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Studies on Metal Carboxylates. Part X.! The Reactions of Group VI
Hexacarbonyls with Pyridinecarboxylic Acids. Complexes of Chromium-
(mt), Molybdenum(in), and Tungsten-(0), -(1), and -(1v)

By Terry E. Dorsett and Richard A. Walton,” Department of Chemistry, Purdue University, West Lafayette,
Indiana 47907, U.S.A.

The reactions of the hexacarbonyls of chromium. molybdenum, and tungsten with pyridine-2-carboxylic acid
(picH) in boiling methanol afford the species [Cr(pic);]. [Mo(pic);]*MeOH, and [W(pic),]. The diamagnetic
tungsten(i) complex [{W(CO)a(pic)},,] has also been isolated and found to be a very useful intermediate for the
synthesis of a variety of tungsten carbonyl complexes of 2,2'-bipyridyl and 1,2-bis(diphenylphosphino)ethane. The
reaction of [W(CO)¢] with pyridine-3- and -4-carboxylic acids (nicH and isonicH, respectively) proceeds in an

analogous fashion to that observed with pyridine, namely substitution without oxidation.

THE hexacarbonyls [Mo(CO)g] and [W(CO)s] react with
acetic acid-acetic anhydride to afford the metal-metal
bonded acetates [Mo,(OAc),J?and [{W(OAc),}.).2 Thelat-
ter product has also been formulated as [{W30(OAc)g}ql4
For [Mo(CO),], this reaction is of broad scope since similar
products are formed with a variety of aliphatic and
aromatic carboxylic acids.2 In the case of the pyridine-

1 Part IX, C. A. Hertzer and R. A. Walton, Inorg. Nuclear
Chem. Letters, 1975, 11, 475.

® T. A. Stephenson, E. Bannister, and G. Wilkinson, J. Chem.
Soc., 1964, 2538.

carboxylic acids, for which a variety of co-ordination
modes can be expected,® we observe quite different
behaviour from that mentioned above.

The reaction of [Cr(CO)q], [Mo(CO)gl, and [W(CO)g]
with pyridine-2-carboxylic acid (picH) in refluxing
methanol rapidly leads to the evolution of CO and H, and

3 G. Holste, Z. anorg. Chem., 1973, 398, 249.

¢ F. A. Cotton and M. Jeremic, Synth. Inovg. Metal-Org. Chem.,
1971, 1, 265.

5 A. Anagnostopoulos, R. W. Matthews, and R. A. Walton,
Canad. J. Chem., 1972, 50, 1307.
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the formation of the highly coloured crystalline complexes
{Cr(pic),], [Mo(pic);]*MeOH, and [W(pic),], respectively.
The unsolvated molybdenum(11) complex is formed
when acetonitrile is used as the reaction solvent. While
[Cr(pic)s] and [W(pic),] are stable in the air once they
have been isolated from the reaction mixture, [Mo(pic),]
is rapidly oxidized and was consequently handled in a
nitrogen atmosphere. In the reaction between [W(CO)4]
and picH, attempts were made to isolate intermediate
species of the type [W(CO)(pic),], but we were successful
only in the case of the tungsten(r) complex [{W(CO);-
(pic)}s]. This yellow, air-sensitive, insoluble complex
was isolated when the starting materials were allowed to
react in equimolar proportions. Increasing the [W-
(CO)¢]: picH proportionsto1:2and1:3led only to the
formation of a mixture of [{W(CO),(pic)},] and [W(pic),].
[{W(CO)g4(pic)}s] is also formed upon treating [W(pic),]
with [W(CO),] according to the following stoicheio-
metry:

[W(pic)] + 3[W(CO)g] — 4[W(CO)5(pic)] + 6CO

The paramagnetic complexes [Cr(pic),] and [Mo(pic),]
exhibited room-temperature magnetic moments of 3.84
and 3.74 B.M., respectively, consistent with magnetically
dilute #p systems. Their i.r. spectra (4 000—600 cm™)
are characteristic of co-ordinated pic~ with the intense
v(COO),s mode located at 1 690 cm™ [Mo(pic),] and 1 675
cm™ [Cr(pic),]. For the solvate [Mo(pic)s]*MeOH, the
v(COO)qs band shifts to 1675 cm™, and sharp v(OH)
bands at 3 600 and 3 460 cm™ are due to methanol. The
diffuse-reflectance electronic absorption spectrum of
[Cr(pic);} exhibited its two lowest-energy ligand-field
bands at 19 000 and 23 800sh cm™. These transition
energies are consistent with a pseudo-octahedral chrom-
ium(111) complex and are similar to those observed with
[Cr(acac)y], [Cr(en)z]3*, and related species.® For [Mo-
{(pic);] and its methanol solvate, the lowest energy
absorption was a broad feature at ca. 22 000 cm™, close in
energy to the lowest spin-allowed transitions in a series of
2,2'-bipyridyl complexes of molybdenum(rir).?

The diamagnetic tungsten(1v) complex [W(pic)y] (xg =
—0.25 x 1078 c.g.s.u. at 22 °C) has an i.r. spectrum which
resembles the main features in the spectra of [M(pic),]
(M = Cr or Mo) with v(COO),s at 1690 cm™.. As with
the chromium and molybdenum complexes, there was no
spectral evidence for significant contamination by oxid-
ation products containing M=O or M-OH units. The
identity of this complex as an authentic derivative of
tungsten(1v) was confirmed by an oxidation state titra-
tion (4.0 4+ 0.1) and a study of its electronic absorption
spectrum (Table 1). The latter showed a close resembl-
ance to the solution and solid-state spectra of tetrakis-
{(quinolin-8-olato)tungsten(iv) (abbreviated Wgq,) and
related derivatives.® The complex with 5-bromo-

¢ 1.. S. Forster, Transition Metal Chem., 1969, 5, 1.

7 R. A. Walton, W. M. Carmichael, and D. A. Edwards, Mol.
Phys., 1966, 10, 205; J. Chem. Soc. (4), 1966, 97.

8 'W. D. Bonds, jun., and R. D. Archer, Inorg. Chem., 1971, 10,
2067.
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quinolin-8-ol has been shown to be a dodecahedral sys-
tem.? Intense charge-transfer bands dominate the
visible region of the electronic absorption spectra of
these quinolinolato-complexes and [W(pic),], and the
close similarity between the positions and intensities of
these bands (Table 1) strongly suggests that [W(pic),)

TABLE 1

Comparison of the electronic absorption spectra of
{W(pic),] and quinolinolato-derivatives of tungsten(1v) ®

[(W(picq]
N.m.° MeCN 4  MeOHd4 [W(q),]® [W(qBr),]*
16.1 14.3 14.1
(29 000) (33 400)
17.8 17.7 17.9 15.3 15.2
(17 000) ¢ (16 000) ¢ (23 000) (23 000)
~22.2sh 22.5 23.0 25.6 24.3
(5 300) (5 300) (6 000) (9 200)
~26.3sh 26.3 26.7 28.6
{3 200) (3 200) (7 000)
38.5 38.1 38.1 32.3
(21 000) (22 000) (6 200)
% Peak maxima x 107 ¢cm™, molar extinction coefficients in
parentheses. ® Spectra recorded in benzene; see ref. 8.
¢ Nujol mull. 4 Similar spectra observed in water and benzene.

¢ This band is asymmetric on its low energy side.

also possesses a dodecahedral structure. The four
major absorption bands listed in Table 1 for [W(pic),]
obeyed Beer’s law over the concentration range 7.5—
1.5 x 10®m. These spectra slowly decayed with time,
and after six weeks the colour of both the methanol and
aqueous solutions (cz. 10®M) had almost completely
faded.

The formulation of [{W(CO)4(pic)}] as a derivative of
tungsten(r) was demonstrated by an oxidation state
titration (0.95 4 0.1), and its diamagnetism (y; ==
—0.18 x 107 c.g.s.u.) is consistent with a metal-metal
bonded structure [W,(CO)g(pic)s], in which the tungsten
atoms conform to the EAN rule. The Nujol mull ir.
spectrum of this complex showed that bridging carbonyl
groups were absent (Table 2) and that the vibrational
frequencies associated with the carboxylate groups were
different from those in the completely substituted com-
plexes. The v(COO),s absorption was much sharper
than in these other complexes and located at a lower
frequency (1 620 cm™). Such spectral differences may
be due to the presence of bridging pyridinecarboxylate
groups, (I), of the type already identified in [Cu(dipic)]-
2H,0 (dipic = pyridine-2,6-dicarboxylato).1?

This tungsten(1) complex was found to be very reactive
towards a variety of donor molecules and its reactions
with 1,2-bis(diphenylphosphino)ethane (dppe) and 2,2’-
bipyridyl were explored in some detail. In the reaction
with dppe, the product was either cis-[W(CO),(dppe),] 1

8 W.D. Bonds, jun., R. D. Archer, and W. C. Hamilton, I'norg.
Chem., 1971, 10, 1764.

10 M. Biagini Cingi, A. Chiesi Villa, C. Guastini, and M. Nar-
delli, Gazzetta, 1971, 101, 825.

11 7. Chatt and H. R. Watson, J. Chem. Soc., 1961, 4980.
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or [W,(CO)4(dppe)s),'2 depending upon the choice of
solvent. [W,(CO)4(dppe);] Has previously been isolated

in only very low yield,!? but our procedure produces it
from [W(CO)g], via the intermediate [{W(CO)z(pic)}a], in

TABLE 2
Infrared active v(C-O) modes of new tungsten carbonyl
complexes
Complex Medium Frequencies ¢
I {W(CO),(pic)}a} n.m.? 2 010m—s, 1 910s,
1890w, 1 880m,
1 850sh
[ W(CO);(nicH)] n.m. 2 070w, 1 970m,
1 940m—s,
1 910s, 1 890s
MeOH 2 055m, br,
1 980w, 1 934s,
1 908m
| W(CO);(isonicH)] n.m. 2 080w, 1 960s,
1 915vs, 1 890vs
MeOH 2 045m, br, 1 976w,
1 934s, 1 901m
| W(CO),(isonicH),] n.m. 2 080vw,°
2 005m—w,
ca. 1 950w,
1 865vs,% 1 830s
MeOH 2 045w, 2 012m,
1 935m,° 1 883s,
1 8556m—s,
ca. 1 830sh
| W,(CO)4(bipy).]"MeOH n.m. 2 010vw, 1 892vs,

1 796vs, 1 713vs*®

[W(CO),(bipy)(MeCN)]+1/2MeCN  n.m. 1 888s, ca. 1 765vs,
br
{W(CO);(bipy) (MeCN)J-1/2Et,0 n.m. 1 886s, 1 770vs

@ Band frequencies quoted to 456 cm™. ?n.m. = Nujol
mull. ¢ Due to small amount of [W(CO)s(isonicH)] con-
taminant. 4Asymmetric on its high-energy side. ¢ Assigned
to bridging carbonyl group.

an overall yield of ca. 70%,. In the reactions between
[{W(CO)4(pic)}n] and 2,2'-bipyridyl, in addition to the
well known complex [W(CO),(bipy)],’3 we also isolated
the carbonyl-bridged dimer [W,(CO)g(bipy),] as its
methanol solvate. In a previous synthesis of this dimer
by Behrens et al.,'* using [W(x-cycloheptatriene)(CO),]
as the starting material, it was found necessary to use a
non-polar reaction solvent since use of a polar solvent
apparently resulted in the formation of monomeric
species of the type [W(CO),(bipy)(solvent)].

Reactions of [W(CO)e] with pyridine-3- and -4-carb-
oxylic acid proceed in a different fashion to the related

12 F. Zingales, F. Canziani, and R. Ugo, Gazzeita, 1962, 92, 343.

13 M. H. B. Stiddard, J. Ckem. Soc., 1962, 4712.

14 H. Behrens, E. Lindner, and G. Lehnert, J. Organometallic
Chem., 1970, 22, 439.
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reactions with pyridine-2-carboxylic acid. Substitution
without oxidation oceurs to give yellow crystalline
[W(CO)4(isonicH)] and [W(CO)4(nicH)], and red [W-
(CO),(isonicH),].  All three complexes possess i.r.-active
v(CO) patterns (Table 2) similar to those reported for the
analogous pyridine complexes [W(CO)s(py)] and cis-
[W(CO),(py)z] ¥ and spectral features characteristic of
hydrogen-bonded -CO,H groups,’* namely an intense
v(COO),s band between 1 710 and 1 700 cm™ and sharp
weak v(O-H) absorptions in the region (2 750—2 550 cm™).

EXPERIMENTAL

All reactions were carried out under an atmosphere of
nitrogen and all solvents were thoroughly dried and deoxy-
genated prior to use.

(a) Preparvation of Pyridinecarboxylate Complexes of
Chromium, Molybdenum, and Tungsten.—(i) [Cr(pic),]. A
mixture of [Cr(CO)g] (1.10 g, 5 mmol) and pyridine-2-
carboxylic acid (2.46 g, 20 mmol) in methanol (50 ml) was
refluxed until [Cr(CO),] ceased to sublime into the reflux
condenser (ca. 6 days), from whence it was periodically
returned to the reaction vessel. Red crystals of [Cr(pic)y]
were filtered off, washed with methanol and ether, and dried
in vacuo (Found: C, 51.9; H, 3.0; N, 10.3. Calc. for
CgH,CrN;Oq: C, 51.7; H, 2.9; N, 10.05%), yield 1.90 g
(91%)-

This product was obtained in similar yields when ethanol
or acetonitrile were used as reaction solvents. However, in
the latter solvent a much shorter reaction time was necessary
(ca. 2 days).

(ii) [Mo(pic),]'MeOH. This complex was prepared as
yellow—orange needles in 38%, yield by a procedure similar
to that described in (i), with a reaction time of 1.5 days
(Found: C, 46.2; H, 2.5; Mo, 19.2; N, 8.65. Calc. for
C,pH;sMoN,;0O,: C, 46.2; H, 3.3; Mo, 19.4; N, 8.5%,).

The unsolvated complex was prepared when acetonitrilc
was used as solvent. A reaction time of 1 day gave this
product in 669, yield (Found: C, 46.5; H, 2.7; N, 9.3.
Calc. for C,gH;,MoN,0,: C, 46.8; H, 2.6; N, 9.19).

(iii) [W(pic),]. This complex was prepared as amber
crystals using procedure (i), with a reaction time of 1—4 days
and methanol, ethanol, or acetonitrile as the reaction solvent
(Found: C, 42.1; H, 2.4; N, 8.0; W, 27.4. Calc. for
C, H,(NOW: C, 429; H, 2.4; N, 83; W, 27.35%),
yield 60—709%,.

(iv) {W(CO)4(pic)}n]. A mixture of [W(CO),] (4.23 g,
12 mmol) and picH (1.48 g, 12 mmol) in ethanol (60 ml) was
refluxed for 3 days. The insoluble yellow reaction product
was filtered off, washed with ethanol (6 X 5 ml), and dried
in vacuo (Found: C, 27.6; H, 1.2; N, 3.8; W, 47.1. Calc.
for CCH,NO;W: C, 27.7; H, 1.0; N, 3.6; W, 46.8%,),
yield 3.59 g (77%). This complex is air-sensitive and
darkens upon exposure to the atmosphere. 1t is virtually
insoluble in water and most common organic solvents except
dimethylformamide in which it dissolves to form a very
dark green solution.

(v) [W(CO)s(nicH)]. By a procedure similar to that
described in (i), [W(CO),] (1.76 g, 5 mmol) was treated with
pyridine-3-carboxylic acid (0.615 g, 5 munol) in methanol
(50 ml) for 3 days. The red-orange reaction solution was
filtered to remove a small amount of unidentified pyrophoric

15 C.S. Kraihanzel and F. A. Cotton, Inorg. Chem., 1963, 2, 533.

18 L. J. Bellamy, ‘ The Infra-red Spectra of Complex Molecules,’
Methuen, London, 1958, 2nd edn., p. 162.
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brown solid. Deoxygenated water (200 ml) was added to
the filtrate to precipitate yellow crystals of the complex.
These were recrystallized twice from aqueous methanol
(Found: C, 29.7; H, 1.2; N, 3.3; W, 40.6. Calc. for
C,H,NO,W: C, 29.6; H, 1.1; N, 3.1; W, 41.1%,), yield
0.67g (30%).

This same product was isolated when the [W(CO),):
nicH mole proportions were increased to 1: 4.

(vi) [W(CO)4(isonicH)] and [W(CO),(isonicH),]. The
reaction of [W(CO)s] (3.52 g, 10 mmol) with pyridine-4-
carboxylic acid (3.69 g, 30 mmol) in methanol afforded a
deep red solution. The reaction was stopped after 5 days,
the solution filtered to remove any unchanged starting
materials, and deoxygenated water (400 ml) was added to the
filtrate. A Soxhlet extraction of the insoluble product with
dichloromethane for 5 days under nitrogen left insoluble
dark red [W(CO),(isonicH),] in the thimble. The yellow
dichloromethane extract was evaporated to dryness to
afford bright yellow [W(CO);(isonicH)]. Both complexes
were recrystallized from aqueous methanol (Found: C,
30.1; H, 1.5; N, 3.35; W, 40.2 Calc. for C,;H,NO,W: C,
29.6; H, 1.1; N, 3.1; W, 41.19,. Found: C, 34.9; H, 1.8;
N, 4.9; W, 34.2, Calc. for C;H,,N,O,W: C, 35.45; H,
1.9; N, 5.2; W, 33.9%). Yield, [W(CO),(isonicH),], 1.59 g
(29%); [W(CO);(isonicH)], 1.71 g (38%,).

(b) Reactions of [{W(CO)s(pic)},] with 2,2’-Bipyridyl and
1,2-Bis(diphenylphosphino)ethane.—(i) [W(CO),(bipy)].
When a mixture of [{ W(CO);(pic)},] and 2,2’-bipyridyl (1 : 1,
1:2, or 1:3 mole proportions) was stirred in methanol for
70 h, the complex [W(CO),(bipy)] was isolated in 709, yield.
Its ir. spectrum was identical with that of an authentic
sample of this complex.!3

(ii) [W4(CO)g(bipy),). The reaction between [{W(CO),-
(pic) }4] (0.39 g, 1 mmol) and 2,2’-bipyridyl (0.156 g, 1 mmol)
in methanol (20 ml) at room temperature for between 17 and
26 h produced a precipitate of black [W,(CO)¢(bipy),]*
MeOH (Found: C, 35.85; H, 2.8; N, 6.4; W, 43.0. Calc.
for C,sH,(N,OsW,: C, 36.8; H, 2.3; N, 6.4; W, 41.89,),
yield 0.263 g (60%); v(O-H) of ‘lattice’ methanol was
located at 3 310 cm™ in the i.r. spectrum of this complex.

(iif) [W(CO),4(bipy)(MeCN)]}-1/2 solvent. When acetoni-
trile was used as the reaction solvent, any of the reaction
conditions described in (b) (i) and (ii) afforded an insoluble
brown powder which was filtered off and thoroughly washed

J.C.S. Dalton

with acetonitrile. The reaction filtrate and acetonitrile
washings were combined and then divided into equal volumes
[portions (a) and (b)]. Portion (a) was reduced to low
volume to produce crystals of [W(CO),(bipy)(MeCN)]-
1/2MeCN (Found: C, 39.8; H, 2.7; N, 10.0. Calc. for
CieHi2 5N 0,W:  C, 39.6; H, 2.6; N, 9.9%). This
product exhibited a weak broad v(C=N) band at ca. 2 260
cm™ in its i.r. spectrum.

Portion (b) was treated with an excess of diethyl ether to
cause the formation of black needles of [W(CO),(bipy)-
(MeCN)]-1/2Et,0 (Found: C, 41.0; H, 3.1; N, 8.5. Calc.
for C;;H;N;O,,W: C, 40.7; H, 3.2; N, 8.4%). In addi-
tion to a weak v(C=N) band at ca. 2 260 cm™, the i.r. spec-
trum of this product showed a moderately intense v(C—O—C),s
absorption at 1 113 cm™ due to the ‘ lattice * diethyl ether.

(iv) [W5(CO)¢(dppe)s]. [{W(CO)s(picts] (0.390 g, 1 mmol)
and dppe (0.796 g, 2 mmol) were added to refluxing methanol
(20 ml) and the reaction mixture was stirred for 90 h. The
insoluble tan product was filtered off and recrystallized from
dichloromethane-hexane (Found: C, 58.5; H, 4.4; P, 10.5.
Calc. for CgH,;,0sP¢W,: C, 58.3; H, 4.2; P, 10.7%),
yield 0.83 g (969%). The i.r. spectrum of this complex was
identical to that reported previously.1?

(v) cis-[W(CO),(dppe),]. The reaction between [{W-
(CO)4(pic)}s] (0.390 g, 1 mmol) and dppe (0.796 g, 2 mmol)
for 21 h in refluxing benzene (15 ml) afforded a dark brown
solution which was allowed to cool to room temperature and
then filtered. The filtrate was evaporated to very low
volume, treated with dichloromethane (50 ml), refiltered,
and finally mixed with an excess of diethyl ether. This
afforded bright yellow c¢is-[W(CO),(dppe),] which was fil-
tered off and dried % vacuo (Found: C, 61.6; H, 4.8; P, 11.5.
Calc. for CyH,,O,P,W: C, 62.6; H, 4.7; P, 11.95%),
yield 0.183 g (18%). The i.r. spectrum of this complex was
identical to that reported in the literature.!?

Physical Measurements.—These were carried out as des-
cribed previously.1?
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