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Reactions of anhydrous FeCl; with K{Al(OPr'),} and K{M{OPr'),} (M=Nb, Ta) in 1:3 molar ratios
in isopropyl alcohol-benzene mixture result in products having the compositions, [Fe{Al(OPr”)A‘}g](la)
and [Fe{M(OPr')s};] (2a and 3a) respectively. Reactions of these products with alcohols of varying
steric bulk yield mixed alkoxy-isopropoxy bimetallic complexes. All these bimetallic alkoxide deriva-
tives have been characterized by elemental/group analysis and molecular weight determinations as
well as by infrared, visible spectral and magnetic studies.

We have taken up a new programme of research
in our laboratories on the synthesis and
characterization of heterobimetallic alkoxides.
The results of investigations on heterobimetallic
alkoxides of iron(III)'=, iron(Il)* cobalt(Il)*, and
copper(Il)’ with aluminium(Ill) have already been re-
ported from our laboratory. The title investigation
is an extension of earlier works from our laborat-
ories.

Materials and Methods

All reactions were carried out under anhydrous
conditions. Anhydrous ferric chloride (BDH) was
purified by sublimation in a current of dry chlo-
rine gas. Aluminium, niobium, and tantalum isop-
ropoxides were prepared by previously described
procedures. Potassium tetraisopropoxyaluminate
and potassium hexaisopropoxyniobate/tantalate
were prepared in the laboratory (see Eqs 1 & 2)
and used without isolating these.

K + PriOH - KOPr' + 1/2 H,1 ()
PhH/Pr'OH |
M(OPr), + KOPr' —— " s K{M(OPr) . |

reflux ’
. (2)

(M=Al, whenn=3;and M=Nb or Ta, when n=135)

Alcohols and benzene were dried prior to use.
Alcohols (MeOH, EtOH, Pr'OH) were estimated
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by oxidation with normal dichromate? in 12.5%
sulphuric acid. Iron(III) was estimated as de-
scribed below: After dissolving the bimetallic
alkoxides in hydrochloric acid and digesting on a
water bath in the presence of nitric acid, iron(III)
was precipitated as Fe(OH); by adding excess of
sodium hydroxide solution, filtered and estimated
colorimetrically using a Bausch and Lamb Spec-
tronic model 21 colorimeter. From the filtrate, hy-
drated oxides of Al, Nb or Ta were precipitated
by careful neutralization with dil. HCL. Individual
estimations were checked in a few cases by esti-
mation of the metals as mixed oxides.

Infrared spectra were recorded on a Perkin-El-
mer 557 grating spectrophotometer using CsBr
plates. Electronic reflectance spectra were re-
corded in nujol, unless otherwise indicated on a
Beckman spectrophotometer. Magnetic susceptibi-
lities were recorded on a Bruker magnetic bal-
ance. Molecular weights were determined in a
semimicro cbulliometer (Gallenkamp) using a
thermistor sensing in boiling benzene or cryos-
copically.

Synthesis of bimetallic alkoxides. (i) [ron(II)
trisl hexaisopropoxytantalate)

To a benzene (~ 50 ml) suspension of freshly
sublimed ferric chloride (0.46 g. 2.84 mmol) was
added potassium hexaisopropoxytantalate (4.88 g,
8.49 mmol) (prepared from the appropriate
quantity of potassium and tantalum pentaisopro-
poxide in a mixture of benzene-isopropanol). The
reaction mixture was refluxed for about 3 hr, pre-
cipitated KCI filtered and from the filtrate, vola-
tiles were removed under reduced pressure to
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yield brown viscous liquid, yield 4.70 g (99.6%). thesis of [Fe{Al(OPr'),};] and [Fe{Nb(OPr'),},] were
Further details are described in Table 1. the same, their experimental and other details are
As the general preparative method for the syn- listed in Table 1.

Table 1 — Preparative, analytical®, and physical data for the new heterobimetallic alkoxides of iron(1II)

Reactants (g) Product nature Volatility Analysis (%) M.wt! e
(yield, %)° (°C/mm)
Fe Al OR
(mixed metals)
or Nb/Ta
FeCl, + 3K{Al(OPr),} [Fe{Al(OPr),},] (1a) 130/0.8 6.15 9.93 82.96 903 5.39
(1.79) (10.01) dark brown viscous liquid (83) (5.59) (9.58) (83.83) (846)
Fe{Al(OPr'),},+ MeOH  [Fe{Al(OMe),}] (1b) Non-volatile ~ 10.45 26.33¢ 7175 — 5.60
(3.13 g) (excess) yellow powder (99) (10.98) (26.89) (73.11)
la+ EtOH (excess) [Fe{AI(OEt),};] (1¢) Non-volatile  8.10 20.65¢ 78.43 — 5.82
(2.04) ~25ml yellow solid (98) (8.25) (20.21) (79.79)
la+Bu"OH (excess) [Fe{Al(OBu"),},](1d) 200-215/0.6  5.12 13.62¢ — — 5.87
(2.83) ~35ml light yellow powder (50)¢ (5.52) (13.51)
la+ Bu‘OH (excess) [Fe{Al(OPr')(OBu’);};] (1e) 150-160/0.6 5.68 14.18¢ 18.14 980 5.20
(2.83) ~40 ml yellow powder (77 )¢ (5.75) (14.07) (18.24) (972)
la+ Am'OH (excess) [Fe{Al(OPr')(OAm');},] (1f) 270-80/0.6 542 12.55¢ — 1105 5.84
(2.75) ~35ml yellow brown solid (49)¢ (5.08) (12.45) (1098)
la+acacH [Fe{Al(OPr;)s(acac)},|(1g) 170-75/0.6 5.85 14.27¢ — 950 5.86
(1.21) (0.43) brown yellow solid (45) (5.78) (14.16) (966)
la+acacH [Fe{Al OPr) (acac),};](1h) 170-80/0.6 5.03 12.96¢ — 1070 5.88
(3.52) (2.35) reddish yellow solid (69)° (5.14) (12.59) (1086)
FeCl, + 3K{Nb(OPr'),]  [Fe{Nb(OPr')},](2a) d 3.92 20.18 76.02 1405 5.86
(0.48) (5.1) brown highly viscous liquid (99.5) (3.99) (19.93) (76.07) (1398)
2a+MeOH (excess) [Fe{Nb(OMe),},] (2b) d 6.20 31.51 6250 896 5.82
(4.10) ~ 30 mb brown solid (99.2) (6.25) (31.21) (62.54) (893)
2a+ EtOH (excess) [Fe{Nb(OEt)s};] (2¢) d 4.86 24.32 70.72 1154 5.78
(3.62) ~40 ml brown viscous liquid (98) (4.88) (24.33) (70.80) (1146)
2a + Bu"OH (excess) [Fe{Nb(OBu").},](2d) d 3.32 16.93 = L. 5.96
(3.48) ~40 ml brown pasty solid (99) (3.40) (16.99)
2a+ Bu'OH (excess) [Fe{Nb(OPr'),(OBu’),}5] (2 d 3.56 18.22 22.62 — 5.90
(3.25) brown pasty solid (99.7) (3.57) (17.79) (22.63)
2a+ Am'OH (excess) [Fe{Nb(OPr'),(OAm’),j,| (2f) d 3.22 16.41 20.40 — 5.98
(3.15) ~40 ml brown pasty solid (99.5) (3.22) (16.07) (20.44)
FeCl, + K{Ta(OPr'),} [Fe{Ta(OPr'),},] (3a) d 3.30 32.92 6397 — 5.79
(0.46) (4.88) brown viscous liquid (99.6) (3.36) (32.65) (63.99)
3a+MeOH (excess) [Fe{Ta(OMe)g}5](3b) d 4.80 47.12 4823 1164 5.81
(3.48) ~40 ml brown solid (99.2) (4.83) (46.92) (48.25) (1157)
3a+EtOH (excess) [Fe{Ta(OEt)4}5](3¢) d 3.62 38.78 57.55 - 5.86
(3.18) ~40 ml brown solid (99.5) (3.96) (38.51) (57.53)
3a +Bu'OH (excess) [Fe{Ta(OPr'), (OBu’),};] (3d) d 3.02 29.88 19.30 — 5.92
(3.10) ~50 ml brown pasty solid (99.7) (3.05) (29.65) (19.37)

(@ Calculated values are given in parentheses. ™ Yields refer to the undistilled product unless otherwise indicated. ' Yields refer
to the sublimed product. ¢’ Disproportionated on heating under reduced pressure. ¢’ Determined as mixed metals. * Molecular
weights were determined ebullioscopically/cryoscopically. ¢ Determined at room temperature.
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(ii) Preparation of | Fe{ TalOMe),}]

An excess amount of methyl alcohol (~40 ml)
was mixed with [Fe{Ta(OPr)};] (3.48 g) in ben-
zene. The reaction mixture was refluxed for ~7
hr, after which solvent was removed in vacuo to
afford a brown solid, yield 2.40 g (99.2%). Fur-
ther details are listed in Table 1.

The niobium analogue as well as ethoxy or »-
butoxy bimetallic complexes of Nb/Ta were pre-
pared in a similar manner with a slight variation
in the case of butoxy derivatives.

(iii) Reaction of [Fe{M(OPF)};] (M= Nb, Ta) with
excess t-butyl and t-amyl alcohols (R'OH)

An excess of appropriate alcohol was added to
a benzene solution of the bimetallic isopropoxide,
and the resulting reaction mixture was refluxed
for 48 hr, during which liberated isopropyl alco-
hol was continuously removed azeotropically. The
reaction was stopped when in the distillate no
isopropyl alcohol could be detected. After removal
of the volatiles under reduced préssure, brown
pasty solids of the composition
[Fe{M(OPr'),(OR’),};] were obtained in quantita-
tive yields. Details of these experiments are de-
scribed in Table 1.

(iv) Reactions of [Fe{ALOPY),};] with excess me-
thyl alcohol (or ethyl alcohol)

An excess amount of methyl or ethyl alcohol
was added to benzene solution of [Fe{Al(OPr'),},].
The reaction was found to be exothermic. The
reaction mixture was refluxed for ~4 hr, fol-
lowed by removal of the solvent and excess of
alcohol under reduced pressure. The product
[Fe{Al(OR),};] (R=Me or Et) was finally dried at
~50°C in vacuo (0.1 mm Hg). The synthetic and
analytical data of these reactions are given in
Table 1.

(v) Reaction of[Fel AL OPF),};] with n-BuOH

To a solution of [Fe{Al(OPr),},] (2.83 g) in ben-
zene (60 ml) was added excess of n-butyl alcohol
(40 ml). The reaction mixture was refluxed over a
fractionating column and the liberated isopropyl
alcohol was continuously removed azeotropically
with benzene. Excess of solvent was removed un-
der reduced pressure and the product was finally
sublimed as a pure butoxy derivative. Analyses
and other data of the reaction are givén in
Table 1.

Similar procedure was also used for the prepa-
ration of [Fe{M(OBu"),};] (M=Nb or Ta) but at-
tempted volatilization of the product led to dis-
proportionation to give Fe(OBu”); and M(OBu").
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(vi) Reaction of [Fe{ALOPF),};] with ~BuOH or
rAmOH

Reaction of [Fe{Al(OPr),};] with +BuOH/r
AmOH was carried out as described above. The
products isolated in these reactions, after carrying
out reactions for ~50 hr analysed for
[Fe{Al(OPr')(OR");};] (R’=Bu’ or Am’); synthetic
and analytical details are summarized in Table 1.

(vii) Reaction of [Fe{lALOPr)};] with acetylace-
tone (acacH) in 1:3, 1:6 and 1:12 molar ratios

A mixture of [Fe{Al(OPri),},] (1.21 g, 143
mmol) acetylacetone (0.43 g, 4.30 mmol) and
benzene (60 ml) was refluxed followed by azeo-
tropic removal of the liberated isopropyl alcohol.
[sopropyl alcohol in the azeotrope was analysed
to know the extent of the reaction. Finally solvent
was removed and the product was distilled under
reduced pressure.

Reactions of [Fe{Al(OPr'),};] and acetylacetone
were also carried out in the molar ratios of 1:6
and 1:12 adopting a similar procedure. The de-
tails of the reactions are given in Table 1.

The product isolated from the reaction of
[Fe{Al(OPr'),};] and acetylacetone in 1:12 molar
ratio disproportionated on attempted distillation
into Fe(acac), and Al(acac);.

Results and Discussion

Synthesis and properties of iron(Ill) alkoxometal-
late complexes

Reactions of freshly sublimed ferric chloride
with three moles of an appropriate potassium
isopropoxometallate, K{Al(OPr'),} or K{M(OPr/)}
(M=Nb, Ta), in benzene-isopropyl alcohol mix-
ture result in (yellow, brown) coloured, monomer-
ic bimetallic isopropoxides of iron(Ill) (Eq. 3),
soluble in common organic solvents.

PhH/PrOH
FeCl, + 3K{M(OPr'),} — ">
reflux
[Fe{M(OPr')},]+ 3KCll ... (3)

la: M=Al n=4; 2a: M=Nb, n=6; 3a: M=Ta,
n=6

Other bimetallic alkoxides have been synthes-
ized by the alcoholysis reactions. For example,
bimetallic methoxides and ethoxide of iron(III)
can be conveniently prepared by the reaction
(Eq. 4):



SHAH er al.: HETEROBIMETALLIC ALKOXIDES OF IRON(III)

[Fe{M(OPr),},]+ 3nROH — 1
S _ (excess)
[Fe[M(OR) }.]+3nROH ... (4)

Ib: M=Al n=4, R=Me; 2b: M=Nb, n=6,
R=Me; 3b: M=Ta, n=6, R=Me; 1c: M=Al,
n=4, R=Et; 2¢: M=Nb, n=6, R=Et; 3c¢:
M=Ta,n=6,R=Et

The reaction (Eq. 4) carried out with higher nor-
mal alcohols required continuous azeotropic rem-
oval of the liberated isopropyl alcohol for com-
pletion (Eq. 5):

A PhH
[Fe{M(OPr') };]+ 3nBu"OH ———
: reflux

[Fe{M(OBu"),};] + 3nBu"OH1 . (5)

1d: M=Al, n=4; 2d: M=Nb, n=6; 3d: M=Ta,
n==6

All the new bimetallic alkoxides (Table 1) of ni-
obium (2) and tantalum (3) are soluble in com-
mon organic solvents (e.g., benzene, hexane, dich-
loromethane, carbon tetrachloride, etc.) and tend
to disproportionate on heating even under re-
duced pressure. The aluminium bimetallic com-
plexes (1) of iron(IIT) exhibit variation in solubility
and volatility characteristics depending upon the
nature of the alkoxy groups. For example, all the
complexes (1) are soluble in parent alcohols ex-
cept the (1b). The n-butoxide complex (1d) is also
soluble in common organic solvents. Compounds
1b and 1¢ are non-volatile, but 1a and 1d could
be purified by distillation/sublimation.

The reacticn of tertiary alcohols (~BuOH or r
AmOH) with [Fe{Al(OPr’),};] are less facile and
even with continuous removal of the liberated
isopropyl alcohol azeotropically under refluxing
conditions, the reactions become extremely slow
towards the end. Only mixed isopropoxy-talkoxy
derivatives le and 1f could be synthesized:
[Fe{Al(OPr‘)(OBu’);},] (1e) and
[Fe{Al(OPrOAm)3},] (1)

These results can be understood on the basis of
steric factors involved in alcoholysis of iron(III)
tris(tetraisopropoxy-aluminate) with tertiary alco-
hols. Similar observations have been made in the
alcoholysis  of simple aluminium ethoxide®,
AI(OEt);, in which case the dimeric derivative,
[(Bu'O), Al(u-OEt), Al(OBu’),], is formed in a

comparatively facile alcoholysis reaction. Further
replacement reaction occurs at a negligible rate.
However, in the case of [Fe{Al(OPr'),(OR’),}]
(R'=Bu’ or Am’') having bridged isopropoxy
groups further replacement of even the bridging
isopropoxy groups are expected on the basis of
slightly larger size of iron atom. Since, alcoholysis
in the last stages becomes extremely slow, only an
intermediate product, Fe{Al(OPr')OR,);} (R'=Bu’
or Am’) could be isolated.

In the corresponding reactions of
[Fe{M(OPr'),},] such as 2a and 3a with tertiary al-
cohols, the bridging groups do not appear to be
replaced at all and the products, 2e & 3e, in the
following equation can be represented as
[Fe{M(u-OPr),(OR’),};J:

[Fe[M(OPr'),},] + 12R‘OH DL

reflux
[Fe{M(OPr'),(OR),};] + 12 Pr'OH

2e: M =Nb, R'=Bu’, 3e: M =Ta, R'=Bu}
2f: M=Nb,R'=Am’ 3f: M=Ta, R'= Am’

The reactions of [Fe{Al(OPr/),};] (1a) with acetyl-
acetone in 1:3 and 1:6 in benzene gave the pro-
duct [Fe{Al(OPr);(acac)};] (1g) and
[Fe{Al(OPr'),(acac),};] (1h) respectively. This reac-
tion when carried out in 1:12 molar ratio led to
Fe(acac),, Al(acac), and isopropanol.

Molecular weight determination of 1g and 1lh
in boiling benzene indicates them to be monomer-
ic. These results appear to indicate that as long as
two bridging isopropoxy groups per aluminium
are present as in 1h, the molecule remains undis-
sociated, and can be distilled unchanged. How-
ever, when the replacement reaction is carried out
in 1:12 molar ratio, the product 1g appears to
dissociate into Fe(OPr'); and Al(acac);. This can
be explained on the basis of strong chelating char-
acteristic of acac moiety. The ferric isopropoxide
undergoes further reaction with acacH to finally
give Fe(acac);.

Electronic spectral studies

Most of the iron(IIl) complexes with oxygen-
donor ligands are octahedral and high- spin with
five unpaired electrons (1,)° (e,)* the free ion
ground state is °S becoming °A, in a weak crystal

field. There are no other sextuplet states, so that
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all excited states of the ¢ ion have a different
spin multiplicity to the ground state, and trans-
itions to them are spin-forbidden’, similar to
those of the isoelectronic manganese(Il) com-
plexes. Hence the absorption bands due to d-d
transitions are extremely weak and difficult to ob-
serve.

The visible spectra (in nujol or solution) of
most of the new bimetallic alkoxides containing
iron(Ill) and aluminium, do not appear to show

Table 2 — Temperature dependent magnetic susceptibilities of
[Fe{Al(OPr'),};] and [Fe{Al(OPr/) OBu’),};]

(Fe{Al(OPr),},] [Fe|Al(OPr') OBuU'), .

Temp.  yu- X 10° e Temp. . X 10° Werr:
(K) (B.M.) (K) (B.M.)
89.0 35968 5.06 88.0 29784 4.58
98.5 33846 5.16 93.0 28630 4.62

104.5 32135 5.18 99.5 27737 4.70

114.0 30150 5.24 106.0 26587 4.71

127.5 27572 5.30 117.0 24208 4.76

141.0 24834 5.32 133.0 21780 4.81

160.0 21754 5.34 156.5 18655 4.82

190.5 18765 535 225.0 12983 484

296 .4 12240 5.39 2973 11396 5.20

%+ 18 the corrected molar susceptibility in the usual cgs units.

transitions in the visible except [Fe{Al(OPr'),};]
(1a) and [Fe{Al(OPr')(OBu');};] (1e) which show
weak transitions at 23,920 and 21,270 ecm™' res-
pectively, assignable to °A, .~ *E, transition.

In the electronic spectra of bimetallic alkoxides
of iron(Ill) with niobium and tantalum, absorp-
tions due to spin forbidden d-d transitions could
be observed in the near infrared region, 8000 to
13500 cm~'. The bands observed at ~ 8,500
cm ' could be due to overtone and those at ~
11,500 and ~ 13,500 cm ' can be assigned to the
°A,—*T, and A, —*T, transitions respectively in a
distorted octahedral environment around the iron
atom.

Magnetic studies

The room temperature magnetic moments (Ta-
ble 1) of iron(III) bimetallic alkoxides containing
aluminium, niobium, or tantalum have been deter-
mined in (benzene) solution and are in the range
of 580+£0.20 B.M. which are close to the
spin —only value (p., =5.92 B.M.). This indicates
that all these bimetallic derivatives are in the
high-spin state ($=5/2) in octahedral geometry®.
A noteworthy feature is that in solid phase a few
derivatives like 1a (5.39 BM.), 1b (5.60 B.M.),
and le (5.20 B.M.) show lower values than ex-
pected for spin-only value, which could be

Table 3 — Characteristic IR absorption (cm ')
1a: 420(m)v(Fe — O); 680(m)v(Al — O); 947(s), 1030(s)v(C — O).
1b: 550(s)v(Fe — O); 665(br,s)v(Al —

0);940(s), 1060(vsv(C = O).

of heterobimetallic alkoxide derivatives of iron(I1I)

1e:

1d: 545(s), 585(vs)v(Fe — O); 660(s), 690(s)v(Al = O); 945(s), 1030(s)v(C = O).

le: 480(w), 550(w), 595(w)v(Fe —Q); 655(w), 700(m)v(Al = O); 910(m), 1020(m), 1060(m)v(C = O).

1£: 590(m)v(Fe — O); 645(m), 685(s)v(Al — O); 935(m), 1040(m), 1080(m}v(C - O).

1g:490(s), 535(s)v(Fe = O); 660(s), 685(s)v(Al —O); 935(m), 1010(s), 1035(s)v(C — O); 1530(vs)v(C = C); 1600(s)v(C = O).
1h: 485(s), 58()(m)v(Fe*O);655(m) 68()(m)v(Al—O)' 935(m), 1010(m), 1025(m)v(C — O}); 1530(s)v(C = C); 1595(s)v(C = O).

2a:440(s). 460(s). 495(s)v(Fe —
- 2b:390(s), 430(s)v(Fe — O); S70(s

); 550(s), S70(s)v(Nb — O); 960(s)

),
), 540(s)v(Nb = @); 990(s), 1090(s}v(C = O).
)

,980(s), 1015(s), 1040(s)v(C — O).

2¢:430(s), 450(s). 490(s)v(Fe — O); 560(s)v(Nb — O); 950(br,s), 980(s), 1005(s), 1035(br.s)v(C - O).

2d: 465(s), 495(s)v(Fe —
2e:445(m), 475(m)v(Fe —
2f: 445(s)v(Fe — O); 580(s)
3a: 385(m), 440(m)v(Fe — O); 520(m
3b: 390(m), 430(m)v(Fe — O); 510(
3¢:390(m), 400(m)v(Fe — O); 525(m
3d: 380(m ), 410(m

“ Determined as nujol mull.

0O); 515(m

), 580(m)v(Ta—
m), 540(m)v(Ta —
), 565(m)v(Ta —

O); 565(s)v(Nb—0); 950(s), 1010(s), 1030(s)v(C = O).
), 580(s)v(Nb —O); 965(s), 1015(
v(Nb—O); 925(s), 955(s). 1010(s)v(C — O).
0); 965(s), 1020(s Jv(
O); 965(s), 1000(s)v
0); 990(s), 1030(s)v(C = O).
W(Fe—0); 510(m), 570(m)v(Ta — O); 985(s), 1010(s)v(C — O).

s), 1030(sv(C = O).

C—0)
(C-0).
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ascribed to the magnetically concentrated system
in solid phase.

For the complexes, [Fe{AllOPr),};] (1a) and
[Fe{Al(OPr')(OBu’);};] (1e), low temperature (60-
300 K) magnetic susceptibility measurements
(Table 2) suggest appreciable antiferromagnetic
exchange interactions. Thus linear plot of 1/yy,
corr. versus T give values of Weiss constants (0)
—20 K and — 36 K respectively.

Infrared studies

The infrared spectral studies (Table 3) of these
bimetallic alkoxides in nujol in the range of 40Q0-
200 cm™! exhibit frequencies characteristic®®* for
alkoxy groups, aluminium-oxygen, ircn-oxygen,
and niobium (tantalum)-oxygen bonds.

These, studies (electronic and magnetic) appear
to indicate that the tetraalkoxoaluminate, hexaal-
koxoniobate, and hexaalkoxotantalate ligands are
bonded to iron(III) in a bidentate fashion:

R
(¢}
N
Fe M(OR)
n
0
R 3
(where n=2,when Mz Al;n=4,when M=Nb or Ta)
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