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Abstract

Carbonyl infrared frequencies, electric dipole moments and optical polarisability anisotropies of
pyridine and of p-methyl and p-t-butyl-pyridine-M(CO)s complexes (M = Cr, Mo or W) are compared
with the corresponding parameters for the analogous trimethylamine and quinuclidine-M(CO); com-
plexes. For the same ligand L in LM(CO)s, the sequence of »(CO)A, is Cr < W < Mo. The carbonyi
bands are only slightly affected by variation in L or M in the complexes studied. Trends in the
molecular dipole moments of the LM(CO)s complexes suggest a degree of mr-acceptor capability for the
bonded pyridine system but the evidence is not conclusive. Anisotropic molecular polarisabilities
derived from experiment for the pyridine and p-substituted pyridine-M(CO)s complexes, when com-
pared with parameters calculated for a purely o-bonded N-M model for such systems, show a strong
enhancement of polarisability specifically along the pyridine—M-trans(CO) axis. This is related to
conjugative electron delocalisation between the pyridine and M(CO)s moieties and indicates a degree
of m-bond character in the connecting N-M bond. The crystal structure of quinuclidine-Cr{(CO); is
reported. Comparison of bond dimensions of this complex with those of pyridine-CK{CO); yields
positive though qualified support for a 7-component in the N-Cr bond of pyridine-CK{CO);.

Introduction

In contrast to aliphatic amines, pyridine has the potential to act as a r-acid
through its =*-antibonding orbitals. It has been suggested, however, that if
pyridine is to #-bond at all, it will do so to a limited extent [1]. Many techniques
have been applied to probing the nature of the metal-pyridine interaction [2-16]
but the importance of w-bonding remains a contentious issue. A new approach is
now applied in which molecular polarisability anisotropies are determined for
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pyridine-M(CO); complexes and compared with the analogous parameters found
for trimethylamine and quinuclidine-M(CO)5; complexes (M = Cr, Mo or W).
Comparative studies of the electric dipole moments, infrared active carbonyl
vibrational modes and bond dimensions are also presented.

Experimental

The complexes were synthesised by published methods [7,17-19] and were
purified to recognised criteria of purity (m.p., IR, 'H NMR, mass spectra and
CH,N analysis in the case of the quinuclidine complexes); melting points of
116-117, 121-122 and 133-134° C were found for quinuclidine-M(CO) in which
M is Cr, Mo and W, respectively.

Electric dipole moments px and molar Kerr constants K were determined in
cyclohexane solution at 298 K; the experimental procedures and treatment of the
measured data are given in refs. 20-22. The preparation and handling of solutions
were carried out in an atmosphere of dry nitrogen. Reliable measurements could
not be obtained for Me;NMo(CO), because of instability of its solution in the
dielectric cell. Infrared spectra were recorded on a Digilab FTS 80/20 Fourier
transform infrared spectrometer.

The crystal structure of quinuclidine-Cr(CO); was determined. For the diffrac-
tometry, the crystal was mounted on a glass fibre with cyanoacrylate resin. Lattice
parameters at 21° C were determined by a least-squares fit to the setting parame-
ters of 25 independent reflections, measured and refined on an Enraf—Nonius
CADAF four-circle diffractometer employing graphite monochromated Mo-K |,
radiation.

Crystal data. Formula C,,H3;CrNO;; M 303.24, tetragonal, space group 142d,
a 13 645(1), ¢ 14.866(2) A Z=8,V 27678 A3, D, 1.455 g cm ™3, u(Mo-K,) 7.90

~L A (Mo-K ) 0.7107 A F(000) 1248 electrons.

Structure determination

Intensity data were collected in the range 1.0 < # < 25.0° using an w-1.336 scan.
The scan widths and horizontal counter apertures employed were (1.00 + 0.34 tan
6) and (2.70 + 1.05 tan 6) mm. Data reduction and application of Lorentz,
polarisation and absorption corrections were carried out using the Enraf—Nonius
Structure Determination Package [23]. Of the 1028 independent non-zero reflec-
tions collected, 884 with I > 2.5¢(I) were considered observed and used in the
calculations.

The structure was solved by Patterson methods using sHeELx-76 [24] which
enabled the location of the Cr atom and the solution was extended by difference
Fourier methods. The location of the quinuclidine ligand on the two-fold axis
means it is disordered. An additional level of disorder was also found; two sites for
each of the bridging C atoms with occupancies 0.54 : 0.46 successfully modelled the
observed electron density. Hydrogen atoms were included at §ites calculated
assuming tetrahedral geometries and C-H bond lengths of 0.97 A with isotropic
thermal parameters. The contributors to the disordered ligand atoms were refined
isotropically and all other atoms were refined anisotropically.

Full-matrix least-squares refinement of an overall scale factor, positional and
thermal parameters converged (all shifts < 0.08¢) with R * =0.036, R, = 0.040
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Table 1

Infrared carbonyl stretching frequencies (cm ~!) for (amine)M(CO)s complexes in n-hexane ¢
Complex Ajeq A, B, E
trimethylamine-Cr{(CO); b 2065 1917 1944
trimethylamine-Mo(CO); * 2072 1921 1941
trimethylamine-W(CO); 2072 1919 1984 1930
quinuclidine-Cr{CO); 2066 1915 1987 1933
quinuclidine-Mo(CO), 2073 1918 1990 1937
quinuclidine-W(CO); 2071 1916 1928
pyridine-Cr(CO)s 2069 1921 1988 1940
p-methylpyridine-Cr(CO)s 2069 1919 1939
p-t-butylpyridine-Cr(CO)s 2068 1918 1939
pyridine-Mo(CO); 2074 1923 1990 1944
pyridine-W(CO); 2073 1921 1934

4 Uncertainty in the present measurements of v is +0.5 cm 1. ? Infrared spectrum not determined; the
data are quoted from ref. 19.

and w = 1.27/(0*(F,) + 0.000732F}). Maximum excursions in a final difference
map were +0.24 and —0.32 e A3, Scattering factors and anomalous dispersion
terms used for Cr were taken from the International Tables [25] and for all other
atoms the values supplied in sHELX-76 were used [24]. All calculations were carried
out using sHELX-76 {24] and plots were drawn using orTEP [26].

The atom-numbering scheme is given in Fig. 1. Final atomic coordinates, bond
lengths and bond angles are listed in Tables 6-8. Listings- of observed and
calculated structure factors, hydrogen atom coordinates and thermal parameters
(Tables S1-S3) are available from the authors.

Results and discussion

Infrared spectra

The amine-M(CO)s complexes have local C,, symmetry with respect to the
M(CO); moiety. Three infrared active vibrational modes are allowed [27], two A,
and an E. For some of the complexes the activation of the infrared forbidden B,
mode is apparent. This can be rationalised in terms of the bending of the
equatorial carbonyl ligands slightly out of the plane causing a transverse dipole
moment to be activated [28], and of asymmetry of the amine ligand [2].

It has been suggested that the A, band is more sensitive to L-M m-bonding
variations than the E or A, bands [29]. Comparison of the »(CO)A, bands in
Table 1 shows that they are not much affected by variation of the ligand L; the
v(CO)A, values for the pyridine complexes are marginally greater than those of
the trimethylamine and quinuclidine complexes. For the same ligand L in LM(CO);,
the trend observed in »(CO)A, is Cr <W < Mo. A similar order has been
reported for (n®-arene)M(CO), complexes [30). Changes of L or M in LM(CO),
could affect o-polarisation of the M « CO bond, m-back bonding (electron drift
from M to CO) and =-forward bonding (electron drift from CO to M); these
factors are discussed in refs. 31 and 32. It appears from the small differences

* R=Z(I|F,{= | F,)/Z|F,), R, =Ew(|F,I— |F, )2 /EwF})!/2,
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Table 2

Electric dipole moments, molar Kerr constants and molecular polarisability anisotropies of solutes at
infinite dilution in cyclohexane at T =298 K and A =589 nm “

Solute 103 107 (. K) 109r®
(Cm) (m° V-2 mol~1) (Cm?2V~1

trimethylamine 246+0.10°¢ -19+ 02°¢ —0.64+0.05
quinuclidine 3.80+0.20 26+ 02 0.36 +0.10
pyridine 7.10+0.05 150 + 5 5.6210.05
p-methylpyridine 8.204+0.05 279 + 9 8.0 +0.1
p-t-butylpyridine 8.50+0.05 423 + 7 113 +0.1
trimethylamine-Cr(CO)s 169 +0.14 —1505 +15¢ -10.7 +0.1
trimethylamine-W(CO)s 195 0.1 —2410 +35 —128 +0.1
quinuclidine-Cr(CO), 19.8 +0.1 —1800 +30 -94 0.1
quinuclidine-Mo(CO); 21.0 +0.1 —2165 +32 -9.8 +0.1
quinuclidine-W(CO), 215 +0.1 —2291 +23 —-10.0 +0.1
pyridine-Cr(CO)s 205 +0.1 580 +25 28 +0.1
p-methylpyridine-Cr(CO); 226 +0.1 1474 +16 58 101
p-t-butylpyridine-Cr(CO), 229 +0.1 2136 +22 83 0.1
pyridine-Mo(CO)s 213 0.1 417 +14 1.8 +01
pyridine-W(CO); 22.8 +0.2 698 +31 2.7 +0.1

2 Dipole moments, molar Kerr constants and polarisabilities are expressed in SI units. The conversion
factors from the electrostatic (c.g.s., €.s.u.) system are, respectively: 1 Cm = 0.2998%x103° D, 1 m° V2
mol~1=0.8988 x 10" e.s.u. mol~!, 1 Cm? V~!=0.8988x10'® cm?® & The molecular polarisability
anisotropy I' is defined as (2b; — b, — b,) throughout. © Experimental data from ref. 33. 4 Experimental
data from ref. 34.

observed in the carbonyl stretches that the balance between such factors and, for
that matter, the electron distribution associated with the bonded carbonyl groups,
are little affected by variation in L or M. The infrared band positions do not
provide a sensitive probe of electronic effects in the LM(CO),; complexes of this
study.

Electric dipole moments

Another approach to studying electron distributions in LM(CO); systems is by
the measurement of electric dipole moments. Determinations made in the non-in-
teracting solvent cyclohexane are listed in Table 2 which includes also measured
dipole moments of the free ligands pyridine, p-methylpyridine, p-t-butylpyridine
and quinuclidine. Earlier work [34] has established that for LM(CO), complexes of
this type, the dipole moment vector is directed along the N-M-CO(trans) axis
with the trans-carbonyl electrically negative relative to ligand L (from aromatic
solvent induced NMR shifts).

It is found that for similar M, the molecular dipole moments of the complexes
decrease in the order: pyridine-M(CO); > quinuclidine-M(CO), > trimethylamine-
M(CO); which parallels the order for those of the free ligands: pyridine >
quinuclidine > trimethylamine. The quinuclidine complexes would be expected to
have somewhat larger moments relative to the analogous trimethylamine com-
plexes because of the higher polarity of quinuclidine and the greater potential for
inductive withdrawal of electrons from the bonded quinuclidine ligand. For both
sets of amine-M(CO), complexes (with quinuclidine or trimethylamine ligands) it is
generally accepted that the metal-nitrogen bond is o and does not have a
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significant m-component. With pyridine, however, the potential exists for mr-accep-
tor properties in addition to o donation from N to M. The inductive withdrawal of
electrons from pyridine in the pyridine-M(CO); complexes would tend to enhance
the dipole moment, but m-back bonding from the M(CO)s group into the =*-
orbitals of pyridine would lead to a diminution. The dipole moment of pyridine is
appreciably greater than that of quinuclidine. However, this difference is not
reflected in the moments of the complexes with M(CO)s. This may indicate that
7r-back bonding in the pyridine complexes is important.

The results are merely suggestive and by no means conclusive. Insertion of
p-methyl or p-t-butyl substituents in pyridine-Cr(CO); results in an augmentation
of 2.1 and 2.4 (X 1073 C m), respectively, which correlates with the electron-donor
properties of these substituents. Descending the group (Cr to W), increases in u
are indicated but they are small. This is true for the complexes with the pure
o-donor ligands Me;N and quinuclidine as well as for the pyridine complexes.
Overall, it is seen that the molecular moments of the LM(CO); complexes of this
study are not greatly affected by variations in the nature of the L-M interaction.

Molecular anisotropic polarisabilities

The molar Kerr constants of the Me;N and quinuclidine complexes are approxi-
mately similar but differ greatly from those of the pyridine complexes. The
experimental K values are given in column 3 of Table 2. The polarisability
ellipsoid associated with each of the Me;NM(CO)s; and quinuclidine-M(CO);
complexes is one of revolution with principal polarisabilities designated by b, # b,
= b;. Because of the lower symmetry of the bound pyridine ligands, the pyridine-
M(CO); complexes have b, # b, # b;. In all cases, b, is the optical polarisability
along the molecular symmetry axis which is also the direction of the molecular
dipole moment vector; b, and b, are the polarisabilities in a plane perpendicular
to that axis. It follows that u, = u(exp.) and g, = u; = 0. The molar Kerr constant
for each of the molecules of Table 2 is related to the anisotropic polarisabilities by
the Langevin—-Born equation as modified by Le Févre [35]:

wK = (N/810KTe0){(oP/ £ P)[(by = by)* + (b = by)* + (b= b,)7]

+(KT) "' u?(2b, — by — by) } (1)

where P, g P, N, k, T and ¢, refer in turn to the molar distortion polarisation,
the molar electron polarisation, Avogadro’s number, the Boltzmann constant, the
absolute temperature and the permittivity of a vacuum. The ratios , P/ P are 1.1
and 1.14 for Me;N [33] and pyridine [36], respectively; they were taken as 1.1 for
the other compounds which is a sufficiently good approximation in this work [37].
For Me;N, quinuclidine and each of their M(CO), complexes, an exact solution of
eq. 1 can be obtained to yield (b, — b,). The principal polarisabilities of pyridine
can be determined since two other relations in b;, independent of eq. 1, are
available from the molar electron polarisation and the depolarised Rayleigh
scattering; the appropriate data and the method of calculation are detailed in ref.
36. For p-methyl- and p-t-butylpyridine, b; and thence (b, —b;)* can be closely
assessed by adjusting the experimental b; values of pyridine to take account of the
directional polarisability increments resulting from methyl or t-butyl substitution as
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in ref. 38. This allows the molecular anisotropy I', defined in this work as
(2b, — b, — b,), to be evaluated from the measured molar Kerr constant of each
compound. A similar procedure is used to allow for the ¥(b, — bj)2 term of eq. 1
for the pyridine or p-substituted pyridine-M(CO); compounds using b; data from
the appropriate Me,;NM(CO); complex and the pyridine ligand. Uncertainties in
the estimation of (b, — bj)2 by such methods are of virtually no consequence since
for these highly dipolar substances, the first term of eq. 1 is very small relative to
the second term (e.g. ca. 1.5% in the case of CsHsNCr(CO);).

The small I' values for Me;N and quinuclidine show that each of these
molecules is near isotropically polarisable. On complexation with the metal pen-
tacarbonyl moiety, the I" values become large and negative indicating that in the
Me;N and quinuclidine-M(CO); complexes, the metal-nitrogen bond axis corre-
sponds to the direction of minimum molecular polarisability. Small increases in
| I | are observed going down the group from Cr to W. Positive values of I" for the
pyridine-M(CO), complexes indicate that in each case the metal-nitrogen bond
axis is coincident with the direction of maximum polarisability; this is not unex-
pected since the highly polarisable b, axis of the bound pyridine ligand is collinear
with the N-M bond. Increases in I" following p-methyl or p-t-butyl substitution in
pyridine-Cr(CO); parallel closely the corresponding changes in the unbound
ligands. Change of M in pyridine-M(CQO); results in minor variations in I" with an
apparent irregularity for the Mo complex.

More meaningful analysis is afforded by comparison of the experimental
anisotropies of pyridine-M(CO); complexes with I'(calc.) values predicted for a
o-bonded metal-nitrogen model. For example, I'(calc.) for pyridine-Cr(CO)5 can
be estimated to a reasonable approximation as I'(exp.)quinuclidine-Cr(CO)s —
I'(exp.)quinuclidine + I'(exp.)pyridine. Comparisons of I'(calc.) values so derived
with molecular anisotropies from experiment are given in Table 3.

The differences AI" between the observed and calculated molecular anisotropies
are large, being of the order of ca. 6-%(X10™* C m? V~1) and far in excess of the
estimated uncertainty in AI'(+1 X 10”7 C m? V~1). The results show that for all
of the pyridine complexes examined, bonding between the pyridine system and the
M(CO); moiety leads to a strong enhancement of polarisability along the pyridine—
M-trans(CO) axis above that predicted for a model in which the two “isolated”
groupings are connected by a purely ¢ metal-nitrogen bond. It is known that for

Table 3

Comparison of molecular polarisability anisotropies from experiment I'(exp.) with values I'(calc.)
derived on the basis of a o-bonded metal-nitrogen model

Complex 10*°I"(exp.) 10%°r(calc.) * 10445 =
Cm2v™) (Cm2v™Y 104[ I'(exp.) — I'(calc.)]
Cm?V~Y)

pyridine-Cr(CO)s 2.8 ~42(—-4.4) 7.07.2)
p-methylpyridine-Cr(CO)s 5.8 —-1.8(-2.1) 7.6(7.9)
p-t-butylpyridine-Cr(CO)s 83 +1.5(+1.2) 6.8(7.1)
pyridine-Mo(CO); 1.8 -45 6.3

pyridine-W(CO), 2.7 —4,7(—6.6) 7.4(9.3)

@ The I'(calc.) values listed in column 3 were derived from I'(exp.) of quinuclidine-M(CO)s; complexes;
those derived from I'(exp.) of Me;NM(CO)s complexes are given in parentheses.
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Table 4
Principal polarisabilities b; of trimethylamine and quinuclidine-M(CO)5 complexes from experiment
Complex 10%%b (exp.) 10*%b,(exp.) = 10*%b(exp.)
(Cm? V™1 (Cm?2V~Y
trimethylamine-Cr(CO)s 24.1 29.5
trimethylamine-W(CO); 264 328
quinuclidine-Cr(CO); 303 351
quinuclidine-Mo(CO)s 32.8 37.8
quinuclidine-W(CO)5 331 38.1

4 Uncertainty in the b; values is +0.1x107% C m? V~1. % The sum (b, +2b,) was determined from
eq. 2 using g P values of 62.8 and 69.5 cm® for M = Cr and W in Me,;NM(CO);, and 75.9, 81.9 and 82.7
cm? for M = Cr, Mo and W in quinuclidine-M(CO);.

delocalised electron systems, augmentations of polarisability in excess of values
predicted from component segment additivity, occur along the delocalisation
pathway [34,35]). The present results indicate the potential for extended delocalisa-
tion along the pyridine—M-trans(CO) axis and provide evidence for 7-bond charac-
ter in the metal-nitrogen bond. No significant trend in AI' is apparent with
para-substitution of methyl or t-butyl groups in the bonded pyridine ligand or with
change of metal M. '

To explore this further, the anisotropic molecular polarisabilities b, were
determined from the experimental Kerr constants and molar electron polarisa-
tions. The latter were derived from molecular refractivity data [39,40] on the basis
that g P = 0.95R,. The sum Ib,; from eq. 2 was used together with I" of Table 1 to
yield b, and (b, + b;). The directional polarisabilities of the trimethylamine and
quinuclidine-M(CO); complexes (for which b, = b,) are listed in Table 4.

gP=N(b, +b,+b3)/%, (2)

For the pyridine-M(CO)s complexes, a third relation in b, is needed since
b, # b,. A procedure, sufficiently accurate for this work, involves taking b,(com-
plex) — b,y(complex) as equal to b,(pyridine) — b,(pyridine) since the bonded pyri-
dine is primarily responsible for the difference between b, and b, of the pyridine-
M(CO) complex. The experimental b; values are given in column 2 of Table 5.
The b,(calc.) values of column 3 are the principal polarisabilities predicted for a
og-bonded N-M model for pyridine-M(CO),, calculated as b[(quinuclidine-
M(CO);) — b,/(quinuclidine) + b,(pyridine). The values in parentheses were inde-
pendently obtained from b(trimethylamine-M(CO);) — b/(trimethylamine) +
b(pyridine). A similar procedure was used for the p-substituted pyridine com-
plexes.

Comparison of the experimental and calculated b; values in Table 5 shows that
the molecular transverse polarisabilities b, and b, from experiment are close to or
slightly less than the corresponding calculated values. By contrast, b(exp.) is in
each case significantly greater than that predicted for the o-bonded metal-nitro-
gen model. The results reinforce the conclusions earlier found from consideration
of AT, that the polarisability along the pyridine-M-trans(CO) axis is enhanced
through bonding between the pyridine ligand and M beyond that expected for pure
o-bonding. The case for a significant w-bonding component in N-M is thus
strengthened.
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Table 5
Principal polarisabilities b; of pyridine and p-substituted pyridine-M(CO)5 complexes ~¢
Complex 1040b(exp.) 10405 (cale.)
Cm?vY (Cm?vVvY
pyridine-Cr(CO); b;=313 28.0(27.9)
b, =319 322322
by;=278 28.1(28.1)
p-methylpyridine-Cr{CO), by=342 30.8(30.7)
b,=334 34.0(34.0)
b;=29.3 29.7(29.7)
p-t-butylpyridine-Cr(CO); b =411 37.6(37.5)
b, =39.0 38.8(38.8)
b; =349 35.1(35.1)
pyridine-Mo(CO); b, =326 305
b, =337 349
by =129.6 30.8
pyridine-W(CO); b =326 30.8(30.2)
b, =333 35.2(35.5)
by =292 31.1(31.4)

@ For the pyridine ligands and for the complexes, b, is along the molecular dipole axis; b, and b5 are in
the pyridine ring plane with b, perpendicular to that plane. ® Molar electron polarisations were taken
as 68.8, 73.2 and 86.8 cm? in turn for X = H, Me and t-butyl in p-XCsH NCr(CO); and as 72.4 and
71.9 cm? for Mo and W in pyridine-M(CO)s. ¢ Uncertainty in the b(exp.) values is £0.1xX10~% C m?
V™1 4 Polarisabilities 10*°5, (C m®> V~!) for the free ligands are: b;=12.1, by =11.3, by=72
(pyridine); b, =14.9, b, =13.1, b, = 8.8 (p-methylpyridine); b, =21.7, b, =17.9, b; =14.2 (p-t-butyl-
pyridine); b, = 8.31, b, = by = 8.63 (trimethylamine); b, = 14.4, b, = b, = 14.2 (quinuclidine).

Table 6

Positional parameters (X 10*) for quinuclidine-Cr(CO)

Atom x y ) z

Cr(1) 3729(1) 2500 1250
1) 5065(6) 2500 1250
o(1) 5912(4) 2500 1250
(6¢)) 3807(4) 2176(3) 18(3)
0(2) 3940(3) 1964(3) -714(2)
Cc3) 3785(4) 1148(4) 1544(3)
0o@3) 3894(3) 334(3) 1694(3)
N 2080(3) 2500 1250
) 1724(16) 1921(33) 457(26)
(¢ 0)] 167%(18) 2123(44) 2110(24)
() 168%(17) 3553(18) 1168(41)
(¢()] 543(19) 2066(38) 367(18)
a®) 566(15) 1891(32) 2049(19)
Q9) 534(15) 3536(16) 1345(36)
4" ] 1655(13) 2319(35) 353(12)
(5" 1675(14) 3402(20) 1611(28)
c(6") 1687(14) 1639(23) 1821(24)
(7)) 556(14) 2520(43) 367(13)
8" 579%(19) 3389(27) 1801(34)
o) 574(16) 1535(21) 1743(30)
(10) 167(5) 2500 1250

2 Primes indicate disordered atoms, occ. 0.54(2).
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Fig. 1. An orteP plot of quinuclidine-Cr{CO); showing the atom numbering scheme. Hydrogen atoms
have been given arbitrary sizes, and for all other atoms 30% thermal ellipsoids are shown.

X-ray crystal structure of quinuclidine-Cr(CO);

In 1981 Cotton et al. [14] reported the coexistence of piperidine-Cr{(CO)s and
pyridine-Cr(CO); in a single crystal and they stated from X-ray crystal structure
studies that “the Cr(CO);N portions of the two molecular structures are extremely
similar”. They went on to conclude that piperidine and pyridine bind to Cr(CO);
as good o-donors with virtually no mr-acceptor interaction in either case. This was
subsequently refuted by Ries et al. {15] who suggested that the crystal was in fact
piperidine-Cr(CO), occurring in disordered arrangement. Their structural studies
indicated that the pyridine ligand is a weaker o-donor and a stronger m-acceptor
than the saturated piperidine analogue.

In the present work it was considered that the possibility of 7-acid behaviour by
pyridine in pyridine-M(CO); could be probed by comparison of the structural
parameters of this complex with those of quinuclidine-Cr(CO),. The quinuclidine
ligand is less flexible than piperidine which can adopt chair or boat conformational
forms.

The quinuclidine-Cr(CO); complex is found to be an almost ideal octahedron
with the largest deviation of the angles C(1)-Cr(1)-C(2) being 3.2°. The four
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Table 7

Bond lengths (A) for quinuclidine-Cr{CO),

a1)-Cr(1) 1.824(9) C(2)-Cr(1) 1.887(5)
C(3)-Cx(1) 1.898(6) N(1)-Cr(1) 2.249(5)
o(1)-C(1) 1.115(11) 0(2)-C(2) 1.143(6)
0(3)-C(3) ) 1.142(7) C(4)-NQ1) 1.50(3)
C(5)-N(1) 1.48(3) C(6)-N(1) 1.54(3)
C(4")-N(1) 1.47(2) C(5")-N(1) 1.45(2)
C(6")-N(1) 1.54(2) c(D-C1@) 1.63(4)
C(8)-C(5) 1.55(5) (9)-C(6) 1.50(4)
Ca0)-C(7) 1.53(3) C(10)-C(8) 1.55(3)
C(10)-C(9) 1.513) C7")-C4") 1.52(4)
C(8")-C(5") 1.52(4) C9)-C(6") 1.53(3)
CQo)-c(7) 1.42(2) C(10)-C(8") 1.57(3)
C(10)-C(9") 1.61(3)

equatorial CO groups have small deviations of angles such as N(1)-Cr(1)-CQ2) (a
result of slight steric repulsion due to the close proximity (2.39 A) of the C(2)-0(2)
carbonyl ligand to the C(4) carbon of the quinuclidine).

Some of the bond lengths for the pyridine and quinuclidine-Cr(CO)5 complexes
are listed in Table 9. If pyridine has appreciable m-acceptor character, a shorten-
ing of the Cr-N bond in pyridine-Cr(CO); would be expected relative to that in
quinuclidine-Cr(CO);. As well, Cr-C(¢rans to N) should be longer for the pyridine
complex. The observed bond lengths bear out each of these predictions. Compar-
isons of CO bond distances within each complex and between the complexes are
not meaningful in view of the large standard deviations. Overall, the evidence is
suggestive of some 7-bonding for pyridine-Cr(CO); but it is not definitive in view
of an indeterminate contribution from steric factors.

Table 8

Bond angles (°) for quinuclidine-Cr{CO)s

C(2)-Cr(1)-Q(1) 86.8(2) C(3)-Cr(1)-C(1) 87.7(2)
C(3)-Cr(1)-C(2) 89.6(2) N(Q1)-Cr(1)-CX(1) 180.0
N(D)-Cr(1)-C(2) 93.2(2) N(1)-Cr(1)-C(3) 92.3(2)
O(1)-C(1)-Cr(1) 180.0 O()-C()-Cr(D) 174.0(5)
0(3)-C(3)-Cr(1) 174.5(6) C(4)-N(1)-Cr(1) 109(1)
C(5)-N(1)-Cr(1) 112(1) C(5)-N(1)-C(4) 112(2)
C(6)-N(1)-Cr(1) 110(2) C(6)-N(1)-C(4) 108(2)
C(6)-N(1)-C(5) 105(2) C(4’)-N(1)-Cr(1) 113(1)
C(5")-N(1)-Cr(1) 112(1) C(53")-N(1)-C4") 10%2)
C(6")-N(1)-Cr(1) 110(1) C(6")-N(1)-C@4") 103(2)
C(6")-N(D-C(5") 108(2) CAN-C4)-N(1) 108(2)
C(8)-C(5)-N(1) 112(3) C(9)-C(6)-N(1) 10%(2)
C(10)-C(71)-C(4) 108(2) C(10)-C(8)-C(5) 106(2)
C(10)-C(9)-C(6) 10%(2) C(7")-C(4')-N(1) 110(2)
C(8')-C(5")-N(1) 116(2) Cc(10)-(7)-C(4") 112(2)
(10)-C(8")-C(5") 105(2) 10)-C(9")-C(6") 107(2)
C(8)-C(10)-C() 109(2) C(9)-10)-C(N) 109(2)
C(9)-C(10)-C(8) 108(2) C(8")-C110)-C(7") 110(2)

C(9")-C(10)-C(7") 108(2) C(9")-C(10)-C(8') 106(2)
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Table 9

Comparison of selected bond lengths for quinuclidine and pyridine-Cr(CO); complexes

Bond pyridine-Cr(CO); ¢ quinuclidine-Cr(CO)s

Cr-N 2.165(4), 2.148(4) 2.249%(5)

Cr-C(trans to N) 1.846(6), 1.856(6) 1.824(9)

Cr-C(trans to CO) 1.890(4), 1.918(4), 1.887(5), 1.898(6)
1.893(4), 1.901(4)

C-O(trans to N) 1.152(6), 1.143(6) 1.115(11)

C-O(trans to CO) 1.145(4), 1.138(4), 1.143(6), 1.142(7)

1.132(4), 1.145(4)

“ Quoted from ref. 15; the two sets of parameters for pyridine-C{CO); arise from two molecules in an
asymmetric unit.

Conclusions

A comparative study is presented of the infrared carbonyl vibration frequencies,
electric dipole moments and optical polarisability anisotropies of pyridine and
p-substituted pyridine-M(CO); complexes (M = Cr, Mo or W) relative to the
corresponding physical parameters of the analogous trimethylamine and quinucli-
dine-M(CO); complexes. For the same ligand L in LM(CO)s, the trend in »(CO)A
is Cr < W < Mo. The carbonyl bands are, however, little affected by variation in L
or M and do not provide a sensitive probe of the electronic effects accompanying
such changes. The molecular dipole moments decrease in the order pyridine-
M(CO); > quinuclidine-M(CO); > trimethylamine-M(CO); for similar M; this
trend parallels that of the free amine ligands. Only small increases are found in the
LM(CO)s; moments with change of M from Cr to W. The data are interpreted to
suggest a degree of mw-back bonding in the pyridine complexes but the results are
by no means conclusive. Molecular polarisability anisotropies from experiment for
the pyridine and p-substituted pyridine-M(CO); complexes were compared with
anisotropies calculated for a model in which the pyridine is o-bonded to the metal
M. In all cases a strong enhancement of polarisability was found specifically in the
direction of the pyridine-M-trans(CO) axis. This is regarded as direct evidence for
conjugative interaction between the pyridine and M(CO); moieties and for a
significant #-bond component in the connecting N-M bond. This conclusion is
further illustrated and strengthened by comparing the directional polarisabilities
from experiment with those predicted for the o-bonded system. Additional though
qualified support comes from comparison of bond dimensions from the X-ray
crystal structure of pyridine-Cr(CO); and that now reported for quinuclidine-
Cr(CO)5.
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