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A INTRODUCTION

Amine N-oxides act as electron-pair donors, forming molecular adducts and complexes
with a vartety of acceptor molecules, such as metal salts and complexes !+ ?, halogens?,
and organic compounds* Although comptexcs of pyndine N-oxides with HCI {ref 5),
SO, (ref 6}, BF;3 (ref 7), 1ron carbonyl®, and uramuum compounds?, and a larger number
of adducts between aliphatic amine N-oxides and various Lews acids 10-15 were previous
ly known, systematic synthetie and characterization studies of metal complexes of aro-
matic amine N-oxides were imitiated 16-1% 1n 1961 Dunng the last decade, a strong inter-
est sn the coordination chemistcy of aromatic anune V-oxides was displayed by many re-
search groups, and a large number of publications appeared n the htesature. These studies
were greatly encouraged by the ready avaability of a variety of ligands of this type 29,
Two reviews I+ 2 covering the subject appeared 1n this journal 1n 1968 Since then a sign1-
ficant number of important contributions has appeared in the literature The present re.
view s manly concerned with the progress in the field of the coordmation compounds of
aromatic ammne /V-oxides to date The meral complexcs of aliphatic and non-aromatic
heterocyclic amine /V-oxides are also briefly covered.

B AROMATIC AMINE N-OXIDES
{1} Preparation and properties

Aromatic amine N-oxides are generally prepared in good yields by direct AM-exidation
of the corresponding aromatic amine with an organic peractd, such as monoperphthalic
acud, or hydrogen peroxide and glacial acetic acid 5.20~23 QOther preparative methods -
volve cychization reactions of compounds with aliphatic chamns20:21:24.25 A.Oxdation
leads 1o significant alteration of the reactivity of Lthe aromatic ring, owing to a reversal in
the electron density distnbution about the ning, 1n comparison with that ohserved in the
corresponding amne 2629 The N*—O~ group 1s strongly polarizable 1n both direcuons
and can act either as an electron-atiracting or as an electron-donating group, facilitating
both electrophulic and nucleopbilic subsututions30 In contrast, electrophiie substitution
1s not facile 1n aromatic amines.

In aliphatic arune N-oxides the four atomic orbitals of the nitrogen atom are close to
sp3, and have an approximately regular tetrahedsal structure 20-31_ In aromatic amine
N-oxides, however, the fone-pair electrons of the nitrogen, before formation of the N-O
bond, are on the sp? orbital, so that the N—O bond 15 1n the same plane as the aromatc
ring, and the oxygen 2p r electrons interact directly with the n-elecuon system of the ring.
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Thus leads to differences in the chemical properties of aliphatic and aromatic amine A-
oxides29, The unsubstituted pyridine N-oxade involves nearly equal contnbutions>2 from
canonjcal structores I, IT and TIL
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The contnbutions of structural type I are demonstrated by X-ray data and dipole moment
determinations Thus, the N—O bond s sigmificantly shorter in pynidine N-oxide (1 37 8)33
than wn trimethylamine M-oxide (1 388 A)31 or uits hydrochlonde (1 424 A)34. Contnbu-
tions of structural type H are enhanced when electron-withdrawing substituents occupy
nng posttions !, This 15 suggested by the mcreased double-bond character of N—O 1n com-
pounds of this type (e g the N—O bond length 1n d-nitropynidine N-oxide 1s 1.26 8)3%
On the other hand, the fact that the difference 1n dipole monient hetween pyndine (2 22
debye) and pyridine M-oxide (4.24 debye) 1s considerably smalier than that between tnimethyl-
amune (0 &5 debye) and trimethylamine N-oxide (5 02 debye) has been also attributed to the
tmportance of the contrbutions of canonscal structure 11 in the aromatic oxide 36
The organic chemistry of aromatic amine N-oxides has been repeatedly reviewe
The vapor ultraviolet spectra of pyridine N-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 w —+ n* and 1 -+ 7% transitions3? At hugher energies two additional
bands are observed, and attnbuted to 7 = ™ and n ~ 7" transttions 2. Suniar vapor
UV spectra have been reported for substituted pyndine N-oxides?0. In aprotic solvents,
the - ¥ transition in aromatic arnine M-oxides exhibits 2 red shuft and a hyperchromic
effect when compared to the same absorption In the corresponding aromatic amine In
hydroxylic solvents, on the other hand, the M.oxide m — 7* band shows a biue shuft, whuch
1s mainly due to hydragen bonding®!.42_ The infrared spectra of aromatic amine N-oxides
have been studied extensively 43 =46 The bands of special interest to coordination cherusts
are’ vy_gq, occurnng at 13001200 cm=1, §_q, occurmnng at 880830 cm~}, and CH
out-of-plane deformations, which occur in the 900650 cm—! region47-48. These bands
usually exhibit charactenstic shufts upon metal complex formation??48 (vide infra)
Proton NMR spectra of pyndinc #-oxides in non-polar aprotic solvents exhibit chemical
shifts 1n the order 7-H > -H > a-H from the lugher magnetic field 20-28.49 The a- and
y-protons of the parent base undergo higher shifts than the B-protons upon N-oxidation9?,
Thus is due to an increase in the negativity of the nitrogen by M-oxidation, leadmg to a
general decrease in the electron density of the aromatic nng; this decrease 1s most pro-
rounced for the §-carbon atoms, which do not recewve the electron-donating resonance
contnbuton from the oxygen atom 20

d 20,21,30,37,38

{1t} Subsnituent effects and correlations

As already mentioned, electron-withdrawing substituents enhance the contnbutions of
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structural type II, contnbutions of canonical forms fike il mncrease in the presence of
election-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
variation of the substituent(s) on the aromatic nng Many successfu] correlations of vars-
ous properties of subsututed aromatic M-oxides with the substituent Hammett sigma con-
stants 30 or the hybrid set of parameters o* (for strongly electron-releasing), ¢~ (for
strongly electron-withdrawing) and o (for weakly cleciron-releasing or withdrawing sub-
strtuents) 3! have been reported 1.38.50.52- 54,

The YN..O frequencies of substituted aromatic M.oxides corrclate moderately well wath
the Hammett o constan1s38-43; correlations of vy _q with the 6%, ¢~ and o hybnd set of
parameters are more successfui38:53 In 1967 Nelson et al ntroduced the OpyNO CONstants
{Table 1), whach were derived from the acid dissociabon constants of protanated substi-
tuted pyndine N-oxadesS3 Correlations of opyNo With vanaus propertics of [ree and
complexed (vide winfra) substituted pyndine N-oxides are generally successful 135,

TABLE
apyNO constants for substituted pynidine N-oxides*3

Substitueot Ligand pKgpt opPyNO
4-ClH,0- 2059 ~0603
&CH;3 - 1.29 0 -0 240
3CHiy - 108d 0139
H 0,790 0
4-Ci-- 036¢ 0 206
i 1344 0 263
403N-— -1.7 & 1.19
4-HO- 2360 -0 751
4.-H;N- 3165€ -137
3HqN-- 1470 -0 325
+HOOC— —gas/S 0608
3.HOOC- 009/ 0335
4-H3C00C- -041°¢ 0574
31 HyC400C- 003 0364
3.4-(CH )2~ Lol b ~0 105
4-(CH3)zN- 31884 ~1.48
ACHO- 2679 -0 574
4CN-~ ~1178 094

2 J N Gardner and A R Katnitzky, J Chem. Soc, Londorn, (195724375

b AR Katntzky and F.J Swanboume, J Chem Soc, London, (1985) 6707,

¢ Refl 34

o Grandberg, G X Fazova and A N. Kost, Xhum Geterorstk! Soedin, 4 (1966) 561
£ 1 Hiwrayama and T Kubota, Yokugaku Zaseh, 73 (19533 140

f Ret. 32

Z R G Garvey and R Scheele, resubts reported in rel. §5
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{11} Donor properties

The oxygen 1n N-oxides is basic and hence susceptible to electrophilic addition by
metal 1ons, Lewts acids, protons, halogens and organic electron.pair acceptors20. | 1 and
2*1 adducts of aromatic amine A-oxides with hydrogen hahides have been reparted; 2.1
adducts are also obtamned with other inorganic acids of the type HX (X = Cl04™, SbClg ™,
PF;—, 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 groups 36— 58 An “ab.-
normal” 1:2 Nal salt with 2-picoline N-oxide has also been prepared by Vozza36 and as-
signed structure V1.

+ + *
LN i LN pN EN
S (ool Lo ol
N N N CHywy# NFCHa
| [ i i
O—H O o

cH QO=—Na

v v Vi

Amine N-oxides also form molecular adducts with alcohols and phenols through intermo-
lecular hydrogen bonding A numberof 1 1,2 | and 1 2 adducts of various phenols with
4mtropyndine N-oxide have been 1solated 1n erystalline 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 pgy mode of the alcohal or phenol, observed during adduct forma-
tion with a neutral hgand, 15 a function of the bonding formation enthalpy69:61 Numer-
ous studies of the properties of aprotic solvent (e g CCl,) solutions contaimng mx tures
of aromatic N-oxides and alcohols or phenals have been reported 43 53,55,62-65_gyccess.
ful Avgy correlations with g, 0% and 0~ or opynp demonstrate that the o-donor strength
of aromatic A-oxides tncreases with increasing contributions of canonical forms 111, 1 e.
with increasing electron-releasing character of the substituent, as would be expected43,53,55,62
Figure | dlustrates the Avgy vs gpynyo Plot for a series of adducts of substituted pyndine
and qunoline N-oxides with phenois33.55:62_ [ near AHY vs Avg,yy plots were also re-
ported for methanol adducts with pyndine N-oxides®S Studtes of the adducts between
aromatic N-oxides and 1odine are also suggestive of an mcrease in the donot strength of
the oxide with increasing electron-releasing ability of the substituent}66-68_ A hinear log
Keq VS Opyno DlOT, obtained for a senes of 4-substtuted pyridine N-oxides®7, 1s Wlustra-
ted in Fig. 1. Recent studies of the molecular adducts between mono-AV-oxides of aromatic
diazintes and 10dine led to the conclusion that the N—O oxygen rather than the second nng
nitrogen 1s the donor atom in these compounds$9.
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Fig 1 Correlations of opynp (ref $5) with (A), ¢, A¥QH trequencies for the interactions of 4-sub-
stituted pyridine N-oxides wath p-methviphenol 92 e, log Keq for the mteractions of 4-substituted
pyndme M-ovudes with wdime®?, (B), o and =, Avpp frequenctes for the mteractions of 4- and 6- {re-

spectively) substituted quinotine M.ovides with 1::I1enol‘sz Apqy for G-substituted quinoline N-owvdes
gives mare sabisfactory plots when comnrelated with the Hammett ¢ constants

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

{1} Preparation of metal complexes and sonte reacnions behween N-oxides and meiallic
corrpounds

The majority of the metal complexes of aromatic amine N-oxides are decomposed by
water The methods employed for thewr preparation involve, therefore, mnteractions be-
tween ligand and metallic compound in non-aqueous solvents! In certain cases, organic
dehydrating agents, such as tnethyl orthoformate 70 and 2, 2-dimethoxypropane 7!, have
been uuhzed etther for the dehydration of hydrated metal salts or even as interaction me-
dia Crystalline metal complexes with M-oxides are usnally rather easly obtained and a
targe number of compounds of this type are stable in the atmasphere. Descriptions of the
varions synthetic methods employed for the preparation of M-oxide complexes are, thus,
considered unnecessary, special synthetic procedures or handling precautions required for
certain metal complexes will be mentioned in the approptiate sections

Synthetic procedures for mixed N-oxide—m-figand Pt complexes of the general type
(A)PtCl, (L) (where A = alkene, alkyne, styrene, vinyl ester or CO and L = aromatit
amine N-oxide)?2~7? were described 1n detail in a previous review? Analogous Pd!! com.
plexes are more difficult to 1solate, owing to their lower stability, nevertheless, a senes of
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complexes of the type [(CoH,;) PACl; L] (L = CgHgNO and substituted derivatves) was
obtained by interaction of [(CyH,4)PdCl,]; with an aromatic -oxide in dichloromethane,
under an ethyiene blanket at low temperatures39.

In certain cases, the aromatic N-oxides react with labile metallic compounds. Thus,
when VI salts interact with excess M-oxide, erther mn the presence of air or under mert
conditions, part of the igand31~83 may cxidize V3* to VO?* Reactions of V(CIO4),
with vanous pyndine V-oxides, under mert conditions, resulted in the formation of M-
oxide complexes of the VI salt, contarminated with major or minor amounts of VO(ClO4 )5+
N.oxide complexes82 Pure VO(CIO,), - 5C;HsNO was prepared from VCl;, CsH;NO and
1ClO, in £thanol in the presence of atmospheric oxygen3! On the other hand, VO(NCS),
+nCgHgNO (i = 4, 5) and VO(NCS), + 4(4-CH3C4H4NO) were obtatned by reaction of
V{NCS); and aromatic N-oxide, under nert condittons®* The following redox reaction
was proposed for these interactions 83, where Z = H, CH;

V(Z-CgHyNO), (NCS); = VO(Z-CsHyNO),,_;(NCS), + { Z-CsH, N + SCN } (1)

Redox reactions of the above type have been widely utilized for the deoxypgenation of
aromatic N-oxides, for synthetic purposes?0 Reactions of aromatiic N-oxides with Pl
halides 1n organic solvents lead to the formauon of the corresponding amunes and PV oxo-
halides; the reactions most probably involve formation of a PXy--N-oxide adduct as an
mtermediate 84

CsHyNO + PCly = [CsHgNO+PCl3 ] -> CsHgN + POCly @

Other reducing agents, reportedly deoxygenating N-oxides, are ferrous saltsB3 | sodum
hydrosulfite or sulfite, NaBH, + AlCly (ref 86), NO (ref. 59), Fe or Zn powder wn acetic
ac1d87 or alkaline media 3% suifur (1n hquid ammoma), sulfur componnds®8 (e g mercap-
to compounds, thiourea, §5Cl,, CgHgSCl), etc. Sulfur dioxide, which reportedly forms a
1 1 adduct with tnmethylarmmne /v-oxide 1013 ¢an reduce aromatic N-oxides only under
certan reaction conditions3? Mixtures of trsphenylphosphine and an aromatic amine M-
oxide react at 230°C, yiclding tnphenylphosphine oxide and the corresponding aromatic
armne 90 Neutral phosphite esters are not very effective deoxygenaung agents for N-
oxides®4 | however, the reaction goes to completion when triethyl phosphite is used in
combination wath a perojxide and oxygen®!. Reaction of aromatic N-oxides and N, V-
dioxides wath PClg, POCly or KCN leads to deoxygenation of the amine oxide and stmul-
taneous msertion of halogen or CN groups at the 2- or 4- ring posntlon92‘94 Intermediates
of the types L+ PCl; (ref. 92) and (L)P(Q)Cl; (ref. 93) (L = amine N-oxade) have been
proposed for M-oxide reactions with PCl; and POCl; respectively. Pyndine N-oxide reacts
with CgH¢MgBr in tetrahydrofuran to yield 1-hydroxy-2-phenyl-1, 2-dihydropyndine, the
qumnolne analog can be obtamed by a sumtlar reaction at low temperantres, but at higher
temperatures 2-phenylquinoline N-oxide derivatives are the main reaction praducts93

Agsomatic amine NV-oxides can generally dispiace m-hgands from their metal complexes.
Thus, 1n addition to the displacement of ethylene in Pt (refs 2, 72-79) and Pali (ref. 80)
complexes, reaction of pyndine N-oxide (PNO) with iron tetracarbonyl in benzene, leads
to the formation of {Fe(PNO)g] [Fey(CO)yq}, ron 15 in the +2 oxidation state i the
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catiomc PNO complex8. Substitution reactions of halapentacaibonylthemum () com-
nlexes with PNO yield Re(CO)3(PNO), X (X = Ci, Br, 1), while tricarbonyl(cyclohepta-
triene)molybdenum produces Mo(CO)3(PNO); when allowed to interact with PNQYS,
Finally, metallations of the aromatic nng of N-oxides have also been reported reacuon of
PNO with Hgll acetate m glacial acetic acid yields®7 4.C1HgC-H, NO, and reaction of 4-
chloro-3-methylpyridime N-oxide wath n-butyllithium results in the insertion of L1 at the
6-position of the aromatic ring, via an M-gxade—Bu” Li adduct intermedsate?8.

{u} Generalines

Monadentate “oxo-l'sands™ 92 of the general type R,,Z0 (where Z 15 a Group VA ele-
ment N. P, As, etc ) coordinate mvarably 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
interaction of an unoccupied orbrtal of the metallic compound with the three m-electron
frapments N O been advanced 103 , however, infrared evidence 1s generally in favor of co-
ordination of the latter ligands through the N—O oxygen 104-107 The nitrogen atom n
tertiary amme N-coxides s devoid of a lone pair, in fagt, the lone elegtron pair of mirogen
in terhiary amines 15 used for bonding to the oxypgen atom duning M-oxidation, 1€

N + 6 —= =NO (3)

-‘_\ k3 s
Hence, the only site available for coordination in terttary amine V-oxides 15 the oxygen
atom

The aromatic rings of PNO, quinoline M-oxide {QNO) and 1soquinoline M-oxide (IQNO)
do not introduce severe steric hindrance dunng formation of cationic metal com-
plexes 16—18.53,81,82,108-131 Thys, complexes of the types [ML¢]"* (7= 2 or 3) (refs
i6--18, 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 hgand, nitrates Copper(II} generally forms
[CuL,]2* cationic complexes with aromatic A-oxides, and only in the cases of PNO and
4-methylpyridine N-oxide were [CuLg}12* complexes also 1solated 17.122_ Although the
maxunum possibie coordination numbers for complexes of 3d metal 10ns with monoden-
tate ligands are usually attaned in cationic 3d metal complexes with PNO, QNO or IQNO,
the effective symmetries of these [MLg 17" and [CuL,[2* complexes ate lower than 0y,
or Dy, respectively 123 (vide mfra) Thus is due to the non-lineanty of the N—-O—M bond
sequence, a necessary requirement of the electronic distribution about the axygen atom 123
Examination of the two extreme cases of tetrahedral sp? (for a purely smgle N—O
bond) 124 and tngonal planar sp? {for a double N—O bond) disposiion of oxygen lone
pairs in the metal complexes of aromatic amune N-oxides, shows? that the M—O--N bond
angle should lie somewhere between 108° and 120° X-ray crystal stmcture determnations
of vanous cationic and neutral aromatic amine /¥-oxide metal complexes has established 125-134
that the M—O—N bond angle lies between 108° and 134°. Companson of the cationic 3d
metal complexes of unsubstituted pyndine and quinoline M-oxides with those reported
for R3ZO (R = alkyl, aryl, dralkylamino group, Z = Group VA element) 100, 102,135-140
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clearly shows the greater steric hindrance introduced durng coordination of the latter It-
gands In fact, R3Z0 hipands usually form 4 1 complexes with divalent 34 metat pes-
chiorates100:102,135-133 complexes of the type {M(R320)s]2* have been reparted 140
for R = CH; and Z = P The highest possibie coordmation numbers are, nevertheless, not
always attained th PNO metal complexes, for wstance, YU and Lot ons form
[M(PNO)g13* cationic complexes '3 Higher coordination numbers have been reported
for several cationic complexes of these metal 1ons with other monodentate ligands (¢ g
certain sulfoxides yield [Y19]3* and [Lukg}3* complexesldl)

The presence of 3- or 4-substttuents in the aramatic ning of PNO and 4- or 6-substitu-
ents in that of QNO does not introduce steric mterference at the coordmation site, thus,
[MLg 1" complexes of ligands of these types with a variety of 34 metal ians have been
reported 8. 53,82, 108 117-U9 4. Ethoxypyridine N-oxide (4-EtOPNO) forms
[M(4-E:QPNO)5] 2* with certain metal (Mn, Co, N1, Zn) perchlorates }42, but
[M(4-EtOPNO)g } 2+ complexes were obtained during interactions of an excess of this hr-
gand with Col* and Ni¥ nitrates}?3 Steric effects become obvious in 2-substituted and
2,6-disubstituted pyndme N-oxides 2-Picoline N-oxide (2-PicNO) forms [Co(2-PicNO); |-
{(C104),, nvolving a tngonal bipyramidal complex cation 123333 and 4 1 compiexes
with Nit! mitrate and perchlorate 144 However, the 2-ethylpynidine N-oxide (2-EtPNO)
yields a hexacoordinated cationic Nitf complex, under the same experimental conditions }#*,
QNO, which carresponds to a 2, 3-disubstituted pyridine M-oxide, behaves i a symlar way,
as already mentioned 2,6-Lutidine V-oxide (2,6-LNQ) forms 4 1 complexes with divalent
3d wietal perchlorates (M = Mn to Zn)}143 These hgands (2-PicNO, 2-EtPNOC, 2,6-LNO)
were, on the olher hand, also found to yield 6 1 complexes with the same 34 metal per-
chlorates, when different synthetic pracedures were employed 148, The [Co(2,6-LNQO);]%*
catton has been shown to exist in soluttons of {Co(2,6-LNO), J{C1O,)4, containing excess
hgand }45.147 304 jn nitromethane solutions 148 of (Co(2,6-LNO), J(CIO, ¥3° 0.

2, 3. and 4-cyanopynidine M-oxides generally form 48 6 1 complexes with Coll and Nylf
perchlorates and 2 1 complexes with AgCiO, The above examples suggest that subshituents
at the 2- and 6- positions of the PNO ning, although introducing sufficient sterte interference

as (o cause the stabilization af lower than hexacoordinated cattonic complexes with 34
metal 1ons, do not provide a severe enough stenc hindrance to impede the formation of

the correspondmng 6 1 complexes, the stoichiometry of the complexes obtained with these
hgands depends on the synthetic method utihzed. Finally, acridine N.oxide (ANQ), corre.
sponding o a 2,3, 5,6-tetrasubstituted pyridine MV-oxide, forms complexes of the type
[M(AND)4(OH2)2](CIO§J2 -xH,0 (M = Co, Ni, Zn)*4? Trwvalent 3¢ metal 1ons {1 €
Cr3*, Fe3*) yield [MLg]>* complexes with 2- and 2,6-substituted pyndine M-oxides and
ANO 145, 146,149

The steric effects of substituents on the aromatic ring of M-oxtdes ate also evidenced
by the influence they exert on various properties of muxed M-oxide—antonic or neutral
hgand metal complexes Thus, adducts of the type TiF, « 2L {or, more generally, MX, - 2L,
X = hahde 10n) with non-bulky or stencally hindered ligands, such as pyndine jV-oxides,
are normally cis-nctahedral 1301353 The rans-octahedral 1somers are stabdized only when
there is sufficient steri¢ interaction to overcome symmetiy effects and the tendency to
maximize F-to-T1 p,_—d_ bonding, !9F NMR studies of adducts of this type wilh various
pyndmne N-oxides suggest that the iz isomer is the predominant species when L = PNO,
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2-PicNQ, 2-EtPNO, 2,4-1NO and 3,5-LNO, however, 1n the case of TiF » 2(2,6-LNO),
stabiization of the cts 1somer 1s stencally hundered, and the frans complex 13 formed ex-
clusively 133,

Bis-(8-ketoenolata) Coll, Nifl and Cull chelates form 1solable 1.2 andfor 1 1 adducts
with aromatic amine N-oxides 154157 Proton NMR contact and pseudocontact shift stu-
dies of these adducts i solution have established many cases of stenc interference of the
nng substituents of aromatic amine N-oxides Thus, the meia-substituent mn 3-PicNO inter-
feres with the Co(2,4-pentanedionato), (Co{AA),) ring system {but, presumably not
with the corresponding Ni{AA), system), restricting the rotation of the pyridine ring 15
The steric mfluence of the methyl substituents of 2,6-INO 1n adducts with M{(AA), 1s
suggested by the fact that no proton 1s allowed to spend much of 1ts time at apogee or
pengee (1n a rotamer, having the plane of the pyndine ring perpendicular 1o that of the
Bketoenolato nng, the protons at apogee and perigee with respect to the metal were, re.
spectively, defined as at 0° and 180° intemal rotation), similar effects were not observed
for the corresponding adducts of any of the less sterically hindered picolne V-oxides,
moreover, 2,6-LNO apparently forms only the 1 | adduct with M(AA), (M = Co, Ni)134
QNO, corresponding to a 2,3-disubstituted pyridine MV-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 inflluence the mede of coordination of polyanions with coordi-
natimg abdity 1n aromatic amune N-oxide metal complexes Thus, divalent 3d metal ns-
trates generally form neutral | 2 complexes with these ligands when stotchiometric
amounts of salt and ligand are allowed to interact 16,18, 110,143, 144, 158,159 Ccomplexes
of this type (the exception being the Cull compound) with PNO and 4-substituted deriva-
tives are hexacoordinated, involving two chelating mitrato groups, as indicated by spectial
and magnetic evidence 16.18.110,143, 134 [C5(2,6-1NO),(NO3 )4} and 1ts 2,4,6-collidine
N-oxide (2,4,6-CNO) anatog were assigned simylar structures 138, However, more recent
studies of [M(2,6-LNO),(NO;),] (M = Mn, Co, Ny, Zn) complexes led 1o the conclusion
that these compounds are pentacoordinated, involving one mono- and one bidentate ni-
trato hgand 59 In fact, the electronic spectra and magnetic moments of these complexes
are suggestive 139 of pentacoordinated configurations 123,142, 145,146,160 0On the other
hand, the presence of two types of coordinated nitrate (mono- and bi-dentate) is demon-
strated by the occurrence 159 of four bands {(combination vibrational modes of the mitrato
groups 161,162y 3t 1800-1700 cm—!, compounds involving one type of cagrdinated ru-
trate exhibit only two bands in this region 161,162 Formation of complexes of this type
with 2,6-LNO 1s apparen Uy due {o steric interference between the methyl ring substitu-
ents and the nitrato ligands 152,

In a series of papers Muto et al discussed the effects of aromatic ning subsutuents on
the properties of 1 { complexes between N-oxides and Cult halides 63186, Compounds
of this type are binuclear, V-oxide.brnidged, and exhibit subnormal and temperature-
depenrlent paramagnetism 167, they liave been the subject of extensive studies, which wall
be discussed in a Jater section Spun—spin coupling in compounds of thus type pnmanly
occurs by means of a super-exchange mteraction between the Cull 1ons of the dumer,
through the bridgng oxygen atoms of the N-oxide higands 168-170_ Primanly, Muto et al.
found the following Although substituent Hammett g constants do not correlate wath
the observed {(d—¢) band positions or magnetic moments in the complexes, a faurly hinear
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piot of the 5, (kK) of the (d—d) band vs g ts obtained. Increasing spin—cpin inter-
action and occurrence of the Cu?* (d—d) transition at higher energies are generally ob-
served with increasing sterte hindrance of the N.axide hgand. Thus for example, . and
the wavelengths of the (d—-d) band maxumum increase along the sernes 2,6-LNO <
2-P1icNO < 3.PicNO < 4P1icNO. These trends, which are dlustrated i Table 2, suggest that
in Cull_N-oxide binuclear complexes, the stenc factor 1s more important i detecmining
the extent of the magnetic 1nteraction, or the {(d—d) transiuon energy, than the electromic
effect 163166 The importance cf the substituent(s) electronic effects is evident 1n mono-
mernic N-oxtde—metal complexes, in complexes of this type a variety of successfui correla-
uons of substituent sygma constants to vanous physicochemical properties (including
linear b, of the (d—d) band 1n [Cul,}(CI0,4), vs g plots196) have been reported, and
will be detaded mn the nex: section

Mixed N-oxide—anionic or neutral hgand metal complexes can be obtained in a variety
of metal to N-oxide ratos Specifically, studies of equilibria 1n the system Cr(ClO, )y —
HC10,—H,0~PNQ revealed that the complete series of species, typically [Cr{(OHj)g -
(PNO),, }3*, where n = 0—6 incluswe, are formed ! 71, For n = 2, 3 or 4 both cis and trans
isomers were abtained with separation achieved by 10n-exchange techniques!?t, The
widest vanety of metal to N-oxade rat10s 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 N-oxide ratios have also been ob-

TABLE 2

Effects of substituents on the aromatic ting on the magnetsc moments and the (d~d) transition maxr

man 1 1 CuClz—aromatic amine M-oxide compleves'93—1%¢
Lugand Amax uerg (25°C)
{nm) (BM)

3-CIPNO B20O 046
3HOOCPNO 885 054
3H 5C200CPNO 8125 048
4-HsC;00CPNO 830 050
3-CH;3COPNO 900 057
4-NO;PNO 1100 120
4-CNPNO 805 096
3-HOPNO 795 0.37
4-HOFNO a 0133
2-EtPNO 763 032
3-EtPNO 810 046
4EtPNO B20 059
2,4-LNO 765 0137
2-CH20H+ PNO 800 039
3-CH;0H- PNO 813 0 50
4-CH,0H- PNO 818 0352
QNO 133 0.33
4-Me(NO 750 040
1QNO B10O 051

2 Not reporied
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taned 172173 by thermal elunination of N-oxide or aquo groups from richer (in N-oxide
lipands) or hydrated metal halide complexas A few dlustrate examples of certain metal
halide—aromatic amine A-oxade {L) complexes of varous storchiometries are cited here
(X = halide ligand) MCl4-nL{n=1,M=Te (ref 174),n =2, M = Hf, Th, Te, Sn (refs.
174-176);n =3, M = Zr, Pt (ref 175)), MCly »L (n=2,M=Fe (refs 177,178),n=3,
M = e, Ru (refs. 177, 179),n=5, M = Rh (ref 179)), MX, -nL (n =, M = Mn, N (ref.
172),n= I, M =Mn, Co, Ni, Cu, Zn, Cd, Hg, Sn (refs 16, 167, 172, 173, 180—183),n=2,
M= Mn, Co, N1, Pd, Cu, Zn, Cd, Sn (refs 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 =Nt (refs 18, 172)), M3XgL; (M = Cu, C2) (refs 180, 186), M X4L, (M = Cu, Cd)
(refs 130, 18G6) it should be noted that, in addibion to the fwo latter types of complex,
many of the MX, + nL compounds mvolving high M to L ratios are bi- or polynuclear

{11} Infrared spectra

Coordinatron of aromatic amtne N-oxides through the N—O oxygen s manifested by
charactenstic shifts of various ligand IR bands In metal complexes of pyndine MN-oxide
and it; substituted denvatives, vy_q generally occurs at lower frequency than in the free
lizand47-48, Coordination of pyridine N-oxides with metal 10ns results m a dran of elec-
tron density from the oxygen to the metal, this leads to an increase of the energy mis-
match between the oxygen and nitrogen p orbitals and, consequently, a decrease of the
contaibution of the oxygen orbitals in the 7 system of the aromatic nng53. The N—-O
bend 1s thus weakened to same extent, this effect gives nise to negatwve py_q frequency
shifts#& 3. 111 O the other hand, kimematic coupiing!*! and, i the case of transition
metal 1ons, metal-to-hgand d_—p_. back-bonding would tend to produce positive ¥y _o
frequency shifts In metal complexes with pynidine N-oxides the former effect obviously
ovzrndes the latter effects, since negative ¥y _ o shifts are mvariably observed. Metal com-
pl2xes of 1soqunoline and acrnidine N-oxides also exhibat negative sy _o shufts117.149,
However, 1n 3d metal complexes with qumoline N-oxides and 4-substituted derivatives,
Un_o 18 found erther at the same frequency as in the free ligand or even shghtly shuftad
towards lugher frequencies 117112, Fhis 1s mainly due to the *“mpurity” of vy_g 10
quinoltne N-oxides 119, (n fact, VN.g 18 coupled with vibrations of the quinolme nng in
these compounds 187, Nevertheless, ex tensive metal-to-ligand m-bonding may also be con-
tribu.ing’to this effect 117, n fact, metal 1ons with no d electrons avadable for d_ —p,,
back-donation (e g TiO2*, ZrO2*, Th**), form QNO complexes, exhibiting larga negative
vyn_o shufts 131 Transition metal com plexes of G-substitnted quinolme N-oxides show
negative shafts 118 of the bands assigned as vyy_ - Typical examples, dlustrating the shdfts
of vy and other IR bands of aromatic amine N-oxide metal compiexes, are given 1n
Table 3. vy_q sphttings in {ML,]7* and [Cul4]2* complexes with pyndine NV-oxides
have been interpreted mn terms of ligand-field symumnetries lower than Oy, and Dy, re-
spectvely 123 (cf Sect C(vu))

Other ligand IR bands, undergotng shifts upon metal complex formation, are §yy_g
and the CH out-of-plane deformation modes?7-4%:176 (Table 3). The §y_g mode occur-
ring at 880—830 cm—! m the free ligands shows small negative or positive frequency shafts
in PNO metal complexes??48; [arger and invanabty positive §)_q shifts are observed 1n
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QNO and IQNO metal complexes 17128 The CH out-of-plane deformation bands (yeg )
are generally shafted towards higher frequencies upon metal complex fom‘nanon‘”"wﬁ%.
These positive shifts are due '8 to a decrease 1n the electron denstty of the ring, resulting
from the coordmation of the ligand to 3 metal ion*8. Absorptions attnbutable to charac-
tenstic vibrations of substituents on the aramatic nng may also be shufted in M-oxide
metal complexes Thus, vp_q in 3- and 4-acetyl-substituted pyndme N-oxides is shifted
towards higher frequencies in the metal complexes of these ligands48. These shafts are
larger for the 4- than for the 3-substrtuted ligand, this 13 consistent with the much preater
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-) nng position relative to
the 3-position, in fact, complex formation results in an inhibition of resonance structures
il of the higand 48

Metal-ligand (vy;_g) vibrahonal modes occurd7-48.53,108, 111,115, 146, 180~ 182, 189193
mn the low-frequency IR regron, at $00—200 cm~1 »y,_q for a given metal ton and V-
oxide ligand decreases with increasing coordination number (e g Up_g Occurs 108 41 366
cm~! in [Cu(PNO)g]12* and as 2 doublet at 417 and 385 ecm=! 1n [Cu(PNO),12%) (cf.
Table 3) Metal halide complexes exhibit the metal—halogen stretching vibrations in the
same frequency region, these bands are generally diagnostic of the stereochemistry of
these complexes (see, for example, ref 194). Conclusions concerning the nature of the
brndging ligand 1n bi- or polynuclear M.oxide metal halide complexes can be drawn (rom
the splitting of the u_q or vy _y bands180-182.189,195.196 Raman spectra lead, of
course, to more decisive conclusions 197, especially when the nature of the bridging li-
gand (1 e. M-oxide or halogen) cannot be unambiguously established from IR spectra alone.
For wnstance, duneric N-oxtde complexes of the type HgLX,, for which both N-oxide
oxygen- 181 and halogen-180,195pnidged 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 combined IR—Raman study 197y Finally, M.oxide metal com.
plexes involving coordinated polyanions show bands attnbatable to the metal—polyanion
stretchung vibrations in the low-frequency IR region (e g vy _q (perchlorato 193, mtrato
or sulfato 159:198), p,  \ or vy _g (thuocyanato139:199) etc ), sphttings of the fundamen-
tal vibranonal mades of the 1onic polyanians are also observed in the IR spectra of com-
pleaes of this type

The frequencies of various IR bands of free and coordinated aromatic amine M.oxides
are influenced by the inductive effects of substituents on the aromatic ning vy _q Vs @
plots are hinear for 4-substituted pyndine M.oxides33:55: 108 a5 already mentioned Sue-
cessful correlations of vy _q with o constants have also been reported for the complexes
of 4-subsituzed pynidine M-oxides with several metal 10ns53- 108, 190,191,200, 201 Mata)
1ons reportedly showing linear vy _q vs. o plots for their 4-substituted pyridine M-oxide
complexes are Mn!! to Znll (refs 53, 108), TalV (ref. 190), Z«IV (ref. 101), UO%+ (ref.
200), and organo-tin{IV) and -lead JV) 1ons 201, Charactenstic plots of this type are us-
trated in Fig. 2 and Table 4, Nevertheless, 1n pyndine N-oxide complexes wath other met-
al 100, pyy._ o Was found nsensitive to substituent vanations82.108,202--205 (Table 4),
metal ions showang this tr nd are- vanadium 1ons (VII, VIV VO2*) (refs 82, 202, 203),
Celli, Felll (refs 108, 205), Sn?* (vefs. 203, 204) vy 15 also rather insgnsitive to sub-
stituent vanations i TiCly complexss with pyndine N-oxides203, but the corresponding
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Fig 2 Correlations of apyNQ (1ef 55) with vN._Q frequencies of 4-subsututed pvridine N-oxides and
their metal complexes. o, freec 4-Z-PNO (tef 53), o, [Ni(4-Z-PNO), J{C1O4); (ref 53), %, THA-Z-PNO),F,
{ref 1900, Z, V(4-Z-PNO); g (ref 192)

TiF, complexes produced a linear vy_q vs o plot 190, In (A)PtCl5(L) (A = alkene or CO,
L = PNO and denvatives) complexes, ty_q 15 sensttve to the inductive effects of substitu-
ents on the aromatic ring277. The Yo=c OF Vo= Modes of the n-bigand are virtually -
sensitive to these effects2-73: 79 Trans-axial coordination (relative to the vanadyl oxygen)
of one aromatic amine N-oxide ligand to the VI 100 10 bis-{B-ketoenolato) oxovanadmum(IV)
chelates results 1n negative shifts of the V=0 stretching vibrational mode 206—208 Avy_q
(t e vy._p (1n the ongnal pentacoordinated chelate) minus vy_ ¢ (1n the hexacoordinated
N-oxide adduct)) was quite successfully correlated to 4-substituent op, g constants, in
addition, linear plots of Avy..q vs —AH (reaction enthalpy) and —AH vs. OpyNO Were
reported 206-208_ [n analogous urany! complexes the U-Q (uranyl or gketoenolato) vi-
bratens are insensitve to the effects of 4-substituents on the pyndine ring 209 but g _
1n UOz2+ complexes with aromatic N-oxides is, generally, sensitive to these effects 207, 210
For cationic complexes of the unsubstituted pyndine N-oxide with 34 metal 1ons a linear
Vn_o VS o Plot was reported, for divalent 3d3-10 metal 10ns (MnI! 1o Zn!) the order
of increase of vy _¢q (or vpy_g) follows the usual pattern of mncreasing ligand-field stabii-
ties for this senes 11 In the quinoline V-oxide sertes, no correlations of vy _q 0 g con:
stants or other parameters have been generally attempted, 1 view of the “impurity” of
this IR band (vide supra) 187,

vp_o bands in aromatic amne V.oxide metal complexes are generally sensttive to the
inductwve effects of nng substituents, furthermore, they are inherently more sensitive than
Yn_o to metal-to-higand (or igand-to-metal) m-bonding '#2 Lineatvyy_q vs @ plots for
4-substituted pyndine N-oxade complexes with metal 1ons with o d electrons available
for back-donation (1e Tr**, Zr%*) or d systems (V4*) were reported 199-192.p,, o 1n
complexes of this type mcreases with mncreasmg electron-releasing property of the sub-
stituent 199-192 (Fig 3) No correlation was, however, found in ssmilar plots of the cor-
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Fig 3 Corrclauons of op, N (ref 53) with iy frequencies of 4-substituted pyrdine Moxde met-
al complexes { } o, TH4-Z-PNO);F4 (zef 190), », V{4-Z-PNO).F4 (tef 152}, Z, Zr{4-Z-PNO);:F4
(el 191) (—~—-) X, [Ni{d-Z-PNO)gJ{C104)31, Imear trend, reported by Herlocker et al

(—-"—}, V-shaped trend for the same senes of N¥'° complexes, obtamed by using the vyy_ o assign-
ments (+} made by Whyman et al for the 4-PAICND complex 108’ and by Nathan and Razsdale for the
4-M2OPNO complex ! 19,

responding TiF; complexes with 4-substituted quinoline M-oxides; this was attributed to
strong coupling 204, Herlocker et al. reported hnear vy —0 ¥8 o plots for {NiLg }(C10,),
complexes with 4-substituted pyridine N-oxides33 (Fig 3) In these complexes PNi—o M-
creases with increasing electron-withdrawing ability of the substituent, owmng to Ni-to-
ligand back-donaton. This was attnbuted to an increase in the energy of the lipand 7* or-
bital with decreasing electron.withdrawing character of the substituent. Thus, although
the g-bond mitially formed between nickel ton and Bgand becomes stronger with 4-sub-
stituent vanation along the series NO,; < COCH;3 < Cl <H < CH3 < OCHj, the overali
strength of the Ni-O bond 1ncreases in the réverse order, owing to increased ncket-to-
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figand z.honding with decreasing encegy of the #® orbital 3} Whyman et al. found simaar
hnear tiends tn vy (o ¥$ 0 plots for the corresponding Ce''l, Fel'! and Co® complexes;
however, the vy ¢y values for the 4.methyl-substituted higand were always high 198 More
recently, Nathan and Ragsdale obtamned V-shaped vy ¢ vs @ plots for Crll, Mpll Felt
and Zn" perchlorate complexes with 4-substituted quinohine V.oxides 1?7 A reexamina.
tion of the low frequency IR spectra of $anethoxypyndine Nooxide-Coll, -Nit and -Zn
petchiocate complexes revealed that twa hands having all the charactersstics of vy g ac.
cug at 300 280 and 422 410¢m ¥ (ret 119) The lower frequency bands have

bectr asugned as vy () duning earlier studies 3. 108 ycqmment of Py o 31422 4t0cm
would tead to Vishaped plots 119 {Fip. 3} V.shaped trends of this type were interpreted
it terms of combimation of two competing effects, i ¢ for efectton-releasing subsutuents,
e basicity of the hgand is the factor determuang the M 0 bond strenpth, while for
clectron-withdrawing substituents the #-honding effect 1s predonunant 1% Motre recently
similar Veshaped trends were reported for FeCly and Fe(ClOg4 )y complexces with 4-sub-
stituted pyndine N-oxides, moreover, the assignment of vy i the FeCly - 21 complex
with 4-methoxypyniditte N-oxrle at 440¢m ! appears o be unambiguous, as no band
with the charactetstics of vy () was observed at 350- 290 em -1 in this complex 205,
Also, vy vs. o correlations could 1ot be made tor Snk - 21 complexes with 4-substr.
wted pyndine and quinoline A-oxades. as well oy TiF 5 - 2L complexes with the quinoline
Moxide seres 7 1a the case of Snby complexcs, the change of vy, With substituent
varation was attnbuted to back-donation from $nf 1o higand, increasing with the inerease
of the clectron-withdrawing abdity of the substitucnt, and counterbalancing the sigina
nterachion to reduce the vy, (o range 2™ Thus. both Za (ref. 119) and Sa'Y (re€ 204,
which have fOlled outer d-shells, appear o be non inert 1o metal-to-ligand back-bonding
Michelson et al. comment also on the possaible ambiguity of ¢1s or trans stercochemmeal
ssugnments on the busis of 1R cvidence alone 208 (gecalso tef 211) A charactenshic
example Tor atomatc amine V-oxide complexes 1$ provided by the case of (C11;),80X5-
{MNOYS (X = halopen) complexes TR cvidenice scems 10 pont to ¢rs c(mliguratmns:" 2
but the crystal structure determinanon of (CH ;) Sn(.‘lz{!’NO)z ¢stablished the location
of all pairs of identtcal higands i erass positions!

ftv} Llectrone spectra

Hexacoordinated first-row transition mictal complexes with PNG and substituted deorr.
atives exlubit efecttonic spectea, wtuch may be convemently divided mto three regony 2!?
(1345000 29.000em -V, (2 29000 21,000 cm b, and (3) 21,000 -5.000cm !
Region 1 contains the v 2® and 1 #® transitions of the hgand (vide supra) High-spin
PNO complexes wath 3d mmetal 1ons exhubit the 7 -p® transition at fower cnerges than in
the f1ee igand (Table $)713, £ Nitropyrdine M oxide analogs show a shift of the = -n®
band 1owards higher enciges?!? These tends concern solid-state spectra, an acetomitnle
solutton the UV spectra of these camplexes were identical to thase of the free ligand, with
the exception of Co'¥ complexes, in the latter case the kinetic stability of the d? chro-
muum 1on precludes dissociation duning the course of the measurement 213 The dissocra
tfon of aromatic amine ¥-oxide metal complexes in varzious solvents (acetanitnle, niteo-
mcthane etc.) has also heen pointed out by Herlocker et al. 3. Acetonitule solution spectra
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TANLE $

{hituse tellectance spoctia of pyading Movdeos and ther metal compliescs in the vltravaoic! (egun

1)

Compound vd

(KK}
PNO 194 303
[CHIPNOY U4 )y e
15 ePNOY, U104 ) MG
1EetPNOY, OO0, 18 1
1('0("50)01“104)3 181429 7%)
[CulPRMNG [(C104); 389
[ 20 (PNO) 140 1g )y I8 532 2%
[N PN, UKD, ELE- XS FRREY)
LNORINO 424,308¢
1 e(d NO3PNOIL (10,407 417 0 s ©
NN PNOY 1010, A4 25 3105
[Cut4-NOPRON 1), 14 3 08F

4 Shouldeis in parenthescs
da n' yanution
€ The band at 30 31 kK 10 atwaciated with the nitto proup

of PNO and ONO complexes with TiQ7%, 2107, Thi* and l:()zz' perchlorares exhibit
7 a® transition sinfts towards higher energiey 14116321 The igand n 2* tanston s
not observed 1n the UV spectea of aromatic V-oxade metal complexes 4. 116120213
bands observed in ¢estan 3d mietal complexes wath PNCY at 13,600 29,000 cin V {Table §)
are unlikely to be due to this transition, which should be of agh energy in metal com-
plexes 243

Region 2 an octahedeal 3d metal ton complexes contains low-1ying charge-transfer bands
and. far certasn metalsons (¢ g Cr3* . N12%), lophet energy (¢ o) bamir2!3 Carlin, in one
of the catlier studies of transition metal perchlorate complexes with PNO, pomnted out the
unusual yellow colar of the Mo comptex and ascabed it 1o the prescance of a low:lymng
chatge-transtee band 17 The onset of the charge transter for the senes of [M1 17" (M -
GV M2, Fedt, Cor Na?t and Cul*)and [Cnl ]2 complexes was ohserved 17 ot
IRTS SOO0OA Lever and co-workers discussed the charge-transfer spegira of dwalent
3d metal complexes wath pyndine V-oxides n detad 714 214 With PNO the charge-
transter band moves to hugher energy i the sequenice Mt <X Nt = Fel? « Co¥ -2 Cult;
the fact that the species most difticult to oxidize (Cu'l) Lies at highest cnergy suggests that
the charge transter is from metal to hgand 213 Intraduction of clectron withdrawing sub.
stitnents { NGOy, COO ete ) at the 2. or 4 ning positions tesults in considerable shifts of
the chagpe-transfet bands towards lower enetgies, thus, an ncrease 1n the acceptor abihty
of the higand leads to a decrease sh the encrgy of the chatge transfer band, as would be ex.
pected far metal-to-ligand charge transfer 213, 1a picolinic acid M.oxide dwalent 34 metal
chelates the encrgy of the chaspe-transfer band increases 215 afong the series Fell < Colt
< Nill < Mn!! < Cull In the cases of Cr'lh and Fe!™ complexes, shoulders observed on the
fising absorption of the UV band wete not assigned by Lever and co-workers 213, In hegh.
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spin compiexcs, the lowest energy metal-to-ligand charge transfer was assigned as follows:
tye = 7" for dt @V and g8 -8 svstens; and e, * =® for*, d% and &° systems21? Rauo-
nasization of the data was made by using, for the first time, the optical clectromcgatvity
approach for the elucidation of metal-to-ligand charge-transfer spectza 283 This method
had been successfully uted by Jérgensen et al. for the exglana[iun of the tigand-to-metal
electron-transfer spectra of motal haxa- and tetra-halides 216, Sclectcd optical clecironega-
tivity data for dwvalent 34 metal complexes with aromatic amine M.oxides are shown in
Table 6. The energy of the metal-to-hgand charge-tiansfer band, corsccted for changes in

spin-patting energy is given by

vep = 30,000 (¢, o (M} = xgpef 1)) S
and
P’(.-l- = % ASPE + HDQ (S)

where x“pl(M) and xdp‘{l.) arc the optical clectroncganvities of the metal ton (in the
stereachemical envitonment of interest) and the ligand, respectvely, ASPE 15 the change
0 spurpatng encegy from the ground state to the excited state, 7 = 6 for e, » 7% transt-
nons and - 4 for 7y, ~ 1 ansitions, and Ng s the higand-field patameter 'Y The
chatge-transfer bands it aromatic amine V-oxtde metal complexes were, therefore, assigned
as f5, ~ 7° trangitions for Felf, Cofl and Ni¥t and as £p = n¥ tranutions for Mn¥ and cull
complexes 213, (cf. Table 6). [t should be noted tiat a pure O, symmctry was assimed

tor the hexacoordinated N-oxide complexes for the purposes ol these studies 283, al-
though these compounds are not octahedral 123 (vade infra)

Region 3 contains exclusively crystal-field {(d--d) bands Farhier reports on electronic
spectea of cationie X metal complexes wath aromatic M-oxides and detemiinations of
hgand-field patameters17. 110.217. 208 e 1o hased on solution spectia However, aromatic
amune V.oxude metal complexes are dissociated sn solution 33. 113 a4 already mentioned;
thus, reliable daty can be obtaincd by spectial measurements either in the solid state (re-
Aectance or mull spectra) or in solubions contaiming excess M.oxide ligand Room-tempera-
ture solid-state electronic spectra of [ML, 17 complexes with atomatic V-oxides exhibit,
tn certatn cascs, splitting of the (¢ ) bands 1?3 atlow temperatures ( 1967) tus sphening
ts resolved in two distinet peaks, in addition, other (f~-d) bands are split in the low.
temperature spectea t23 (Table 7). Thus sphitting s indicattve of the presence of lower sym-
tnetry components in the ligand field 123 (ef. Sect. C{¥u)). Table 7 shows the electronic
spectea of a number of hexa-, penta- and tettacoordinated complexes of 3d metal perchlo-
rates with aromatic amine N.oxides Band assignment and ealeulations of higand-ficld param-
eters pven in Table B for hexacoordinated complexes of this type were generally hased
on the assumption that these cationic complexes are purely O, . Caution must be excrcised
i assipung the higher energy (@) hands, since they may overlap with the charge-transfer
hand in this region

Reedyk U calculated the hgand-field parameters for hexakis-PNO cationic 3d metal
comsplexes from low-encrgy {d-d) bands {see 1ef. 219). Comparison of the £q values of
PNO with thote of H,0 and dimethyl sulfoxide (DMSO) towards octahedral divalent 34
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COMPLEXES OF AROMATIC AMINE N-OXIDES

TABLE 8
Ligand-field parameters for ML 1{C104)n complexes with aromatic amine N-oxides

Meial ion Lipand Da g Ref.
(em—*)

cel* 4-MeOPNO 1613 076 108
4-PIcNG 1600 075 108

PNO 1587 0171 108

4-CIPNO 1578 071 108

2,6-LNO 1686 145

4-MeQQNO 1600 073 119

4-MeQNO 1558 072 119

QNO 1613 083 119

4LIQNO 1562 080 119

4-NO,QNO 1575 119

ANO 1590 149

Mn?* 4-MeOQNO o 076 119
4-MeQNO 747 0 78 119

QNO 703 077 119

4-CIQNO 690 078 119

Fe?t PNO 930 111
Fedt QNO 1373 119
Co?t 4-MeOPNO 9350 088 10R
2-PicNO 5587 096 146

3-PicNO 898 5 082 146

A-pieNO 950 0.88 108

906 085 146

2-EtPNO 657 0955 146

PNO 950 088 108

390 080 111

4-CIPNO 950 088 108

4-NO,PNO 940 089 108

2-CNPNO 956 080 148

3-CNPNO 1010 094 148

4CNPNO 986 0 80 148

4.MeOQNO 835 094 117

4-MeQNO 971 094 117

QNO 976 097 117

IQNO 979 094 117

A-CIQNO 985 093 117

4.NO, QNO 965 098 117

Nt 4 MeOPNG 800 098 53
2-PIcNO 780 0935 146

3.P1cNO 800 09t 146

4-P1cNO 793 096 53

833 090 108

PNO 794 097 53

B26 091 108

820 0 Bl 111
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TABLE 3 (continued)

Metal 100 Lrgand Dg ga Ref
em™")

Nt 2-EIENO 780 0935 146

4-CIPNO 786 092 53

823 093 108

4-NO4 PNO 830 53

823 095 108

ACH3COPNO 784 083 53

2CNPNO 508 087 148

3-CNPND 826 0B9 148

4-CNPNO 813 0 82 138

1-MeOQNO 8§35 094 7

6-MeGQNO 813 088 118

4-MeQNO 826 079 117

6-NMaQNO 809 0.88 118

QNO 790 034 117

1QNO BOS 033 117

4-CIQNO 842 089 117

6-CIQNO b 785 084 118

6-BrQNO Bl 079 118

4-NO,QNO 874 078 L7

6-NO.QNO R4 087 118

ot PNO 1220 111

& 3= B (complex )8 {yaseous 1on)
b TemaNuoroborate compley

metal 1ons produces the spectrochemical seres11- 127 DMSO < PNO < H; 0, although
VMo values indrcate that DMSO 1s a generally stronger ligand than PNO?20 Dg values to-
wards octahedral Crfil are sugpestive of the spectrochemical series 198: 221 DMSO =< PNO
< H,0 The nephelauxetic senes for Coll and Ni'! has the sequence !l PNO < DMSO <
H,0 Unsubstituted aromatic amine N-oxides compare as follows33: 108,111, 117-119, 147
n the spectrachemical series towards Oy, Crlll PNO = ANO < QNO, towards Oy, Coll
PNO < QNO < [QNO, and towards O, Nill. PNO =~ QNO < IQNO 4-Substtuted pyridine
N-oxides exhubit a trend of decrease of Dg towards Oy, Crm, Coll or N1l with decreasing
o-donor strength of the Itgand (2 e 1nereasing electron-withdrawing ability of the substito-
ent)53: 108 However, 4-NO,-PNO shows the highest Dg value 53 towards Nitt. In the qumno-
line N-oxide series, mtroduction of 4- or 6-substituents in the aromatic ring results in gen-
erally hugher Dq values towards Oy, Coll and Nill relative to those reported for the corre-
sponding 4-substituted pynidine N-oxides!17+ 118 One explanation advanced involves con-
sideration of a lowering of the quinoline M-oxide’s n* orbitals relative to those in pyridine
N.oxides, so that there would be more metal-to-ligand back-bonding in the complexes of
the former ligands!17 Dg (for 0, Ni) vs o plots for 4- and 6-substituted quinoline M-
oxides show 2 V-shaped trend 1 17:118 however, the 4-chloro- and 4-mitroquinoline V-
oxides exhibst lower Dg values towards O, Col! than QNO 117, while Dq towards Oy Crlll
for 4-substituted quinoline N-oxides increases along the series H? 4.CH, < 4-C1 < 4-NO,
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< 4-CH3;0 < +H The effects of the same substitucnt at different fing posiions have been
reported for cyano-wubstituted pyndine N.oxides' g towards 2, Col or N and v,
ot vy, #fc generally hughest fos the J-cyano denvative, increasing in the order $-CN <
2.CN < 3.CN with the exception of the Hq towards &2, Nift, which gives the scries 148
20N < 4ON < HON Analopous data for 2., 1. and d-alkyl-subshtuted pyndine M-oxides
arc not avadable 2,6- 1N extubits a higher g valoe towards (2, CrBihan any mono.
dentate pynidine ¥-oxsde hgand studied thus fae 145 this value s lower than those reported
for tnmethylamine M-oxtde (TMNO) 19 and the chelating agent picolinic acid N-oxide
(PicAND) 215, The spectrochemical sertes towards O, Crill for the larter two hgands and
a number of aromatic anune N.oxides 15 4.C1;-QNO -4 CLQNO -7 4.NO,-QONO ~
+CI-PNO < PNO < ANO < 4CH;O-QNO = 3-CH;-PNO < 3-CH,0PNO < QNO < 2,6-
LNO<<TMNO(Ng = 1740 cm 1) < PicAND (Dg = 1758 ¢m = 1) 100. 108, 119, 1345, 149. 213
Electronic spectea have also been seported for a vartety of other hexa., penta- and wrira-
coordinated neuteal and cationie complexes with aromatic amine N-oxades (B) e p.
V10 20 (rel. 222), VOX, 1L (X = CL Br, NCS, ClOg . n = 4 00 $)273 FeCly - nl (n -
2, 3377 {Co(+PieNOQ) KOO )5 (octahiedral, mull and solution speetra) 223,
[Cat2-PIeNQ) g [{C10,), (tngonal bipyramuidal) 1?3 CoCl, + 2L (retrahedral) 184 CoCl, - 38,
(ref 225), Co{NO1}y« 2L (ref 226), [Ni(2,6-1.NO)¢ J(C10 )3 (square-phlanar, diamagne.
ne 149 and its paramagnene omer) 191 CuXl,y-Land CuXy 20 (X halogen) 163 166,227
Induncne CuX,- L complexes the position of the {(d o) band depends on the stenc elfect
of substituents on the aromatic nng1®? 188 4 alieady mentioned (I Table 2)

fv} Muagrnicnic propertics

Cupnc halide complexces with aromatie amme Vooxides have been the subject of exten.
sive muagnetic and structuial studics, which were recently summanzed by Watton 167 (¢t
Table 9 for examples) Binuclear complexes of the types [Cul X1y and [Col. 3 Xs |40 b ¢
aromatic anmne Moxade, X Cl, Br) almost invanably exhibit subnomial and remperature.
dependent magnetic moments [CuyClg (2-P1cNO) (O, )4 ], also shows subnormal para.
magnetism These compounds nommally contain bndging V-oxide hgands and their demag:
ncnization has been generally attnibuted 1o spin spin coupling occurnng via a supcrex-
change mechanmsm operating through the orbinals of the badging oxygen atoms (rels
129, 163 170, 186, 228 239) Relined X-ray structural data favor a 7 mechamsm for
this interachon 45 The magnete suesceptibility of the Cult 1ons i1 these b1 og pulynuclear
complexes can be [trred fo an equation which s denived from o sunple scalar mteraction ol
the form - 2/, 5.+ 5, For a binuclear complex the exchange energy f 1s the separanon be-
tween the singlet and taplet states generated by the scalaranteraction The mntcraction s
usually antiferiromagnetic and the grousnd state 1s the stoglet 237, The temperature depen.
dence of the paramagnetisin of complexes of these ty pes was established dunng a numbser
of studies 169, 186.229. 230,236, 237, 1, 45 penceally subnonmal m the 8O- 450°K regton,
tor example 230, g (B M) for [Ca(PNOICI; ], 016 a0 10K, 0.62 at 293°K. [ O at
H8°K, and lor (Cu(PNO),Cly]; 032231 203°K. 052 at 307°K, 082 at 395"K The
tnplet state was found to be appreciably populated at temperatures below 1957 K, in most
caws 1% The magnetic properties of these Cull complexes were suggestive of bi- o1 poly-
nuclear structures, involving badging V.oxide hgands, a series of crystal structore determina-
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tions established that this 1s ndeed the case 125:127,129,240-243  gipyetyres VI and
VIII (L = aromatic amine N-oxide; X = halogen}

L L

X L X X
LSO
\Cu/ \Cu/ R—;Cu\ /Cu\—x
){/ \L/ \K L L x
Vil VIII

have been respectively established for binuclear 1:1 and 1 2 cepnic halide complexes with
aromatic amine N-oxides 125,125, 241243 A more recent refinement of the crystal stec-
ture of [Cu{PNO)Cl; ], led to the conclusion that the compiex consists of oxygen-bndged
dimers VII held together by weak chlonde bridges2*0. However, 35C1 NQR studies of
this complex suggest that chionide bndging between adjacent dimers does not accur 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-PicNO),(0H,), ], consists of an
wnfinite chain of 1-1 dumers (structure VII) joined by chlonde budges to Cull jons with
distorted octzhedral geometry 127

The majorntty of CuX, « L complexes with aromatic N-oxides (X = halide 10n), as well
as their | 1 adducts wath other ligands (e g FH,0, DMSO, ¥, N-dimethyl formanmude) are
magnetically subnormal 163-167,228,22%,234 A number of chloro- or nitro-substituted
quinoline and methylquinoline N-oxides form magnetically normal 1 1 complexes with
Cull halides 186,233,246, 247 (e g [Cu{4-NO,-QNO)CL, 1, with i (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-bridged dimenc structures by Hatfield and co-workers 188, while
Muto and Jonassen assumed oxygen-bridged structures for these complexes and interpreted
their normal paramagnetism 1 terms of the electron-withdrawing effect of the nitro or
chloro substituent on the bridging oxygens233,

2 [ N-oxide—cupric halide complexes are, in most cases, monomenc and magnetically
normal (Table 9) However, the PNO complexes of this type are hinuclear (structure
VI 241, 243 wiule for the 4-PicNQ analogs, two tsomers have been solated a yellow
oxygen-bridged dimer, VIII?42, and a green rrans monomer 197 The magnetic moments
of the above binuclear complexes are subnormal (Table ) The PNO and QNO 2:1 com-
plexes with Cul! nitrate are also binuclear, with a structure sumilar to VIII (X = —ONO; in
this case), involving a tetragonal pyramidal symmetry 126 These complexes are, neverthe-
less, magnencally normal !$: 198:230 (Table 9) Recent magnetic suscepibility and EPR
studies of [Cu(PNO),(ONO,},], suggest that this compound rcpresents the first authen-
ticated example of exchange-coupled Cull 1ons with a traplet ground state 248 The ex-
change coupling 15 a g-orbital mechamsm which 1s transmitted through the orbitals of the
bridging oxygen atoms by electron transfer plus intraatomuc direct exchange %48 (see also
ref 249) Fmnally, EPR studies of mixed metal 10n dimeric complexes of structural types
VI and VIIf (where the one metal ton 1s Cull and the cther 1s Znl, Na11, Cdll, Pbll of
Ball} have zlso been reported 230,251

The magnetic properties of aromatic amine N-oxide complexes with the halides of
other 34 metal 1ons are generatly normal for high-spin configurations and the stereochem-



COMPLEXES OF AROMATIC AMINE NV-OXIDLS 119

TABLE S
Typer of copper (1) halube complexes with gromatk amine AMovudes @

Compuund Hetl Ref

1 ! eompleses

[Cu(PROX ;1 059106 16. 167, 168, 228
[CU QNI ]2 0 038 L68, 224, 210
[Cu4-NOPNOIBra |3 045 -1.77 129, 164
fCUtINDy-6McONO Wiy [y P 186

Adductsof | | romplexer

[CuPNOYDAEFYC1y 1z D 053 124

[Cu (PNOY{DARDIR:, | D 112 118

2 I dmeric compicxes

[Cu(PNO)3 Q32 046-063 119, 230
{Culd-PrcNOYsBig )2 'y 229

Tremy 2 | monomers

fCu2-PieNO (T, } 195% 167
(Cu(2,6-LNO;C Ly | L 90 129
ICulONOY 0N, | KR 230

Dt ted €13 2 F monomerg

[Cu(2,6:LNOKCL | 19t 186

2 1 CuBr,; monomers

[Cui2 6-LNO)3 B4 204 129
[Cu(QONO}; Rra | I 96 230

Adducts of 2 | monomcrs
lCu(‘-N(J:PN'{)h(U“])3(,‘1;i 1 % 334}

Polynucicar complexes

(CuyClg(2-PcNO) (OH b3 | 122 167
[CuyClg (4-CIQNO | 101 136

[CUeC1g (3 NO3 S McONOY; | 1 91 186

@ See tef 167 lor 3 complete Tahle
bpag = &, M-dimethy] formamide. DMSO = dimethylvalfonide

istry of each complex. However, a number of Mn!! complexes of the type MnLCly show
Tow g g (5 40-5.60 B M } for this metal won, these compounds ate br- o1 polynuclear and,
most probably, chlutine-bndged 82, {Colg}?* canonic complexes with M-oxides show
magneuc moment> 23 of 4.70-4.80 B M. These moatents are low for pusely Oy, conligura-
tions and suggest a loss in orbital degeneracy of the ground state (4 7)), caused by lowes.
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symmetty couspumcttts in the lrgand licld [RARE N analimty oxbhubit moments of 3 A0 B M.
ot sliphtly higdicr | thewe are alsindwative of the presence of distottion from an ovtahedral
envitonment V2V The patamagnetism of complexesinvolving ML )" (M - i3, Mnl,
Fedt fe® . Cu*Yor {Cul (]7° <ations s noanal for hagh spin contigurations

[Cot 2P NOY IOy shows a moment (3 S8 B M 31 20°0) consistent wath a hiph-<pin
terportal bipy rasmdal contipuranion 24 The violet [Nig 2,6 1.NO ) Q10,4 )y complex s
st parced (diamagnetic) and nomorphouc withits Cult analog, hoth these componnds
nvolve squate planas MO, moicties 13 The conesponding Coll and Fe!t complexes also
appear taanvolve wqeate planar MO, moepas 192093 the Fell complex exhibite a hatt.
quenched spin (S = 1y P RE B M) while the Coll vompound s of the gan-irce

(e ~ 3 TIHDM ) typet ¢ High span, squate planar Coll complenes ate unusual, i addr:
tion to the shove compound fugh.spin Coll complexes with 1, Y hic(mercaptodeo.
vatbotane 757 and a-hydronyary aldehiydes o ketones 253 were also chatactenized
wuare-plandt n fevent yedes Furtherntore, tt has been pointed out that a donose wt of
four vxygens nught praduce o ligand iteld of intensity msulicent 1o mdece spin-paming
wn planat Coll compaund< 23 ambital conttibutions leading to maments laghee than 4 70
BM canbe explained of the enetgy oederd, L o, > d,r which gives a "E‘ ground state
s assumed Y Paramagnetic sellow or precn compleacs uf the rype Nil L {C1O, it 2
PN or 2 HEND . - Vihand 2RUB M respetnely 133,130y 4.0 peata. {ret 191
arhevs {eefy 133, 146 coondinyied | 3 monomen, structure, mvaelving coordinated
serchlotato hipands 10 and br o1 polynudlear sttuctures, pwolving Nooade-badged coune
plen polycations 13917 ave both been propused 1ot compuunds of this type

vl (rher properties

fa) Conductances

Corduc ity measurententyn suttable solvents (¢ ¢ mitramethine, nitrobenszene, ave-
tonitale) are. pimost Cases, i agrecment with structuees wuggested hy other data Thus,
wuny metal alude - Nooande complexecin ngh menal-toigand ratiocappear trom ther
ather praperties to be neutral, and hehave. in Lact, as non-clectrolyvtes in solutron 16,14
In the case of el complenes, FeCly » 2PNO exhihin low fregaency TR and Raman bands
tvpical of the tetnachkloroterrate D amon, asd was tormulated s [FedPNOY CE ] [FeClg )
this comploa behaves as a 1} electeolyte s solution'™ FeCly < 3PNO, on the other hand,
1 a non electtolyte in sohstion, does ot exhithet bands attnbutable to the preswcnoe of
[FeCly]  and was formulated P77 as [Fe(INQ) Cl) Cavonw complexes of the type
IMLLTIX L (X Q10 BF .1 =3, Sar 6, m = 2 3) chow conductances consistent with
their formulanons 18 TR 1L 1S (hag¢ LaLNOHOCIODNHCIO, ) brhavev ava T 2 elec.
tralyte i mitromethane, however, althougls the presence of coordinated perchlotato
proups i giate ohvious trom IR studies, the conductance of this complex s suggeshive of
dissavsation in solution 'Y On the othes hand. certam metal mittate complexes of the
type [MLLIHNOG), (M = NP GO ey, showing IR evidence favonng the exclusve
presence of wnie nitsate, behave as 31 electrolytes in nitiometrane 194199 gy hehavaos
has been interpreted 3n tetms of displacement of N.ovide by nmttato ligands i soluteon 143,
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(b) NMR specira

I9F NMR studies have been used ex tensvely for charactenization of TiF, « 2L and
TF4(LY(L) (L = aromauc amune N-oxide, L’ = dimethylacetanmde or tetrame thylurea)
complexes 150, 152,153,204,255-259  These studies were covered tn a previous review b. Dis-
tinction between the ers-1X and frans-X 150mers

Fa li._

Fy L F I F
T: Tr

s L Fd AN F
Fa L
X X

in complexes of this type cun be based on 19F NMR spv.:c:tra“"3'355'-259 Sansfactory corre-
lations of gpynyg with the chemical shufts of F, and F,, were reported for a series of cts-
TiF, * 2L complexes with 4-substituted pynidine N-oxides 152 Chemical shifts for F,
fluorines are much less sensitive to 4-substituent vaniation than those for Fy, fuorines 258
In SnF 4 - 2L analogs with 4-substituted pyndine and quinoline V-oxides, the 19F NMR
chemical stufts do not appear to be sensitive to substituent vanation 204

Proton NMR spectroscopy has also been employed 1n vanous studies of N-oxide com-
plexes Kluiber, Horrocks et al (see also Sect C(i)) interpreted the contact shifts of the
Iigand pratons, in mixed M-oxtde-fi-ketoenolato complexes of paramagnetic metal 10ns
(Colt, Nd, Cull), n terms of spin delocalization from metal to N-oxide via a m mecha-
nism 1534-136,260_ For complexes with pynidine N-oxides 1t was impossible to disunguish
whether the spin was delocahzed in the hughest filled 7-bonding or the lowest empty a-
antibonding orbital of the N-oxide, because of the spin distnbution simitarity in these two
orhtals !534 In the case of the quinoline N-oxide complexes, correlations of expenimental
data and spin denstty disiribution suggest that the spin 1s delacalized in the hughest filled
7-bonding molecular orbital 155 Recently, Perry et al reported !H NMR contact shaft
studies i {M(4-PieNO); J(CIO,), (M = Co, N1) complexes 24, Although the general pat-
tern of the observed contact shufts has the gross features of spin delocalization via a -
mechamsm, Perry et al concluded that 1H contact shifts alone do not provide sufficient
infaormation for an unambiguous distinction between a 7 or o mechanism for spin dejocal-
1zation 1n paramagnetic metal complexes, espectally 1n the absence of MO calculations 224
In addition the ratios of the proton shifts for Col!, with unpared electrons in both the ey
and 2, sots, and Nill, with unpaired electrons only 1a the €, Se1, are wdentical, contrary to
what one might have expected. Thus, Perry et al. suggested that the contact shufts of
atoms other than the protons (}3C or 1¥N) shauld be determined before conclusions con-
cermng the importance of spin density delocalized in g or m molecular arbatals of the
aromatic N-oxide ligands are reached 224, Recent !H NMR studies of [M(PNO)g 1(BF4),
complexes (M = Fe, Co, N1) established that the contact shift ratios of the pyndine V-
oxide protons are identical for these three metal 10n5261 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 ligand to metal 262 263, Meial orbutals were neglected in these
calculations, which considered only the ligand fragment; metal-to-ligand spin transier was
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considered as refatively unimportant, since the metal atom is separated by an oxygen atom
from the antibonding 7 orbitals of the ring system 262:263 The yesuits of INDO calculations
were in better agreement with NMR and EPR data than those made by other methods of
calculation 262 (e g Huckel method; cf ref 264) Contact shift data for the above Ml
complexes demonstzate that 2,6-LNO, contaimng two electron-releasing ortho substituents,
1s a constderably stronger hgand than PNO and mono-substituted dervatives 262, this 1s 1n
agreement with Dg values143 (vide supra) and vy, _ data!93 reported for these ligands

Ligand exchange kinetics in NV-oxide paramagnetic metal complexes have also been
studied by 'H NMR spectroscopy 147 351,265 For complexes of the type [M(AA),-
(4-P1cNO); | 1t was found that the rates of N-oxide exchange are faster in Coll than in Nill
complexes; thus order of lability for hexacoordinated Coll and Nyl complexes has been
observed 1n many othes cases and is in agreement with Iigand-field stabilization arguments 57,
[Co(2,6-LNO)4 1{ClO4 ), yields {Co(2,6-INO);1(CiO4), when dissolved m the presence
of excess ligand 145, the latter complex s quite stable over a wide range of eonditions in
CD3NO,/{CD3),CO0 (1-1) solutions 147, proton NMR studies indicate that this trigonal bi
pyramudal cationic complex exhibits a first.order exchange rate law, suggesting that the
exchange mechanism may be dissociatively controlled 147 Studies of [Ni(3-P1cNO)s ] [BF4]5
m the same solvent mixture, involving vanation of the free ligand concentration, demon-
strated that the exchange rate is independent of this concentration 265,

Proton NMR spectrascopy has been utthzed in several studres of diamagne tic metal 1on
complexes with M-oxides NMR shufts of the N-oxide ring avprotons in 4-substituted pyn-
dine N-ox1de-UO,Cl; complexes were correlated 210 with vy, 1n mixed-hgand, 4-Z-
PNO-ketoenolato-uranyl complexes, the chemecal shufis of the M.oxide a-protons vary
hnearly with the o constant of Lhe substituent; however, the chermcal shafts 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 f-protons of the N-oxide are sensitwe
to substituent effects, whereas the resonance of the e-protons appears static or ¢ven suffers
modest high-field shifts on complexation, the {atter effect was attnbuted to a shielding,
having its ongn 1n the magnetic influence of the bulky tin or lead atoms, and specifically
affecting the ortho regrons>® A more sensitive response was observed for the N-oxide
pratons 1in complexes of the type (CH4),8nCl, » 2(4-Z-PNO), since a greater range in J1s
theoretically and actually possible mn these complexes286 | Studies of analogous 2,4 LNO
complexes with {(CH3)sMX show a marked movement of the resonance of the a-proton
to hugh field, as well as indications of a stenc conpgestion m the region of the 2-methyl
group, which, because of 1ts bulk displaces the metal atom towards the unsubstituted 2-
posttion 201 Thus effect 15 tess pronounced 1n (CH3)2SnCl5 - 2(2,4-LNO), since the mnduc-
tive deshselding effect 1s greatest 1 this case, and tends to nullify the shielding effect201
In 2,4,6-colhdine N-oxide complexes with (CHy)sMX, a ratlier severe sienc inlubition of
approach of the metal to form a strong bond with oxygen is suggested by the 'H NMR
data (CH3),SnCl, forms a 1" 1 pentacoordinated complex with this ligand, formation of
the 2 1 complex 1s abviously stencally hundered 20},

Finally, the NMR chemucal shufts in (A)PtCl,(L) (A = olefin or CO) of the pyridine
nng and olefime ligand protons267.268 have been rather extensively discussed in a previous
review Z,
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fe) NQR spectra

¥5€1 and 7987 nuclear quadnipole resonance (NQR) studies of binuclear comgplexes of
the types [Cu(L)Xs]q. [Cu(LIX{(DMSOM, and [Cu(L),X,], (1. = Moxide, X = (1 or
Br) arc generally suggestive of the exclusive presence of termunal hahide ligands 244 248
Suntlar studies (33C1, ®By, 127 on Hp(I.}X; complexes suggest that tetrahedral mercury
15 uplikely 1n these compounds 76?2 A recent X-tay study of the 3, 5-dibromopyadine V-
oxide HgCly, complex of this type shows that this lattice 1s made up of infinite chans of
HECly maolecules; thus, wuh the coordination of the NV.oxide Ligand mercury attains very
d\slo;;cd pentacoordination 270, All the chlorine atoms m the lattice bridpge to some ex.
tene 270

{d} EPR spocirg

i addition to LR daty ubtamed for aromatic amine N oxade complaxet with cuptie
halides and X metal Bketoenolates (vide supra), EPR studies have heen teported duning
scveral other studics Thus, Xeband FPR spectra of [Fe(PNO) | X | (X = ClO, or NO)y)
complexes are clearly indicative of a severe distoruon trom pute 0y, symmetgy 4/
(M (PNO) J(CHO ), hasa g value of 2.00 ¢ 001, and a band width of about 250 gauss
Nuglear hyperfine sphitting was observed when this complex was diluted i the 1isomoiphouas
7ot analop 11 No X-hand EPR spectrum has been observed tor [Ni(PNO), J(CIOy),.
thuis was attnibuted to a resoefield aplitting of the ground state larger than the cnepy of
tadiatton . measurcments at higher frequencies would he expected to give 3 resunance sig-
nal 1Y [Cu(PNO [{C104)s shows s single band at g « 2 15 = 0 01 (width 60 gauss) The
first denvative of this hand ts symmetncal even helow ronm tempetatute, the EPR signal
beromes asynuuclng at - 40w 00°C o view of the somorpheas of tas complex and
the Nit analog, and the fact that [Cu(PNO),)2* complexes exhubit split py; () bands, the
above daty wete attnbuted to a posuble dypanue Jalin Tellet distortion, which becomes
static at lower tempetatures 1

{e ] Mosshauer spectra

The *7Fe Mosshauer spectoum ol [Fe(PNO), [(C104); exlithits normal chemical shift
and quadrupole sphtting for hexacoodinated, ighapi Fell compounds 111 Fe(PTNO)Y,
(PINO = 2.pyndinctinolate L-oxide Ligand) shows Mosshauer chenncal shufts ar 300 and
77"K supgesting that hittle, tf any, sddiional covalency due ta subfiir exists 1 comparon
with the spectra of Fell! complexes with bidentate @, O-hgands?’t Quadiupole sphtungs
for Fc(PTNO), are smallee than those of 0, O-higand analogs 2?7t 11980 Mossbauer spectia
have also been reported m Snl! adduets of the type SaX, - L{X = €1, Br, NCS) the toilow.
ing ntder of decreasintg donot steenpth for several igands was denved from Mowbauer
cheancal shufts tniphenylarsine oxide > thiphenyl phosphine oxide > pyndine > thiourea
> PNO > digyme - urea > watee ?7? The largest decrease i chenncal shift aceurs npon
I 1 complex formation for SuXy compaounds The addition of a second higand molecule
tesults in a staller drop in chemical shuft. possihle explanatons for this further dropain
stuft are that crther the second ligand 15 weakly honded 1o the nin J-orbitals of that itis
not honded to the b atom, but the structure of the complex s such that the onginal hond
betweert the Si atom and the fitst ligand is strengthencd 272 The Mosshauer spectrum of
(CH1).8nC1{PNO)4, st whiach cach set of identical igands (1 © CHy, Cl or PNO) are
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trans to one another (structure XT) 131

PNO

ECH;
HaC (=]

2 s
PNO
XI

shows a posttive sign for the quadrupolar interaction and a negative ¥, (vef 273) In com-
plexes of the types RySn(PTNQ),, the R groups are ¢is to each other for R = phenyl and
trans to each other for R = n-C4Hg, as suggested by Mossbauer quadrupole splittings274
Mossbaucr data and the occurrence of & band attnbutable to vrg,_q at 355 cm—t, led to
the canclusion 27 that SnV 1s octacoordinated tn Sn(PTNO), Finally, complexes of the
type RSnX(PTNO),; (R = C4H,y, CgHy; X = Cl, NCS) were charactenzed as involving 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 vanous types have been
prepared and characterized on the basis of fluorescence emisston spectral studjes276-281,
Assignments of 3Dy = 7Fy_3 and 5D, = 7F,_, transitions fed to the following conclusions
regarding the stereochemustries of these compounds In [Eu(PNO); X, complexes (X =
Cl, Br, I, C104, PFg) the Eulll jon 1s 1n a site with Dy symmetry, shghtly distarted to
Dy, the stereochemustry of the complex cation 1s square antiprismatic 279,281 1.2 adducts
between tns(-f-ketoenaclato)Eull! and aromatic amine N-oxides276—278, 280 paye a face-
centred trigonal prismatic structure, and the point symmetry 278 at the rare earth site 15
€y, 11 analops276.280 are most probably heptacoordinated Finally, Bu{(PNO),Cl; and
analogous complexes are obviously hexacoordinated 276,

{g) Crystal structure determmations

The hiterature 1s rich 1n X-ray crystal structure determinations of Moxide metal com-
plexes of various types125—134, 167, 240243, 268,270,282-286 _ The data are presented in
appropriate sectons, during the discussion of these metal complexes or their properties.
Unfortunately, no X-ray data have been as yet published on N.oxide complexes mvolving
cations of the type [MLg]™*. The stereochenucal aspects of these complexes are discussed

below

{vir) Stereochemcal aspects of cattonic meial complexes

fa) (MLg}™

Byers et al 123 interpreted the combined evidence provided by vy._ g, Ppm_p and (d—d)
transition splittings and the magnetic behavior (vide supra) of hexakis(N-oxide) cationie
metal complexes in terms of a ligand-field symmetry lower than 0. The MOg moieties
may be Oy, but the nonlinear M—O—N groupings aad arrangement of the aromatic rings in
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space introduce lower symunctry components'?3, so that the uuc (focal or effectve} sym-
melry influencing the metal 1on 13 fower than (5, The splitings of the (¢ d) transitions
n the elecfronic spectra sre penerally ennsistent with a symmetry lowering to X or [y,
sytnmeltry, however, in the case of Ni¥ complexes, where the spin—otbit coupling coetfi.
crent is moderately large and the splitung moderately small, the possibihty of attributing
the componenis of the spectrum o spin- orbit structure cannot be entiely excluded 123
On the other hand, a molecule of 8, symmetry would be expected to give nse to two ac.
tve vy, and two active vy . bands of classification 133 4, + £, The magnenc data
were discussed 1n Sect C(v}). Although these abservations provide hittle information when
viewed indwidually, their combination provides definitive evidence 23 1n favor of an inter-
action between the metal o orbitals and the hgand orbitals such that the cffectve sym-
melfy of the species is lower than €2,

Reedik obscrved single by ¢y 3nd »y y bands i most of the [M(PNO), |™* complexes;
Vo . SPhittings were observed only in the case of {Cu{ PN(})ﬁIZ', and attabuted to the
Jaho - Teller effect 111 In the low-frequency repon addition:d hands *hat tsght posubly
be attributed to a sphiting of vy () have been obscrved far CrHE, 1 Colt, NV and AIH
complexes of this type$3.10% However, Reedik, in view of the absence of spht vy,
bands in [M(PNO)g|2* (M - Mn, Cu, Zn, (d) and the isomorphism between [M(PNO) §2*
(M = Mn 1o Zn, Cd). concluded that 1ts unlikely that deviations from (), symunetey, af
present. ate responsible for these additional bands 1. In the near [R spectrum of
(Zn{PNOY |2* an IR overtone was identified 1 atca 7300 cm 1. Reedipk 1! pomnted
out that sphittings of the fower encigy (d ) bands teported by Byers et al 123 fuye Coll
amd Ni¥! snvolve one hand i this tepion (7280 ¢m 1), and thus, no conclissions tegarding
possuible distortion of the octahedron may be denved trom these splittings It chould he
noted, however, that [Ni€4-PreNO), |24 exlubuts thece bands in ths segion {7280, 8060,
9000 cm 1)123; these probahly account for both a sphtting of the (d o) transition
I y™ -‘T;,‘, and the IR overtone mentioned ahove Reedyk concluded that the general
mformation obtaned from IR and electronic speetra, magnetic properties and X.ray pow.
deys duagrams suggests that the MO, " * octabedsal groups in PXO -.omplnu:s are hatdly dis-
torted, and only the relatively lnw gy tecorded for [C u(l’.\())ﬁl- complexes may be an
mndication 11! fora symmetry lower than 2,

A crystal structute determmation of a reprewentative (M1 17* complex would be maxt
desirahie at thus point. It may be stated, nevertheless, that the overall evidence and stereo-
chemicat considerations presented hy Byers et al 123 1 comhination with the cstabhshed
uwatiable presence of hent M- (O N groupings 1n aromatic amine V-oxide metal com-
plucstzs 13167, 230 24,268,270, 241 IMS he EPR spectrum of [Fe(PNO), HO10,),
(rel. 177), and the fact that the spin delocalration patterns in [M(4-PicNO), [(C1O4 ),

(M - Co. Ni) suggest that M (- N 1s also nonlincar in these complexes 2 are dcfintcly
i favor of an effective symmetry lower than €, s the complexes under discusuon,
Furthermore, sunilar assignments were made for analopous [MLg ™ complexes wath
DMSO I and tetramethylene sulfoxide 287 on the basis of slcrenchcmtc.ﬂ considerations
(the M O S groupings are also nonbincar) and from detailed theoretical and experimental
vibrational spectral studees.



126 N.M. KARAYANNIS, L.L. PYTLEWSKI, C.M. MIKULSKI

(b) [MLs] %

The crystal structure determination 133 of [Co(2-PicNQ)5](C104); revealed that the
CoOg chromaophaore has a slightly distorted trigonal bipyramidal structure; the average
Co—0 axial bond length is 2.098 A and the average Co—0O 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 fonic*33,

(c) (ML 4] %

Stereochemical considerations by Byers et al. indicate that [ML,]%* 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—-0O—N bonds will Jead to a lowering of
the effective symmetry 123, There are a number of poskihle orientations of the pyridine
N-oxide about the copper atom which would minimize steric interaction betwean adjacent
ligand molecules. The most symmetric of these structures have Cyj,, D5y 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)4]X; (X = ClO,, BF,) established 128,282,24
that the complex cation has indeed an effective symmetry close to Cyp; the CuO,4 chromo-
phore has a square planar amangement (Cu—O bond lengths = 1.92—-1,93 &) and the ar-
rangement of the four PNO molecules around the Cu®® 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 gince the closest Cu~0 (or F) approach is 3.34—3.38 A_ The
isomorphous [M(2,6-LNO),](ClO,4); complexes (M = Ni, Cu) have 145, most probably,
stereochemistries similar to [Cu(PNO),]2*; Fell and Coll—2,6-LNO analogs are not iso-
morphous with the dbove complexes and may involve greater distortion from pure D4,
symmetry 145, Finally, for paramagnetic NiL4(CIO,), complexes (L = 2-PicNO, 2,6-LNO),
a crystal structure determination would be desitrable in order to establish whether these
complexes are bi- or polynuclear N-oxide-bridged cations 144,193 o1 monomeric involving
coordinated perchlorate 145 (vide supra). The latter possibility might appear as rather re-
mote, as no IR bands attributable to coordinated perchlorate were observed in these com-
plexes 144, 193 however, for similar pentacoordinated divalent 3d metal complexes with
phosphine oxides not exhibiting splittings of the ionic perchiorate IR bands, the overalt
evidence was interpreted as pointing to the presence of [ML4{OCIO;)]" cations by certain
groups 136, 340, 288 while other groups believe that the presence of [LyML,ML,]4* cations
is more probable 138,289 '

(d} [ML]*, [ML3]* and [M,L.4]*

Complexes of aromatic NV-oxides with Ag! perchlorate, of the types [Agbz_](CIO%)z,
have been characterized as involving either a linear, mononuclear [AgL,]1* cation?%0 ora
binuclear, N-oxide-bridged [LAgl,Agl]2* cation 48, by different groups of workers.
Hgl analogs were formulated 231 as involving four ligand proups per Hg, * jon (i.e.

[Hez Ly 1(C10,4);)- 3:1 N-oxide—AgClO, complexes are believed 29 to be of the type
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[AgL3]{C10,)- L., the formulation [Agl.; (10} cannot be ruled out, however.
{viir} Metal complexes of monodentate mono-N oxude ligands

{aj Complexes with 3d metal ins

Several ¢! complexes with aromatic amune V-oxides have been reported, 1 ¢. Scby-
(NCS)y (1. = PNQ, 2, 3- and 4-PicNO, 2,6-LN0)92 complexes of this fype are neutral
and of low symnielry, as demonstrated by vy ) and v,y splittings (Table 10), the NCS
ion is N-bonded 292 §clll perchlorate forms cationie [Scl 4 ]3° complexes wath PN() 120,293
and the pcohne V-oxides 120, These complex cations are also distorted octahedtal, as
shown by splittings of the vy and v, o modes 20 (Table 10) The titamum complexes
with N.uxides isolated in crystalhine state involve the Ti** and T102* jons, however, com-
piexes of Ti3* and, possibly, T12* with monodentate aromatic amine A-oxide ligands are
most probably presentin Ziegler- Natta catalysts for olelin polymecization (ThCly - Al

TAHLE 10

Scandiony, titansuen and varnadoum compleses with aomatic amine ¥ -axides ¢

Comple HRef.
(S IPNO) L [ ICT0hy )y 120
SC(PNODSINCS)y 120, 292
HENO) T 190
THPNOMDMAYF, & (BX N5 Y
THPSOMHTMUE 4 257
THOMIPNOI(C104) 14
[Tk s 6PNOY] 254
THUPNO) [CollgtO )2y 294
[V 3 McOPNOGR, [{CI 3 L ¥
VPN, 192
VIPNO) (1, 12
YOPNOL IOy, 81, 115,22}
VO P NORCIO ) - 10D I1s, 223
VOERONPNOM - HE- 430 297
VO(PNON (13 110 115, 223
VOM-B:PNOC1, - H 0 118, 223
VO, 6 L8001 115, 223
V(NPN()}‘“!I'.‘!":O p1s, 223
VOW-CIPNOY Rey - H30 1s, 123
VO PreNO THE )y HE O 1S, 223
VOH(PNO) (NCS)y K}
VOLPNO YL INCS); K3
VO PIcNOINCS); H3
VO{PRIOI(AAK € 207
v PNO pyrocatechol

and 1))

VO; PNG pytocatechol tyatems

2 Representative examnples
b BMA - N N.dimethylacctamuide, TMU = tewamcihylusea
€ AA = acctylaceronats hyand
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alkyl combinations), modified by vanous pyridine N-oxides2?*, TiF, - 2L adducts with a
vanety of aromatic N-oxides have been reported 142, 152,153, 190, 192, 203, 204, 257 259 and
their properties were discussed in some detail in Sects C(u), (12) and (»1) As already men-
uaoned the ¢rs octahedral complexes of this type are normally stabilized, and only sterical-
ly hundered M-oxides (2,6-LNO) favor the formation of the trans 1somer Mmxed N-oxide—
N,N-dimethylacetamide or tetramethylurea complexes with TiF, (1 e Ti1F,+ L+ L") where
also synthesized ! (vide supra) Amonic complexes [TiFg+ L]~ wath PNO and 4-substituted
denvauves (methoxy-, methyl-, chloro-, acetyl-, nitro-) have been prepared in situ and
studied by 19F NMR spectroscopy 239, BNO and QNO form 5 1 complexes !14: 121 wyeh
TiO(ClO4), The vy and vy modes of tonic ClO, ™ are not split in the IR spectra of these
compounds, which were formulated as [TiOLg ](CIO, ),, mwvolving a hexacoordinated
cattonic Tr** complex 114 121, Finally, PNO~T1* —pyrocatechol systems form a com
plex 295 of the type TH{PNO), [CcH4(07),]5 at pH 2—3. Typical examples of T com-
plexes with AM-oxides are shown in Table 10

VO2* complexes with N-oxide higands have been extensively studied 1.81-83, 115,146,
202,206-208,223,256-298 Oy ovanadum(IV) salts form complexes of various stoichio-
metnes, 1.e VOLg X, (X = Cl, Br, C10,, NCS), VOL, X, (X = C|, B, ClQ,4, BF,, NCS),
VOL; X, (X =C), Br, NCS), aquo adducts of complexes of the above types, VOLF, + HF «
H,0, and VOL, Br(OH) (see also Table 10) 1.81,83,115,146,202,223,297,298 A nyon coords-
nauocn and incorperation of water melecules are important factors influencing the hgatron
of the M-oxides i the (irst coordination sphere of the metal 1on. Environmental conditions
(interaction medium, degree of dehydration of the oxovanadum(IV) salt, etc.) influence
the stoichiometry of the complex stabdized I Thus, for exampie, both tetrakus- and penta-
kis(4-chloropyidine V-oxide}oxovanadium (EV) perchlorate complexes can be 1solated,
depending on the degree of prior dehydration of the axovanadium(IV) perchlorate solu-
tion! In most cases oxovanadiwm{IV) salts were utilized as starting matenals for the syn-
theses of the above complexes 115, 146.202,223,2597,298 yphen VI galts are used tnstead,
VIl vO2+ or mimted VEI_VO2t complexes may be obtained (vide supra, Sect. C(2))81-83,
Thus V(NCS);, under nert conditions, mteracts with N-oxides yielding VO (NCS), com-
plexes (e = 1.70 B M.)83 V(ClO,4); forms VO(Cl0,4),—N-ox1de complexes, when the
interaction takes place 1n the atmosphere 81, whereas, under inert conditions, {VLg](CIO4)3
compounds are obtamned (for L = 4-MeOPNO or 4-CIPNO, fairly pure VI complexes were
1solated, showing a pq of 2 54—2 71 BM , the PNO, 4-PicNO and 4-NO,PNO analogs
were contaminated with oxosanadium(TV) products, clearly showing IR wy,_g bands) 82,
Oxovanadium(1V) f-ketoenolates form 1.1 adducts with pyndine and quinohne V-oxides
{Table 10)206-208,236 The V.oxide ligand coordinates at the frans position, relative to
the vanadyl oxygen, in these compounds 206~208,296 VO{AA); has been used successfully
as 2 reference acid for aromatic NV-oxides, 1n fact, a hinear relation exists between the
VO(AA),—N-oxide adduct formation enthalpy and the py_q shift upon formation of this
adduct }4%, 200,208 The presence or absence of trans-axial N-oxtde higands in VO2* com-
plexes can be generally deduced from the position of iy,_(, thus, hexacoordinated com-
pounds mnvolving one frans-axial V-oxide ligand exkubit this mode at 960—950 cm—1,
whereas pentacoordinated complexes, not mvolving ligation of thus type, show 115,149, 206208, 22
Py=g &t 1000~990 cen—1. For the electronic spectral bands of oxovanadium(IV) com-
plexes with N-oxides, various assignments have been made by different groups83, 146,297
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Thus, for example, for the spectra of oxovanadium(1V) pecchlozate with alkyl-sibstituted
pyndine N-oxides, Schmauss and Specker ¢ madc the tollowing assignments. &5 -* b7 at
106 125kK. by ~e2at 12,5 16 KK by =~ /a] at 146 15.0KK, and a charpe-transfer
band at 256 27 5 kK Band assigunents for VI complexes were given in Table 7
V(g 2L (1. = PNO, NO,, 4.C1, or $:McO-EPNO, 2- and 4. PieNO, 2,6-1.N0) and V(i -1
(1. « 4. bensyloxy-PNO) cantplexcs were prepared by Brdgland and McGrepor undes mest
conditions, as exposute of these compounds to moist an leads to theie conversion to the
corresponding VOCly complexcs 222 These complexes extubit magnetic moments of
1.65 1 78 B M, and their clectranic spectral bands were assigned as follows 222 2,
My at 1406 17.0kK. 2, - 24,21 200 22.0KkK VI 2L complexcs with PNO and
4 subshituted denivatives were also prepated 2°?, and their (R spectia were studied 192,
Uy o Was tound snsensitive to 4-substituent effects in thus scrics of complexes '?2, vV .
pytocatechol PNO systems foimn a vantiely of eolored products at different ptlrepons, the
composition of the species fomied in this system was found by the equilibriun displace-
ment method: the formation of violet 1 1.1 and V.1 2 complexes involving the VO,* won,
and green 1 22,11 Land 1 2 1 complexes of the VO3I* 10n was proposed?® (Table 10)
The complexes of the remaining W metal wns (Cr 10 Zn) ate discussed together, As al-
ready mentioned (vide supta, Sects C(r)  {wu), Tables 3 &, Figs 2, 1), nopstercally
hindered aromatic anune V.oxides form [MLg | X, (M~ CeH Mol pell gelll, Coll, N1,

Cu'l, Zn¥, m - 2, 3. X - ClQy, BE; and, with the cxception of Cull, NOY and [Cul j I1X,
(X - ClO,, BF N()}] cumptcxcs"‘ TH SR, 53108 [12.007 119122 1237128142 134,146,
148,177,205, 11X 207 110,224 261,263, 202 203300 0 MU the complete senics of

[CHOH,), L (PNOY, [(CLOL), (1= 0 6, nclusive) was identified in soltion 7! A 7
PNO Fe(ClOg); complex ssolated by Cathnl7 was formulated as [Fe(PNOY J(CIO )y -
PNO The properites of the canonie metal complexes were described above Stencally hin.
dered aromatic amine N-oxides do not mfluence the storchiometes 145 136, 19139 5
Celll a1 Felll cationic complexes, which are also of the type I.\il,b]a‘ In the case of divu.
fent 3d metal 10ns, however, (ML, ]* (n < 6) complexes with higamls of this type may be
stabilized 12313 138185 142 189,193 (yide supta, Sect () (ru)). Ligands behaving in
thas manner are J-wbstituted and 2. 6-disubstituted pyndine VN-oxades and acadine V-
oxide The environmental conditions aic of key importance as far as the nature of the com.
plexes precipitated s concetned. Thus, for instance, ](‘(1(2-!‘1¢N{))5]((‘I()4 )2 was syn-
thesized 123 by dissolving cqual weights of hgand and salt in a small amount of hot alcohol
with prolonged cooling of the resulting muxture at 0°C, while {Mn(2,6-1LNO((C104)]-
(Q10,) and [M(2,6-ENOQ)(KCIO,), (M = Fe, Co, Ni, Cu, Zn) (square-planar complexes)
were previpitated by muxing tnethyl orthoformate  acctone solutions of ligand and salt 143,
On the other hand, complexes of the following stoichiome tiies wete obtained when 7 |
hgand hydrated salt mcthanohic or cthanolic solutions were allowed to cool al 30°C
(Ml J(€105), (1. 2 2-PeNO, 2-EiPNO), {Co{2-P1cNO), J(CIO )5, [Co(2.6-1.N0) |-
(C10y); < 2HL0, [Co{2,6-1.NO0) (O, ), HCIO, ), [NiLg J(ClOL), - HyO(L = 2-PieNO,
2.E(PNO), [N1{2.6:1NO) J(C1O, )5 = 3H 0, Na(2,.6-LNOY (€104 )5 (green, p:um:lgicl:c)‘“'.
11 is noteworthy that complexes of the types [M(2,6-LNO), [(C1O4)y 3“60 {M = Co, N1)
and [M(z,(.-lNO}b]((‘t()‘ )y« (2.6 INOY (M = (1, Fe) are colorless, the Cr ! complex of
this type exhibits spusually weak (¢ = 0.5 0.6 \n mtromethane) (d- d) band< 146 [Cr.
(2.6-LNO), J(ClO4)y, on the other hand, shows (d -d) bands with normal cxtinction co
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efficients 1n nutromethane (e = 58.6 for the 445, > 47T, transitton) 143 The green, paramag-
netic N1(2,6-1LNO),4(Cl04); complex 1s converted to the violet diamagnetic [Ni(2,6-
LNO),41(C104), during prolonged (several months) desiccation3%2 over P,Oy; the nature

of this reaction 1s currently under study. [t should also be noted that even whea the same
synthetic procedure 18 employed, N-oxides wath simslar steric features may form complexes
of different stowchuometnes. e.g. 2.-PiclNO yrelds MaL4(C10,),, whale the more severely
sterically hindered 2-EtPNO forms [N1Lg }(Ci0,4), + 2ZH,0, under the same conditions 144;
and 4-EtOPNO forms [ML;](C10,4), and {hiLg](NO3)2 (M = Co, N1) complexes 42 143

The structural aspects of [MLg]%* and [ML,12* complexes with N-oxides were discussed

mn Sect C{vu).

In addition to the catiome compiexes described above, divalent 34 metal nitrates also
form neutral complexes, myoving ¢coordinated 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 Mnl, Coll, Nill and ZnIl complexes of this type are 1n most cases hexacoor-
dinated involving two coordinated bidentate nitrato groups, however, [M(2,6-LNO),-
{NO,),] (M =Mn, Co, N1, Zn) complexes exhibit IR and electronic spectra favonng penta-
coordinated configurations, involving one mono- and one bidentate mitrato hgand !9
(cf Sect C(u)) [CuL,(NO4),] complexes contain monodentate nitrate excluswvely The
PNO complex of this type 15 a pentacoordinated, PNO-bridged dimer 128, This contpound
mvolves bent M~O—N (nitrato) groupings ! 26, thus, the coordinated monodentate nitrate
has a (¢ local symmetry, in complexes of this type, whie the bidentate nistrato group 1n
analogous [ML,(0,;NO),] compounds s of C,, local symmetry (see refs 304, 305) In
fact, distinct differences were reported for the fundamental vibrauonal modes of coordr-
nated NO; of 4-EtQOPNO complexes involving mono- ([CuL,(NO3),], [CoL3(NO3),})
and br- (ML,(NO3),], M = Co, Ni, Zn) dentate mtrato ligands 143 Coll and Culf mtrate—
PNO complexes have found appiicatton as semiconductors for thermistors396_ Neutral 34
metal nitrate complexes involving igand-to-metal ratios higher than 2 have also been re-
ported, viz . [Co(4-EtOPNQ);{ONO,),1 (ref 143), Ni(QNO);3(NO;); - 5 H,0, NiLy-
(NO3); (L= 2-EtPNO, 2,4-LNO)Y* Coll nitnte coniplexes of the type {CoL,(NC3),]
(L=2,4- and 2,6.LNQO, 2,4,6-CNQ, 2- and 4-MeQNQ) are hexacaordinated, contawning
two chelating bidentate nitnito higands??6, A few 3d metal sulfate 159:198 anqd tnhaloace-
tate *07 complexes with aromatic amine N-oxides were also reported- [ZnLSO,] complex-
es (L = PNQO, 4-PicNO), with polynuclear stnictures involving coordinatton of all four
oxygen atoms of the SO, group were proposed, the fundamental vibrations of the 5042_
anton do not exhibit any sphittings; however, both the vy and v, mode of this group are
IR-active, while vy, (sulfato) was idenbified at 261—260 cm~! Thus 1t was concluded
that the S04 groups retain an essentially Ty symmetry during coordination of their four
oxygens to neighboring Znll 10ns198. A number of 3d metal sulfate complexes with 2,6-
LNO, recently reported, were formulated as follows [Co(2,6-LNO)(OH,)51(50,4).
f(2,6-LNOY(0Q,505)Ni(2.6-LNO), N1(0+ 50, )}(2,6-LNQ)], binuclear pentacoordnated,
2,6-LNO-bridged, with chelating bidentate sulfato hgands; [(2,6-LNQO);Cu{S0,);~Cu-
(2,6-LNOQ), 1, binuclear, tetracoordinated, involving bridging bidentate sulfato proups, and
[0,80,)Fe(2,6-LNO), Fe(0550,)], binuclear, tetracoordinated, with bridging 2,6-LNO
and chelating bidentate sulfato ligands!5%. These formulations were based on spectral (IR,
electronic) and magnetic evidence 57, Metal trhaloacetates form 397 form the following
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complexes: [MLX,] (M= Mn, Co, Ni, Zn; L= PNO, 4-PicNQ; X = CF;C00~, 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 Culf benzoate with N-oxides (PNO, the PicNO’s, 2,6-CNO, 2,4,6-LNO, QNO,

2- and 4-Me(QNO) were recently prepared: these complexes exhibit subnormal magnetic
moments (1.38—1.42 B.M.}398 Cul! acetate22? and salicylate analogs are also magnetical-
ly subrormal, while bis-(salicylato) bis(PNO)-Cull shows a pr q of 1.95 B.M. (ref. 309).

3d metal halides form a wide variety of complexes with aromatic N-oxides (see also
Sect. C(ii}). Some details on Cu¥l halide complexes with N-oxides have already been pre-
sented in Sect. C(ii), C(v) and Tables 2 and 9. Magnetically normal 2:1 N-oxide—Cu®*
halide complexes may be obtained in two crystalline modifications (a third madification
is the dimeric, N-oxide-bridged structure) 167_ Green monomeric [Cul,X;] complexes
(e.g. L = 4-PicNO, X = C1) have a frans square planar geometry 284, while yellow isomers
(e.p. L = 2 6.LNO, X = Cl} have a distorted geometry, which is intermediate between cis
square planar and tetrahedral 285 Asis the case with 1:1 analogs {vide supra), monomeric
2:1 N-oxide—Cull halide complexes may form adducts with neutral ligands; these adducts ate
magnetically normal 167 (Table 9); a monomeric adduct of this type, {Cu(4-NO49PNO)2Cls-
(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 [Cu,Clg(2-PicNO),(OH3 )4 ],, complex exhibits low magnetic moments 27,167
(vide supra), several CuyClg L, (L = 4-CIQNO, 4-Ci-6-MeQNO) and Cu,ClgL, (L = 3-NO,-
6-MeQNO) complexes are magnetically normat 186, These compounds are most probably
characterized by chlorine, rather than N-oxide, bridges '67. A number of Cu,0XgLg4
(X =C}l, Br; L = PNO and other neutral ligands) complexes were also reported 310, These
compounds exhibit an IR band, characteristic of the Cu, O group, at 600-500 em—!

(583 cm~! for the PNO complex): the four Cu atoms lie in a tetrahedral arrangement
around the CuyO oxygen; the halogen atoms are invariably bridging (each halogen is shared
by two Cu atoms); while the four neutral ligands are terminal 2*C. Finatly, 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 34 metal halides (Table 11). Ni(PNO)s X, (X = Br, I) complexes obvious-
ly involve 18.172.185 the [Ni(PNO)g]2* cation. NiLgI, (L = 2- or 4-PicNO) complexes
were reported but not characterized 172, The red complex Ni(PNO),1, was obtained 185
by heating the yellow [Ni(PNO), ]I, at 100°C. [ts magnetic moment (3.26 B.M.) is indica-
tive 185 of a hexacoordinated structure of the type [Ni(PNQ),I5]. 3:1 complexes have
been reported for Fel!! and Coll halides 618,177,225 [Fe(PNO);Cl;] is neutral and
ptobably eis octahedral 177. Col! complexes of this stoichiometry wete formulated as
[Co(PNO)3X]X (X = C}, Br, 1), on the basis of characterization studies (mol. wi., conduc-
tances, foq of 4.67 B.M. for the bromide complex)'8. More reeent studies of these chioride
and bromide complexes led to the conclusion that they are of the type [Co(PNO)1[CoXy];
in fact, the electronic spectra of these complexes are very similar to those of tetrahalo-
cobaltate{Il) compounds, while the CoBr, complex is isomorphous with the tetrabromo-
cadmate(If) analog {[Co(PNO), ] [CdBt, ). which was also reported 2?5 2:1 and 1: 1 N-
oxide 3d metal halide complexes are numerous and involve, in many cases, additional neutral
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TABLE 11
34 Mcial halide (Mn to Znr) complexes with aromatic amine M-oxides ¢
Complex Coordination number Haff Ref.
(B.M.}
Mn (PNO),Cly 6 (polynuclear) & 172
Mn(PNO}Cip - H3O 6 (polynuclear) 5.77 172
Mn(PNO}Cly 6 {polynuclear) 5.60 182
Mn{4-PicNO)2Bry 6 5.82 172
{Fe(PNO);Cia|[FeCla) 6 5.83 205
{Fe{PNO)3Cl3} 6 b 177
Co{PNO)Clz - xH, O (x < 1) 4 (letrahedrah b 182
Co(PNOICly+ HaO Probably 6 4.70,4,75 16,172
Co(d-PicNO},Cly Probably 6 4.80 172
Ca{2.4-LNO)2Cls 4 (rewrahadral) 4.50 t34
Co{PNO)1Cl4 Structure proposed: 4.75 16, 2258
[Co{PNQ)]{CoCly)
[Co(PNO)1{CdBr, ] 6 225
Co(PNOY X3 (X =B I} Structures proposed: 4,67, 4.58 B, 225
§Co{PNO)3X]X and
[CotPNO) | [CoXa]
Ni{PNO).Cly § {polynuctear) b 172
Ni{PNO)Cia & (polynuclear) 3.49 182
Ni{IQNO)Clp » %4H,0 6 {polynuclear) b 144
Ni{PNO)Cl;*» H2O & {(polynuclear) 3.21,3.30 {6, 172
Ni{QNO)Cly - 2H,0 6 (polynuclear} .23 144
Ni{2,8-LNQ); Br, 6 {palynnclear) 3.10 172
Ni{PNQ)4 [, 6 326 155
Ni{2-PicNO}sis 2 b 172
[NI{PNO)g 12 & 3.28 185
20 (PNOYCiy 6 (polynuclcar) 172
Zn(2,6LNO}aCls 4 {1etrahedral) 130, 180

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

5 Not reparted.

ligands (Tabie 11). FeXj - 2L complexes (X = Cl, Br; L = PNO, 4-substituted derivatives,
2-PicNO, 2,6-LNO) are invariably 177-179,205 of the type [FeL,X,}{FeX4}; a complex
of the type {Fe{PNO),Cl,1(CIO,)- H,0 was also prepared }77. 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 cerrain complexes aof this type are obtained in the form
of hydrates, or alcoholates, e.g. Ni{3-PicNO),Cl, » H, 0, Ni(4-PicNQO}, Cly * (CaHs OH)
{ref. 172), Ni(4-CNPNO),Ci, - 3H,0 (ref. 297). Magnetic (g = 4.50—4.54 B.M.) and

spectral properties are in favor of tetrahedral structures for Col, X complexes 158,172,174,
The Znlt analogs are also monomeric tetrahedral 130,172,180,311,312. ¢he 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, X5 (M = Mn, Ni) complexes exhibit electronic spectra and



COMPLEXES OF ARDMATIC AMINE N-DXIDES 133

magnetic moments (. = 3.10 B.M. for Ni(2,6-LNO}»Br,; 5.82 B.M. for Mn(4-PicNQ),-
Br,) suggestive of hexacoordinated, polynuclear structures 172 1:1 complexes of N-oxides
with Mo, Co¥ 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 42 182 of by heat treatment of
ML, X4 (ref. 172) or MLX5 * #’H50 (1ef. 173) complexes. Comnplexes 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 172, Similar, although not iden-
tical, behavior has been observed in 34 metal halide—pyridine complexes313, Some typical
examples of reactions of these types are 167,172,173, 185,

Mn(PNO), Bry 2% Mn(PNO),,Br, )
Mn (2-PicNO)Cl, - H,0 268" Mn(2-PicNO)Cl, 1% Mn (2-FicNO),,Ct, )
Co(3-PicNO); 1,128 Co(3-PicNO),1,— Co(3-PicNO)Cl, (8)
Co(PNO)CI, - H,0 170, Co(PNO)CI, )
Ni(PNO)gI, 199% Ni(PNO), 1, (10)
Ni(PNO)g1, 2% Ni(PNO)I, (an
Ni(4-PicNO)g 1, 129 Ni(4-PicNO), 1, (12)
Ni{PNO)Cl, - HyO 8% Ni(PNO)Cl, 299, Ni(PNO),.Cl;, (13)
Ni(4-PicNO),Cly - (C3 Hs OH) A2 Ni(4-PicNO), €1y 220 Ni(4-PieNO)Cl, (14)
Zn(2-PicNO), Cly 255, Zn(2-PicNO)Cly (15)
CuL,Cly ~ CuLCly (16)

ZnLX, and M(L),, X5 (M = Mn, Ni) complexes can be obtained only by thetmnal decompo-
sition of analogous complexes with higher N-oxide content'?2. 1:1 and 0.5:1 N-oxide--
Mnll, Coff, Nill or Zni! halide complexes appear to be bi- or polynuciear in peneral 172,173,182
The corresponding hydrated complexes are also polynuclear in most cases (e.g. Co(PNO)-
€15 + H,0. Ni{(FNO)C1, + H,0, Co(4-PicNO)Cl, exhibit electronic and low-frequency IR
specira suggestive of octahedral ligand-field symmetries}72: a jower hydrate of the type
Co(PNO)Cl, * xH, 0, where x < I, is tetrahedra! and probably binuclear 192). The low-
frequency IR specira 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 anai-
ogs, three possibilities exist, viz. chlorine, N-oxide or aquo bridges 144,

Fe(NCS), forms neutral complexes of the general type [Fe(NCS)3L4] (L = PNO, 2.,
3-, 4PicNO, 2,6-LNQ, 2-EtPNO and 2-isopentyl-PNO), involving N-bonded isothiocyanato
ligands 177314, [CoL,(NCS),] complexes (L. = 2,6-LNO, 2,4,6-CNO) were characterized
as polynuclear octahedral, containing NCS bridges 158, 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 Co'! complex 123 to that of
[Co(2-PicNO)s](ClOy )y, occurrence of vy _q at ca. 380 em™1, as is alsa the case with
other pentacoordinated 2,6-LNO—Coll and Nill complexes!93, g of 4.73 (Co) and 3.38
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(Ni) B.M,, appearance of split vo=p bands, occurring at both the *bridging’” and *N-bonded,
terminal” regions for the NCS group313, etc.)15%, These compounds were, therefore,
formulated as [(2,6-LNO);(SCN)M-(NCS),-M (NCS)(2,6—LND)2], i.e. binuclear, involving
both bridging and N-bonded (terminal) NCS ligands !9, [Cu(PNO),(NCS),| shows a normal
magnetic moment (1.88 B.M.)230; the 2,6-LNO analog has a pgy of 1.53 B.M., and was
assigned a hexacoordinated polynuclear stmcture, exclusively involving bridging thiocya-
nato ligands (a coordination number of six in this compound is suggested by the occur-
rence of v, _g at 330 cm~ I and the (d—d) transition maximum at 11.5 kK) 159,

A number of adducts of MN-oxides with 34 metal chelates have also been reported. Bis-
(& ketoenolato) MU complexes (M = Co, Ni, Cu, Zn) reportedly form adducts with a
variety of pyridine and quincline N-oxides 132,154-157,318_(vide supra, Sects. C(i), (vif)).
Cu®! pketoenoclates form square pyramidal 1:1 complexes with NV-oxides and similar li-
gands 156:316_Coll and Nil g-ketoenolates tend to form 1:2 pseudo-octahedral adducts
with N.oxides, unless the steric features of the M-oxide favor the stabilization of 1:1 ad-
ducts {¢.g. 2, 6-LNO, QNO) 154, 155,157,316 The crystal structure determination of [Ni-
(AA)2(PNO), | shows that the six oxygen atoms coordinated to the nickel are in a neasly
regular octahedral disposition; the PNO molecules are cis to one another132 (Ni~0-—-N
angle: 121°). A number of Co' complexes of the type trans-[CoX(DH), L] and rrans-[Co-
(DH),L, ] X+ H50 (X = Cl, 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,
CH3OH) complexes with N-oxide 317, An octahedral 2:1 adduct (ug = 3.09 B.M.) 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),] [Fes(C0O)y4 1.

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

The complexes of YUl are discussed in the next section, together with the lanthanide
ion comiplexes. A series of 2:1 N.oxide (PNO, and 4-MeO-, 4-Me-, 4-Ci-, and 4-NO,-PNO)
—Z1F4 complexes were prepared (Table 12) and studied by IR spectroscopy }#1. Interac.
tion of ZrCl, and HfCl, with 2,6-LNO leads to the formation 1?3 of ZrCi, « 3(2,6-LNO)
and HICl, + 2 (2,6-LNO). 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(C10,); forms complexes of the types [ZrOLg](CIO4); (L = PNO,
QNO), involving heptacoordinated Zr** jons!16. 121, Coordination of perchlorate does
not occur in these compounds; the v and vy IR modes of Cl10,™ appear either as single
bands or show small splittings, which have been attributed 1o crystal-fizld effects rather
than coordination of the polyanion 16,121, A complex of the type ZrOCl, - 2QNO was
also reported 298,

Interaction of dodeca-u;-chlorohexaniobium dichloride ([NbgCl, 5] Cly) with aromatic
amine N-oxides (PNO, 4-Me-, 4-(Me);N-, 4.Cl-, 4-NO,-PNO) leads to the formation 319,320
of [(NbyCly,)Cl,L,] (Table 12). These complexes consist of a central (NbgCly9)?* 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
atomn in a “centrifugal” position such that the metal—ligand bond points radially outward
from the center of the octahedral cluster319,320, Moll chloride, which also involves a Mog
octahedral cluster and is of the type [MogClg]Cly, behaves in 2 similar manner, forming
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TABLE 12
Aromatic amine N-oxide complexes with 4d and 54 meual ions 2

Complex Rel. Complex Rel.
Zr{PNO)aF,4 191 (CO)Pt(!I’NO}Clg 74,79,328
Zr{(2.6-LNO)sCl,4 175 P1(2,6-LNO);Cls 175
HI(2,6-LNO);Cly4 175 {Ag(PN(i;g |C104 - PNO 111, 290
ZrO(PNQ)4(Ci04)2 121 [Ag(4-CHPNO)3 [{CI0a) 148
ZrO(QNO)z 1y 298 AgNO; - PNG 333
{(NbgCly2)(PNOYCly 319,320 fAR (PN [C(NOq)3] 334
(MogClaHPNO)3Cla 320, 321 [Cd (PNCD6 J(C104)2 g}

Mo {NO)2{PNO),Cl3 323 [Hg(PNO) 1{C104)2 109, 111, 181
MoO3Cly » 2PNO 3 [Hg(PNOYs X, 9 181
[Mo{0,)201(PNO){OH ) 324 HgX; - 2{PNO) £ 181
[M{03)20](4-PicNO); (M = Mo, W) 324 {Cd(PNOpBry | 180
Re{CO)3(PNO),Ci 96 Cd3(PNO,Clg 180
Ru{CQ)3(PNO)Br 325 [Cd7(3-PikNOYClq I 180
Ru(2,6-L NO}3Cly 179 fHe(PNOYCl2 ]2 180
(Rh(2,6-LNO}Y;CI|Cl, 179 [CA(PNO)(NCS)a ]2 199
(CaH4)Pd(4-PicNO)Cl, 80 [Ha(PNO)(SCN); |2 181
PA(4-EtOPNO),Cly 142 [CA(2,6-1.NO)4 (ONO,);) 159
(C2H4) PLPNO)CI; 77,327 (CF4):HgenPNO (n = 1,2,3) 338,339
(RCH=CH) Pt(PNO)Ci, ¥ 3, 72, 73, 1578 ng(PNOim‘-?lO«; ¥ 291
(RC=CR’)Pt(PNO)Cl, ¢ 75 Hga (PNO F(SiFﬁ) 291

2 Representative examples.

br= CHj, CaHg, C1oH32y, CeHs, CgHa-X {X = organic substituent}, Y-CO, (Y = CHj, CHg, n-C3H7).
€ R = (CH3}3C, (CHa)2C(OH): R’ = CH3z, (CH3); C(OH).

d X = BF4, PFg, AsFg, SbFs.

€ X = NO3, CN, CF3COO0. CCt3COO0.

{(MogClg)Cl4L,] complexes with the same N-oxides320,321 (Table 12). Linear vy, o
vs. opyno 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 vyg_~ (M = Nb,
Mo) are relatively insensitive to the effects of 4-substituents 129, Linear plots were also
obtained 320 when the electronic spectral bands of the Nb complexes were plotted vs.
0pyno- The Nb compounds are slightly paramagnetic 319 (g, = 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(0O4),0] (PNO)(OH,), and [M(0,),0] (4-PicNO) (M = Mo, W) (cef.
324). Re! complexes of the type Re(CQ)4(PNO), X (X = Cl, BY, [} are obtained by inter-
action 26 between PNO and Re(CO) X. 2-n-Nonylpyridine N-oxide has been utilized for
the extraction of thenium compounds from aqueous sclutions 325. RuX,(C0O);(PNO) com-
plexes (X = By, 1) were prepared 326 py reaction between Ru (CO},X; and PNO. Interac-
tion between 2, 6-LNO and Rulll, Rhil or I chlorides in acetone—ethanol leads to the
immediate precipitation of crystalline products; the Ru and Rh complexes are of the
types [Ru(2,6-LNO);Cl3} and [Rh(2,6—LN0)5Cl]C!’§, respectively; the ir complex is
very unstable and has not been characterized as yet!77.

(A)P:Cl,(L) (A = alkene, alkyne, styrene, vinyl ester ot CO; L = N-oxide) complexes '
72-19,267, 168,317,328 were reviewed in detail by Orchin and Schmidt? (see also Sects.
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C(D), (iif) and (vi) of the present review and Table 12). The crystal structure detenmination
of (CO)PtCl,(4-MeOPNQ) revealed that the PtCCl,0 moiety is square planar and the V-
axide and carbony] ligands are trahs to ane another 2268 The Pt—O—N angle is 120°,
while the Pt—C—O grouping is almost linear2. 268 (] 78%). The Pt—O bond is essentially a
sigma bond with very little, if any, back-bonding? (Pt—O bond length 268 1.99 A). vp,_4
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
pyridines33@ and pyridine V-oxides 7 have been reported 2. Exchange hetween different
N-oxides in (A)PtCl,(N-oxide) complexes also o¢curs in solutions 76,331 ep.

(4-NO4PNO}PtCl,(CgHs CH=CH,) + PNO == (PNOQ) P1Cl;(C¢ Hs CH=CHj;) + 4-NO,PNO
an

Pyridine and pyridine M-oxide ligands may be displaced from compiexes of the above
type by various solvent molecules (e.g. acetone, chloroform, acetonitrile) 328,330,332 e
tranis-labilizing ability of the unsaturated ligand decreases along the series330:332 ethylene
> pras-2-butene > eis-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. Pdl analogs of the above complexes are considerably
less stable and difficult to isolate; however, 2 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-LNQO);Ci5 | Cl (ref. 175).

AgClO, forms complexes of the type AgClO, « #L (## = 2 or 3) with NM-oxides (PNO,

2, 3- and 4-PicNOQ, 2,6-LNO, 2-, 3- and 4-CNPNO, and 2-ethyl, 2-#-prapyl- and 2-isopentyl-
pyridine V-oxides 111, 142,148,290, The 2:1 complexes involve either a mono- or a binuclear
(N-oxide-bridged) complex cation (vide supra) 148.290, while the 3:1 analogs were formu-
lated as [AgL,;](ClO4)- L, on the basis of the occurrence of vy_q as a doublet (suggestive
of the presence of two chemically inequivalent sets of ligands) and the tendency of Agt

to exhibit linear two-fold coordination 290 (Table 12). In Ag(2-CNPNO},(C!O,4) the ligand
appears either 1o contain bridging N-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(NO4);] ™ (ref. 334) complexes were also reported.

Cd'! and Hg!! perchlotates and tetrafluoreborates yield [MLg]2* hexacoordinated
cationic complexes with N-oxides 109.111,142,173,181 [Ha(PNO)¢1X, (X = PFg, AsFg,
SbF¢) have also been prepared 131, Cd¥ and Helf halides form complexes of the following
types (L = N-oxide); X = CI, Br, I): [CdLX4],, Cd1X3(0OH,), CdL,l,, Cd4L,Clg,
Cd4L,Clg (refs. 180, 297, 311, 335) and [HglX4], (vefs. 173, 180, 181}, 195, 197, 269,
311, 336) (Table 12}. Although the possikility of N-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, Other CdHt
complexes reported are: [CAL(NCS),],, (L = PNO, 2-, 3- and 4-PieNO, 2,6-LNO), {C4d-
(4-CNPNO),(NCS),],,, involving bridging thiocyanato ligands!??, and [Cd(2,6.-LNO),-
(ONO,), 1, with monadentate nitrato ligands 159, [Hg(PNO), X;] complexes (X = NO3,
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CF3C00, CCl;CCO) involve coordinated polyanions, acting, most probably, as bidentate
ligands; hence, Hgll is probably hexacoordinated in these compounds!8!. Analogous com-
pounds with X = CN, CF3, C3Fs, CF3* CHF, CF5 - CH,, CgHs, 0-, m- and p-CF, - CgH,
are probably tetrahedral 81.338,339_ Fiyoro-alkyl and fluorc-aryl mercurials may form
1:1, 1:2 and 1:3 complexes339: 337 with PNO. [HgL(SCN),] complexes (L = PNO, 2,6-
LNO) appear to be binuclear, V-oxide-bridged, with S-bonded terminal thiocyanato li-
gandsigz- 181 For Hg! the complexes Hga(PNO),4(Cl0,), and Hg,SiFg - SPNO were re-
ported 291,

{¢) Complexes with lanthanide and actinide ions

Y'® and Ln!" perchlorates form complexes13:340 of the type {MLg](CIO,); 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 [Lnkg }3* decreases along
the series aniipyrine > DMSO > PNO > N, M-dimethylformamide 3¢, 4-PicNO also forms
[LnLg] 3+ complexes (La = Pr, Nd, Sm, Eu, Gd, Dy)347; hydrated complexes of the
types [Sm(4-PicNO),(OH,)}3*, {Eu(4PicNO)¢(OH»)5}3* and {Er(4-PicNO),{OH,)}3*
were also isolated 31, QNO forms 7:1 cationic complexes with YU and Lai!l ions (Ln =
La to Yb): a series of [M{QNO),][Cr(NCS);] complexes with these metal ions has been
prepared 342, [M(PNO)4(NO3)] X5 (X = NO3, ClO4, B(CgHg),) with Yl and Lol jons
mast probably involve hexacoordinated complex cations with coordinated bidentate ni-
trate 343, LnCly salts form the following complexes3#4 with QNO: Ln{QNO);Cl; - H,0
(M =Nd, Sm) and Ln{QNOQ)4Cl; « H50 (Ln = Eu, Gd, Tb, Dy, Ho, Yb). The 3:1 complex-
es afe more thermally stable than the 4:1 complexes. The latter compounds lose two
molecules of HCI at 50—100°C, forming complexes of the corresponding Ln oxychlorides344
(LnOCI(QNO),). Eu'l! complexes of the above types, as well as adducts of N-oxides with
Eulil 3 eroenolato complexes are fluorescent 276281 (vide supra; Sect. C(vi)).

ThiY and U032+ perchlorates form the following complexes 116.121: Th(PNO)z(CiOy4)s,
Th{QNO)s(Ci0,4)s and U0, (PNO); (Cl0y,),. The shiflts of the antisymmetric stretching
frequency of the U023 ionic group, occurring upon interaction of equimotar amounts of
uranyl compounds and a number of neutral or ionic ligands are as follows 343 (incm~1):
bidentate oxalate, 65; bidentate sullate, 63; bidentate nitrate, 37; pyridine, 34; antipyrine,
29; PNO, 29; bidentate perchlorate, 29; N, V-dimethylformamide, 27: tri-#-butylphosphate,
25; monodentate perchlorate, 22; di-n-butyl ether, 21; camphor, 19; H,0, 19; CH3 (N,

16; nitromethane, 11. The trend observed in the case of the above shifts is that a ligand
with a given Apgo, (o5) shift will generally replace all ligands inducing lower Avyo, {as)
shifts345. ThIV chioride and nitrate complexes reported are: ThCly = 2(2,6-LNO) (rel.
175), ThCly - 2QNO- 2H, 0 and Th{OH),(NO3), - 2ONO (ref. 298). UO,(NO3 )}, 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-tert.-butyl-
2,4,6-trimethylpyridine NV-oxide) complexes ¥#7. U0, Cl, yields complexes 200, 210, 298, 336
of various stoichiometries with M-oxides, i.e. UD4Cly - 2L (L = PNO, 2- and 4-PicNO,
4-MeOPNO, 4-NO,PNO, QNO), U0, Tl, - 3PNO, U0, Cl, - 4(4-CIPNO). 2:1 N-oxide
complexes with UO,Br, and UQ,SO4 have also been reported 278,346 00,2 g-ketoeno-
lato complexes of the type U04(L); (L = bidentate §-ketoenolato ligand) form 1:1 adducts
with PNO and 4-substisuted derivatives20%_ Quite recently, adducts of bis-(dithiolato) U0,



138 N.M. KARAYANNIS, L.L. PYTLEWSKI, C.M. MIKULSKI

complexes with PNO and other neutral ligands were reported 248, Finaily, conductivity
measurements of JO,Cly ¢ 2L (L = QNO, IQNO) in methanol are considerably higher than
those observed for anhydrous U0, Cl, or UO,Cl, - H,0 in the same medium 349, The
higher degree of dissociation in the ¥-oxide complexes has been attributed to weaker
U—Cl bonds, resuiting from the presence of the large QNO or IQNO molecules in he first
coordination sphere of the UV1 jon349.

fd) Complexes with compounds of other elemenis

The following PNO complexes have been reported47-48: 111 for the perchlorates of
metal jons belonging to Groups [A, 1EA and IIIA of the Periodic Table: M(PNO), C10,

(M = Li, Na), M(PNO)s(ClO4), (M = Mg, Ca, Sr), Ba(PNO);(CIO,),, AI(PNO)(ClO,)3,
TI(PNO)g(C104);. Nal+ 2(2-PicNO) (vide supra; structure Vl}has also been reporied 58,
4-EtOPNO forms a 4:} complex 142 with Ca(C10, )23 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, /-
oxide-bridged, involving M-bonded isothiocyanato groups 139, B compounds generally
form complexes of the type BX, - L (X = H, F, Cl; L = PNO, 4-PicNO, QNO)7-350 [t is
noteworthy that ry_g shifts of 18—44 cm™} were observed 50 in PNO complexes of this
type, whereas with the corresponding 4-PicNO compounds the shifts of this band were
111—117 em~1. A number of cationic complexes of the type [(CH3)yNBH,(L)]* PF4~
(L =PNO and other neutral oxygen ligands) were also reported 351, Indium trichloride
forms a complex 332 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-
tions, via an NV-oxide-Bu¥ Li adduct intermediate 98, have already been discussed in Sect.
CQ).

SilY halides form 1:4 complexes354 with PNO, i.e. SiX, - 4PNO (X = CI, Br). SnXy -
PNO (X = Ci, Br} and SnCl, + 2PNO adducts have been reported 182.183. 272 For the
former complex a monomeric structure {83, involving tricoordinated Sn'l, and a binuclear,
chlorine-bridged structure 182 have been proposed by different groups. The splitting of
Voo in SnCly « 2PNO may suggest that one PNO group is outside the coordination sphere,
but does not preclude a tetracoordinated system 183.272, N.Oxide complexes with SaTV
halides 16, 176,203, 204,355,356 504 orgam_gnrv and .PbIV ealts 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 (yide supra, Sects. C(/if), (D). RzMX-L
complexes (R = alkyl, aryl; X =Cl, Br, ~NCS; M = Sn, Pb; L = M-oxide) are trigonal bi-
pysemidal with planar R3M moieties 201, 266.357_(C.Hy)3SnCl complexes with pyridine
and quinoline V-oxides have fungicidal, bactericidal and molluskicidal properties and low
phytotoxicity 358,359 R, SnX, - 2L complexes 131,201.212,266,273,357 jnyglve two V-
oxide ligands trans to one another 131,273,357 (gee also Sects. C(iif), (vi) and structuse
XI), and are hexacoordinated; in the case of 2,4,6.CNO a pentacoordinated adduct of the
type {CH;),SnCl, - L is stabilized; formation of the 1:2 adduct in this case is sterically
hindered fm_ A series of 4-substituted pyridine M-oxides with R;M substituents (R = CH,
or CyHg; M = C, Si, Ge, Sn} was recently prepared 360,361 Ph(PNO);(CIO, ), was also
reported ! 1. QNO and its derivatives react with Pb(CH;C00),, forming V-acetoxycar-
bostyril, which is subsequently converted to M-hydroxycarbostysil, either on standing or
by hydrolysis 362,363
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TABLE 13

Tin and tead complexes wath aromatic amine N-oxides 2

Camplex Ref.
Sn{EPNO)YCiy 182, 183
Sn{PNO). 3 183
Sn(PNO)(NCS)y 272
Sn(PNO); F4 204
Sn(PNO),Cly 176
Sn (PNO}; Brg 176
SN(PND)2l4 176
[PH(PNO)31{Ci04)2 111
(CH3)SnBr3 - 2PNO 176
{CH3);5nCi5 - 2PND 176

201, 212
(CH3)4SnCl; » (Z,4,6-CNO) 201
(CH3)aSnCl PNO 176
{CHa)aPuCl+« PNO 201

2 Represenlative examples

SbClg forms a 1 1 adduct364 with PNO, while PCly < PNO {ref. 84) and PCl - PNO
{ref 92) adducts were proposed as mtermediates of reactions between PCl5y or PCls and
PNO (vide supra. Sect. C(2)) Adducts of the types SO; « L (ref 6), TeCl,« L (ref 174) and
TeCl, - 2L with aromatic NV-oxides have been reported. Phenol, alcohol and halogen adducts
of N-oxides were discussed in Sect B(wr) Inorganic and orgamc acids form t 1and 1 2
adducts with V-oxides, for which structures IV and V respectively were proposed 5658
(Sect B(ur)) Exampies of V-oxide (L) adducts of these types are [HL]X (X =Cl, Br,
ShClg) (refs 5, 56, 365, 366), [HL,]X (X = Ci, Br, 1 (refs 56, 57), SbClg, SbFg, PFg,
AsFg (refs 57, 58), BF, (ref 57), ClOy4 (refs 57, 367), p-CH3CgH4 504 (ref 57), Aull,,
AuBr, (refs. 368, 369)), [LH], [Moz()u] H,0 {ref 370) and CCl, H,  COOH L (n= '
1—3)571' 372, The crystal structure determmation of CCl; COOH- PNO revealed a rather
short distance (2.41 A) between the N—Q oxygen atom and one of the carboxy oxygens286_
Finally, kaolnite (Al4(S130,0)(0OH)y) forms a PNO adduct, involving H-bonding from
the hydroxy! hydrogens to the N—O oxygen373

P METAL COMPLEXES OF AROMATIC AMINE AM-OXIDE AND DIAMINE &, ¥-DICXIDE
CHELATING AGENTS

2-Substituted pyndine N-oxides and 2- or 8-substituted quinohne N-oxides {XII, XII,
XIV, respectively), mvolving substituents that can serve as donor sites, may act erther as
monodentate neutral igands (e.g Y = NH,, CN), coordmating through the N—O oxygen,
or as neutral (e g Y = CN) or anionic (Y =07, 57, COO~, NH™, etc ) bidentate chelating
agents Other N-oxide and ¥, N-dioxide chelating agents, reportediy forming metal com-
plexes {vide infra) are 1, 10-phenanthroline N-oxide, XV, 2,2 -pyndine ¥, N-droxide,
XVI, 1,10-phenanthroline N, N.dioxide, XVII, and 2,3-d1(2-pyndine N.oxide) quinoxa-
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Picolinic acid M-oxude (PicANO-H, Y = COCH n XII) forms complexes with a variety
of metal 1ons 213,215,374-379 (Table 14, see also Table 6 and Sect. C(»v)) Complexes2!5
of the type M(PicANO), * 2H,0 (M = Mg, Mn, Fe, Co, N1, Cu) are bischelates, XIX;
M(PicANO); (M = Mn, Fe) are either monomeric tns-chelates, XX, or polymers based
upon the anhydrous form of structure XXI, which was proposed 213 for M(P1cANO); +
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) (uger = 5 98 B.M ), Fe(PIcANO), OMe (uqp =

509 B M.), HFe(PicANO); , duning oxidation of Fell, Co™ and Ni*~PicANO complexes
by chlonne or bromine, compounds of the types FeCl,(PicANO), CaCl(PicANO), Co-
{OOCCH; )(Pic ANO) Br (g = 4.99 B M.), and N1(OOCCH3 }(PicANO)Br (i =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 pattems of the variation 1n stability constants
wath increasing atomic number led to the conclusion that PicANO acts as a bidentate Ir-
gand in its Ln"™ (La to Lu) complexes375. However, the ranos of stepwse stability con-
stants for the same complexes were suggestive of coordination of PicANO as a monoden-
tate Yigand 376, A series of X5BL (X = CgH; or F, L = PicANO, 2-carboxyquinoline N-
oxide, 2-OMePNO, 8 OQNO) camplexes mnvolve chelation of the ligand; 8-ethaxy-carbonyl-
aminoguinoline N-oxide (LH) forms the (C H.),BL chelate, but its nteraction with BF,
leads to the formation of the adduct BF, - LH, m which the ligand s neutral, coordinating
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through the N—O oxygen3793. Other PicANO complexes reported are374_ Be(PicANO),,
MO, (Pi=ANO), « 2H,0 (M = U, Pu), Zr(PicANO}(OH); The & 2 metal-to-bgand ratio 1n
the [1022"' complex was also determined by physicochemical studies377.

2-Amunopyridine N-oxide (LH) metal complexes of the type [M(LH)¢J(Cl0,), (M =
Mn, Fe, Co, N1, Zn, Mg) and [M(LH), }(CIO,)5 (M = Cu, Ba), nvolving monodentate
neutral jigands, coordinated through the N—O oxygen, were 1solated dunng interaction of
Iigand and salt tn methanol 380, In fughly alkaline aqueous media, the same higand loses
one proton, forming an anton, which can coordinate as a bidentate igand to Cull and
Felll (XXT{), with other 3d metal 1ons hydrolysis occurs more easdly than formation of
metal chelates of the type shown in XXI1380,

M
v o’\M“N’ NaH-M
N N O.. N
M N
e Xy o0
o) N” N CRHOH
" o
OH OM
AXII X1 xxXw

Adenosine M-oxide behaves 1n a stimilar manner, forming 1.1 chelates, XXI{), with divalent
3d metal 1005 (M = Mn to Zn) in alkaline media 3812 However, ademine NM-oxide forms
chelates with the same metal 10ns, 1nvolving coordination of the nitrogen of the amuno
group and one mtrogen of the imidazole ring (1n position 7) (XXIV), the N—O oxygen 15
not coordinated 1n the latter complexes38! Adenosine-5'-monophosphate-N(1)-oxide
forms Cull complexes imvolving coordination of the N—Q oxygen, with other MU 1ons
(Mg, Ca, Ba, Mn, Co, I, Zn), coordmation through this oxygen occurs, in solution, at high
pH, while at neutral or weakly acid pH thus ligand coordinates exclusively through the
phosphate group to the above metal 1ons 3822 gymlar studses with mosine-N(1)-oxtde and
1ts 5'-monophosphate dervative established that the Iatter ligand coordinates mainly
through the N--O oxygen to divalent 34 metal 1ons, whereas in the case of alkaline earth
metal ions, an equiibnium between NO- and phosphato-bonded species exists 1n sofution 382b
2-Hydroxypyridwne N.oxide (2.HOPNQ) and 2-pyndinethiol Moxide (FTNO-H)
(XXV, Z = 0, 8) exist predominantly wn their tautomeric forms of 1-hydroxypynd-Z-one
and 1-hydroxypynidine-2-thione (XXVI, Z = O, S), respectwvely 83 (the 2-ammopyridine
N-oxide exists predominantly in the N-oxide rather than the I-hydroxypyndone-2-imimne

form383)
— o (o
ZH 2 VL ]
L -

Xxv XXVI XXVIL

N
i
o

Both 2-HOPNQ and PTNO-H (omadine) reportedly form metal cheiates of type XXVIIZ71
274,275, 384—391(Table 14) Chelates of this type exfubit negative ry_g shifts274.386
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ve=g I M(PTNO),, complexes did not dimwmish i1n intensity or approxunate posihon, as
would be expected, although, m certain cases, the absorption was split into two bands386,
2-OPNO (L) chelates of the types [SiLy]X (X = Cl, FeCl,), [SxL#z [SnCig], [AlL,4],
[FeL;] and {SnL;], [SnCl ] have been reported 384391 The SifV complexes mvolve an
octahedral complex cation 384, which was partially resolved mto 1ts optical enantiomers
by treatment with disodium (—)-dibenzoyl-L-tartrate 321, ZnT complexes of this ligand
may be used as antifungal agents392. An early paper38? reported the preparation of vari-
ous 2-pynidine-thiolate N-oxide M(PTNO),, complexes (M = Nal, Fell, Felll, Colt Nyl
Ccull, Agl, Aulll Zull call Hel, Hgll, Pul, S ASHI p,liN Polarographic studies of
some of these complexes388 and determination of formaton constants of dwvalent 3d met-
al 10n chelates with 2.0PNO and PTNO 385 were later reported The following PTNO(L)
metal chelates have been tsolated and characterized CrL,~ { SH,0, NaL, KL, MnL,»
H,0, FeL;, CoLy * 2H,0, NiLs, Cul,, ZnL,, CdL,, ZtL, - H,0, Hgl, (ref. 386),
R,SnL (R = n-C, Hg, CgHy), SnX,L(X =F, Cl, Br, 1), SnL, (C¢ Hs ),Sn(NCS) L (ref
274). RSnCIL, (R = n-C4Hg, CgH;) (ref 275) Mosshauer studies of FeL, (ref 271) and
the SnV complexes274: 275 have already been mentioned (Sect. C(#)). NiL, (ieqr = 0 34
BM.) and CuL,; are square planar, MnL, « H,O ts tetrahedral {u .4 =5.72 B M , yellow-
green color) and the Crlll, Felll and Ca:)lief chelates are octahedral, a g value of 1884 cm—1
was denved from the electronic spectrum of Coly « 2H,0(u r = 0.40 B M.)386, pPTNHO 387
and 4-methylpyridine-2-thiol N-oxide 390 have been used for the analytical determmation
of Felll The Felll chelates with both these higands can be used for the selective differen-
tial absorptiometnic determmation 390 of Hgll, M(PTNO),, complexes have found applica-
tion as components of fungicides and bactencides and as repellents, reducing deer-
browsing3%3 The Na! and Za!l complexes of 2-quinolinethiol N-oxide are used 1n antr-
dandruff shampoos334. Cofl, Nill, Cull and Cd¥ chelates of 1-hydroxypyrazole-2-oxide 3952
and Cull complexes cM§oxazoline oxide dervatives 3950 have also been reported
&-Quinolinol N-oxide (oxine M-oxide) and substituted dervatives have been extenswely
used for the extraction and analytical determination of various metal ions (e g Mn2*,
Fe3*, Co*, Cu2*, Zn2t, A3+, Lo, Rud*, 1+, Cett, U6+)396-400 The stability con-
stants of 8-quinohnol N-oxide complexes are generally smaller than those of the corre-
sponding 8-quinolinol complexes00 Spectrophotometric, stahility constant and other
mvestigations of metal complexes of B-quinchnol N-axide (LH) and substituted derivatives
(e g 5,7-dichloro-8-quinalinol N-oxide (L'H)) of various types (e NMiL';, CuL,, PdL,
[MLCl; ]G~ (M = Roll, RhII QY 11TV, PtIY 5 = 3 or 4), etc.), led to the assignment
of structures invanably wnvolving chelating L or L’ igands to these compounds 396.399,400-402
Although many metal 1ons can be precipitated with 8-quinolinol N-oxide (Mg#*, Ca?*,
Sr2*, Ba?*, Zn2+, Cd2*, Co?*, €edt, UO,%*, TIT, etc )398, the only 3d metal complex
obtained wn crystalline form and characterized 1s VO(8-OQNO); (o = 1 77 B.M )403.
Reaction of 8-quinolinol V-oxide and 2-n-butoxy-1,3, 2.dioxaborole in CH5Cly results in
the precipitation of the tetraoxa-azaspiroborate, XXVII[404,

7
O\E/O—N 3\ NN
o o =N W=
]

O\M/
XXVIk XXIX
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1-Hydroxyphenazine-V, M-dioxade reportedly behaves i a stimilar 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"-Bipyndine ¥, N-dioxide (XVI, B1PO,) acts as a neutral bidentate ligand, forming
metal complexes mvolving seven-membered chelate rings XXIX 96, 120,222,320, 323,405-413
(Table 14) Metal complexes of the general types [M(BiP0O,)3]X,, (M = A13*, Sc3*, Ce3*,
Mn2*, Mn3*, Fe3*, Co2*, Ni2*, Cu?*, Zn?*, Cd2*, Hg2*, X = Br, I, C104, NO3, $,0g,
PtCl,, n = 0 §-.3)120,405-408 IM(B\PO,), [X,, (M = Co?*, X =Cl, Cu?*, X = P1Cly, Ag*,
Pb2t, X = CIO4)4‘]6—408 are generally charactenzed by bidentate BIPQ, ligands. vy
values are 1n agreement with the Irving—Williams sertes, 1.e they vary in the following
order*07 for 34 metal tons Mn2* < Co2* < Ni2* < Cu2* > Zn2* Stereochemical con-
stderations and infrared studies suggest that the seven-membered chelate rings invelve a
staggered (gauche) configuration of the pyridine nings406.407 NMR data for [M(B1PO,),]-
[PEg15 (M = Co, N1} complexes (contact and dipolar shifts and the corresponding geo-
metrical factors) were best interpreted4!3 by assuming 4 M—O distance of 2 20 A aad an
0—M—0 angle of 85°, the geometrical factors obtamned tn this manner correspond 1o a
staggered configuration for the chelated BiPO, hgand, 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 i1somers appear to be present in appreciable amounts in the [M(131P02)3]2+
(M = Co, Ni) cationic complexes, these are the Addd (SAID and the A (SAddd) 1somers4 '3
Other BiPO, chelates with transition metal 10ns reported are VCly » L (L = BIPO,, 1, [0
phenanthroline N, N-diaxide, XVIL, y. = 1 50 and 1 60 B M., respectwvely) 222, [VO-
(BIPO,,),1{CIO,), (1ey= 1 63 B M ), [ZrO(BIPO, 35 1(CI0, ), (ref 409), {(NbCl, 5)Cl,-
(BiPQ,), 1 (ref 320), [Mo,04Cly(B1PO,); ]+ 2H4 0, [Moy O3 CL(BIPO, )5 |+ 2H O (e =
1.23 and 1.48 B M., respectively)#0%, Mo (NO),(B1PO,)Cl; (ref 323) and Re(CO);-
(BP0, )X (X = C1, Br, 1) 96, Y1l and Lalll form chelates of the type {M(B1P3,),1¢(C104)
(M =Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb) (refs. 410, 411). The Euﬁl and Tb i
complexes of this type are fluorescent, and their flucrescence spectra in solution were re-
ported 4!, IR and conductance data*10 mndicate that the metal—ligand bond 1s weaker
in the lanthamde than in the corresponding transition metal chelates with BiPO, A CelY
complex of the type [Ce(BiPO;)3(NO3), (ClO,); was recently prepared?!! Chelates of
the actinide 10ns with BiPO, have aiso been reported, viz  [Th({B1PO,)4](ClO,4),4, [UO,-
(BIPO,),1(C104); (ref. 409), UO5(NO1)},(BiPO, ), and PuO,Cly(B1PO, « HCI), (ref 412)
Finally, BIPO, forms 1 1 adducts with the following inorganic acids HCIO,, DCIO,,
HCI, HBr, HSbClg (ref 414) Other N, N-dioxides, reportedly formung metal complexes,
are 4, 4'-dimtro (or dihydroxy)-glycosine-3,3".dioxide and mdigo-3, 3'dioxide (2, 2"-dr-
benzdimidazyl-3, 3'-dioxade) 445 2, 2'.Bipyndine-V-oxide complexes have not been re-
ported, but a sertes of ML,Cl; +nH,O (M= Co, Nt,Cu,n = 0,05 and 2, respectively)
with 1, 10-phenanthroline M-oxide, XV, were prepared4!% These complexes are dissociated
1n water to regenerate the M-oxide and the hydrated metal 100418 no characterization
studies were reported for these compounds

Quute recently, a number of Co'!, N1l and Cu®! halide complexes with the Iigand 2, 3-
di(2-pyndine N-oxide) qumoxaline (XVII{, DPNOQ) were synthesized 417 (Table 14).
DPNQQ can act as a monodentate, mono-bidentate or bis-bidentate (bndging) ligand. In
the latter two cases, six-membered chelate nngs are formed by coordination of one N—-O
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oxygen and one nitrogen of the quinoxalne ring to the metal 10n. Monomenc tetrahedral
structures, involving mono-bidentate DPNOQ were assigned to CoX,(DPQNO)-rnH,0
(X=Cl, Br, I,n=1-1 5), complexes of the type N:Xz(DPNOQ){ H,0 (X =Br, 1) are
monomenic, octahadral, and also contain mono-bidentate ligands*!7. Oligomeric NiCl,
complexes of the types Ni Clg(DPNOQ), * 4H, 0 and Ni5Cl5(DPNOQ), * 4H50 contain
bndging bis-bidentate DPNOQ ligand molecules, coordination of termimal mono-bidentate
DPNOQ groups was proposed for the former complex, while the formulation of the latter
complex involves 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 15 monodentate 417 is the adduct ICI* DPNOQ Finally,
2-CNPNO acts as a monodentate ligand in [M{(2-CNPNO), ](ClO,4); (M = Co, N1), while
for Ag(2-CNPNO),(ClO,) the possibility of chelation of the hgand was discussed 148
(vide supra, Sect. C{rue}(b))

E MUTAL COMPLEXES OF ALIPHATIC AMINE M-OXIDES AND SECONDARY AMINE NITROXIDE
I'REE RADICALS

The present sectron gives 3 brief account of the metal complexes reported for aliphatic
amine NV-oxides and secondary armne nitroxide free radicals Tnmethylamine N-oxide
{TMNOQ) forms complexes with a variety of transition metal salts 18,100, 110,293, 418-425
coordination occurnng through the N—Q oxygen Compiexes of the foliowing types were
reported (M(TMNO},1(C1O4); (M = Mn, Co, Ni, Cu, Zn) 18, 100,418-422 M(TMNO)¢ |-
((:1:::'4)a (M = Sc, Cr)100.293 "IM(TMNO),X5] (M = Mn, Co, Zn, Cd; X =Cl, Br, I, NCS,
NO4)15,110,419,420,422,423 [Co(TMNO), Il (ref 18), [Co(TMNO)41X, (X = NO;4
(ref 110), BF4, ClO4, Br, §, CH3CgH,SO0; (tosylate))42L, [M(TMNO)X,] (M = Cd, Hg,
X =Cl, Br, D443 and M(TMNO),Cls (M = T1, Zr}#22,:42¢ TMNO behaves in a manner
simutar to stenically hindered aromatic amine N-oxides (e g 2,6-LNO 145, ANOQ) 149 1n
that 1t forms [ML4]2* and [MLg]3* canoruc complexes However, the [M(TMNO),]%*
complexes are tetrahedral, witth the exception of the Cu! complex, which 1s probably dis-
torted square-planar (D»,4 symmetry) 100, whereas the [M(2,6-1NQ)4]2* complexes are
square-planar 145 Thus, TMNO resembles the corresponding phosphine and arsine
oxides 01,102, 135—135 1 that 1t favors the stabihization of tetrahedral cationic complexes
Square pyrammudal [ML, ] 2+ and [ML,(OCI04}] * cationic 3d metal complexes with tri-
alkyl- and tri-arylphosphune oxides have been reported 136,140,426 Nevertheless, attempts
at the isolation of [M{TMNO)s1(Cl04), were unsuccessful, although solutions of [M-
(TMNO),](CI0,4)5 (M = Co, Ni) containing excess ligand exhibit electronic spectra indi-
catng the attainment of a coordination higher than four 140 Conclusions regarding the
stereochemustry of [M(TMNO);]2* would be of considerable interest, since [MLs]2%
cations are square pyramdal for L = phosphine or arsine ox:de 136,140,426 and tnigonal
bipyramidal for L = aromatic amme N-oxide (2-PicN0)123:133 [Co(TMNO),X,] (X=
Cl, Br, I, NCS) complexes are pseudo-tetrahedral in solution, but pentacoordinated (most
probably TMNO-bridged and dimeric) m the sohd state 419420 The paramagnetic metal
1on TMNO complexes mentioned above are generally of the high-spin type. Other metal
complexes of TMNO reported are BX; - TMNO (X = F, Cl, Br)11,15.424,427 A1x, - TMNO
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(X =Cl, Br), GaCl; - TMNO, InCl; « 2TMNO (ref 424),(CH;); M+ TMNO (M = Al, Ga,
In)428, 5iF , » 2TMNO, SiX,4 - 4TMNO (X = Cl, Br) 11,354, GeCl, - 2TMNO, GeCl, - 4TMNO
(ref. 424), SnX, - 2TMNO (X = F, Cl, Br)4?2:424_ PCl; - n'TMNO (ref. 11), SO; - TMNO
(refs 10, 13), SO3« TMNO (refs. 13, 15). TMNO- HCl and TMNO -« 2H, O have also been
studied 42%430; Trethyl and tnpropylamine N-oxides (TENO, TPNO, respectively) form
fCoL;X,] (X =Cl, Br, I, NCS) and [CoL,;](Cl0,); complexes?22:425 TENO complexes
of these types form the pentacoordinated complex [Co(TENO);]2* in solution and in the
presence of excess ligand, treatment of TPNO complexes wath excess ligand doss not lead
to the formation of species with a coordination number higher than four. ([Co(TPNO)X, |
forms the {Co(TPNO),}2* cation, under these conditions425, Rare earth complexes of
the type [M(TENO)g} [Cr(NCS)¢]* 2H,0 (M = Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er) have also been reported#3! N, N.Dimethylethylenediamine N-ox:de ((CH,);N(O)-
CH,CH;NH>) acts as a bidentate chelating agent, coordinating through one oxygen and
one nitrogen atom, [ML3](C104); o, 3 (M = Fe3*, Co3*, N1?*), {ML, J(Cl0,4)5 (M =Cu,
Zn), MLX; (M = Mn, Co, Cu, Zn; X = (1, ), NiLCl; - 2H,0, MLCl, - 2HCI (M = Mn, Pd,
Cd) and L+ 2HC] complexes of this lipand have been prepared 432, Complexes with other
R3NO Ligands reported are CgHgMgBr- CgHg(CHj), (ref 12), ZnBr, - 2CgH(CgHgCH-
=CHCH=)NO (ref. 14), and a senes of F3NO adducts with BF;, AsF; and SbF; (ref 433).

The nitroxides of secondary amines are free radicals; properly substituted radicals of
this type are stable substances+34-436 (e g. di-fert -butylnitraxide, XXX, DBNO 2nd
2,2,6,6-tetramethylpipendine nitroxide, XXXI, TMPNO+)

CHy__ _CH3
cy=Cy _CLcH CH;,QCH;
CH; i G CHy” TN CH,
0 &
XXX XXXI

These compounds have found wade application as spin labels for probing biomolecular
structure437 , interest 1n their coordination compounds has started developing m recent

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

ly inveshgated*38; protonation of TMPNO+, not involving destruction of the paramag-

netic center, has been reported“'?'s' The ] 1 complexes of non-transition metal ons with
nitroxide free radicals (1€ AlCl; with DBNO+ and TMPNO - (ref. 105), and MX 3 (M = Al,

Ga, X = Cl, Br, I) wath 2,2, 6, 6-tetramethyl-4-pyndone nitroxide 102) are paramagnetic 103, 105
Solution EPR spectra of the free radicals consist of three lines produced by interaction of

the unpaired electron with a sungle ¥*N nucleus The Al complexes extubit 18-hne EPR
spectra un whuch each of the three 14N nnes 1s spht into six by nteraction with a single

27 &} nucleus 105 In the case of Gal™ complexes, 24 Iines are observed in therr EPR spec-

tra, this 1s due to interactions between 14N and 69Gz or 71Ga nuclei 103, In complexes

with paramagnetic metal 10ns, spin—spin mterachons between the lipand and metal 10ns
unpaired electrons oceur, as indicated by magnetie susceptibility and EPR studies 104, 105,340-444
[Co(DBNO ), X5} (X = Cl, Br, I) complexes were intially found 1 10 extubit oy Of ca

2.7 B M.; recently, grqgy of the CoBr, complex was redetermined 440 and found to be 4.23

B.M. The camplexes are tetrahedral and their electronic spectra estabiish thet Co 1 1n the
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+2 oxidation state#¥0, The nteraction between higand and metal 1on unpaired electrons

1s obvious, smce the theoretical i, value*40 for a system contaming three unpawed elec-
trons on cobalt, which are not interacting with one unpaired electron on each higand, is

4 8 B M. The solid-state EPR spectra of these complexes are unusual for tetrahedral Co'l.
It resemnbles an § =4 system with g values*40 comparable to that expected for tetrahedral
Coll. Beck et al 104 assummed a total spin of § = £, but Brown et al.44¢ concluded that

S+ 4. Simular magnetic properties and EPR spectra were reported for a number of 3d met-
al perchlorate —TMPNO - complexes. [Fe(TMPNO+),(C104),], (ue = 3.47 B M.), [Co-
(TMPNO-X(CIO4 )51, (s = 4 58 BM), [Ni(TMPNO )(C104), 1, (ter = 3 63 BM)),
[Zn(TMPNO -}, (Cl04);1x (er = 2.06 B M )106 These compounds are most probably
bintclear, the presence of bnidging perchlorato Iigands was considered as more probable
than that of bridging TMPNO *, in view al the stenc features of the later ligand 106
Bis-{B-ketoenolato}—Cuf! chelates form § ! adducts with DBNO - and TMPNO -, ex-
hibiting low magnetic moments (1 05 B M ) 431,444 The Cull salt of the 2,2,5,5-
tetramethyl-3.carboxypyrrolne nitroxide radical does not exhibit an EPR signal442.

A labue Cu(Cl104), complex with TMPNO* was 1solated but not charactenzed, the reac-
tion was camed out w triethyl orthoformate, and this complex was attacked by the etha-
nol produced, forming 2,2,6,6-tetramethylpipendiruum perchlorate and a mixture of ele-
mental copper and copper oxides?*S Addition of 3d metal acetylacetonates (VOZ', Cr3t,
Mn3*, Fe3*, CoZ*, Cu2*) to solutions of DBNO- or TMPNO+ results in a broadening of the
Imes of the EPR and NMR spectra of the free radical, the line widths depend on the num-
ber of spins on the metal and the geomatry of the complexes#3. A number of diamag-
netic Pd! complexes of tie type [Pd(DBNO ) X] 2 {X = Cl, Br) reported, are binuclear
halogen-bndged 07 Tha complexes mentioned above mvolve, with the possible excepaon
of CuL, (L = 2,2,5,S-tetramethyl-3-carhoxypyrroline mtroxide)442 coordination of the
nttroxide group to the metal 1o0n Coordination through the N—O oxygen 1s suggested by
negauve vy_g frequency shifts 104,106,445 anq the fact that the nitrogen hyperfine split-
tings 1n the EPR spccetra of dizmagnetic metal 1on-free radical complexes are mercased rel-
ative to the splittngs of the uncomplexed free radicals*4! The possibility of #-bonding
of the type

0
I — M
N

was also advanced 193 Complexes of nitroxide free radicals, not mvolving coordination of
the mitroxide group, are also known For example, during spin-labeling of vitamin By, 1t
was suggested that TMPNO < and its 4-hydroxy denvative coordinates to Colll through

the mitroxide group, while 4-bromoacetamido-2, 2,6, 6-tetramethylpipendine nitroxide
radical coordinates through the carbon of the BrCH, group®6 and m Pd(porphyrex:de),-
Cl; complexes, the bidentate ligands coordinate through two umnino group mitrogens
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