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A number of divalent 3d metal chloride and per-
chlorate complexes with isoxazole were obtained by
interaction of salt and ligand in triethyl orthoformate—
ethanol. Characterization of these complexes was based
on spectral (ir—electronic), magnetic and conductance
evidence. The metal perchlorate complexes are of the
following types (L = isoxazole): [FeL,(OH,)4J(ClO),,
[CoL3(OH,)5|(ClO,) [NiL4(OH,),|(ClOy),  and
[CuL;(OH,)|(ClO,s),. The former three cationic
complexes are low-symmetry hexacoordinated, while
the Cu(ll) complex is distorted square-planar. Iso-
xazole acts as a monodentate N-ligand in these com-
pounds. NiCl, forms a 1:2 complex with isoxazole,
containing both terminal and bridging chloro and iso-
xazole (N- and O,N-bonded) ligands. This compound
is polynuclear, hexacoordinated ([NiL,Cl,],). CuCl,
yields a 1:1 complex with this ligand. This compound
is binuclear, square planar, involving terminal chloro
and bridging, O,N-bonded, isoxazole ([Cl,Cu(OC;H 3N},
CuCl,)).

Introduction

A number of studies dealing with the syntheses and
characterization of metal complexes of substituted
oxazoles!, thiazole* and derivatives®®, and isothia-
zole® appeared recently in the literature. Thiazole and
isothiazole were found to form N-bonded complexes
with divalent 3d metal ion (M = Co(1I), Ni(II), Cu(II))
salts*®. Benzothiazole and 2-methylbenzothiazole also
form N-bonded 3d metal complexes?, while 2-amino-
thiazole coordinates through the amino group rather
than the ring nitrogen®. Benzoxazole (I) yields N-
bonded complexes of the type ML,X, (M = Co, Nj,
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Cu, Zn; X = Cl, Br, NO3;)"?; thermal decomposition
of the metal halide complexes of this type at 140°C,
affords the species MLX,, which involve bridging,
N.,O-bonded, bidentate benzoxazole ligands®. 2-Me-
thylbenzoxazole (II), on the other hand, acts in most
cases as a monodentate O-ligand towards the same
metal ions; a complex involving bridging, O,N-bonded
2-methylbenzoxazole with NiCl, has also been re-
ported™?, It was of interest to us to explore the pos-
sibility of synthesizing and characterizing metal com-
plexes with a similar ligand, namely isoxazole (III), as
an extention of our recent studies of metal complexes
with ligands containing both nitrogen and oxygen co-
ordination sitcs”®. Thc investigation of the ligand
properties of isoxazole were thought to be of interest,
since this compound has two neighboring potential
donor atoms (O and N), and also resembles the exten-
sively studied pyrazole ligand (IV)!®'%, which con-
tains an NH group in place of the oxygen of isoxazole.
The present paper deals with the syntheses and char-
acterization of complexes of 3d metal chlorides and
perchlorates with isoxazole.

Experimental

Chemicals and Synthetic Procedure

The isoxazole used was a product of Eastman Organic
Chemicals (b.p. 93-95°C). Its ir spectrum was in
satisfactory agreement with literature values'®'’, and
the ligand was utilized as received. The purest com-
mercially gvailable hydrated metal salts and organic
solvents were generally utilized.

The synthetic procedure followed involved dissolu-
tion of the metal salt in a 1:1 (V/V) mixture of tri-
ethyl orthoformate (a dehydrating agent'®)—ethanol,
atca. 50° C, and the resulting solution was gently stirred
for ca. 1 hr at this temperature (approximately 40 ml
of solvent mixture per g of salt were used). Then, iso-
xazole was added to this solution at a ligand to salt
ratio of 6:1, for the metal perchlorates, or 4:1, for
the metal chlorides, and the resulting mixture was al-
lowed to stir at 50°C, until precipitation occurred.
Under these conditions, NiCl, and CuCl, yielded
crystalline precipitates within 10—15 min from the addi-
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tion of the ligand, whereas in the cases of M(CIO,), _
(M = Fe, Co, Ni, Cu) solid precipitates were formed 5
after 2—3 hr of stirring. Analytical (Schwarzkopf Micro- E
analytical Laboratory, Woodside, N.Y., Table I) and A 5 .
spectral (Tables IT and III) data shows that the above gn'q 3 § f': ° ‘%
products are true complexes of isoxazole. These com-
pounds were filtered, washed with ligroin (boiling .
range 63-75°C) and stored in an evacuated desiccator § s
over calcium chloride. Under similar experimental con- < 1% o~ S
ditions, a number of other divalent 3d metal chlorides g 2 = & X 2;' S i
(M = Mn, Fe, Co, Zn) and perchlorates (M = Mn, ©
Zn) also gave solid products, which appeared to be 2 o
mixtures of over 80% uncomplexed metal salt and less = Lz ol
than 20% isoxazole metal complex, as suggested by = &2 amaaa <
analytical results. Small variations of the experimental 5 =& TR
procedure (changes of the ligand to metal ratio, con- K
centration of the reaction mixture, temperature of ope- bS] =
ration, etc.) failed to produce pure isoxazole com- 5) E|SYZ08R
plexes with the latter metal salts. Different synthetic v £ |daszZC
approaches have not been explored so far for these N;, &
syntheses. S Bl |ENZTERS

i S8 |ssdzed
Solubilities and Characterization Studies b5

The six new metal complexes are soluble in various E

polar organic solvents, such as nitrobenzene, nitro- = E 2RELSY
methane, N,N-dimethylformamide and acetone. The E & T~ o
metal perchlorate complexes dissolve much more £
readily in these media than the metal chloride com- 3 sle | %2 x22x3
plexes. Characterization of these compounds was based g Z|§ | Seexax
on magnetic susceptibility and conductance measure- =
ments (Table I), and infrared (Table II) and electronic L
(Table IIT) spectra, which were obtained by methods = =
previously described*®. 8 ERNIPESEE AR ShA

E 48 (SRR I S I
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Discussion E i = 833388

o @) (S IR I S I I
Stoichiometries of the New Metal Complexes Lg

Lower than one would expect isoxazole to metal = G| o - e

ratios are observed in the new complexes. In fact, E § NGB R
pyrazole forms readily complexes of the types [MLg] C | . K- —qda
(ClO,), [M = Mn through Ni, Zn), [CuL,](ClO,),, s |z oo
ML,Cl, and Cul,CL'™'. For thiazole and iso- S | g g2 fx a9
thiazole, species of the above stoichiometries have z <OV |d-=aaa
been isolated; in addition, these ligands also form 5 5
complexes of the type Col,CI,*®. Even the relatively g & g
bulkier benzoxazole and 2-methylbenzoxazole ligands % 5 é z & o =
generally form 2:1 complexes with divalent 3d metal = ) 5 £ E =) E
halides’, and the 1:1 analogs can only be obtained by & “ e
thermal decomposition of these complexes?, as already p
mentioned. Hence, it was rather unexpected to obtain g ©Q¢co
a 2:1 NiCl, and a 1:1 CuCl, complex (Table I) with 2 LIS,
unsubstituted isoxazole. This is not surprising, how- E ',,/‘_Q(::,'_(: e
ever, as the only well known isoxazole metal complex = | = go" gd’ g
is a 1:1 adduct with CdCl,, which has been used S 520 S50 | .2
extensively during the synthesis of isoxazole?® 2!, The @ | g 53 I S
isoxazole to metal ratios in the new metal perchlorate S8 Z3&8z3 | 7
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TABLE II. Infrared Spectra (Nujol Mull) of Isoxazole Metal Complexes (cm™).

Compound 4000-600 cm™ region

vligand and VOHZ (Wag)
(600200 cm™)

v M-ligand

(L, Cl, OH,)®

Isoxazole = L

843s,777vs,632s

NiL,Cl,

3160w,3129w,3116w,3092vw, 2968vw, 2642vw,
2593vw,2244vw,2162w, 1808w, 1748w, 1653w,
1564m, 1492w, 1432vs, 1366s,1259vw, 1219m,
1177vw,1129s,1087m, 1028m,917s,906w,

3120w, 3086w,b,2640w, b,sh,2540vw,b,2325vw, b,
1755vw,1611vw,1554vw, 1541vw, 1440vs,sh,
1357s,sh, 1260vw,sh, 1228m, 1172vw, 1138m,

593s,568s,540m, 511w,
470w,430w,b,380vw,
360vw, 331vw, 320vw,
309vw, 295vw, 286vw,
272vvw, 260vvw,215vw,
209vw

290s, sh(c), 281s(1),
240s(1),233s(1),
220s(c)

584s,570m,sh,493w,
400vw,b,380vw,b,
345vw,b

1085w,1057w,1040w,945m, 911m, 898w, 880w,

805vw,sh,777vs,724m,627s

CulLCl,

781vs,721m, 620m
FeL,(CIO,), - 4H,0

1358s,sh, 1310w, b, 1235w, sh, 1150s, sh,

3170w,3140w,3120w,3085w, 2600w, vb,2550vw, b,
2330vw,b, 1760vw,1625vw,b, 1555vw, 1438vs, sh,

1355s,sh,1310w,b, 1240w, 1228m,1170vw, 1147m,
1088w, 1050m-w,958m, 922w, 911w, 889m, 820vw,

3530s,vb,*3200-3100w,vb, 2640w,sh,2530w,b,
2340vw,b, 1750w,sh,1626m,° 1551w, 1438s, sh,

314s(c), 290s(c),
283s(c), 256s(1),
2295(1)

585s,562 m, 540w, 500w,
400vw, b, 350vw, b,
330vw,sh, 307sh, 270w,
248m, 215w, 208w

390w, b(a),241s(1)  590m, 550m-s, b, 380w,
370w,305w,275s,266m—w,

220m-s

1082vvs,vb?,928w,b, 780m, sh, 715m, sh, 620s®

CoL;(Cl0O,),-3H,O 3490vs,vb®,3170sh, 3100sh, 2680w,sh,

2520vw,sh,2260vw,vb,1770vw, sh, 1620m¢,

1555w, sh, 1441s,sh,1355m,sh, 1305w, vb,

1232w,sh, 1152s,sh, 1070vs,vb,9920vw, sh,

780m, sh, 720m, sh, 620s9

NiL,(CiO,), - 2H,O0

790vw,sh,720m,sh, 628s¢

CuL4(Cl0,), - H,0

775m,sh,720m, 628s¢

3500s,vb,*3160w,sh, 3095vw, 2690vw, sh, 2600vw,sh, 394w(a),
2555vw,sh,2300vw,vvb, 1740vw, 1622m,° 1552w,
1442s,sh,1348m,sh, 1310vvw, b, 1224m,sh,
1160s,sh, 1068vs, vb9, 940vw, sh, 890vvw, sh,

3420s,vvb©,3200-3100w, vb, 2680w, sh, 2605vw, sh,
2520vw,b,2330vw,b, 1750vw, 1628w, 1550vw,
1428s,sh, 1355m,sh, 1315w, b, 1240vw, sh, 1170m, sh,
1075m—s,vb,9950w,915 vw, 895vw, 850vw, sh,

392w(a),239m(l) 598m,sh,550m-s,b,®
410w, 380w,360w,b,
343w,329vw, 320w,

262m,223m—w,sh

599w, b, 552m-w,°

242w—m(l) 540w,490w,b,410vw, b,
370vw,312w,280m,
263w,220w—m

405w, b(a), 580w, sh, 540m, b€,

241w—m(l) 480w, b,450w,b,390w,

380w,362w,b,340w,b,
315w,272w,260w, 220w

Abbreviations: s, strong; m, medium; w, weak; v, very; b, broad; sh, shoulder.
2 (¢): chloro; (1) isoxazole; (a) aquo, ligands. ® Spectrum obtained on neat (liquid) isoxazole. ¢ Coordinated water:
Vou at 3530-3420 cm™; dy_o_y at 1628-1622 cm™, OH, wag, at 552540 cm™ 25-2°, 9 Jonic (T,) ClO,: v; at

1082-1068 cm™; v, at 628—620 cm™* 2527,

complexes (2, 3, or 4; ¢f. Table I) may be attributed
to competition between isoxazole and aquo ligands for
the central metal ion. Similar tendencies, leading to the
formation of mixed heterocyclic ligand—aquo cationic
3d metal complexes, have been encountered by this
laboratory during the syntheses of tetrahydrofuran®
and dioxane?* complexes with divalent 3d metal per-
chlorates.

Infrared and Conductance Data

The molar conductivity values for the new metal
perchlorate complexes (Table I) are typical of those
of 1:2 electrolytes®®. Thus, at least in nitromethane
solution, these compounds appear to involve exclusively
ionic perchlorate. The metal chloride complexes exhibit
Ay values intermediate between those corresponding
to non- and 1: 1-electrolytes®®.
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TABLE III. Solid State (Nujol Mull) Electronic Spectra of Isoxazole Metal Complexes.

Compound Amax> M

Isoxazole = L 211vs?
NiL,Cl,

CulCl,
Fel,(Ci10,),-4H,0
CoL;(ClO,),-3H,0
NiL,(ClO,),  2H,0
CuL;(Cl10,), H,0

212vs, 216vs,sh, 253s,sh, 400m, 671m,b, 718m,sh, 1070m-w, vb
217s,sh, 247s, 435s,sh, 782s,vvb

212vs, 217vs,sh, 282vs, 318s,sh, 641m-s, vb, 976m, vb

214vs, 500s, 576s, 1060m, vb

212vs, 257s,sh, 288s,sh, 397m—s, 553m, b, 623m,b, 1000m-w, vb
213vs, 218vs,sh, 268s, 303s,sh, 671m—s,sh, 741m—s, 835m-s, sh

# Spectrum obtained on neat (liquid) isoxazole. Abbreviations: s, strong; m, medium; w, weak; v, very; b, broad;

sh, shoulder.

The perchlorate groups are also exclusively ionic in
the solid metal perchlorate complexes, as suggested by
the ir evidence (Table II). In fact, the v; mode of ionic
(T4) perchlorate occurs as a very strong, single, broad
band, with a relatively sharp maximum at 1082—1068
cem™!, while the v, mode appears as a strong, sharp
absorption at ca. 620 cm™'; no indication of activation
of the ir-inactive (in Ty ClO7) v (~.930 cm™) and
v, (~460 cm™) ClO, modes is present in the spectra
of these complexes®>*’. The metal perchlorate com-
plexes also contain coordinated aquo ligands, which
cannot be removed even after prolonged vacuum
desiccation. Their spectra exhibit the characteristic
von (3530-3420 cm™), dy.oy (1630-1620 cm™)?,
and the OH, wag at 552-540 cm™'?%2°; the bands
due to the rocking mode of coordinated water were
not identified, probably owing to overlaps with ligand
absorptions (750-640 cm™)?°.

Among the fundamental vibrational modes of the
ligand®®17-3% the ring vibrations (ring stretching modes
at 1653, 1564, 1432 and 1366 cm™' and bending modes
at 1129, 843 (in-plane) and 632, 593 (out-of-plane)
cm™?, after Califano et al. ®) appear to generally undergo
more pronounced shifts and/or splittings than the vibra-
tions corresponding to CH stretching and bending
modes, upon metal complex formation. This ought to
be expected, since the potential electron pair donor
atoms (O- and N-) arc mcmbers of the ring. The
above spectral changes are better observed in the
spectra of the metal chloride complexes, which are
devoid of interfering absorptions from the perchlorate
and aquo groups (Table II).

In the lower frequency ir spectrum, bands attribut-
able to metal-ligand vibrations occur. Tentative assign-
ments are given in Table II. In the metal perchlorate
complexes, vy_o (aquo) is assigned to bands in the
405-390 ecm™ region®®. The metal-isoxazole stretch-
ing modes appear to be associated with the absorptions
at 242-239 cm™'. The frequencies of these bands are
in favor of coordination of isoxazole through nitrogen
rather than oxygen™ =3 The metal chloride com-
plexes exhibit richer spectra in the 320-200 cm™ region.

The following assignments were made (cm'): Ni
complex: vy ¢ (terminal 290; bridging 220)%%32;
vni_o (isoxazole) 281; vy_n (isoxazole) terminal 240,
bridging 233**; Cu complex: vc, ¢ (terminal) 314,
290, 256733132 . o (isoxazole) 283; vc, N
(isoxazole) 229**. On the basis of the above assign-
ments, which are substantiated by the electronic spec-
tral evidence (vide infra), the metal perchlorate com-
plexes appear to contain exclusively terminal, N-bonded
isoxazole, whereas the metal chloride complexes in-
volve bridging, O,N-bonded isoxazole and terminal
Cl groups, in the case of the CuCl, complex, and both
terminal and bridging isoxazole and Cl groups, in the
case of the NiCl, complex.

Electronic Spectra and Magnetic Moments

The magnetic moments of the new complexes (Table
I) are generally typical of high-spin compounds of the
metal ions under study®. With regard to the metal
chloride complexes, which are bi- or poly-nuclear, it
should be pointed out that, as far as Ni(II) is con-
cerned, many polynuclear high-spin NiCl, complexes
with aromatic amines®2, oxazole derivatives*~3, aromatic
amine N-oxides®*, etc. have been reported. Neverthe-
less, bi- or poly-nuclear CuLX, (X = halogen) L-
bridged complexes with similar ligands exhibit, in most
cases, subnormal room temperature magnetic mo-
ments''*3%3% However, benzoxazole and 2-methyl-
benzoxazolg 1: 1 complexes with CuCl, are magnetically
normal (ue = 2.03-2.04 BM), whereas the cor-
responding CuBr, complexes are diamagnetic’*3. In
all these cases, the presence of bridging, substituted
oxazole, O,N-ligands has been postulated from the
spectral evidence®*. Hence, it is not surprising that
the new CuCl, complex is magnetically normal, despite
the fact that it contains bridging isoxazole ligands
(vide supra).

The electronic spectra (Table III) of the Fe(Il),
Co(II) and Ni(II) complexes are suggestive of low-
symmetry hexacoordinated configurations'* 137 Thus,
the *T,,— °E, transition in the ferrous complex appears
as a split band at 641 and 976 nm’”. In the Co(II)
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complex the d—d bands are assigned as follows: *Ty,(F)
—*Az,, “Ty(P) at 500 and 576 nm; and “T,,(F)—
4T, at 1060 nm. The Ni(II) complexes exhibit the
following d—d transitions: *A;,—3T,(P) at 397-400
nm; *A,,— Ty, 'Eg at 623718 nm; and 3A,,— Ty,
at 1000-1070 nm. The two Cu(II) complexes, on the
other hand, appear to be tetracoordinated, with a dis-
torted square planar configuration. In fact, the location
of the 2Eg—> 2T2g transition, which is either split or very
broad®’, is in support of tetra-rather than hexa-co-
ordinated structures, on the basis of previously reported
spectra of square planar and octahedral Cu(II) com-
plexes with similar ligands (oxazoles, pyrazole)™ =13,

The uv band of isoxazole occurs at 211 nm and
is due to a w—xr* transition. In the spectra of the new
metal complexes this maximum is only slightly shifted
towards lower energies, but the ligand band becomes
generally broader and exhibits new absorption maxima
at 215-320 nm. These absorptions are apparently due
to the ligand'>, as well as charge-transfer (metal-to-
ligand)®*°. With the exccption of the ferrous com-
plex, the uv spectra of the new complexes are char-
acterized by very strong to strong absorptions at
200-305 nm, becoming weak to very weak above
320 nm. No overlaps between the charge-transfer and
the d—d bands are, therefore, observed. In the case of
the Fe(IT) complex, the charge-transfer trails well into
the visible. The occurrence of lower in energy charge-
transfer bands in Fe(II) complexes in comparison to
those in Co(II), Ni(II) or Cu(II) complexes with the
same ligand is quite common (e.g., 2,2’-bipyridine®?,
its mono-N-oxide®, picolinate N-oxide*?).

38,39
’

Conclusion

On the basis of the overall evidence available (ana-
lytical, spectral, magnetic and conductance data), the
new metal perchlorate complexes are formulated as
(L = isoxazole) [FeL,(OH,)4](ClO4),, [CoL;(OH,);]
(C10,),;,  [NIiL4(OH,),](Cl10,), and [Cul;(OH,)]
(ClO4),. These compounds involve coordinated aquo
and monodentate, N-bonded, isoxazole ligands and
exclusively ionic perchlorate. The Fe(II), Co(II) and
Ni(II) complexes are hexacoordinated, involving FeN,O,,
CoN;0; and NiN,O, moieties, and the Cu(II) com-
plex is tetra-coordinated with a CuN;0O moiety. From
the available evidence it appears that isoxazole as a
nitrogen ligand is about as strong as pyrazole (Dq
towards octahedral Ni(II) 1065 cm™)*' and sub-
stantially stronger than the aquo ligand (Dq towards
octahedral Ni(II) 860 ¢cm™')*. In fact, the Dq value
obtained from the electronic spectrum of the mixed
ligand (isoxazole—aquo) Ni(II) perchlorate complex
(if a pure Oy, symmetry is assumed) is 1000 cm™.

The NiCl, complex is hexacoordinated, polynuclear
and contains both terminal and bridging chloro and
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isoxazole (N- and O,N-bonded) ligands. Structure (V)
is considered as likely for this complex®**. The tetra-
coordinated CuCl, complex is probably binuclear with
terminal chloro and bridging, O,N-bonded, isoxazole
ligands. A structure resembling those reported for the
corresponding aromatic amine N-oxide complexes is
most probable in this case (structure (VI)).

It should be noted at this point that quite recently
two other groups have also been involved in work on
transition metal complexes of isoxazole and substituted
isoxazoles**>*¢. Details of their work are not available
at present.
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