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Summary

Hexacarbonylvanadate(—I) derivatives of several heterocyclic nitrogen bases,
BH*[V(CO)4]~, have been synthesized. The deep red volatile pyridinium derivative
[CsH,NH]*[V(CO)¢], was studied by X-ray diffraction methods and found to be
tetragonal, space group [4,/amd, with a 10.384(3), ¢ 12.373(3) A and Z=4.
Solution of the structure by the heavy-atom method followed by full-matrix least-
squares refinement gave the final residuals (R = 0.0450 and R, = 0.0442) for 180
unique observed reflections. Coordination about the vanadium atom, which lies at a
site of local 42m symmetry, is octahedral due to two independent carbonyl groups.
The pyridine moiety is disordered. The major feature of the molecular structure is
the interaction of the nitrogen proton with the carbonyl oxygens of [V(CO)4] ™ in the
equatorial plane of the octahedron. The structural features are regarded as evidence
in favour of the carbyne-type of structure for the C;HOV precursor of V(CO),
(C,HOV — 1,2 H, + V(CO),). Several substitution and redox processes involving
the protonated nitrogen base derivatives have been observed, namely: (a) nitrogen
base exchange; (b) dihydrogen evolution upon treatment with sodium metal; (c)
electron-transfer from [V(CO)¢]~ to the nitrogen-bonded proton, with dihydrogen
evolution; (d) electron-transfer from [V(CO),]™ to the cation with carbon-carbon
coupling in the case of the acridinium derivative. All the compounds reported are
deeply coloured (the quinolinium derivative is black), suggesting the existence of a
multicentre CO-mediated charge transfer from vanadium to the nitrogen base.

* Dedicated to Professor Lamberto Malatesta in recognition of his important contribution to Organome-
tallic Chemistry.
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Introduction

Thermal and chemical [1] or photochemical [2] cleavage of metal-hydrogen bonds
are well established for compounds of general formula MH(CO),, [3] containing a
transition metal-hydrogen bonded ground state. For vanadium, experimental evi-
dence [4] excludes that the V~H bond containing species is a reasonable representa-
tion of the ground state situation, while a more reasonable formulation for the
hydrogen-containing precursor of V(CO),, see equation 1. is the carbyne structure
(OC);V=COH, corresponding to protonation of the carbonyl oxygen of the hexa-
carbonylvanadate( — 1) anion [5]. A recent paper pointed out that the carbyne
structure (OC),Co=COH should be about 7 keal more stable than the formyl species
(0C),CoC(HH [6]. the ground-state structure in this case, being. of course,
CoH(CO),, as shown by electron-diffraction studies [7].

“C,HONV” = 1/2H, + V(CO), (1)

We now present some new observations about electron-transfer processes from
[V(CO),]". which may throw some light into the mechanism of reaction 1 and focus
attention on the general problem of the relationship between the ground-state
properties and the reactivity of MH(CO), complexes.

Experimental

Unless otherwise stated all of the preparations described in this paper were
carried out under prepurified nitrogen in anhydrous solvents, the latter being dried
by conventional methods. The IR spectra were measured with a Perkin--Elmer Mod.
283 instrument equipped with grating. Sodium hexacarbonylvanadate(—1) was
prepared as previously described [8].

Preparation and properties of hexacarbonylvanadates( — 1) of protonated nitrogen bases

As previously reported [9] for the preparation of [CsHNH]'[V(CO).] . the
derivatives of Table 1 were synthesized by treating an aqueous solution of NaV(CO),
with the appropriate nitrogen base under slightly acidic conditions (pH 4--5).

Method A. The methyl-quinolinium complex VIIB was prepared from pre-
formed [CoH,NMe]™ 17 and NaV(CO), in water. The compounds prepared in
aqueous solution were generally collected by filtration. and after drying over P,O,,
under reduced pressure (except when stated otherwise, vide infra), ‘they were found
to be analytically pure. The preparation of compound I by Method B (see Table 1) is
described in detail.

Sodium hexacarbonylvanadate( — 1), NaV(CO),, (0.584 g; 2.41 mmol) suspended
in n-pentane (50 cm®) was treated at dry-ice temperature with 2.49 mmol of dry
HCL The suspension was stirred for 1 h and then treated with 2.4 mmol of dry
pyridine. No reaction apparently took place until the temperature was raised to
about —10°C. The brick-red suspension was evaporated to dryness under reduced
pressure and the solid residue sublimed at 60°C /ca. 10 mmHg to give 0.58 g (81%
yield) of L

A solution of compound 1 (0.114 g; 0.63 mmol) in tetrahydrofuran (10 cm®) was
treated with sodium sand (0.040 g; 1.7 mmol) at room temperature. The colour of
the solution turned gradually from red to vellow during about 10 min, and evolution
of gas (H, by gas chromatography) was detected. The IR spectrum of the solution
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showed absorptions at 1880sh and 1851vs cm ™! due to [V(CO),] . Similar results
were obtained with the quinolinium derivative VIIA.

The acridinium derivative VIII was converted into the pyridinium complex with
pyridine when a suspension of 0.280 g (0.7 mmol), in n-heptane (30 cm’), was
treated with pyridine (0.08 cm’; 1.0 mmol). The green colour of the suspension
gradually changed to orange-brown. After 4 h stirring at room temperature the
mixture was filtered and the solid was dried under reduced pressure to give, after
sublimation at 60°C /ca. 1072 mmHg, 0.150 g (72% yield) of compound 1. Evapora-
tion of the solvent from the filtrate gave 0.070 g of acridine (identified from its IR
spectrum (Nujol), vide infra).

The 2-bromopyridinium derivative VI was obtained from aqueous solution and
was dried in vacuo after collection by filtration. The compound was unstable with
respect to formation of V(CO); when a sample (0.137 g; 0.36 mmol) was suspended
in toluene (5 cm’), evolution of gas (H, by gas chromatography) occurred im-
mediately upon contact of the solid with the liquid. The IR spectrum of the resulting
solution showed the V(CO), band at 1971 cm ™. Gas-volumetric monitoring of the
reaction at 24.5°C showed that 0.68 mmol of VI gave 0.4 mmol of H,, correspond-
ing to a H,/V molar ratio of 0.59. The excess is believed to come from the parasitic
reaction [10] of V(CO), with toluene to give [V(CO) toluene][ V(CO),].

The acridinium derivative VIII was found to be rather unstable, thermally and
chemically. During preparation of the compound, the drying time had to be reduced
in order to minimize the decomposition. The compound (0.122 g; 0.306 mmol) was
introduced in a Schlenk tube and kept at 30.2°C under reduced pressure (ca. 1072
mmHg) for 18 h, with a cold trap inserted in between the pump and the Schlenk
tube. The green colour of the solid gradually changed to grey and V(CO), (0.054 g,
#(CO), n-hexane, 1973 cm ™ ') was found in the cold trap. The residual solid (0.06 g)
was identified as 9,9-biacridan (or 9,10,9’,10’-tetrahydrobiacridyl), from the IR
spectrum in Nujol, which was superimposable on that of an authentic sample
prepared from acridine by photoreduction in ethanol [11a,b].

The instability of the acridinium derivative VIII towards oxygen Lewis bases is
exemplified by the reaction with tetrahydrofuran. When VIII (0.892 g; 2.23 mmol)
was dissolved in tetrahydrofuran (100 cm®) the green colour rapidly changed to
yellow with evolution of CO (no dihydrogen was detected) and a white solid
separated. The IR spectrum of the solution showed the typical carbonyl stretching
vibration of [V(CO),]". The mixture was filtered and the white solid washed with
tetrahydrofuran and dried in vacuo to give 0.286 g (71.2%) of 9,9'-biacridan,
identified from its IR spectrum in Nujol, m.p. 261-263°C dec. (lit. [11], 263°C dec.)
and elemental analysis (Found: C, 85.7; H, 5.6; N, 7.4. C,qH 4N, caled.: C, 86.6; H,
5.6; N, 7.8%). Gas-volumetric monitoring of the reaction showed that 0.253 mmol of
compound VIII, when treated with THF (10 cm’) gave 0.466 mmol of CO (corre-
sponding to a CO/V molar ratio of 1.84 arising from disproportionation [9] of
V(CO), with tetrahydrofuran to give [V(thf), ][V(CO).]..

Collection and reduction of X-ray data of [C;HsNH][V(CO), (I)

Crystals of this compound were grown by slow diffusion of an aqueous solution
of pyridine and hydrochloric acid in approximately equimolar amounts into an
aqueous solution of NaV(CO),. A crystal of approximate dimensions 0.28 X 0.29 X
0.33 mm’ was sealed in a glass capillary under argon and mounted on a three-circle

(Continued on p. 6)
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Siemens AED computer-controlled automatic diffractometer. Attenuation filters
were automatically inserted into the diffracted beam to prevent the counting rate
from exceeding 9000 cps. The intensity of the reflections was obtained from a profile
measurement by the method of Lehmann and Larsen [12] with a programme written
by Belletti et al. [13]. 975 reflections having 6.0° < 26 < 116.0° were measured. of
these, 472 were systematically extinct and 173 were considered unobserved. having
I <20([I). The remaining 330 reflections, of which 180 were unique, were retained
and used for the structural analysis. The intensity of a standard reflection. measured
every 50 reflections, did not deviate from the mean value by more than would be
predicted by counting statistics. Data were corrected for Lorentz and polarization
effects. Absorption and extinction corrections were not applied. An automatic
searching routine located and centered 24 reflections with 29 comprised between
31.0 and 62.5° and a tetragonal unit cell was deduced from an indexing routine.
Systematic absences (hkl, h+ k +1=2n+1; hkO, h. k=2n+ 1, and Okl k + /=
2n + 1) indicated the unambiguous space group /4,/amd. The intensity data were
collected at room temperature using nickel-filtered Cu-K, radiation. All computa-
tions were performed on the CDC Cyber 76 computer of CINECA (Casalecchio.
Bologna).

Crystal Data. M =299.11, tetragonal. space group [4,/amd (No. 141). a
10.384(3); ¢ 12.373(3) A; U 1334.1(6) A*: Cu-K, (A1.54178 A); Z=4: D, =1489¢g
cm ' F(000)= 600. The structure was solved by the heavy-atom method. The
number of molecules in the unit cell indicated that they must be situated on
crystallographic symmetry elements. The vanadium atom was shown by the Patter-
son function to occupy a special position of 42m symmetry, while the two independ-
ent carbonyl groups at C(1) and C(2) have crystallographically imposed mm and 2
symmetry. respectively.

Extensive disorder of the pyridine ring was found to exist about the crystallo-
graphic 4 axis. After isotropic refinement of the anion, inspection of a difference
Fourier synthesis showed two peaks with electron densities corresponding each to a
carbon atom. One, C(3), lies on a mirror at a special position of the space group.
while the other, C(4), occupies a general position. so that the disorder can be
described in terms of two different orientations of the molecule about the 4 axis. A
satisfactory model was achieved by introducing these two atoms with occupancy
factors of 0.5 and by imposing geometric constraints on their = coordinate (fixed at
7/8). The positional and thermal (anisotropic for all atoms except C(3) and C(4))
parameters were refined by a full-matrix least-squares procedure converging to a
conventional R index of 0.0560. At this stage, the exceptionally large thermal
parameters of C(2) and O(2) indicated that further disorder involving a carbonyl
group had to be considered. These atoms do not lie exactly on the twofold axis. but
are disordered in two positions. thus having a site occupancy factor of 0.5 at general
positions. The refinement of this model was successfully completed with final
residuals of R =0.0450 and R, =0.0442. The function Ew(|F,|—|F.)*. with a
weighting scheme w = [a”( F,)) + 0.005(F,)*]" " was minimized. A final difference
Fourier map was devoid of any significant feature. The scattering factors and
anomalous dispersion corrections used for oxygen and carbon were those incorpo-
rated in the SHELX-76 program set [14]; for vanadium, the values were taken from
the literature [15]. The final atomic coordinates are given in Table 2. Tables of
thermal parameters and structure factors may be obtained from the authors.



Results and discussion

Because of their low solubility in water, the protonated nitrogen base derivatives
of the [V(CO)¢]™ anion, (I-VIII), can be obtained from a reaction in aqueous
solution, according to the stoichiometry shown in eq. 2.

BH"+[V(CO)s] — BH*[V(CO),| (2)

The sublimable pyridinium complex had been described earlier {9], together with the
methylpyridinium compound [CsH;NMe]*[V(CO)]™, both being red microcrystal-
line substances. The new observations reported in this paper clarify the nature of the
electronic interactions between the [V(CO),]™ anion and the protonated nitrogen
base. Moreover, the X-ray diffracton study of compound I has revealed structural
details which account for its volatility. The pyridinium derivative is an ionic
compound, with the NH group interacting preferentially with four of the carbonyl
groups of the [V(CO),]” anion. Figure 1A is a perspective view of the anion,
showing the distribution of the C(2)O(2) carbonyl group in two positions related by
the twofold axis. Coordination around vanadium is approximately octahedral and
involves the carbon atoms of the independent carbonyl groups. Bond distances and
angles in the anion are given in Table 3. The two V-C bond distances are not
significantly different (V-C(1), 1.934(9); V-C(2), 1.926(14) A). These values agree
well with those found in other hexacarbonylvanadate( —I) anions (i.e., 1.931(9) A in
[(PPh,),N][V(CO),] [16]; 1.88(2)-1.95(3) A in [V(CO),(1,2.4,5-CsH, Me,)J[V(CO),]
[10] and 1.868(17)-1.922(18) A in [V(CN-t-Bu)¢ J[V(CO),] [17], but are somewhat
shorter than those found in neutral V(CO), (1.993(5)-2.006(4) A)[18]. The vanadium
atom lies in the mean least-squares plane formed by the four-symmetry related C(2)
atoms, which show a slight, but significant tetrahedral distortion, as indicated by
their deviations, +0.118 A, from the plane.

The disorder in the pyridine ring is illustrated in Fig. 1B, which shows the
superposition of two orientations tilted by about 28° around the fourfold axis.
Under the influence of the symmetry elements there are four and eight symmetry-re-
lated positions for C(3) and C(4), respectively. The only two independent bond
distances in the ring are: C(3)-C(4), 1.37(1) and C(4)-C(4’), 1.35(1) A.

The O(2)...C(4) contact is 2.99 A, which is short for an O...HC(aromatic)
contact [19] and is at the upper limit of experimentally observed N ... O contacts in
hydrogen-bonded pyridinium derivatives with oxygen containing anions (e.g., the
values found are 2.565(8) [24], 2.69 [25], 2.76(1) [26], 2.80 [27], 2.80(2) and 2.89(2)

TABLE 2
FRACTIONAL ATOMIC COORDINATES (x10%) RELATIVE TO C;H;NH™" [V(CO)¢}~

Atom x/a /b z/c

v 0 2500 3750
o) 0 2500 6232(5)
() 0 2500 5313(7)
0Q2) 1900(16) 234(14) 3535(10)
C(2) 1113(15) 1021(13) 3655(13)
C(3) 0 3828(16) 8750

C(4)N 1135(9) 3149(10}) 8750




Fig. 1. (A) A perspective view of the [V(CO),]™ anion, showing the C(2)0(2) disorder. (B) Projection of
the pyridine along [001], showing the two disordered distributions. The dashed atoms are those involved
in the hydrogen bond to the carbonyl groups.

[28] A. Since the sum of the N and O Van der Waals radii is [20] 2.9 A and C(3) is
never involved in short interactions to the carbonyl oxygen, it may be concluded that
the C(4) site is occupied for three quarters by a carbon atom and for one quarter by
a nitrogen atom. Hydrogen-bonding between the pyridinium hydrogen and the
carbonyl oxygen on the equatorial plane of the [V(CO),]™ anion is therefore strongly
implied by the observed distances. Moreover, it is possible to correlate the two
different orientations of the anion with those of the aromatic ring. As it can be seen
from Fig. 2, which shows the anion environment for one of the two related
distributions, the O(2) atom interacts with the ring through hydrogen-bond forming
layers normal to [001] and lying at z=3/8 and 5/8. The layers are linked by
O(1)...ring centroid interactions at 3.12 A, between the O(1) atoms and the
ar-electron density of the pyridine. If the thickness of the pyridine ring is assumed to
be the same as that of an aromatic ring (1.70 A [20]), it may be concluded that the
interactions between layers are essentially of the Van der Waals type. Figure 3 shows
that each pyridine, which is associated with six [V(CO),]™ anions, interacts with two

TABLE 3
BOND DISTANCES (A) AND ANGLES (°) IN THE [V(CO)¢]~ ANION OF [CsH,NH]* [V(CO),]~

vV-C(1) 1.934(9) C(1)-0(1) 1.137(11)
V-CQ2) 1.926(14) C2)-02) 1.165(21)
C(1)-V-C(1) ¢ 180 V-C(1)-0(1) 180
C(H-V-C(2) 93.5(5) V-C(2)-0(2) 171(1)
C2)-v-Cc2)* 90.2(6)

C(2)-V-CQ2) ¢ 173.0(7)

a1 3 h k)
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Fig. 2. A perspective view of the structure showing the [V(CO)4]™ anion-pyridine interaction.

axial and with four equatorial carbonyl groups. The equatorial interaction is shown
in Fig. 3.

The relatively high volatility of the pyridinium derivative can now be understood,
when account is taken of the facts that we are probably dealing with a small lattice
energy because of the small charge density of the ions and that the cation—anion

Fig. 3. The equatorial environment of the pyridinium cation.
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TABLE 4
IR CARBONYL STRETCHING VIBRATIONS OF BX * [V(CO).,]  DERIVATIVES ¢

Compound »(CO) (em™")
Et,O THF Acetone

I 1903m 1893m 1857vs
1862vs 1856vs
1850sh

1 1900m 1891m 1854vs
1857vs 1854vs
1849sh

I 1899m 1890m 1862vs
1860vs 1860vs
1850sh

v 1896m 1892m 1858vs
1857vs 1856vs
1845sh

\% 1903m 1889m 1858vs
1863vs 1858vs
1851sh

vIliA 1902m 1892m 1859vs
1858vs 1856vs
1843sh

VIIB 1902m 1893m 1860vs
1859vs 1857vs
1844sh

¢ Compounds VI and VIII react with the solvent, see Experimental Section.

interactions are mainly of the hydrogen-bond type, to form an infinite two-dimen-
sional array of CsHsNH™ .. .[V(CO),]  pairs in the direction parallel to the
equatorial plane of the distorted [V(CO),]~ octahedron.

The interaction of these compounds with solvents, as indicated by the IR data in
the carbonyl stretching region (Table 4) is of interest. The polarity of diethyl ether or
THF is insufficient to overcome the ionic interactions within the pairs, and the
hydrogen-bonding persists along with the distortion of the vanadium octahedron, as
suggested by the fact that more than one IR-active carbonyl stretching vibration is
observed. (This is a well established phenomenon for alkali cations interacting with
carbonylmetalate anions [29] and interaction of Lewis acids other than alkali cations
with metal-coordinated terminal carbonyl groups has also been reported [30].) In
solvents of relatively high dielectric constant, such as acetone, on the other hand. the
preferred hydrogen-bonding is presumably to the solvent, so that the octahedral
symmetry of the [V(CO),]™ anion is restored and only one [R-active CO stretching
vibration is observed.

The solid-state study carried on compound 1 offers indirect evidence in favour of
the carbyne type of structure for the precursor V(CO),. Although of no practical
preparative importance, it is of interest to note that the pyridinium derivative can be
prepared in hydrocarbon solution, showing that pre-ionization of the “C,HOV”
precursor in water is not necessary. The interaction of the precursor with pyridine to
give [ may be visualized as a competition for the proton between the pyridine
nitrogen and the carbonyl oxygen of the [V(CO)¢] ™ anion. Protonation of doubly-
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[31} and triply-bridging [32] carbonyl groups has been reported in the literature, but
there is no example of protonation of terminal carbonyl groups to our knowledge.
Although a complete reorganization of the precursor upon contact with pyridine
cannot be excluded, it is reasonable to assume that the pyridinium derivative I
represents an energy minimum along the way from (OC);V=COH to the completely
solvent-separated ions. An example of the interception of an intermediate was
described earlier {33] for NR;H™ [Co(CO),]”, where the nitrogen-bonded proton
interacts with the Co(CO); moiety of the anion which maintains the C;, symmetry
of CoH(CO), itself [7].

The pyridinium, quinolinium and acridinium salts have versatile chemistry and
several types of reaction have been observed; viz: (a) evolution of dihydrogen on
treatment with sodium in tetrahydrofuran, (b) nitrogen base exchange, (c) electron-
transfer from [V(CO)4]~ to proton with formation of dihydrogen; (d) electron-trans-
fer to the cation, with subsequent carbon—carbon coupling; these are indicated in
equations 3-6, respectively.

It is of interest that the chemical behaviour of the protonated nitrogen bases can
be related to some extent with the pK, values of the nitrogen bases (Table 1). For
example, the derivative of the weak base 2-bromopyridine is readily transformed
into V(CO),, free base, and dihydrogen, according to equation 5. This is believed to
be due to a particularly weak N—H bond and its rather facile cleavage. Of particular
interest is the reductive carbon—carbon coupling which the acridinium derivative

+ - THE +
BH [v(co){l + Ng —— == 'hH» + [V(CO)GJ + Na' + B (3)

(B = pyridine , quinoline)

+ - ' s+
BH |:v(c0)6] + B — = B'H [V(CO)6:| + B (4)
(B:ucridine,B': pyridine)
+ B 1
BH [V(CO)6] R /sz + V(co) + B (3)
(B = 2-bromopyridine)
+

Q00| =] —— =
N
H
vicoy + O O
N

H
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undergoes either thermally or in the presence of oxygen Lewis bases, leading to
V(CO), and 9,9’-biacridan. In this case the hydrogen is retained by the organic
substrate after the electron-transfer from [V(CO).]™ has occurred, and the organic
radical so obtained undergoes coupling at the 9 position of the ring. Interestingly,
acridine was reported [34] to be reduced catalytically to 9,10-dihydroacridine by
dihydrogen in the presence of ruthenium or under water-gas-shift conditions in the
presence of cobalt. The product of reductive carbon-carbon coupling, 9.9'-bi-
acridan, can be prepared by UV irradiation of acridine in alcohol solution [11a,b] or
by chemical reduction [11¢,35]. The monoelectronic reduction of organic substrates
by [V(CO)4]", followed by C-C coupling has precedents in the case of the
1,3-dithiolium- [36] and tropilium [37] hexacarbonylvanadates.

The colours of the compounds reported in this paper deserve some comment. The
deep colour probably arises from a charge-transfer band from [V(CO),]™ to the
nitrogen base. The carbonyl groups are believed to be involved in the charge-transfer
process, which may occur either directly or through the proton. The fact that both
the quinolinium (VITIA) and the methylquinolinium (VIIB) derivatives are deeply
coloured suggests that the interaction is direct from the axial carbonyl groups to the
nitrogen base. As shown in Fig. 2, the axial carbonyl groups point directly to the
a-system of the nitrogen base. Relevant to this point is the recent interpretation of
the black colour of V(CO), as being due to a solid-state excitation process (V(CO),
= [V(CO)4]"[V(CO)e] ™) [38].

Dihydrogen is formed from the “C,HO,V” precursor or from wet ethereal
solution containing H,O" [V(CO),]™. In both cases an electron-transfer process
from [V(CO),]  to proton is to be envisaged, through the carbonyl groups. The role
of the highly unsaturated carbonyl groups as electron transmitters has recently been
revealed by the outer-sphere oxidation [39] of carbonyl metalates by V(CO), which
occurs in hydrocarbon solvents.
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