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ABSTRACT

A number of M(CO)g—.L, complexes (M = Cr, Mo, W; L = piperidine, pyridine, pyra-
zine, pyrazoie, thiazole; x = 1, 2, 3) are shown to undergo both disproportionation and
subsiitution in a CO atmosphere, when heated on a thermobalance. Using a DSC, reaction
enthalpies have been determined from which enthalpies of formation were calculated.
Combined with the sublimation enthalpies of these complexes, individual metal—ligand
bond enthalpies were evaluaied and discussed.

INTRODUCTION

In our laboratory, thermochemical investigations have ceen performed on
a number of substituted tungsten carbonyls in order to obtain more quanti-
tative data on the strength of the metal—nitrogen bond [1,2]. Heats of reac-
tion have been determined using the DSC method for

[W(CO)e— L 1(s) + x CO(g) > [W(CO)](g) + x L(g)

Heats of decomposition and heats of iodination of substituted Group VIB
metal carbonyls have been measured recently on a microcalorimeter [3]. The
metal-nitrogen bond enthalpies evaluated in the various papers differ
considerably. This is mainly attributable to the lack of accuracy in the ent-
halpies of sublimation. Recently, in our laboratory, we have been able to
Lieasure vapour pressures using the Knudsen effusion method and thus calcu-
late accurate sublimation enthalpies. Results have been reported for a series
of mono-substituted Group VIB metal hexacarbonyls {4].

In this paper, we report on the thermochemical behaviour of the title
complexes under CO and N, atmospheres. Reaction enthalpies for the dis-
placement of ligand L by CO are determined.

Assuming that the M—C bond strength is constant going from M(CO), to
M(CO)¢—., estimates of the metal-nitrogen bond strength were made. Results
are compared with the relevant thermochemical data reported in the litera-
ture for nitrogen donor complexes [3].

* To whom correspondence should be addressed.
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EXPERIMENTAL
Preparations

The pyridine, pyrazine, pyrazole and thiazole metal pentacarbonyls were
prepared and characterized as previously reported [5,6]. The piperidine com-
plexes were synthesized as follows.

[M(CO )spiperidine] (M = Cr, Mo, W)

The mono-substituted complexes were prepared from the corresponding
[M(CO)sX]INEt, complex (X = Br for M = Cr, W and X = Cl for M = Mo) [7].
The salt was dissolved in a large excess of piperidine and stirred. After the
reaction was complete, excess piperidine was removed under vacuum. The
oily residue was dissolved in n-hexane. The solution was then filtered and the
solvent was removed under reduced pressure. Free piperidine was removed
by washing with water and drying with CaCl.. Yield 15%.

[M(CO)i(piperidine).] (M = Cr. Mo. W)

The bis product was prepared by refluxing 0.17 mole M(CO), in a 200 ml
1 : 1 mixture of piperidine and benzene at 90—100°C for 15 h (Cr, W)or 3 h
(Mo). The resulting yellow precipitate was filtered and washed with petrole-
um ether and n-pentane and then dried in vacuum. Yield 50—75%.

[Mo(CO )i(piperidine),]

Mo(CO)¢ was dissolved in a large excess of piperidine and refluxed at
120°C until conversion was complete (after about 15 h, checked by IR
spectra of the CO stretching region). Further purification was carried out as
for the bis product. Yield 60%. Note: efforts to prepare the Cr and W com-
plexes thermally failed because the reaction stopped after bis substitution.

Gas chromatography

The gaseous products from the piperidine complexes were qualitatively
detected by a gas chromatograph connected to the exit of the thermobal-
ance. The column (/=150 cm, ¢ =4 mm) was filled with Chromosorb-W
dried in advance at 150°C and loaded with 10% KOH and 30% ethylene
glycol. Experimental conditions: injection temperature 250°C, column tem-
perature 250°C, detection temperature 150°C, gasflow 50 ml min~'. The
retention time of the products, metal hexacarbonyl about 90 s and piper-
idine 120 s, enabled a fast measurement and sufficient separation.

Thermochemical measuremernts

The thermogravimetric measurements were carried out using a Mettler
thermobalance type 1. Simultaneously, a DTA signal was monitored with a
NiCr/Ni thermocouple. The heating rate was 4 deg min~! and the gas flow
was 101 h~1.

Reaction enthalpies were determined using a DSC (DuPont type 990). The
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dynamic atmosphere was maintained at a flow rate of 51 h™! and the heating

ratn wrac 9 Ar K Ao vmin~]l Mha carmmn 2n wmrao alias = Mlhha awan [ow PoRe
LALT wdo L UL U ucs 111111 - ].l..l.c ad‘uylc bl.lat: wWdd d.lJUub J I.IJ.E ].].].c alcdad UIIUCI.

the DSC thermogram was assumed to be proportional to the reaction enthal-
py. The apparatus was calibrated by measuring the enthalpy of fusion of
pure indium.

Areas under the thermogram were measured with a Hewlet-Packard
digitizer (9864 A) and with a Hewlet-Packard calculator (9810 A). Uncer-
tainty intervals in the reaction enthalpy are expressed as twice the standard
deviation of the mean from at least ten measurements.

The baselines of the thermograms were approximated by a straight line

nd final ra
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Auxiliary data

The following auxiliary enthalpies were used in evaluating the experimen-
tal results: H{(CO, g) = —110.5 (ref. 8); HY(piperidine, g) = —47.0 (ref. 9);
H}(pyridine, g) = 140.7 (ref. 10); H}(pyrazine, g) =196.1 (ref.11); Hj}-
(pyrazole, s) = 118.5 (ref. 12); HZ[Cr(CO)s, g] = —908 (ref. 13); H?-
[Mo(CO)¢, g] = —915 (ref. 13); H[W(CO),, g] = —884 (ref 13); HX(Cr, g) =

397 (ref. 14): LIO/NTA o) = 2aN (ref. 15): H%W g} =850 ~af 1EN- ALT
UU i \LlTL. 1), LIf\iIViU, 5] OOV \(lLti. 10, 11[\\\,5} ovyv \l.r:J. 10}, =idgypl”

[Cr(CO)spiperidine] = 93.5 (ref. 4); AH,,,,,[Mo(CO):piperidine] = 94.5 (ref.
4): AH_ .., [W(CO):piperidine] = 106.4 (ref. 4); AH_,,;[Cr(CO):pyridine] =
103.2 (ref. 4); AH ) [Mo(CO);pyridine] = 10‘7 0 (ref. 4); AH, 1,1 [W(CO);-
pyridine] = 109.7 (ref. 4); AH_,,,[Cr(CO)spyrazine] = 99.7 (ref. 4); AH_ ;-
[W(CO)spyrazine] = 108.4 (ref. 4): AH_,,; [Cr(CO)spyrazole] = 88.4 (ref. 4);
AH i1 [W(CO);spyrazole] = 112.5 (ref. 4);: AH_,,, [Cr(CO):thiazole] = 102.0
(ref. 4).

RESULTS
[M(CO)spiperidine] (M = Cr, Mo, W)

The complexes reacted under a CO atmosphere according to

coO
IN(CO) nineridinel(s) — IMNICO).pineridinel(]) M N\HCO), (o)
L-viy U/ sl Civs), Lavay oS sl S ivay L L AW AS -V
+ piperidine(g) (1)

The hexacarbonyl and piperidine products were produced in the gaseous
state, so that no residue was expected or detected. Both products were
detected qualitatively by gas chromatography. The DTA signal consisted of
two steps (see Fig. 1); melting of the complex, dire(,tly followed by the sub-

stitution reaction. The two steps were not separated quantitatively, comnse-
quently the heat of reaction reported (AH,) includes both steps. The data

are comniled in Tahle 1.
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Under a N, atmosphere, two distinct steps could now be observed in the
thermogram (Fig. 2).
In the first step, two distinct DTA signals could be distinguished, these
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Tig. 1. The thermogram of [W(CO)spiperidine] under CO atmosphere, the conditions are
as specified in the experimental section.

being the melting of the complex directly followed by a reaction. Tsing
infrared spectroscopy, the residual reaction product of the first step was
found to be [M(CO)i(piperidine).]. Further the weight loss corresponded to
the disappearance of metal hexacarbonyl in agreement with the reaction

2 [M(CO);spiperidine] (s) =~ 2 [M(CO);piperidine] (1) = [M(CO)s](g)

+ [M(CO).(piperidine),](s) (2)
Chromatographically, only the presence of metal hexacarbonyl could be
detected in the dynamic N.-atmosphere.

The second step turned out to be mainly a decomposition reaction accord-
ing to
[M(CQ).(piperidine).] (s) > M(s) + 4 CO(g) + 2 piperidine(g) 3)
Both the residual weight of the metal and the chromatographic detection of

TABLE 1
Results of the substitution reaction of piperidine by CO

T; Tp1 Tp Ty AH,
Cr(CO)spiperidine 62 73 149 170 85+8
Mo(CO)spiperidine 48 78 112,129 143 108 £ 8

W(CO)spiperidine 80 104 146 169 101 +8
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Fig. 2. The thermogram of [Mo(CO)spiperidine] under N, atmosphere, the conditions are
as specified in the experimental section.

piperidine confirmed this assumption. This second step, however, could not
be analyzed quantitatively since this reaction occurred concurrenily with
substitution of piperidine by free CO. This free CO originated from reaction
(3). Indeed, the presence of some metal hexacarbonyl was detected in the
gas phase during the second step.

So only the quantitative results of the disproportionation reaction inciud-
ing melting of the complex are gathered in Table 2.

Disproportionation may also occur under a CO atmosphere. However, as
this alternative route led to the same products as produced in eqn. (1) this
did not affect the determined reaction enthalpy. It may explain the addi-
tional features in the DTA curves as observed for some mono-substituted
complexes under a CO atmosphere. An example of the competition between
the two pathways is shown by the DTA curve of [Mo(CO)spiperidine] in
Fig. 3 (compare with Fig. 1).

TABLE 2

Results of the reaction under N, atmosphere

T, Topp T, Te AH, T: T, T¢

Mo(CO)spiperidine 60 76 81 110 129 22+6 129 184 198
W(CO);piperidine 82 101 110 122 135 276 165 197 216
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Fig. 3. The thermogram of [Mo(CO)spiperidine] under CO atmosphere, the conditions
are as specified in the experimental section.

[M(CO )4 piperidine),] (M = Cr, Mo, W)

Under a CO atmosphere, both the thermogram and the DTA curve showed
one step (see Fig. 4) corresponding to

[M(CO)a(piperidine),](s) + 2 CO(g) > [M(CO)s] (g) + 2 piperidine(g) (4)

Evidently, the di-substituted complexes do not melt before the reaction. The
residual weight was negligible. The thermodyamic data are summarized in
Table 3.

For the formation enthalpy of the di-substituted complexes we have data
from two independent pathways, i.e. substitution according to reaction (4)
and disproportionatior of [M(CO;spiperidine] according to reaction (2).
This enables us to calculate the formation enthalpy in two entirely different
ways. As is shown below, the two ways gave concordant results Lc within

TABLE 3
Results of the substitution reaction of piperidine by CO

T Ty T AH,
Cr(CO)a(piperidine) 68 153 164 119+ 8
Mo(CO)4(piperidine), 85 153 170 164 +12
W(CO)4(piperidine), 118 155 181 141 + 12

Mo(CO)3(piperidine); 58 133 148 138 + 20
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DTA
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Fig. 4. The thermogram of [Mo(CO)4(piperidine), ] under CO atmosphere, the conditions
are as specified in the experimental section.

experimental error, thus giving support to the results obtained.

Using AH,(1) = AH_(2) + AH.(3) in kJ mole™!; Mo: 2(108 + 8) =164 *
12+ 2(22 + 6) and W: 2(101 £ 8) =141 + 12 + 2(27 £ 6) where AH_ (1) is
the substitution enthalpy of two mole [M(CO)spiperidine}, AH,(2) is the

TG~~~

DTG =" -==--..

DTA

50 100 150
Fig. 5. The thermogram of [Mo(CO);(piperidine);] under CO atmosphere, the conditions
are as specified in the experimental section.

%
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substitution enthalp» of one mole [M(CO),(piperidine),] and AH,(3) is the
disproportionation of two mole [M(CO)spiperidine].

9[M(CO)spiperidine](s) + 2 CO(g) =2 2[M(CO)}(g) + 2 piperidine(g)
N el
AHI3 7 AHL(2)

[M(CO)¢1(g) + [M(CO);(piperidine).](s) + 2 CO(g)
Scheme 1

[Mo(CO )s(piperidine )]

It could be deduced from the thermogram of [Mo(CO);(piperidine);]
under a CO atmosphere (see Fig. 5) that no melting occurred and that CO
substitution took place according to

[Mo(CO)s(piperidine);](s) + 8 CO(g) > [Mo(CO)¢](g) + 3 piperidine(g) (5)

The DTA signal showed a small thermal effect at about 70°C followed by
the main step with - maximum at 130°C. With infrared, it could be demon-
strated that the samyle at 80°C consisted mainly of [Mo(CO)4(piperidine),]
indicating a stepwise conversion from the tri- to the di-substituted complex.

The results are presented in Tabie 3.
[M(COjspvridine] (M = Cr, Mo, W)

These complexes behaved in a similar manner under CO and N, atmo-
spheres as the mono-substituted piperidine compiexes.
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Fig. 6. The thermogram of [Mo(CO)spyridine] under CO atmosphere, the conditions are
as specified in the experimental section.
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TABLE 4
Results of the substitution reaction of pyridine by CO

T; T T, T¢ AH,
Cr(CO)spyridine 87 98 128 142 75% 6
Mo(CO)spyridine 79 87 20 98 129 142 57+ 32
W(CO);spyridine 95 109 116 85 165 185 83+ 10

* This enthalpy consists of AH (disproportionation of [Mo{CO)spyridine]) = 30 * 2 kJ
mole~! and AH (substitution of [Mo(CO)4(pyridine}s |) = 5.1 % .1 kJ mole™!.

Special attention was warranted by the thermogram of [Mo(CO)spyri-
dine] under a CO atmosphere. Two separate steps were observed (see Fig. 6
in comparison with Figs. 1 and 3). Both infrared spectroscopy of the residual
reaction product and the weight loss corresponded to a disproportionation
reaction. The reaction enthalpy of the first step agreed to within experimen-
tal error with the enthalpy of disproportionation observed under a N, atmo-
sphere. Thus it is avident that disproportionation is much faster than substi-
tution after the [Mo(CO)spyridine] has melted under a CO atmosphere. The
second step is due to substitution of the bis substituted product. The results
are tabulated in Table 4.

[M(CO)spvrazine] (M = Cr, W)

For these complexes, during the first stage of the observed thermogram
(see Fig. 7) the melting and reaction steps could not be distinguished. The

-
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i
I
|
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Fig. 7. The thermogram of [W(CO)s;pvrazine] under CO atmosphere, the conditions are
as specified in the experimental section.



78

TABLE 5

Results of the reaction of M(CO)spyrazine under CO atmosphere

Ty, Tp Tp Tt AH, T; Tp T; AH,,

I

Cr(CO)spyrazine

75 36 95 103 23 &
W(CO)spyrazine 85 23 +

148 158 168 9
i01 108 118 1

1 157 175 195 4

same reaction occurred both under CO and N, atmosphere and it is there-
fore evident that CO was not involvad in this reaction. The loss of weight,
40 a.u., is equal to half the weight of one pyrazine molecule indicating that
reaction (6) took place.

2 [M(CO)spyrazine](s) > [[M(CO)s].pyrazine](s) + pyrazine(g) (6)

This binuclear product was characterized by elemental and infrared
analyses [16]. The pyrazine in the complex bridges the two pentacarbonyl
moieties.

This binuclear complex was stable at quite elevated temperatures. How-
ever, it reacted under a CO atmosphere, before melting, as indicated by the
second stage of the thermogram (see Fig. 7) according to

[[M(CO)s]:pyrazine](s) + 2 CO(g) - 2 [M(CO),](g) + pyrazine(g) (7)

The residual weight was again negligible.

The enthalpies of reactions (6) and (7) could be determined indepen-
dently. In reaction (6), a metal—nitrogen bond was broken and another
formed. In reaction (7), two metal-nitrogen bonds were broken and two
metal—carbonyl bonds formed. The sum of both reactions represents the heat
of substitution. All these data are collected in Table 5.

Other [M(CO)s;L] complexes
These complexes reacted in a similar manner to the mono-substituted

metal hexacarbonyls of piperidine. All relevant thermochemical data are col-
lected in Table 6.

TABLE 6
Results of the substitution reaction of M(CO)sL under CO atmosphere

T; Tp1 Tp T AH,
Cr(CO)spyrazole 55 78 143 153 84+6
W(CO)spyrazole 77 94 138 156 58+ 6

Cr(CO)sthiazole 62 83 115 136 846
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DISCUSSION
Justification of the method

In order to deduce relevant data from the measurement, several assumptions
and approximations have to be made. Reaction enthalpies under standard
conditions are obtained from Scheme 2.

AH,
[M(CO)e—L.1(s, T}) +x CO(g, T;) — [M(CO)sl(g, T) +x L(g, T})
T 1 0 t
Cp(complex, s) x C,(CO, g) C, (M(CO)s, g8) x Cp(L, g)
l [ an? l !

[M(CO)e_.L.1(s, 298 K) + x CO(g, 298 K) o IVM(CO)el(g, 298 K) + x L(lg, 298 K
Scheme 2

The reaction temperature, T,, is a mean value since a temperature range is
involved. In the case of the mono-substituted complexes, the scheme is com-
plicated by melting of the complex before the reaction. In most cases, no
accurate specific heat data of the substituted complexes and of the ligands
were available. The assumption was made that specific heats of reactants and
products were equal and that Kirchoff’s corrections were negligible. An esti-
mation of the error involved can be made by approximating C,(M(CU)¢—. L.,
s) by Cp(M, s) + (6 —x) CL{CO, g) + x C,(L,1). Specific heat data on piperi-
dine and pyridine both in the liquid and gaseous state are available in the
literature [9,17,18] as well as C,(M(CO),, g) and C,(CO, g) [13,8]. The cor-
rection turns out to be about 5 kJ mole™! and about the same for all mono-
substituted piperidine and pyridine metal hexacarbonyls, when the reaction
temperature is raised by 100 K.

Taking into account these considerations, the enthalpy of substitution in
the gas phase, AH_ s, can be calculated from

[M(CO)s—. L. 1(s) + x CO(g) == [M(CO)c](g) + x L(g)

~.. -

A”subst:\\\,_ - AHgybl.
~

e

[M(CO)g—L.](g) +x CO(g)
Scheme 3

Another source of systematic error may be introduced by the construc-
tion of the baseline of the thermogram during the reaction, since the initial
and final reaction temperature are not well defined and the baseline before
and after the reaction may shift.

In order to calculate the metal-nitrogen bond enthalpy D(M—N) in the
mono-substituted complex, it is necessary to know the metal—carbonyl bond
enthalpy derived from the reaction [M(CO)¢]l(g) = [M(CO);s]1(g) + CO(g). This
enthalpy is unknown. Thus we approximated D(M—CO) to one sixth of the
disruption enthalpy of the metal hexacarbonyl according to [M(CO)s](g)
M(g) + 6 CO(g)-
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The thermochemical data

The enthalpies of formation of the metal hexacarbonyls, carbon monox-
ide and the ligands are known from the literature (see auxiliary data). The
previously v:zknown enthalpy of sublimation of pyrazole was measured by
us with a Knudsen effusion cell [4], A ,, (pyrazole)=71.8 + 1.0 kd
mole™! in the temperature range 250—275 K. The orifice diameter was 0.1
mm. The enthalpy of sublimation, AH_,,,,; for all the mono-substituted com-
plexes involved have been published recently [4]. Thus with the assumptions
made earlier on the reaction enthalpy, AH,, it is possible to calculate the
enthalpy of formation of the mono-substituted complexes from the equa-

tions
H¢[M(CQO):L, s] = H[M(CO)q, g] + Hf(L, gy — H((CO, g) — AH,
H:[M(CO)sL, g] = H; [M(CO)sL, s] + AHgup[M(CO)sL]

From the formation enthalpy of the complex and the ligands, the sum of

the metal—ligand bond enthalpies can be deduced. This total disruption
enthalpy is defined by

AHlgis

[M(CO)sL](g) M(g) + 5 CO(g) + L(g)

The contribution of the metal—nitrogen bond enthalpy to the total disrup-
tion enthalpy could be calculated from the relationship D(M—N) = AH ;. —
5 D(M—CQO). If the results are evaluated in this way, the measured reaction
enthalpy is thought to consist of

AH, = AHgup [M(CO)sL] + AHgup5 [M(CO)s L]

(see Scheme 3) with AH_,,.. [M(CO):L] = D(M—N) — D(M—CO).
All the measured and calculated data from the mono-substituted com-
plexes are collected in Table 7.

TABLE 7

Data for mono-substituted complexes

AH, Hj isolid) Hy (gas) AHg;e D(M—N)
Cr{CO)spiperidine 85+ 8§ —930 —836 634 99
Mo(CO)spiperidine 108 + 8 —960 —865 926 166
W(CO)spiperidine 101+ § —922 —815 1066 173
Cr(CO)spyridine 75+ 6 —732 —629 614 79
Mo(CO)spyridine 57+ 3 —721 —619 867 107
W(CO)spyridine 83 %10 —716 —606 1044 151
Cr(CO)spyrazine 32+ 5 —633 —534 575 40
W(CO)spyrazine 64 4 —641 —533 1027 134
Cr(CO)spyrazole 841+ 6 —691 —603 638 103
W(CO)spyrazole 58+ 6 —641 —529 1017 124
Cr(CO)sthiazole 84 6 a a 624 89

2 Because no data on fAs (thiazole) are available in the literature, these values could not
be calculated.
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TABLE 8

Data for di- and tri-substituted complexes

AH, Hj (solid) AH b1 D(M—N)
Cr(CO),(piperidine), 119+ 8 —900 110 112
Mo(CO),(piperidine); 164+ 12 —052 110 179
W(CO)s(piperidine), 141+ 12 —898 114 161
Mo(CO)is(piperidine); 138 + 20 —863 118 159
Mo(CO)4(pyridine), a —467 113 123

2 Calculated from the disproportionation reaction of [Mo(CO)spyvridine], see note in Ta-
ble 4.

Determination of the sublimation enthalpies of the di- and tri-substituted
complexes with the Knudsen effusion method failed. Estimates of these
sublimation enthalpies could be made, however, by assuming a linear rela-
tionship between dipole moment and sublimation enthalpies. Using data
from ref. 4, illustrated in Fig. 2, it was calculated that AH_,,; = 4.2 u + 75.
In addition, Strohmeier [19] showed that the additivity rule of partial dipoi«
moments is an acceptable approximation. From the measured AH,, the esti-
mated AHg,, and the cycle in Scheme 3, the following relationships were

deduced.

M(CO),L.: D(M—N) = L [AH, — AH,;,; + 2 DIM—CO)]
M(CO);Ls: D(M—N) = L [AH; — AHp,; + 3 D(M—CO)]

D(M—CO) was again approximated to one sixth of the decomposition
of metal hexacarbonyl in the gas phase. The results are presented in
Table 8. A comparison between the D(M—N) of the mono-, di- and ftri-
substituted complexes revealed that the di-substituted complexes had
a somewhat higher metal-—nitrogen bond enthalpy. This may, however, be
due to the assumptions made.

Recently, Skinner et al. published the enthalpies of formation of a num-
ber of pyridine and acetonitrile substituted Group VIB metal carbonyls [3].
Although these complexes nicely extend our series, unfortunately their com-
plexes are not the same as our complexes. So a direct comparison of the
results is not possible. In Table 9, we collected the solid state formation ent-
halpies that were measured by Skinner et al., and the sublimation enthalpies

TABLE 9

Data for substituted complexes from the literature

H; (solid) 2 H; (gas) D(AI—N)
Cr(CO)s(pyridine); —505 —392 100
Mo(CO)i(pyridine)s —275 —153 149
W(CO);(pyridine); —250 —1241 177

a2 Ref. 3.
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estimated from the dipole moment of the complexes. From these data and
D(M—CO) we calculated D(M—N). The calculated values of D(M—N) of ref. 3
are somewhat higher than our values. However, Skinner’s values fitted well
within the observed trends: [Cr(CO)spyridine], [Cr(CO).(pyridine),] [3],
[Mo(CO)spyridine], [Mo(CO),(pyridine).] and [Mo(CO)spyridine], [Mo-
(CO)a(pyridine), ], [Mo(CO)i(pyridine)s] [3].

From AH ..., [M(CO);L.= D(M—N) — D(M—COQO), a direct comparison
between the metal—nitrogen and the metal—carbonyl bond enthalpies can be
made in the mono-substituted complexes. Except for AH, ;¢ [Mo(CO)s-
piperidine], all the substitution enthalpies turned out to be negative. So it is
concluded that, in general, D(M—CO) > D(M—N).

In agreement with ref. 3, we found that D(Cr—N) < D(Mo—N) < D(W—N).
This observation is quite general [20]. Because piperidine is able to form
only a o-bond, this trend can be ascribed to an increase in the og-bond
strength on descending Group VIB. It should, however, be realized that the
D(M—N) is evaluated from the metal in its ground state. Just like the
D(M—CO) of the hexacarbonyls, the strength of the metal—nitrogen bond in
the complex is related to the metal in its hypothetical valence state [21].

The pK,-value of L. or the ionization potential of the nitrogen lone pair is
often used to describe the o-donating properties within a series of ligands.
Evidently thiazole (pK, = 2,4; i.p. = 10.5 eV) and pyrazole (pK, = 2.5; i.p. =
10.7 eV) are expected to form a weaker o-bond than pyridine (pK, = 5,2;
i.p.=9.67 eV) or piperidine (pK,=11.2; i.p=8.67 eV), whereas the
D(Cr—N) values are 89, 103, 79 and 99 kJ mole™’, respectively. This means,
that an obvious relation between o-donating parameters such as pK, and
ionization potentials and the chromium—nitrogen bond enthalpy does not
exist. In agreement with the low basicity of pyrazine (pK, = 0.65), a low
value of 40 kJ mole~! is found for D(Cr—N) in Cr(CO);s pyrazine. Apart from
other effects, m-bonding between metal and ligand may disturb such a rela-
tion ship. Within the limited series studied, D(W—N) decreases when the o-
donating properties of L. become smaller.

CONCLUSIONS

The enthalpy of substitution and disproportionation couid be determined
for a series of Group VIB metal carbonyls, which enables us to estimate the
M—N bond enthalpy. It is indicated that D(M—N) slightly increases going
from mono-, di- tG tri-substituted complexes. It is shown that D(M—N) <
D(M—CO) and, within the assumptions made that D(Cr—N) < D(Mo—N) <
D{W—N). The pK, and ionization potential of the nitrogen lonea pair are not

proper parameters to describe the trend of D(Cr—N) in contrast with D-
(W—N).
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