Several Sc!M! complexes with aromatic amine V-oxides have been reported, 1 ¢. ScLy-
(NCS); (1. = PNO, 2-, 3- and 4-PicNO, 2,6-LNO) 292 complexes of this type are neutral
and of low symmetry, as demonstrated by vy (4 and (-, sphittings (Table 10), the NCS
ion is N-bonded 292 Scll! perchlorate forms cationic [Scl ]3* complexes with PNQ 120,293
and the picohine N-oxides 20, These complex cations are also distorted octahedral, as
shown by sphitings of the vy and vg. () modes 120 (‘Table 10) The titanium complexes
with NV-oxides isolated in crystalline state involve the Tr** and ThO?* jons, however, com-
piexes of Ti3* and, possibly, T12* with monodentate aromatic amine N-oxide ligands are
most probably presentin Ziegler- Natta catalysts for olefin polymenzation (TiCl, --Al

TABLE 10

Scandium, titamum and vanadium cotnplexes with atomatic amine V.oxides @

Complex Ref.

(Sc (PNOY (10, 120
Sc(PNO)INCS)y 120, 292
HIIENO) 3 by 190
THUPNONDMAIF, b 153. 287
TUPNO)(ITMU T 257
TIO(PNO) ¢(C104); 114
[Tk g(PNO)| 239
TUPNO): [CoH O )aly 298
(V (- McOPNO) J(CIO4) 5 82
VPNO)Y 1, 192
V(PNO); (1, 222
VOPNO)(CI04); 81,115,221
VO PIcNON(CIO4) 3 - H20 115,223
VO($.CNPNO)F 3+ HE - H30 297
VO(PNO)Clp ¢« 120 115,223
VO4-B:PNO);Cl3 - H30 115,221
VO(2.6-1.N0) (13 1S, 223
VO(PNO)(Brg- 2f130 115,223
VOECIPNO);Br3 - H;0 115,23
VO PeNO) (BE3)2- HO 118, 223
VO(PNO)(NCS); 83
VO(PNONINCS); 83
VO($-PicNO) 3 (NCS)3 83
VO(PNO)(AA); € 207
VO3 PNO pyrocatechal

and 100

VO; PNO pyrocatechol dystems

9 Representative examples
b DMA - N.N-dimcthylacetamide, TMU = tettamethylurea
€ AA - acetylacetonato higand
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alkyl combinations), modified by various pyridine N-oxides29¢. TiF, - 2L adducts with a
vanety of aromatic N-oxides have been reported 142; 152,153, 190, 192, 203,204, 257259 54
their properties were discussed in some detail in Sects C(zz), (2zz) and (¥z) As already men-
troned the cts octahedral complexes of this type are normally stabilized, and only sterical-
Iy hindered V-oxides (2,6-LNQ) favor the formation of the trans 1somer Mixed N-oxide—
N, N-dimethylacetarmde or tetramethylurea complexes with TiF, (1e TiF,+ L« L") where
also synthesized ! (vide supra) Anionic complexes [TiF5- L]~ with PNO and 4-substituted
derivatives (methoxy-, methyl-, chloro-, acetyl-, mtro-) have been prepared in situ and
studied by 19F NMR spectroscopy 257. PNO and QNO form 5 1 complexes 14121 with
Ti0(CiO4), The »3 and »4 modes of 1omc ClO, ™ are not split in the IR spectra of these
compounds, which were formulated as [TiOL5 J(CiOy4),, involving a hexacoordinated
cationic Ti** complex 114121 Frnally, PNO—T1#* —pyrocatechol systems form a com-
plex 293 of the type Ti(PNO), [C4H4(07),1, at pH 2—3. Typical examples of THV com-
plexes with V-oxides are shown in Table 10

VO2* complexes with N-oxide ligands have been extensively studied 1»81-83, 115, 146,
202,206-208, 223,296~-298 _ Oxovanadium(IV) salts form complexes of various stoichio-
metnes, 1.e VOLsX, (X =Cl, Br, Cl0,, NCS), VOL, X, (X = Cl, Br, CiOy4, BF,4, NCS),
VOL, X, (X = Cl, Br, NCS). aquo adducts of complexes of the above types, VOLF,« HF -
H,0, and VOL, Br(OI) (see also Table 10) 1,81,83,115, 146, 202,223,297,298  Anjon coordi-
nation and incorporation of water molecules are important factors influencing the ligation
of the NV-oxides mn the first coordination sphere of the metal ion. Environmental conditions
(interaction medium, degree of dehydration of the oxovanadium(IV) salt, etc.) mnfluence
the stoichiometry of the complex stabilized ! Thus, for example, both tetrakis- and penta-
kis-(4-chloropyndine N-oxide)oxovanadium (IV) perchiorate complexes can be 1solated,
depending on the degree of prior dehydration of the oxovanadium(IV) perchlorate solu-
fion! In most cases oxovanadum{(IV) salts were utilized as starting matenals for the syn-
theses of the above complexes115,146,202,223,297,298 when VI salts are used instead,
VI vO2* or mixed VIL_VO2* complexes may be obtained (vide supra, Sect. C(2))81-83.
Thus V(NCS)3, under wnert conditions, interacts with N-oxides yielding VO(NCS), com-
plexes (uo; = 1.70 B M.)83 V(C104); forms VO(CIO,),—N-oxide complexes, when the
interaction takes place in the atmosphere 81, whereas, under inert conditions, [VLg](ClO,)5
compounds are obtained (for L = 4-MeOPNO or 4-CIPNO, fairly pure VII complexes were
1solated, showing a por of 2 54—2 71 B M , the PNO, 4-PicNO and 4-NO,PNO analogs
were contaminated with oxovanadium(iV) products, clearly showing IR =0 bands) 82
Oxovanadium(IV) g-ketoenolates form 1.1 adducts with pyndine and quinohne V-oxides
(Table 10)206-208,296 The N-oxide ligand coordinates at the trans position, relative to
the vanadyl oxygen, m these compounds206—208,296_vO(AA), has been used successfully
as a reference acid for aromatic N-oxides, it fact, a linear relation exists between the
VO(AA),—N-oxide adduct formation enthalpy and the vy,_g shift upon formation of this
adduct 149,207,208 The presence or absence of trans-axial N-oxide higands in VO2* com-
plexes can be generally deduced from the position of 1y;_q, thus, hexacoordinated com-
pounds involving one trans-axial N-oxide ligand exhibit this mode at 960—950 cm—1,
whereas pentacoordinated complexes, not mvolving ligation of this type, show 115, 149,206—-208, 22
vy—g at 1000—-990 em—1. For the electronic spectral bands of oxovanadium(IV) com-
plexes with N-oxides, various assignments have been made by different groups 83,146,297
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Thus, for example, for the spectra of oxovanadium(1V) perchlorate with alkyl-substituted
pyndine N-oxides, ﬂchmauss and Specker 146 made the following assignments. by -» 47 at
106 125kK.b; =2 at 12,5 16 3kK b, ~ /a7 at 146 150kK.and acharpc transfer
band at 256 27 S kK Band assignments for VI complexes were gven in Table 7
VClg+ 2L (1. = PNO, 4NO,, 4-Cl-, 01 $-Mc(-PNO, 2- and 4.P1cNO, 2,6.1L.NO) and VClg -1
(1. = 4.benzyloxy-PNO) complexes were prepared by Bridgland and McGregor under inert
conditions, as exposure of these u)mpmmds to moist air leads to their conversion to the
corresponding VOCl, complexes 222 These complexes exlubit magnetic moments of
1.65 178 B M, and thcu clcdmnm spectral bands were assigned as follows 222 -B
"Bl at i46 17.0kK, R, .2 Ay at 200 22.0kK VE 2l complexes with l’\'() and
4-subsutu!cd denvatives ucrc also prepared 292, and their IR spectra were studlcd 192
Uy o Was found insensitive 1o 4-substituent cifects in thus serics of complexes '? VV
pyrocatechol PNO systems form a vanety of coloted products at different pHregons, the
composition of the species formed in this system was found by the equihbrium displace-
ment method: the formation of violet 1 1.1 and 1.1 2 complexes involving the VO,° 10n,
and green 1 22,1 1 Land 1 2 1 complexes of the VO3* 10n was proposed3U0 (Table 10)
The complexes of the remmming 3d metal 1ons (Cr to Zn) are discussed together. As al.
ready mennioned (vide supra, Sects C(u)  (vu), Tables 3 R, Figs 2, 3), non-stencally
hindered ammallc amune N-oxides form [MLg] X, (M = Cell Mol Fell Felll, Colt, Nt

Cult, Znl s - 2,3 X - ClOy. BF and, with the exception of Cul', NO ) and [Cul )X,
(X - (1() }“4 \() )u)mplcxcs"’ 18, 48,93, 108 112,117 119,122,123, 1’8 142 143,146,
148,177, 205, 213,217, 318, 224. 261, 265, 252, 283,301 o, (- M the complete series of

[Cr(OH,), ,APNOY, I(C104); (1= O 6, inclusive) was identified n solution !?! A 7 1
PNO  Fe(ClOy); complex isolated by Carhin 17 was formulated as (Fe(PNO) J(C1O4);5 -
PNO The propertes of the cationic metal complexes were described above Stenically lun-
dered aromatic amine V-oxides do not influence the storchiometries 145, 146,149,159 ¢
Cel or Fell! cationic complexes, which are also of the type [ML,13* In the case of diva.
lent 3d metal 10ns, however, [ML,[2* (n < 6) complexes with hgands of this type may be
stabilized 123 133,134, 1S, 147, 149193 (y1de supra, Sect C(u) (vn)). Ligands behaving in
this manner are 2-substituted and 2,6-disubsututed pyndine V-oxides and acnidine V-
oxide The environmental conditions atc of key importance as far as the nature of the com-
plexes precipitated 1s concerned. Thus, for instance, [Co(2-PicNO) J(C10O4)y was syn-
thesized ' 23 by dissolving equal weights of ligand and salt in a small amount of hot alcohol
with prolonged cooling of the resulting mixture at 0°C, while {Mn(2,6-L.NO) (0OC103))-
(Q104) and [M(2,6-1.NO)J(C1Q4);5 (M = Fe, Co, Ni, Cu, Zn) (square-planar complexes)
were preuipitated by mixing tnethyl orthoformate  acetone solutions of higand and salt 145,
On the other hand, complexes of the following stoichiometrnies were obtained when 7 |
hgand hydrated salt methanolic or ethanolic solutions were allowed to cool at - 30°C
{Mnl g J(C104)5 (L - 2-PicNO, 2-EIPNO), [Co (2-P1cNO), J{CiO4 )5, [Co(2.6-1 N())él-
(C104); - 2H,0, [Co(2,6-1LNO)(OH,),](ClO4);. [Nl (ClO4); - HHO(L = 2-PicNO,
2-EtPNO), II\I(Z 6-INO) [(C10,4); - 3H,0, Ni1(2,6-LNO)(ClOy), (green, paramagxcuc)“"
It is noteworthy that complexes of the types (M(2,6-LNO)g [(Cl1O4 ), 3H,0 (M = Co, Ni)
and [M(2,6-ENO)g J(C10O4) 5+ (2,6-1.NO) (M = Cr, Fe) ate colorless, the Cr i complex of
this type exhibits unusually weak (¢ = 0.5 0.6 1n mtromethanc) (- 4) bands 146 [Cr.
(2,6:LNO)¢ J(ClO4)3, on the other hand, shows (4 -d)} bands with normal extinction co-
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efficients in mtromethane (e = 58.6 for the *4,, > 4T, transition) 145 The green, paramag-
netic Ni1(2,6-LNO)4(ClO, ), complex 1s converted to the violet diamagnetic [Ni(2,6-
LNQ),](CiO,), during prolonged (several months) desiccation 302 over P,Os; the nature
of this reaction 1s currentiy under study. it shouid aiso be noted that even when the same
synthetic procedure 1s employed, N-oxides with similar steric features may form complexes
of different stoichiometnes. e.g. 2-PicNO yields NiL4(C10,),, while the more severely
sterically hindered 2-EtPNO forms [NiLg J(C1Oy,), - 2H, O, under the same conditions 144;
and 4-EtOPNO forms [MLs](ClO4), and [ML¢](NO3), (M = Co, N1) complexes 142, 143
The structural aspects of [MLS]?-"' and [ML,]** complexes with N-oxides were discussed
m Sect C(vu).

In addition to the cationic complexes described above, divalent 3d metal nitrates also
form neutral complexes, invoiving coordmnated mono- or bidentate nitrato groups. The
complexes usually obtained 16: 18,110,126, 143, 144,158, 159, 248,303 are of the type [ML,-
(NO3),] The Mnll, Coll, Nil! and Znll complexes of this type are 1n most cases hexacoor-
dinated involving two coordinated bidentate nitrato groups, however, [M(2,6-LNO),-
(NO3),] (M = Mn, Co, N1, Zn) complexes exhibit IR and electronic spectra favorning penta-
coordinated configurations, involving one mono- and one bidentate nitrato ligand 159
(cf Sect C(u)) [Cul,(NO;3},] complexes contain monodentate nitrate exclusively The
PNO complex of this type 15 a pentacoordinated, PNO-bridged dimer 126, This compound
mvolves bent M—O—N (nitrato) groupmg5125 , thus, the coordinated monodentate nitrate
has a C local symmetry, in complexes of this type, while the bidentate nitrato group in
analogous [ML,(0,NO),] compounds 1s of C5, local symmetry (see refs 304, 305) In
fact, distinct differences were reported for the fundamental vibrational modes of coord:-
nated NOj3 of 4-EtOPNO complexes mvolving mono- ([Cul,(NO3),], [CoL3(NO3),1)
and br- (ML,(NO3),], M = Co, N1, Zn) dentate mitrato ligands 143" Coll and Cull mitrate—
PNO complexes have found application as semiconductors for thermustors3%6 . Neutral 34
metal nitrate complexes involving ligand-to-metal ratios higher than 2 have also been re-
ported, viz . [Co(4-EtOPNO)3(ONO,),] (ref 143), Ni{QNO)3(NO3), « 3 H50, NiL4-
(NO3), (L =2-E{PNO, 2,4-LNO) 144" coll pitnte complexes of the type [CoL,(NO,);]
{L=2,4. and 2,6-LNQ, 2,4,6-CNQ, 2- and 4-MeQNQ) are hexacoordinated, containing
two chelating bidentate nitrito igands226. A few 3d metal sulfate 159198 ang tnihaloace-
tate 307 complexes with aromatic amine N-oxides were also reported- [ZnLSO,] complex-
es (L = PNO, 4-PicNO), with polynuclear structures involving coordmation of all four
oxygen atoms of the SO, group were proposed, the fundamental vibrations of the SO42_
anton do not exhibit any sphittings; however, both the »; and v, mode of this group are
IR-active, while vy, (sulfato) was identified at 261—-260 cm—1 Thus 1t was concluded
that the SO, groups retain an essentially 74 symmetry during coordination of their four
oxygens to neighboring Znl! 10ns198. A number of 34 metal sulfate complexes with 2,6-
LNO, recently reported, were formulated as follows [Co(2,6-LNO)(OH,)5](SOy),
{(2,6-LNQ)(0,50,)Ni(2,6-LNQ),N1(0,50,)(2,6-LNO)}], binuclear pentacoordinated,
2,6-LNO-bridged, with chelating bidentate sulfato higands; [(2,6-LNO),Cu(S0,4),—Cu-
(2,6-LNQ), 1, binuclear, tetracoordinated, involving bridging bidentate sulfato groups, and
[0550,)Fe(2,6-LNO),Fe(0,5S0,)], binuclear, tetracoordinated, with bridging 2,6-LNO
and chelating bidentate sulfato higands 159. These formulations were based on spectral (IR,
electronic) and magnetic evidence 159, Metal trihaloacetates form397 form the following
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complexes: [MLX,] (M = Mn, Co, Ni, Zn; L= PNO, 4-PicNO; X = CF3C00~, CCl3C00™)
and [CuL,X,]. The properties of these complexes suggest that the trihaloacetato ligand

is coordinated, through one or both oxygens of the COO group307. A series of 2:1 com-
plexes of Cull benzoate with N-oxides (PNO, the PicNO’s, 2,6-CNO, 2,4,6-LNO, QNO,

2- and 4-MeQNO) were recently prepared; these complexes exhibit subnormal magnetic
moments (1.38—1.42 B.M.)308_ Cull acetate 230 and salicylate analogs are also magnetical-
ly subnormal, while bis-(salicylato) bis(PNO)—Cull shows a Hegr of 1.95 B.M. (ref. 309).

3d metal halides form a wide variety of complexes with aromatic NV-oxides (see also
Sect. C(ii)). Some details on Cul! halide complexes with N-oxides have already been pre-
sented in Sect. C(if), C(v) and Tables 2 and 9. Magnetically normal 2:1 N-oxide—Cul!
halide complexes may be obtained in two crystalline modifications (a third modification
is the dimeric, N-oxide-bridged structure) 167, Green monomeric [CuL,X;] complexes
(e.g. L = 4-PicNO, X = Cl) have a frans square planar geometry 284, while yellow isomers
(e.g. L = 2,6-LNO, X = Cl) have a distorted geometry, which is intermediate between cis
square planar and tetrahedral 285, As is the case with 1:1 analogs (vide supra), monomeric
2:1 N-oxide—Cull halide complexes may form adducts with neutral ligands; these adducts are
magnetically normal 167 {Table 9); a monomeric adduct of this type, [Cu(4-NO,;PNQ),Cla-
(OH,), 1, consists of trans square planar CuCl,(OH,), groups having the amine-oxide
oxygen atoms of the 4-NO,PNO molecules loosely bonded to the copper ion at the axial
positions; the geometry of the complex is distorted tetragonal bipyramidal 134 Although
the polymeric [Cu3Clg(2-PicNO),(OH,),],, complex exhibits low magnetic moments 127,167
(vide supra), several Cu3ClgL,; (L = 4-CIQNO, 4-C1.6-MeQNO) and Cu4Clgl; (L = 3-NO,-
6-MeQNO) complexes are magnetically normal 186, These compounds are most probably
characterized by chlorine, rather than N-oxide, bridges167. A number of CusOXgL,

(X = Cl, Br; L = PNO and other neutral ligands) complexes were also reported 319_ These
compounds exhibit an IR band, characteristic of the CuyO group, at 600—500 cm—!

(583 cm~! for the PNO complex); the four Cu atoms lie in a tetrahedral arrangement
around the Cu,O oxygen; the halogen atoms are invariably bridging (each halogen is shared
by two Cu atoms); while the four neutral ligands are terminal310. Finally, Cu(PNO),Br,
was among the first N-oxide complexes to be reported 18.

Complexes of various stoichiometries may be formed during interactions between N-
oxides and other 3d metal halides (Table 11). Ni(PNO)¢ X, (X = Br, I) complexes obvious-
ly involve 18:172.185 the [Ni(PNO)g]2* cation. NiLsI, (L = 2- or 4-PicNO) complexes
were reported but not characterized !72. The red complex Ni(PNO)41, was obtained 185
by heating the yellow [Ni(PNO)41I, at 100°C. Its magnetic moment (3.26 B.M.) is indica-
tive 185 of a hexacoordinated structure of the type [Ni(PNO)4I,]. 3:1 complexes have
been reported for Felll and Co!! halides 16:18,177,225 [Fe(PNO);Cl;] is neutral and
probably cis octahedral 177. Coll complexes of this stoichiometry were formulated as
[Co(PNO);X]X (X = CJ, Br, 1), on the basis of characterization studies (mol. wt., conduc-
tances, g Of 4.67 B.M. for the bromide complex)!8. More recent studies of these chloride
and bromide complexes led to the conclusion that they are of the type [Co(PNO)g][CoX4];
in fact, the electronic spectra of these complexes are very similar to those of tetrahalo-
cobaltate(IT) compounds, while the CoBr, complex is isomorphous with the tetrabromo-
cadmate(II) analog ([Co(PNO)¢ ] {CdBr, ]). which was also reported 225, 2:1 and 1:1 N-
oxide 3d metal halide complexes are numerous and involve, in many cases, additional neutral
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3d Metal halide (Mn to Zn) complexes with aromatic amine N-oxides @

Complex Coordination number Heff Ref.
(B.M.)

Mn(PNO).Cly 6 (polynuclear) b 172
Mn(PNO)Cl, - H;0 6 (polynuclear) 5.77 172
Mn(PNO)Cla 6 (polynuclear) 5.60 182
Mn{4-PicNQO), Br, 6 5.82 172
{Fe(PNO)4Clz ] [FeCls] 6 5.83 205
[Fe(PNO)3Cl3] 6 b 177
Co(PNO)Cl, - xH,0 (x < 1) 4 (tetrahedral) b 182
Co(PNO)Cl;« H20 Probably 6 4.70,4.75 16, 172
Co(4-PicNO),Cl, Probably 6 4.80 172
Co(2,4-LNO);Cl, 4 (tetrahedral) 4.50 184
Co(PNO);Cl; Structure proposed: 4.78 16, 225

[Co(PNO)g }[CoCls]
[Co(PNO)¢}{CdBr4] 6 225
Co(PNO)3X3 (X =Br, 1) Structures proposed: 4.67,4.58 18, 225

{Co(PNO)3X]}X and

[Co(PNO)g}[CoX4]
Ni(PNO)y,Cl, 6 (polynuclear) 172
Ni(PNO)Ci, 6 (polynuclear) 3.49 182
Ni(IQNO)Cl, - 4H, 0 6 (polynuclear) b 144
Ni{PNO)Cl; - H20 6 (polynuciear) 3.21,3.30 16,172
Ni(QNO)Cl; - 2H,0 6 (polynuclear) 3.23 144
Ni(2,6-LNO); Bry 6 (polynuclear) 3.10 172
Ni(PNO)4I 6 3.26 185
Ni(2-PicNO)sl2 b b 172
[Ni(PNO)g }12 6 3.28 185
Zn(PNO)Cl, 6 (polynuclear) 172
Zn(2,6-LNO);Cly 4 (tetrahedral) 130, 180

@ Representative examples (Cull halide complexes are given in Table 9).

b Not reported.

ligands (Table 11). FeXy* 2L complexes (X = Cl, Br; L = PNO, 4-substituted derivatives,
2-PicNO, 2,6-LNO) are invariably 177-179,205 of the type [FeL4X,][FeX,]; a complex
of the type [Fe(PNO),Cl,1(ClO4)* H,O was also prepared 177. ML, X, (M = Mn, Co, Ni,
Zn) complexes with various aromatic amine N-oxides have been reported 16.18,130,142,
158,172,173,180, 184,297, 311,312 Certain complexes of this type are obtained in the form
of hydrates, or alcoholates, e.g. Ni(3-PicNO), Cl5 - H,0, Ni(4-PicNQ), Cl, * (C,H;OH)
(ref. 172), Ni(4-CNPNO),Cl, - 3H,0 (ref. 297). Magnetic (ueq = 4.50—4.54 B.M.) and

spectral properties are in favor of tetrahedral structures for CoL,
The Zn!! analogs are also monomeric tetrahedral 130-172, 180,311,

X
3

complexes 158,172,174,
the crystal structure

determination of [Zn(2,6-LNO),Cl,] revealed that the Zn atoms lie on two-fold sym-
metry axes and are tetrahedrally coordinated to two chlorine atoms and two oxygen atoms
from the 2,6-LNO groups; the tetrahedral geometry is slightly distorted, owing to differ-
ences in atomic size 130, ML, X, (M = Mn, Ni) complexes exhibit electronic spectra and
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magnetic moments (o = 3.10 B.M. for Ni(2,6-LNO),Br,; 5.82 B.M. for Mn(4-PicNO),-
Br,) suggestive of hexacoordinated, polynuclear structures 172, 1:1 complexes of N-oxides
with Mn!!, Col! and Ni® halides are usually obtained in the form of hydrates 16,144,172,
173,182,297 Anhydrous MLX, complexes with these metal ions may be obtained either
by utilizing triethyl orthoformate as the reaction medium 142 182 or by heat treatment of
ML, X, (ref. 172) or MLX, - nH,O (ref. 173) complexes. Complexes of aromatic amine
N-oxides with metal halides, involving low M to L ratios, decompose at elevated tempera-
tures yielding complexes with higher metal to ligand ratios!72. Similar, although not iden-
tical, behavior has been observed in 3d metal halide—pyridine complexes313. Some typical
examples of reactions of these types are 167,172,173, 185,

Mn(PNO), Br,-24% Mn(PNO),, Br, (6)
Mn (2-PicNO)Cl, - H,0 1% Mn(2-PicNO)Cl,-24% Mn (2-PicNO),, Cl, Q)
Co(3-PicNO); 1,120 Co(3-PicNO),1,— Co(3-PicNO)Cl, (8)
Co(PNO)Cl, - H,0 7% Co(PNO)Cl, )
Ni(PNO)g I, 1905 Ni(PNO), I, (10)
Ni(PNO)g 1,219 Ni(PNO)I, (11)
Ni(4-PicNO); I, 129} Ni(4-PicNO), 1, (12)
Ni(PNO)Cl, - H,0 18% Ni(PNO)Cl, 299} Ni(PNO),,Cl, (13)
Ni(4-PicNO),Cl, - (C;HsOH) 128 Ni(4-PicNO), Cl, 224 Ni(4-PicNO)Cl, (14)
Zn(2-PicNO),Cl, 259, Zn(2-PicNO)Cl, (i5)
CuL,Cl, —> CuLCl, (16)

ZnLX, and M(L),, X5 (M = Mn, Ni) complexes can be obtained only by thermal decompo-
sition of analogous complexes with higher N-oxide content!72. 1:1 and 0.5:1 NV-oxide—
Mnl!, Coll, Nill or ZnH! halide complexes appear to be bi- or polynuclear in general 172,173,182
The corresponding hydrated complexes are also polynuclear in most cases (e.g. Co(PNO)-
Cl, * H,0, Ni(PNO)Cl, * H, 0, Co(4-PicNO)Cl, exhibit electronic and low-frequency IR
spectra suggestive of octahedral ligand-field symmetries172; a lower hydrate of the type
Co(PNO)Cl, * xH, O, where x < 1, is tetrahedral and probably binuclear182). The low-
frequency IR spectra of MLCl, (M = Mn, Ni) complexes favor the presence of chlorine,
rather than N-oxide, bridges in these bi- or polynuclear complexes 82, For hydrated anal-
ogs, three possibilities exist, viz. chlorine, M-oxide or aquo bridges 144,

Fe(NCS)3 forms neutral complexes of the general type [Fe(NCS);L3] (L =PNO, 2-,
3-, 4-PicNQ, 2,6-LNQO, 2-EtPNO and 2-isopentyl-PNO), involving N-bonded isothiocyanato
ligands 177:314, [CoL,(NCS), ] complexes (L = 2,6-LNO, 2,4,6-CNO) were characterized
as polynuclear octahedral, containing NCS bridges!58. Recent evidence for [M(2,6-LNO),-
(NCS), ] (M = Co, Ni) complexes is suggestive of penta- rather than hexacoordinated con-
figurations (similarity of the electronic spectrum of the Coll complex 123 to that of
[Co(2-PicNO)5 ](C1Oy4 ), occurrence of vy at ca. 380 cm™1, as is also the case with
other pentacoordinated 2,6-LNO—Coll and Nill complexes!93, g1 ¢ of 4.73 (Co) and 3.38
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(Ni) B.M., appearance of split vc—y bands, occurring at both the “bridging” and “N-bonded,
terminal” regions for the NCS group315, etc.) 159, These compounds were, therefore,
formulated as [(2,6-LNO),(SCN)M-(NCS),-M(NCS)(2,6-LNO), |, i.e. binuclear, involving
both bridging and N-bonded (terminal). NCS ligands 159, {Cu(PNO),(NCS),] shows a normal
magnetic moment (1.88 B.M.)230; the 2,6-LNO analog has a g of 1.53 B.M., and was
assigned a hexacoordinated polynuclear structure, exclusively involving bridging thiocya-
nato ligands (a coordination number of six in this compound is suggested by the occur-
rence of ve, _g 2t 330 cm~ ! and the (d—d) transition maximum at 11.5 kK) 159,

A number of adducts of NV-oxides with 3d metal chelates have also been reported. Bis-
(8-ketoenolato) M complexes (M = Co, Ni, Cu, Zn) reportedly form adducts with a
variety of pyridine and quinoline N-oxides 132, 154-157,316 _(vide supra, Sects. C(it), (vi?)).
Cull gketoenolates form square pyramidal 1:1 complexes with N-oxides and similar li-
gands 156.316_ Coll and Nill g-ketoenolates tend to form 1:2 pseudo-octahedral adducts
with N-oxides, unless the steric features of the V-oxide favor the stabilization of 1:1 ad-
ducts {e.g. 2, 6-LNO, QNQ) 154. 155,157,316 The crystal structure determination of [Ni-
(AA),(PNO),] shows that the six oxygen atoms coordinated to the nickel are in a nearly
regular octahedral disposition; the PNO molecules are cis to one another 132 (Ni—O—N
angle: 121°). A number of Coll complexes of the type trans-[CoX(DH), L] and #rans-[Co-
(DH), 151X+ 11,0 (X =ClI, Br, I or NO,; DH = dimethylglyoximato ligand; L = PNO or
4-NO,PNO)} were prepared by treating the corresponding aquo or methanolo (L = H,0,
CH; OH) complexes with N-oxide3!7. An octahedral 2:1 adduct (ttegr = 3.09 BM.) of
PNO with the square planar Nill ethylxanthate has also been prepared 318, Finally, reaction
of PNO with iron pentacarbonyl leads to the formation® of [Fe(PNO)] [Fey(CO)y3l.

{b) Complexes with 4d and 5d meral ions

The complexes of YU are discussed in the next section, together with the lanthanide
ion complexes. A series of 2:1 N-oxide (PNO, and 4-MeO-, 4-Me-, 4-Cl-, and 4-NO,-PNO)
—ZrF4 complexes were prepared (Table 12) and studied by IR spectroscopy 191. Interac-
tion of ZrCl, and HfCl, with 2,6-LNO leads to the formation 175 of ZrCly, - 3(2,6-LNO)
and HfCl, - 2 (2,6-LNQO). Both these complexes are neutral, the former being heptacoor-
dinated and the latter hexacoordinated, probably involving cis coordination of the two N-
oxide ligands ! 75. ZrO(ClO, ), forms complexes of the types [ZrOL¢J(ClO4), (L = PNO,
QNO), involving heptacoordinated Zr#* jons!16. 121 Coordination of perchlorate does
not occur in these compounds; the v3 and »4 IR modes of ClO4~ appear either as single
bands or show small splittings, which have been attributed to crystal-field effects rather
than coordination of the polyanion 116,121, A complex of the type ZrOCl, - 2QNO was
also reported 298,

Interaction of dodeca-u,-chlorohexaniobium dichloride ([Nbg Cl;;]Cl;) with aromatic
amine N-oxides (PNO, 4-Me-, 4-(Me)5N-, 4-Cl-, 4-NO,-PNO) leads to the formation 319,320
of {(NbgCl;,)Cl; L] (Table 12). These complexes consist of a central (Nb6C112)2+ core,
involving an octahedral cluster of six Nb ions of low formal oxidation state and twelve
bridging chlorine atoms; an additional chlorine or N-oxide ligand is coordinated to each Nb
atom in a “centrifugal” position such that the metal—ligand bond points radially outward
from the center of the octahedral cluster319.320, Mol chloride, which also involves a Mog
octahedral cluster and is of the type [MogClg]Cly, behaves in a similar manner, forming



COMPLEXES OF AROMATIC AMINE N.OXIDES 135

TABLE 12

Aromatic amine MV-oxide complexes with 4d and 54 metal ions 4

Complex Ref. Complex Ref.
Zr(PNO)>F, 191 (CO)PL(PNO)Cl, 74,79, 328
Zr(2,6-LNO)3Clq 175 Pt(2,6-LNO);3Cls 175
Hf(2,6-LNO),Cl, 175 [Ag(PNQ)2]ClO4 - PNO 111, 290
ZrO(PNO)6(ClO4)2 121 [Ag(4-CHPNO); ](C104) 148
ZrO(QNO);Cl; 298 AgNO3 - [PNOQ 333
(NbsCly2)(PNO)sCl 319, 320 [Ag(PNOD][C(NO3)3] 334
{MogClg}(PNO)2Cly 320, 321 [CA(PNQ) 1{C104); 111
Mo(NO)2(PNO),Cl, 323 [Hg (PN J(C104a)2 109, 111, 181
MoO,Clg - 2PNO 322 [Hg(PNOYs1 X, 4 181
[Mo(0;)20](PNO)(OH3) 324 HgX;-2(PNO) € 181
[M(03)3;0](4-PicNO}; (M = Mo, W) 324 [Cd(PNO}) Bry | 180
Re(CO)3(PNO)Cl 96 Cd3(PNOy;Clg 180
Ru(CO)3(PNO) Br, 325 [Cd2 3-PieNO)Clg 1 180
Ru{2,6-LNO);Cl3 179 [Hg(PNOYCl; > 180
[Rh(2,6-LNO)sCl|Cl; 179 [Cd(PNO)(NCS)2]2 199
(CaH4) PA(4-PicNO)YCly 80 [Hg(PNO)(SCN)2 12 181
Pd(4-EtOPNO);Cl, 142 [Cd(2,6-LNO)4(ONO3); | 159
(C2H4)Pt(PNO)Cl, 77,327 (CF3),HgenPNO (n=1,2,3) 338,339
(RCH=CH3)Pt(PNO)Cl, b 2, 72,73, 75-78 Hg2(PNO1;(C104); 291
(RC=CR')Pt(PNO)Cl, € 75 ng(PNO)is(SiFﬁ) 291

4 Representative examples.

bR = CH3, C3Hs, CygHay, CsHs, CgHa-X (X = orpanic substituent}, Y-CO; (Y = CH3, CzHg, n-C3H4).
€ R = (CH3)3C, (CH3)2C{OH); R’ = CH3, (CH3)2C(OH).

d X = BF4, PFg, AsFg, SbFg.

€ X = NO3, CN, CF3C00, CCi3COO0.

{(MogClg)Cly Ly ] complexes with the same N-oxides320.321 (Table 12). Linear vyy,_q
vs. pyng Plots for these complexes show a trend of decrease of the vy, o frequency with
increasing electron-withdrawing character of the substituent; vy, _o and vy_c; (M = Nb,
Mo) are relatively insensitive to the effects of 4-substituents320, Linear plots were also
obtained 320 when the electronic spectral bands of the Nb complexes were plotted vs.
opyno- The Nb compounds are slightly paramagnetic 319 (ter = 0.45-0.65 B.M.). Other
Mo and W complexes reported are {cf. Table 12): MoO,Cl, - 2PNO (ref. 322), Mo(NO),-
Cl,(PNO), (ref. 323), [Mo(O),0](PNO)(OH,), and [M(O;),0](4-PicNO) (M = Mo, W) (ref.
324). Rel complexes of the type Re(CO)3(PNO), X (X = Cl, BY, I) are obtained by inter-
action 96 between PNO and Re(CO); X. 2-n-Nonylpyridine N-oxide has been utilized for
the extraction of rhenium compounds from aqueous solutions325. RuX,(CO);(PNO) com-
plexes (X = Br, 1) were prepared 326 by reaction between Ru(C0)4X, and PNO. Interac-
tion between 2, 6-LNO and Rulll, Rhi! or IriHl chiorides in acetone—ethanol leads to the
immediate precipitation of crystalline products; the Ru and Rh complexes are of the
types [Ru(2,6-LNO);Cl;] and [Rh(2,6-LNO); Cl]Cl%, respectively; the ir complex is
very unstable and has not been characterized as yet177.

(A)PtCl,(L) (A = alkene, alkyne, styrene, vinyl ester or CO; L = N-oxide) complexes 1%
72-79,267, 368,327,328 were reviewed in detail by Orchin and Schmidt? (see also Sects.
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C(d), (iii) and (vi) of the present review and Table 12). The crystal structure determination
of (CO)PtCl,(4-MeOPNO) revealed that the PtCCl,0 moiety is square planar and the V-
oxide and carbonyl ligands are trans to one another 2268 The Pt—O—N angle is 120°,
while the Pt—C—O grouping is almost linear2. 268 (178%). The Pt—0 bond is essentially a
sigma bond with very little, if any, back-bonding? (Pt—O bond length 268 1.99 A). vp,_¢
is insensitive to the effects of substituents on the aromatic ring of the N-oxide 2,327,
Olefin—olefin exchange studies in Pt—olefin complexes329, and their derivatives with
pyridines 339 and pyridine /V-oxides 72 have been reported 2. Exchange between different
N-oxides in (A)PtCl,(N-oxide) complexes also occurs in solutions 76:331 e g.

(4-NO, PNO)PtCl,(Cg Hs CH=CH,) + PNO = (PNO) PtCl,(C¢HsCH=CH,) + 4.-NO,PNO
Qa7

Pyridine and pyridine NV-oxide ligands may be displaced from complexes of the above
type by various solvent molecules (e.g. acetone, chloroform, acetonitrile)328,330.332; the
trans-labilizing ability of the unsaturated ligand decreases along the series 330,332 ethylene
>> prans-2-butene > cis-2-butene > CO. It should be noted. however, that caution is gen-
erally recommended in the interpretation of any type of exchange reaction with Pt!! com-
plexes?; in fact, complexes of the above types can be quite labile even in the absence of
any added free ligand 330, while the possibility of ready oxidation of Pt2* to Pt** intro-
duces an additional complication 2. PdI! analogs of the above complexes are considerably
less stable and difficult to isolate; however, a number of (C,H,) PdCl,(/V-oxide) complexes
have been prepared 80 (Table 12). Other palladium and platinum N-oxide complexes re-
ported are: {Pd(4-EtOPNO),Cl,] (ref. 142) and [Pt(2,6-LNO);Cl5 ] Cl (ref. 175).

AgClO, forms complexes of the type AgClOy4 * nL (12 = 2 or 3) with N-oxides (PNO,

2, 3- and 4-PicNO, 2,6-LNO, 2-, 3- and 4-CNPNO, and 2-ethyl, 2-n-propyl- and 2-isopentyl-
pyridine V-oxides 111, 142,148,290 The 2:1 complexes involve either a mono- or a binuclear
(V-oxide-bridged) complex cation (vide supra) 148.290_ while the 3:1 analogs were formu-
lated as [Agl,](ClO,4)* L, on the basis of the occurrence of vy_g as a doublet (suggestive
of the presence of two chemically inequivalent sets of ligands) and the tendency of Ag!

to exhibit linear two-fold coordination290 (Table 12). In Ag(2-CNPNO),(ClO,) the ligand
appears either to contain bridging NV-oxide groups or to involve coordination of both the
N-oxide oxygen and the nitrile group 148, AgNO; - PNO (ref. 333) and [Ag(PNO)]*-
[C(NO,)31~ (ref. 334) complexes were also reported.

Cd!l and Hg!! perchlorates and tetrafluoroborates yield [MLg]2* hexacoordinated
cationic complexes with V-oxides109,111,142,173,181 [Hg(PNO)g1X, (X =PFg, AsFg,
SbFg¢) have also been prepared 181. Cd!l and Hg!! halides form complexes of the following
types (L = N-oxide); X = Cl, Br, I): [CdLX,],, CdLX;(0OH,), CdL,1,, Cd3L,Cl,
Cd4L,Clg (refs. 180, 297, 311, 335) and [HgLX,], (refs. 173, 180, 181, 195, 197, 269,
311, 336) (Table 12). Although the possibility of NV-oxide bridging in the binuclear 1:1
complexes was discussed 181, the overall spectroscopic evidence is in favor of halogen-
bridged structures. Crystal structure determinations of [HgLCl,] complexes (L. = 3,5-
Br,PNO, QNO) established that these compounds are chlorine-bridged 270:337, Qther CdHl
complexes reported are: [CAdL(NCS),1,, (L = PNO, 2-, 3- and 4-PicNO, 2,6-LNO), [Cd-
(4-CNPNO),(NCS),1,,, involving bridging thiocyanato ligands 9%, and [Cd(2,6-LNO),-
(ONO>),], with monodentate nitrato ligands159. [Hg(PNO),X;] complexes (X = NO;,
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CF3CO00, CCl3C00) involve coordinated polyanions, acting, most probably, as bidentate
ligands; hence, Hg!! is probably hexacoordinated in these compounds!8!. Analogous com-
pounds with X = CN, CF3, C;F5, CF3 - CHF, CF3 - CH,, CgHs, 0-, m- and p-CF5 - CgH,
are probably tetrahedral 181,338,339 Fluoro-alkyl and fluoro-aryl mercurials may form
1:1, 1:2 and 1:3 complexes 338337 with PNO. [HgL{SCN),] complexes (L = PNO, 2,6-
LNO) appear to be binuclear, NV-oxide-bridged, with S-bonded terminal thiocyanato li-
gandslig’l 181 For Hg! the complexes Hg,(PNO)4(Cl0,), and Hg,SiF¢ - SPNO were re-
ported <+,

{c} Complexes with lanthanide and actinide ions

YU and Lo perchiorates form complexes!13.340 of the type [MLg](CIO4); with
PNO. The complex cations are square antiprismatic 279 281.340; comparisons with analo-
gous complexes of other ligands show that the stability order of [LnLg]>* decreases along
the series antipyrine > DMSO > PNO > N, M-dimethylformamide 340, 4.PicNO also forms
{LnLg]3* complexes (Ln = Pr, Nd, Sm, Eu, Gd, Dy)3*1; hydrated complexes of the
types [Sm(4-PicNO),(OH,)]3*, [Eu(4-PicNO)g(OH,),13* and [Er(4-PicNO);(OH,)]13*
were also isolated 341, QNO forms 7:1 cationic complexes with Y and La!!! jons (Ln=
La to Yb): a series of [M(QNO);][Cr(NCS)4] complexes with these metal ions has been
prepared 342, [M(PNQ),(NO3)]X; (X = NO3, ClOy4, B(CgHy)4) with Y and Lalll jons
most probably involve hexacoordinated complex cations with coordinated bidentate ni-
trate 343_ LnCl; salts form the following complexes344 with QNO: Ln(QNO);Cl; - H,0
(M = Nd, Sm) and Ln(QNO)4Cl5 - H,0 (Ln = Eu, Gd, Tb, Dy, Ho, Yb). The 3:1 complex-
es are more thermally stable than the 4:1 complexes. The latter compounds lose two
molecules of HCl at 50—100°C, forming complexes of the corresponding Ln oxychlorides344
(LnOCI(QNO),). Eulll complexes of the above types, as well as adducts of N-oxides with
Eull! 3.ketoenolato complexes are fluorescent276-281 (vide supra; Sect. C(vi)).

ThIY and UO,%* perchlorates form the following complexes 116:121: Th(PNO)g(ClO,);,
Th(QNO)¢(CiO4)4 and UO,(PNO)s(CiO4),. The shifts of the antisymmetric stretching
frequency of the UOZ""‘" ionic group, occurring upon interaction of equimolar amounts of
uranyl compounds and a number of neutral or ionic ligands are as follows343 (in cm™1):
bidentate oxalate, 65; bidentate sulfate, 63; bidentate nitrate, 37; pyridine, 34; antipyrine,
29; PNO, 29; bidentate perchlorate, 29; N, V-dimethylformamide, 27: tri-n-butylphosphate,
25; monodentate perchlorate, 22; di-n-butyl ether, 21; camphor, 19; H,0, 19; CH;CN,

16; nitromethane, 11. The trend observed in the case of the above shifts is that a ligand
with a given Apyq, (as) shift will generally replace all ligands inducing lower Avyg 2 (as)
shifts345. ThIV chioride and nitrate complexes reported are: ThCl, - 2(2,6-LNO) (ref.
175), ThCl, - 2QNO- 2H,0 and Th(OH);(NO;), * 20NO (ref. 298). UO,(NO;), forms
1:2 complexes with a variety of aromatic N-oxides 298,346 ThIV and uranyl nitrates can
be precipitated from aqueous solutions in the form of their N.oxide (e.g. 3-rerr.-butyl-
2,4,6-trimethylpyridine N-oxide) complexes347. U0, Ci, yields complexes200, 210,298,346
of various stoichiometries with N-oxides, i.e. UO;,Cl, - 2L (L. = PNO, 2- and 4-PicNO,
4-MeOPNO, 4-NO,PNO, QNO), U0, <l, - 3PNO, UO,Cl, * 4(4-CIPNO). 2:1 N-oxide
complexes with UO,Br, and U050, have also been reported 298:346_ U0,>* g-ketoeno-
lato complexes of the type UO,(L), (L = bidentate 3-ketoenolato ligand) form 1:1 adducts
with PNO and 4-substituted derivatives20%. Quite recently, adducts of bis-(dithiolato) UO,
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complexes with PNO and other neutral ligands were reported 348, Finally, conductivity
measurements of U0, Cl, - 2L (L = QNO, IQNO) in methanol are considerably higher than
those observed for anhydrous UO,Cl, or UO,Cl, - H,O in the same medium 349, The
higher degree of dissociation in the /V-oxide complexes has been attributed to weaker
U-Cl bonds, resulting from the presence of the large QNO or IQNO molecules in the first
coordination sphere of the UV1 jon349.

{d) Complexes with compounds of other elements

The following PNO complexes have been reported47:48: 111 for the perchlorates of
metal jons belonging to Groups IA, A and IIIA of the Periodic Table: M(PNQ)4CIO,

(M = Li, Na), M(PNO)G(C}O‘; )2 (M = Mg, Ca, SY), BE(PNO)‘;(CIO‘;)?', A}(PNO)‘G (C104 )3 N
TI(PNO)g(ClO4)3. Nal+ 2(2-PicNO) (vide supra; structure VI)has also been reported 56.
4-EtOPNO forms a 4:1 complex 142 with Ca(ClO,),; Mg(NCS), - 2(2,6-LNO) has been
formulated as [(2,6-LNO)(SCN);Mg(2,6-LNO),Mg(NCS),(2,6-LNO)], i.e. dimeric, V-
oxide-bridged, involving V-bonded isothiocyanato groups 192 B compounds generally
form complexes of the type BX; - L (X = H, F, Cl; L = PNO, 4-PicNO, QN0)7-350_1¢ is
noteworthy that vy_gq shifts of 18—44 cm~! were observed 350 in PNO complexes of this
type, whereas with the corresponding 4-PicNO compounds the shifts of this band were
111—117 cm~!1. A number of cationic complexes of the type [(CH3)3NBH2(L)]+ PFg™
(L = PNO and other neutral oxygen ligands) were also reported 351, Indium trichloride
forms a complex 352 of the type In(PNO);Cl;. Examples of N-oxide reactions with
Grignard reagents (e.g. refs. 20, 95, 353) and lithium insertion at the aromatic ring posi-
ticns, via an N-oxide-Bu” Li adduct intermediate 98, have already been discussed in Sect.
C().

SiV halides form 1:4 complexes354 with PNO, i.e. SiX, - 4PNO (X = Cl, Br). SnX, -
PNO (X = Cl, Br) and SnCl, - 2PNO adducts have been reported 182.183. 272, For the
former complex a monomeric structure 183, involving tricoordinated Sn!l, and a binuclear,
chlorine-bridged structure 182 have been proposed by different groups. The splitting of
vn_g in SnCl, - 2PNO may suggest that one PNO group is outside the coordination sphere,
but does not preclude a tetracoordinated system 183.272, ;.Oxide complexes with SnIV
halides 16, 176, 203, 204,355,356 54 organo-SnfV and _PhIV salts 131.201,212, 266,273,357
have been studied to some extent (Table 13);SnX, (X =F, CI, Br, I} forms 1:2 adducts with
aromatic amine N-oxides 16 176,203,204,355,356 (vide supra, Sects. C(iii), (). R;MX-L
complexes (R = alkyl, aryl; X = Cl, Br, ~NCS; M = Sn, Pb; L = N-oxide) are trigonal bi-
pyramidal with planar R3;M moieties 201,266,357 (CgHs)3SnCl complexes with pyridine
and quinoline NV-oxides have fungicidal, bactericidal and molluskicidal properties and low
phytotoxicity 358.359, R,SnX, - 2L complexes 131,201,212, 266,273,357 jnyolve two N-
oxide ligands trans to one another 131,273,357 (see also Sects. C(iii), (vi) and structure
XI), and are hexacoordinated; in the case of 2,4,6-CNO a pentacoordinated adduct of the
type (CHS)zs“CIZ - L is stabilized; formation of the 1:2 adduct in this case is sterically
hindered 0. A series of 4-substituted pyridine NV-oxides with R3M substituents (R = CH3
or CyHg; M = C, Si, Ge, Sn) was recently prepared 360:361, Pb(PNO)3(ClO4), was also
reported 111, QNO and its derivatives react with Pb(CH3COO),, forming N-acetoxycar-
bostyril, which is subsequently converted to N-hydroxycarbostyril, either on standing or
by hydrolysis 362,363,
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TABLE 13

Tin and lead complexes with aromatic amine V-oxides 4

Complex Ref.
Sn{PNO)Cl, 182, 183
Sn(PNO)Cly 183
Sn{PNO)(NCS)» 272
Sn(PNO),F4 204
Sn{PNO),Cly 176
Sn(PNO)2Bra 176
Sn(PNQ),i4 176
[PB(PNO)31(C104q)2 1i1
{CH3)SnBr3 « 2PNO 176
{CH3)28nClq « 2PNO 176

201, 212
(CH3);5nCly « (2,4,6-CNO) 201
(CH3)35nCl* PNO 176
{CH3)3PbCl: PNO 201

42 Representative examples

SbClg forms a 1 1 adduct364 with PNO, while PCl; - PNO (ref. 84) and PCls - PNO
(ref 92) adducts were proposed as intermediates of reactions between PCly or PCl; and
PNO (vide supra, Sect. C(2)) Adducts of the types SOz - L (ref 6), TeCl, « L (ref 174) and
TeCly * 2L with aromatic /V-oxides have been reported. Phenol, alcohol and halogen adducts
of N-oxides were discussed in Sect B(i) Inorganic and organmic acids form ! 1 and 1 2
adducts with N-oxides, for which structures IV and V respectively were proposed 56—58
(Sect B(ui1)) Examples of N-oxide (L) adducts of these types are [HL]X (X=Cl, Br,
SbC16) (refs 5, 56, 365, 366), [HL,]X (X = Cl, Br, I (refs 56, 57), SbClg, SbF¢, PF¢,
AsFg (refs 57, 58), BF, (ref 57), ClO,4 (refs 57, 367), p-CH3C HSO; (ref 57), AuCly,
AuBr, (refs. 368, 369)), [LH] , [Mo,0 } H, 0 (ref 370) and CCl, ,Hy_,COOH L(n= '
1— 3)§71 372 The crystal structure determmnation of CCl3COOH- PO fevealed a rather
short distance (2.41 &) between the N—O oxygen atom and one of the carboxy oxygens286.
Fnally, kaohnite (Al4(S1,0,9)(OH)g) forms a PNO adduct, mvolving H-bonding from
the hydroxyl hydrogens to the N—O oxygen373

D METAL COMPLEXES OF AROMATIC AMINE N-OXIDE AND DIAMINE N, N-DIOXIDE
CHELATING AGENTS

2-Substituted pyridne N-oxides and 2- or 8-substituted quinohne N-oxides (XII, XU,
XIV, respectively), involving substituents that can serve as donor sites, may act exther as
monodentate neutral ligands (e.g Y = NH,, CN), coordmating through the N—O oxygen,
or as neutral (e g 'Y = CN) or anionic (Y =07, §7, COO™, NH™, etc ) bidentate chelating
agents Other V-oxide and NV, N-dioxide chelating agents, reportedly forming metal com-
plexes (vide nfra) are 1, 10-phenanthroline N-oxide, XV, 2,2"-bipyndine N, N-dioxide,
XV1, 1,10-phenanthroline N, N-dioxide, XVII, and 2,3-d1(2-pynidine N-oxide) quinoxa-
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Iine, XVIIL In contrast fo the metal complexes of monodentate N-oxades, many of the
metal chelates of these hgands can be 1solated from aqueous solution

Picolinic acid N-oxide (PicANO-H, Y = COOH 1 XII) forms complexes with a variety
of metal 10ns213,215,374~379 (Table 14, see also Table 6 and Sect. C(2v)) Complexes2!S
of the type M(PicANO), * 2H,0 (M = Mg, Mn, Fe, Co, Ni, Cu) are bis-chelates, XIX;
M(PicANO); (M = Mn, Fe) are erther monomeric tris-chelates, XX, or polymers based
upon the anhydrous form of structure XXI, which was proposed 215 for M(PicANO); -
H,0 (M =Cr, Co).
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Other complexes reported by Lever et al. are. Cu(PicANO), (monomeric, square planar
chelate), Zn(PicANO), - H,O (tetrahedral or pentacoordinated), Ca(PicANO),(probably
polynuclear), Fe (PicANO);(PicANO-H) (uer = 5 98 B.M ), Fe(PicANO),OMe (u ¢ =

5 09 B M.), HFe(PicANO), , during oxidation of Fell, Coll and Ni*~PicANO complexes
by chlonne or bromine, compounds of the types FeCl,(PicANO), CoCl(PicANO), Co-
(OOCCH;)(PicANO) Br (uggr = 4.99 B M.), and Ni(OOCCH;3 )(PIcANO) Br (o = 3 90

B.M ) were isolated 215 Recently, the magnetic properties of Fe(PicANO), - 2H,0 1n the
80—300°K region were reported 378. The patterns of the variation 1n stability constants
with increasing atomic number led to the conclusion that PicANO acts as a bidentate Ir-
gand in its La™ (La to Lu) complexes375. However, the ratios of stepwise stability con-
stants for the same complexes were suggestive of coordmnation of PicANO as a monoden-
tate ligand 376, A series of X,BL (X = CgH; or F, L = PicANO, 2-carboxyquinoline N-
oxide, 2-OMePNO, 8-OQNO) complexes mvolve chelation of the ligand; 8-ethoxy-carbonyl-
aminoquinoline N-oxide (LH) forms the (CH;), BL chelate, but its mteraction with BF;
leads to the formation of the adduct BF; - LH, in which the ligand 1s neutral, coordinating
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through the N—O oxygen 3792 Other PicANO complexes reported are374. Be(PicANO),,
MO, (PicANO), - 2H,0 (M = U, Pu), Zr(PiIcANO)(OH); The 1 2 metal-to-igand ratio
the UO,“" complex was also determined by physicochemical studies377.
2-Amunopyridine N-oxide (LH) metal compiexes of the type [M(LH)gJ(CiO4), (M=
Mn, Fe, Co, N1, Zn, Mg) and [M(LH)4}{(ClO4), (M = Cu, Ba), nvolving monodentate
neutral higands, coordinated through the N—O oxygen, were 1solated during interaction of
higand and salt in methanol 380, In highly alkaline aqueous media, the same hgand loses
one proton, forming an anion, which can coordinate as a bidentate ligand to Cul! and
Felll (XXII), with other 3d metal 1ons hydrolysis occurs more easily than formation of

metal chelates of the type shown in XXII380,

oy oy a
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OH OH
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Adenosine N-oxide behaves in a stimilar manner, formng 1.1 chelates, XXIIIL, with divalent
3d metal 1ons (M = Mn to Zn) 1n alkaline media3812 However, adenine N-oxide forms
chelates with the same metal 10ns, involving coordination of the mitrogen of the amuno
group and one nitrogen of the imidazole ring (1n position 7) (XXIV), the N—O oxygen 1s
not coordinated 1n the latter complexes38! Adenosine-5"-monophosphate-N(1)-oxide
forms Cull complexes mvolving coordination of the N—O oxygen, with other MII 1ons
(Mg, Ca, Ba, Mn, Co, N1, Zn), coordmation through this oxygen occurs, 1n solution, at igh
pH, while at neutral or weakly acid pH thus ligand coordinates exclusively through the
phosphate group to the above metal tons 3822, Symlar studies with mosine-N(1)-oxide and
1ts 5"-monophosphate derivative established that the latter higand coordinates manly
through the N—O oxygen to divalent 3d metal sons, whereas in the case of alkaline earth
metal ions, an equilibrium between NO- and phosphato-bonded species exists in solution 382b

2-Hydroxypyridine N-oxide (2.HOPNO) and 2-pyridinethiol N-oxide (PTNO-H)
(XXV,Z =0, 8) exist predonunantly in therr tautomeric forms of l-hydroxypynd-2-one
and 1-hydroxypyndne-2-thione (XXVi, Z = O, S), respectively 383 (the 2-aminopyridine
N-oxi:g;% exists predominantly in the N-oxide rather than the 1-hydroxypyrndone-2-1mine
form>93)

{ —= | <
NP N2n N2 N NZ
] é I
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o
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XXV XXVI XXVII

Both 2-HOPNO and PTNO-H (omadine) reportedly form metal chelates of type XXVII27L
274,275,384—391(Table 14) Chelates of this type exhibit negative vy_g shifts274,386
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vc—g In M(PTNO),, complexes did not dimnish 1n intensity or approximate position, as
would be expected, although, 1n certain cases, the absorption was split into two bands386,
2-OPNO (L) chelates of the types [SiL3 ]X (X = Cl, FeCly), [SiL3], [SnClg], [AIL;],
[FeL;] and [SnL;], [SnC136] have been reported 384.391 The §)IV complexes nvolve an
octahedral complex cation 384, which was partially resolved mnto its optical enantiomers
by treatment with disodium (—)-dibenzoyl-L-tartrate 391, Zn complexes of this ligand
may be used as antifungal agents392. An early paper389 reported the preparation of vari-
ous 2-pyridine-thiolate N-oxide M(PTNO),, complexes (M = Nal, Fell | Felll | Coll NI,
Cull, Agl, Aulll, Znll, cdll, Hel, Hglf, Pbll, SHIll, ASHI Byll) Polarographic studies of
some of these complexes388 and determination of formation constants of divalent 3d met-
al 10n chelates with 2-OPNO and PTNO 385 were later reported The following PTNO(L)
metal chelates have been 1solated and characterized CrL;- 1 5H,0, NaL, K1, MnL,-
H,0. FeL;, CoLs * 2H,0, NiLy, CuLy, ZnL,, CdL,, ZrL, - H,0, HgL, (ref. 386),
R,SnL(R = n-C4Ho, CgHs), SnX,L(X =F, Cl, Br, 1), SnL, (C4H),Sn(NCS)L (ref
274). RSnCIL, (R = n-C4Hgy, CgHs) (ref 275) Mossbauer studies of FeLs (ref 271) and
the SnIV complexes274: 275 have already been mentioned (Sect. C(v1)). NiL, (e =034
BM.) and CuL, are square planar, MnL, « H,O 1s tetrahedral (u.;=5.72 BM , yellow-
green color) and the Crllf, Felll and Colll chelates are octahedral, a Dg value of 1884 cm—1
was denived from the electronic spectrum of CoL » 2H, O (pgsr = 0.40 B M) 386, PTNHO 387
and 4-methylpyrnidine-2-thiol N-ox1de 390 have been used for the analytical determination
of Felll The Fe!ll chelates with both these ligands can be used for the selective differen-
tial absorptiometric determmation390 of Hgll. M(PTNO),, complexes have found applica-
tion as components of fungicides and bactericides and as repellents, reducing deer-
browsing393 The Na! and Zn!l complexes of 2-quinolinethiol N-oxide are used 1n ant:-
dandruff shampoos394. Coll, Nill| Cull and Cdll chelates of 1-hydroxypyrazole-2-oxide 3952
and Cull complexes oM§oxazoline oxide dervatives 3950 have also been reported
8-Quinolinol N-oxide (oxine NV-oxide) and substituted dervatves have been extensively
used for the extraction and analytical determination of vanous metal ions (e g Mn2+,
Fed*, Co2*, Cu2¥, Zn2*, A13*+, Ln3+, Ru3*, Ird+, Ce#t, U6+)396-400 The stabihity con-
stants of 8-quinolinol V-oxide complexes are generally smaller than those of the corre-
sponding 8-quinolinol complexes#00 Spectrophotometric, stability constant and other
investigations of metal complexes of & quinolinol NV-oxide (LH) and substituted derivatves
(e g 5,7-dichloro-8-quinolinol N-oxide (L'H)) of various types (1.e NiL'5, CuL,, PdL,
[MLCl,} 6= (M = Rulll, Rn!ll, Os!V, 1TV PtIV 11 = 3 or 4), etc.), led to the assignment
of structures mvanably mnvolving chelating L or L' ligands to these compounds 396.399,400-402
Although many metal 10ns can be precipitated with 8-quinolinol N-oxide (Mg?*, Ca?*,
Sr2%, Ba2*, Zn2*, Cd2*, Co2*, €edt, U022+, TI¥, etc )398, the only 3d metal complex
obtained 1 crystalline form and characterized 1s VO(8-OQNO), (g = 1 77 B.M )403,
Reaction of 8-quinolinol N-oxide and 2-n-butoxy-1,3,2-dioxaborole in CH,Cl, results in
the precipitation of the tetraoxa-azaspiroborate, XXVIII404,

7
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1-Hydroxyphenazine-N, N-dioxide reportedly behaves 1n a similar manner to 8-quino-
linol N-oxide, forming Cull chelates by coordination of one of the NO oxygens and the
oxygen of the hydroxyl group401b,

2,2'-Bipyridine N, N-dioxide (XVI, B1PO,) acts as a neutral bidentate ligand, forming
metal complexes involving seven-membered chelate rings XXIX96,120,222,320,323,405-413
(Table 14) Metal complexes of the general types [M(BiPO,);5]X,, (M = A13*, Sc3*, Cr3*,
Mn2*, Mn3*, Fe3*, Co2*, Ni2*, Cu?*, Zn2*, Cd2*, Hg?*, X = Br, I, Cl04, NO3, S,0g,
PtCly, n = 0 5-3)120,405-408 M(B1PO,),]X,, (M= Co?*, X = Cl, Cu?*, X = PtCly, Ag",
Pb2*, X = Cl(.')4)406‘408 are generally charactenzed by bidentate BiPO, ligands. vys_
values are 1n agreement with the Irving—Williams seres, 1.e they vary in the following
order?97 for 3d metal 1ons Mn2* < Co?* < Ni?2* < Cu2* > Zn2* Stereochemical con-
siderations and infrared studies suggest that the seven-membered chelate rings involve a
staggered (gauche) configuration of the pyridine rings406.407 NMR data for [M(B1PO,); }-
[PFs], (M = Co, N1) complexes (contact and dipolar shifts and the corresponding geo-
metrical factors) were best interpreted 413 by assuming a M—0O distance of 2 20 A and an
O—M-0 angle of 85°, the geometrical factors obtained i this manner correspond to a
staggered conﬁguratlon for the chelated BiPO, ligand, invoiving an angle of 67° between
the planes of the two aromatic rings and a M—O—N angle of 115° Two out of eight possi-
ble optical 1somers appear to be present in appreciable amounts in the [M(B1F'02)3]2‘L
(M = Co, N1) cationic complexes, these are the Addd (=AIll) and the Alll (EAddd) 1somers*13
Other BIPO, chelates with transition metal 1ons reported are VCly-L (L= BiPO,, 1, 10-
phenanthroline N, N-dioxide, XVII, - = 1 50 and 1 60 B M., respectively) 222 [VO~
(B1PO,),1(ClO,), (uer= 163 BM), [ZrO(BlPO )3](C104)ﬁ (ref 409), [(Nb Cll2)Cl2
(BlPOq)z] (TEf 320) [MO204C12(BIPO2)2] 2H2O [M0203CI(B1P02)2] 2H20 (“eff
1.23 and 1.48 B M., respectively)*9?, Mo (NO),(B1PO,)Cl, (ref 323) and Re(CO);3-
(BPO,)X (X = Cl, Br, )%6. Yl and Lalll form chelates of the type [M(BiPO,),1(ClO, )5
(M =Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb) (refs. 410, 411). The Eulll and Tp!!!
complexes of this type are fluorescent, and their fluorescence spectra in solution were re-
ported411. IR and conductance data*10 indicate that the metal—ligand bond 1s weaker
1n the lanthanide than 1n the corresponding transition metal chelates with BiIPO, A CelV
complex of the type [Ce(BiPO;)3(NO3),](ClO4); was recently prepared41l Chelates of
the actinide 10ns with BiPO, have also been reported, viz  [Th(BiPO,)4}(C10,4),, [UO,-
Fnally, BiIPO, forms 1 1 adducts with the following inorganic acids HCIO,4, DCIOy,,
HCI, HBr, HSbClg (ref 414) Other NV, N-dioxides, reportedly forming metal complexes,
are 4, 4'-dimtro (or dihydroxy)-glycosine-3,3'-dioxide and indigo-3, 3"-dioxde (2, 2'-d1-
benzdimidazyl-3, 3"-dioxide)4!5 2, 2"-Bipyndine-V-oxide complexes have not been re-
ported, but a series of ML,Cl5 - nH,0 (M= Co, N1, Cu,7n =0, 0 5 and 2, respectively)
with 1, 10-phenanthroline N-oxide, XV, were prepared416 These complexes are dissociated
n water to regenerate the N-oxide and the hydrated metal 10n416 no characterization
studies were reported for these compounds

Quute recently, a number of Co™, Ni'f and Cul! halide complexes with the higand 2,3-
di(2-pyndme N-oxide) qumoxaline (XVIII, DPNOQ) were synthesized417 (Table 14).
DPNOQ can act as a monodentate, mono-bidentate or bis-bidentate (bridging) ligand. In
the latter two cases, six-membered chelate rings are formed by coordination of one N—QO
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oxygen and one nitrogen of the quinoxaline ring to the metal 10n. Monomeric tetrahedral
structures, involving mono-bidentate DPNOQ were assigned to CoX,(DPQNO)-#H,0
(X=Cl, Br, I,n=1-15), complexes of the type N1X2(DPNOQ)%{- H,0 (X=Br, D) are
monomerc, octahadral, and also contain mono-bidentate ligands*17. Oligomeric NiCl,
complexes of the types Ni3Clg(DPNOQ), - 4H, 0 and Ni5Cl;(DPNOQ), - 4H, O contamn
bndging bis-bidentate DPNOQ ligand molecules, coordination of terminal mono-bidentate
DPNOQ groups was proposed for the former complex, while the formulation of the latter
complex 1nvolves only brndging DPNOQ ligands and terminal aquo and chloro groups
CuX,(DPNOQ) complexes are probably hexacoordinated, polynuclear, DPNOQ-bridged
A complex in which this ligand 1s monodentate#17 1s the adduct ICLl- DPNOQ Finally,
2-CNPNO acts as a monodentate ligand in [M(2-CNPNO), [(ClO4), (M = Co, N1), while
for Ag(2-CNPNQO),(ClO,) the possibility of chelation of the ligand was discussed 148
(vide supra, Sect. C(vur)(b))

E METAL COMPLEXES OF ALIPHATIC AMINE V-OXIDES AND SECONDARY AMINE NITROXIDE
TREE RADICALS

The present section gives a brief account of the metal complexes reported for aliphatic
amme N-oxides and secondary amine mitroxide free radicals Trimethylamine NV-oxide
(TMNO) forms complexes with a variety of transition metal salts18,100,110,293,418-425
coordination occurring through the N—O oxygen Complexes of the following types were
reported [M(TMNO),](ClO4), (M = Mn, Co, N1, Cu, Zn)18,100,418-422 ' 1a(TMNO), ]-
(Cl0g) (M =S¢, C) 100,293 "[M(TMNO), X, | (M = Mn, Co, Zn, Cd; X = Cl, Br, I, NCS,
NO;)18,110,419,420,422,423 [Co(TMNO);I]I (ref 18), [Co(TMNO)4]1X, (X = NO,

(ref 110), BF,, ClOy4, Br, I, CH3C¢H,SO5 (tosylate))*21, [M(TMNO)X,] (M = Cd, Hg,
X = Cl, Br, D423 and M(TMNO),Cl4 (M = Ty, Zr)#22:424 TMNO behaves in a manner
stmilar to sterically hindered aromatic amine N-oxides (e g 2,6-LNO 145, ANQ) 147 1n
that 1t forms [ML4]2* and [MLg]3* cationic complexes However, the [M(TMNO), 12*
complexes are tetrahedral, with the exception of the Cull complex, which 1s probably dis-
torted square-planar (D,, symmetry) 100 whereas the [M(2,6-LNO)4 ] 2+ complexes are
square-planar145 Thus, TMNO resembles the corresponding phosphine and arsine

oxides 101, 102,135—139 15y that 1t favors the stabilization of tetrahedral cationic complexes
Square pyranudal |ML,] 2* and [ML,(OCl105)] * cationic 3d metal complexes with tri-
alkyl- and tri-arylphosphine oxides have been reported 136140426 Nevertheless, attempts
at the isolation of [M(TMNO)s](ClO,4), were unsuccessful, although solutions of [M-
(TMNO)4](Cl0,4), (M = Co, N1) contaiming excess hgand exhibit electronic spectra indi-
cating the attainment of a coordination higher than four 140 Conclustons regarding the
stereochemistry of [M(TMNO)5]2+ would be of considerable interest, since [MLs] 2+
cations are square pyramidal for L = phosphine or arsine oxide 136,140,426 304 trigonal
bipyramudal for L = aromatic amine N-oxide (2-PicNQ0)123: 133 [Co(TMNO),X,] (X=
Cl, Br, I, NCS) complexes are pseudo-tetrahedral in solution, but pentacoordmated (most
probably TMNO-bridged and dumeric) 1n the solid state419:420_ The paramagne tic metal
1on TMNO complexes mentioned above are generally of the high-spin type. Other metal
complexes of TMNO reported are BX3 < TMNO (X =F, Cl, Br) 11.15.424,427 A1X, - TMNO
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(X =Cl, Br), GaCl3 - TMNO, InCl; - 2TMNO (ref 424),(CH3);M+TMNO (M = Al, Ga,
In)428 SiF, - 2TMNO, S1X, - 4TMNO (X = Cl, Br)11:354, GeCl, - 2TMNO, GeCl, - 4TMNO
(ref. 424), SnX, + 2TMNO (X = F, Cl, Br)422:424, PCl3 - nTMNO (ref. 11), SO5 - TMNO
(refs 10, 13), SO5 - TMNO (refs. 13, 15). TMNO- HCl and TMNO - 2H, 0O have also been
studied 429-430: Triethyl- and tripropylamine N-oxides (TENO, TPNO, respectively) form
[CoLyX»] (X =Cl, Br, I, NCS) and [CoL4](ClO,), complexes?22:425_ TENO complexes
of these types form the pentacoordinated complex [Co(TENO);] 2+ in solution and in the
presence of excess higand, treatment of TPNO complexes with excess higand does not lead
to the formation of species with a coordination number hugher than four. ([Co(TPNO)X, ]
forms the [Co(TPNO),}2* cation, under these conditions#25. Rare earth complexes of
the type [M(TENO)4] [Cr(NCS)g] - 2H,0 (M =Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er) have also been reported®3! N, N-Dimethylethylenediamine N-oxide ((CH;3),N(O)-
CH,CH,NH,) acts as a bidentate chelating agent, coordinating through one oxygen and
one nitrogen atom, [ML3](ClO4); o, 3 (M = Fe3*, Co?*, Ni2*), [ML,(CIO4), (M= Cu,
Zn), MLX; (M = Mn, Co, Cu, Zn; X = C, I), NiLCl, - 2H,0, MLC, - 2HCI (M = Mn, Pd,
Cd) and L+ 2HCI complexes of this ligand have been prepared432. Complexes with other
R3NO hgands reported are CgHgMgBr* CgHs(CHj3), (ref 12), ZnBr, - 2CgHs(CgH; CH-
=CHCH=)NO (ref. 14), and a senies of F3NO adducts with BF3, AsF5 and SbFg (ref 433).

The mitroxides of secondary amnes are free radicals; properly substituted radicals of
this type are stable substances434-436 (e g di-tert -butylmtroxide, XXX, DBNO and
2,2,6,6-tetramethylpiperidine nitroxide, XXXI, TMPNO+)

CHs CHy
~. -
CHg“}C\ /CQCH:; CH3 CH3
CH N CcH
3 1 3 CHj N CHs3
o* (*),
XXX XXX1

These compounds have found wide application as spin labels for probing bromolecular
structure 437, interest in their coordination compounds has started developing in recent

years The donor properties of TMPNO « towards vanous phenols and alcohols were recent-

ly investigated 438; protonation of TMPNO -, not involving destruction of the paramag-

netic center, has been reported*3% The 1 1 complexes of non-transition metal 1ons with
mtroxide free radicals (1€ AlCl; with DBNO -« and TMPNO- (ref. 105), and MX3 (M = Al,

Ga, X = Cl, Br, I) with 2,2,6,6-tetramethyl-4-pyndone nitroxide 103) are paramagnetic 103. 105
Solution EPR spectra of the free radicals consist of three lines produced by interaction of

the unparred electron with a single 1*N nucleus The A complexes exhibit 18-ine EPR
spectra m which each of the three 14N lines 1s sphit mnto six by interaction with a single

27 Al nucleus 105 In the case of Gal! complexes, 24 lines are observed in their EPR spec-

tra, this 1s due to interactions between 4N and 69Ga or 71Ga nuclei 193, In complexes

with paramagnetic metal 1ons, spm--spin mteractions between the ligand and metal 1ons
unparred electrons occur, as mdicated by magnetic susceptibility and EPR studies 104,105,440-444
[Co(DBNO*),X,] (X = Cl, Br, I) complexes were initially found 104 6 exhibit Hegr of ca

2.7 B M.; recently, g of the CoBr, complex was redetermined 40 and found to be 4.23

B.M. The complexes are tetrahedral and their electronic spectra establish that Co 1s in the
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+2 oxidation state#¥0_ The mnteraction between ligand and metal 1on unparred electrons

1s obvious, since the theoretical y g value*40 for a system containing three unpaired elec-
trons on cobalt, which are not interacting with one unpaired electron on each hgand, is

4 8 B M. The solid-state EPR spectra of these complexes are unusual for tetrahedral Coll,
It resembles an S =1 system with g values#40 comparable to that expected for tetrahedral
Coll. Beck et al 104 assumed a total spin of S = £, but Brown et al. 440 concluded that

S # 3. Sumular magnetic properties and EPR spectra were reported for a number of 3d met-
al perchlorate —TMPNO < complexes. [Fe(TMPNO),(Ci0,),], (uer =3.47 BM.), [Co-
(TMPNO )(ClO4)5 ], (Megr =4 58 B M), [NI(TMPNO)(C104),1,. (egr = 3 63 BM.),
{Za(TMPNO),(ClO04), ] x (s = 2.06 BM Y106 These compounds are most probably
bimnuclear, the presence of bridging perchlorato higands was considered as more probable
than that of bridging TMPNO -, in view of the steric features of the later ligand 106
Bis-(8-ketoenolato)—Cull chelates form 1 1 adducts with DBNO - and TMPNO -, ex-
hibiting low magnetic moments (1 05 B M ) 441,444 The Cul! salt of the 2,2,5,5-
tetramethyl-3-carboxypyrroline nitroxide radical does not exhibit an EPR signal442.

A labile Cu(Cl10y4), complex with TMPNO * was 1solated but not charactenzed, the reac-
tion was carried out m triethyl orthoformate, and this complex was attacked by the etha-
nol produced, formung 2,2,6,6-tetramethylpipennidmium perchlorate and a mixture of ele-
mental copper and copper oxides445 Addition of 3d metal acetylacetonates (VO2*, Cr3*,
Mn3*, Fe3*, Co2*, Cu?*) to solutions of DBNO- or TMPNO*- results in a broadening of the
lines of the EPR and NMR spectra of the free radical, the Iine widths depend on the num-
ber of spins on the metal and the geometry of the complexes#*3. A number of diamag-

netic Pd! complexes of the type [Pd(DBNO-)X] 5 (X=Cl, Br) reported, are binuclear
halogen-bnidged 107 The complexes mentioned above involve, with the possible exception

of CuL, (L = 2,2,5, 5-tetramethyl-3-carboxypyrroline nitroxide)**2 coordmation of the
nitroxide group to the metal 1on Coordination through the N—O oxygen 1s suggested by
negative vy_q frequency shifts 104,106,445 anq the fact that the mitrogen hyperfine split-
tings 1n the EPR spectra of diamagnetic metal 1on-free radical complexes are increased rel-
ative to the splittings of the uncomplexed free radicals*4! The possibility of n-bonding
of the type

0

.....yM}"H‘

N

was also advanced 193 Complexes of nitroxide free radicals, not involving coordination of
the mitroxide group, are also known For example, during spin-labehing of vitamun B, 1t
was suggested that TMPNO -+ and its 4-hydroxy derivative coordinates to Col through

the mitroxide group, while 4-bromoacetamido-2,2,6,6-tetramethylpipenidine nitroxide
radical coordinates through the carbon of the BrCH, group#46, and 1n Pd(porphyrexide),-
Cl; complexes, the bidentate ligands coordinate through two mmino group mtrogens
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