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to brown occurred, and after 1 h the mixture was concentrated
and extracted with ether. The solvent was removed, and y-bu-
tyrolactone (15) was characterized by comparison with an au-
thentic sample.

(CO);Cr[S=CO(CH,),CH,] (16). Sulfur (0.4 g) was added
to a solution of 5 mmol of 7 in 25 mL of ether. The mixture was
warmed under reflux for 24 h and filtered. The solvent was
evaporated, and the residue was purified by chromatography on
silica gel at ~25 °C by using dichloromethane/pentane (1/4) as
eluent. After unreacted 7 (0.11 g) the thiono lactone complex 16
was obtained as yellow crystals: mp 71 °C; yield 1.23 g (84%);
IR (hexane) vog 2067 (m), 1949 (vs), 1930 (s) cm™}; 'H NMR
(acetone-dg) 6 0.93 (qui, 2 H, 4-CH,), 2.02 (t, 2 H, 5-CH,, 3Jy
= 7 Hz), 3.65 (1, 2 H, OCH,); 3C NMR (acetone-d;) 25.2 (4-C),
45.0 (5-C), 82.5 (3-C), 216.3 (CO), 223.8 (COprps); 228.7 ppm (1-C);
Anal. Caled for CoH(CrOgS: C, 36.74; H, 2.05; Cr, 17.67; O, 32.63;
S, 10.90; mol wt, 294.20. Found: C, 36.54; H, 2.00; Cr, 17.46; O,
32.28; S, 10.60; mol wt, 294.

S=CO(CH,),CH, (17). A solution of 1.4 mmol of 16 in 20 mL
of di-n-butyl ether was warmed to 130 °C for 4 h. The mixture
was filtered, the solvent was removed, and the residue was worked
up by thick-layer chromatography. Elution with dichloromethane
afforded the thiono lactone 17 which was characterized by com-
parison with an authentic sample; yield 0.08 g (56%).
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The energetics of Mo—N,Ph,, Ti-N,Ph,, Ti-I, and Ti-CO bonds in bis(cyclopentadienyl) complexes have
been investigated. Metal-azobenzene and metal-iodine bond enthalpy terms, E(M-L), and bond dissociation
enthalpies, D(M-L), were obtained by using calorimetric results for the standard enthalpies of formation
of M(Cp),(PhN=NPh) (M = Mo, Ti; Cp = #°-C;H;) and Ti(Cp)sI;. The “low” E(M~N) values derived
for the azo complexes indicate an interaction between the metal and the azobenzene ligand that is not
very strong, in agreement with the proposed bonding model for Ti(Cp),(PhN=NPh). Analysis of the Ti-I
bond energetics enabled a discussion on the validity of transferring metal-halogen bond enthalpy terms.
Knudsen effusion measurements on Ti(Cp),(CO), allowed the re-evaluation of Ti—-CO bond enthalpies.

Introduction

The available industrial processes for direct reduction
of dinitrogen to ammonia (Haber process) or amines
-(Cyanamide process) require drastic conditions of tem-
perature and pressure, which cause a high consumption
of expensive and nonrenewable fossil fuels."? This has
fostered the search for alternative methods to reduce di-
nitrogen under milder conditions."”? Since the conversion
of N, to NH; via the enzyme nitrogenase takes place in
nature at 1 atm and 298 K and this process seems to be
promoted by a transition-metal ion at the enzyme site, it
should be possible to reproduce the enzymatic reactions
in simple model systems.!™* Research efforts on the
mechanism of nitrogenase action were paralleled by the-
oreticall® and experimental'™® studies on the preparation,
structure, bonding, and reactivity of nitrogen-containing

complexes, enabling the development of catalytic systems
to reduce dinitrogen to nitrogen hydrides or organic ni-
trogen compounds.’®?# This interest contrasts with the
present paucity of data on the energetics of transition-
metal-nitrogen bonds which are relevant for the N, fixa-
tion processes.6® Thermochemical studies of transition-
metal complexes containing M-N bonds have been re-
stricted to the n'-coordination mode,®® and only in one
case® was the ligand dinitrogen; no information exists about
the energetics of n® coordination of azo compounds to
metals despite the fact that.a side-on-coordinated diimide
(HN=NH) intermediate has been postulated for the ac-
tivation of coordinated dinitrogen.

The well-known activity of some molybdenum and ti-
tanium compounds toward activation of dinitrogen'™ and
the common use of azobenzene as a model for diimide!?

(1) (a) Hardy, R. W. F.; Havelka, U. D. Science (Washington, D.C.)
1975, 188, 633. (b) Diltworth, J. R.; Richards, R. L. Comprehensive
Organometallic Chemistry; Wilkinson, G., Stone, F. G. A,, Abel, E. W,
Eds.; Pergamon: Oxford, 1982; Vol. 8, Chapter 60. (c) Pelikan, P.; Boca,
R. Coord. Chem. Rev. 1984, 55, 55.

(2) Leigh, G. J. New Trends in the Chemistry of Nitrogen Fixation;
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led us to investigate the thermochemistry of M(Cp),-
(PhN=NPh) complexes (M = Ti, Mo; Cp = 5-C;H;).

To derive thermochemical data for Ti(Cp),(PhN=NPh),
it was necessary to determine the enthalpy of formation
of Ti(Cp),I, from the reaction of Ti(Cp),(CO), with iodine.
Subsequent analysis of the energetics of the Ti~I bond
proved to be valuable in discussing the transferability of
metal-halogen bond enthalpy terms which is a basic as-
sumption for the calculation of bond enthalpies in bis-
(cyclopentadienyl) complexes.

This paper also describes vapor pressure measurements
on Ti(Cp),(CO),, enabling the re-evaluation of Ti—-CO bond
enthalpy term and the estimation of bond dissociation
enthalpies.

Experimental Section

Compounds. The complexes were synthesized and purified
as described in the literature.!' trans-Azobenzene was made by
Vogel’s procedure and purified by chromatography.'*!3 To
prepare cis-azobenzene, a saturated solution (500 mL) of the trans
isomer in acetic acid was irradiated at 0 °C with a 200-W light
bulb for about 16 h. Hartley’s method was used to extract the
compound, which was then purified by chromatography.’®* The
reaction solutions for the calorimetric experiments were prepared
from Merck p.a. toluene and B.D.H. AnalaR iodine, which were
used without further purification. For the titanium-azobenzene
experiments, the solvent was also dried and distilled over sodium
and kept under argon.

Vapor Pressure Measurements. The enthalpy of sublima-
tion of Ti(Cp)4(CO), was derived from pressure-temperature data
obtained with a Knudsen cell.’® The Ti(Cp),(CO), vapor effused
through a circular hole with an area of 9.09 X 1078 cm?, drilled
in a 2.09 X 1078 cm thick copper foil soldered on a bronze lid. The
temperature was controlled to £0.01 K by a Haake ED “Unitherm”
thermostat and measured to £0.01 K with a calibrated mercury
thermometer. The mass loss was determined by weighting the
cell to £1075 g with a Sartorius 2474 balance. When the same
sample was used for ca. three or four runs, some decomposition
could be detected at the upper surface of the solid in the form
of greenish yellow spots. This problem was avoided by charging
the cell with freshly sublimed Ti(Cp),(CO), before each experi-
ment. No signs of reaction between the complex and the bronze
cell were observed.

Calorimetry. The reaction and solution enthalpies were
measured in the reaction solution calorimeter previously de-
scribed.’® To ensure an inert atmosphere in the calorimetric
vessel, pure argon or nitrogen was bubbled through the solvent
for 45 min before each run. This procedure was followed in all
the systems studied. The glass bulbs containing the samples for
the calorimetric runs were sealed under argon or nitrogen.

Reactions. Thermochemical measurements on reactions 1-3

Mo(Cp)o(PhN=NPh)(c) + I,(soln) —
Mo(Cp),ls(c) + trans-PhN=NPh(soln) (1)

Ti(Cp)y(PhN=NPh)(c) + I,(soln) —
Ti(Cp)yly(soln) + trans-PhN==NPh(soln) (2)

Ti(Cp)o(CO)4(c) + Iy(soln) — Ti(Cp)yls(soln) + 2CO(g) 3)

were used to derive the standard enthalpies of formation of the
complexes. The reactions were assumed to be quantitative, as
described in the literature,!>!7 and the products were confirmed

(11) (a) Nakamura, A.; Aotake, M.; Otsuka, S. J. Am. Chem. Soc. 1974,
96, 3456. (b) Fochi, G.; Floriani, C.; Bart, J. C. J.; Giunchi, C. J. Chem.
Soc., Dalton Trans. 1988, 1515. (¢) Demerseman, B.; Bouguet, G.; Big-
orgne, M. J. Organomet. Chem. 1975, 101, C24.

(12) Vogel, A. 1. Textbook of Practical Organic Chemistry; 4th ed,;
Longmans, Green and Co.: New York, 1978.

(13) Moura Ramos, J. J.; Lemmers, M.; Ottinger, R.; Stien, M. L.;
Reisse, J. J. Chem. Res., Miniprint 1977, 658.

(14) Hartley, G. S. J. Chem. Soc. 1938, 637.

(15) The Knudsen cell setup is a modified version from the one re-
ported in: Calado, J. C. G.; Dias, A. R.; Minas da Piedade, M. E.; Mar-
tinho Simdes, J. A. Rev. Port. Quim. 1980, 22, 53.

(16) Calado, J. C. G.; Dias, A. R.; Martinho Simbdes, J. A.; Ribeiro da
Silva, M. A. V. Rev. Port. Quim. 1979, 21, 129.
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Table I. Vapor Pressure of Ti(Cp),(CO),

T/K t/s mig 10*p/torr
296.88 111104 0.01329 2.5710
297.50 81011 0.01067 2.8332
298.45 80682 0.01187 3.1687
298.85 105889 0.01620 3.2970
299.44 81480 0.01330 3.5204
300.01 77318 0.01285 3.5876
300.09 79191 0.01379 3.7589
300.67 80220 0.01481 3.0882
301.14 84496 0.016 83 4.3049
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Figure 1. Vapor pressures of crystalline Ti(Cp),(CO),.

by IR analysis. Molar ratios of iodine:complex varied from ~5.0
to 8.0, ~3.0 to 6.0, and ~1.7 to 3.0, respectively, for reactions
1-3. The absence of cis-azobenzene as a product of reactions 1
and 2 is discussed in the Results.

Results

Vapor Pressure Measurements. Results from the
effusion measurements are shown in Table I and Figure
1.

The vapor pressures (p/torr) were calculated through
eq 4 and 5518 where m/g is the weight loss of compound

- ﬂ(21rRT)1/2( 3 +8r) 1 @
A\ M 8r J\ 1+ 048r/2)

A= kT /(2 2rc%p (5)

from the cell during the time ¢ /s, A/cm? is the area of the
effusion hole, M/g mol™ is the molecular weight of the
gaseous species, 7/K is the temperature, r/cm is the hole
radius, {/cm is the thickness of the foil where the hole was
drilled, A/cm is the mean free path, £ and R are the
Boltzmann and gas constants, and ¢/cm is the collision
diameter of the complex (a value of 710 pm was estimated
from projections of the molecular structure of the com-
plex!®® on the x, y, z planes; van der Waals radii were
considered!®®). A change of ca. 10% in the collision di-

(17) (a) Floriani, C.; Fachinetti, G. J. Chem. Soc., Chem. Commun.
1972, 790. (b) Murray, J. G. J. Am. Chem. Soc. 1961, 83, 1287.

(18) (a) Edwards, J. W.; Kington, G. L. Trans. Faraday Soc. 1962, 58,
1323. (b) Andrews, J. T. S.; Westrum, E. F., Jr.; Bjerrum, N. J. Orga-
nomet. Chem. 1969, 17, 349.

(19) (a) Atwood, J. L.; Stone, K, E.; Alt, H. G.; Hrncir, D. C.; Rausch,
M. D. J. Organomet. Chem. 1977, 132, 367. (b) Huheey, J. E. Inorganic
Chemistry, Harper & Row: London, 1975.



Energetics of Mo-NyPhgy, Ti-N,Ph,, Ti-I, and Ti-CO Bonds

Table II. Auxiliary Thermochemical Data (kJ mol™?)

Organometallics, Vol. 6, No. 7, 1987 1429

Table II1. Thermochemical Results (kJ mol™!)

molecule AHP AHpS® complex -AH, AHy, AHg,
Mo(Cp),Cly(c) —95.8 £ 2.5° (100.4 £ 4.2)b Mo(Cp),(PhN=NPh) 1688 3.1 0° 20.51 % 0.35
Mo(Cp).la(c) 69.8 + 7.8° (100.4 £ 4.2)° Ti(Cp)y(PhN=NPh) 1579+ 100 58 +20 1895 + 0.59
Mo(Cp),H,(c) 210.3 = 5.7': 92.5 + 2.1: Ti(Cp)4(CO), 8425 £ 0.53 5.8 20 0b
Ti(Cp),Cl -383.2 £ 7.5 1188 £ 2.1
Ti% (gz 2(©) ~977.3 + 8.4¢ ¢ Reference 16. ®The molar fraction of CO in toluene (at 1 atm
tra:ts-PhN=NPh(c) 3205 + 1.7 93.6 + 2.8% of partial pressure and 298 K) is 8.11 X 10~ and AHd = 1.87 kd
311.3 + 3.4¢ mol! (Withelm, E.; Battino, R. Chem. Rev. 1973, 73, 1). Therefore
¢is-PhN=NPh(c) 362.8 + 2.5 AHgy, was taken as zero for our experimental conditions.
367.2 £ 1.6% 92.92 £ 0.12¢ . . . .
Ph-NH-NH-Ph(c) 290.6 + 4.0/ breaking ampules of ¢trans-PhN=NPh in a similar solution
CO(g) -110.53 £ 0.17 (the role of I, and Ti(Cp),l; in the cis(c) — trans(soln)
L(g) 62.421 £ 0.080° isomerization is discussed below). These values (see below)
gigg; ‘11;(1)-;()? 1-2(; 008 give AH,, = -49.8 £ 0.6 kJ mol™, suggesting that a re-
g . X l . . h h . .
e 106.762 £ 0.040" determination of the enthalpies of formation of the two

4Standard enthalpy of sublimation or vaporization. Values in
parentheses are estimates. ?Reference 21. ¢Reference 16.
9Reference 22. °Reference 23. fReference 24. #Reference 25.
hReference 20. Reference 26. /Reference 7.

Scheme 1

AH AH
cis(c) —%2% yransic) —2% trans(soln)

AHga

ameter afféects the vapor pressure by about 0.1%.!% Values
from Table I were adjusted to Clausius-Clapeyron equa-
tion by the least-squares method, yielding the linear re-
lation 6 from which AHg°[Ti(Cp),(CO),] = 84.2 + 3.5kJ

In(p/torr) = (25.850 + 1.388) - (10123.74 + 415.31) /T
(6)

mol™ was derived. The uncertainty intervals presented
include Student’s factor for 95% confidence level. The
precision of the vapor pressures given by eq 6 is poor, but
this does not affect the value obtained for AHg®. No
self-cooling effects were observed.

Thermochemistry. Auxiliary values needed for cal-
culating the thermochemical results were quoted from the
literature”?®26 and are collected in Table II, which also
includes two independent determinations of the enthalpy
of formation of cis- and trans-azobenzene.?#? These two
pairs of enthalpies of formation, both obtained from com-
bustion experiments, yield enthalpies of cis(c) — trans(c)
isomerization, AH,, = -42.3 £ 3.0% or -55.9 £ 3.8% kJ
mol™l. While it is difficult to select one of these results
from the original literature, we made a simple set of ex-
periments which enabled the calculation of AHj,.
Scheme ] summarizes these experiments. AHg4, was ob-
tained by breaking ampules with ~0.04-0.07 g of cis-
PhN=NPh in 125 mL of toluene containing iodine and
Ti(Cp),l; (molar ratios of I,/cis-azobenzene ~ 2 and Ti-
(Cp),ly/cis-azobenzene ~ 1), and AH,, was measured by

(20) Dias, A. R.; Diogo, H. P.; Minas da Piedade, M. E.; Martinho
Simaes, J. A., to be submitted for publication. AH,°(trans-N,Ph,) is in
fair agreement with values obtained by others (see ref 25 and: Kruif, C.
G.; van Ginkel, C. H. D. J. Chem. Thermodyn. 1977, 9, 725).

(21) Tel'noi, V. L; Rabinovich, 1. B. Usp. Khim. 1977, 46, 1337.

(22) Calado, J. C. G.; Dias, A. R.; Martinho Simdes, J. A.; Ribeiro da
Silva, M. A. V. J. Organomet. Chem. 1979, 174, 77.

(23) Chase, M. W., Jr.; Curnutt, J. L.; Downey, J. R., Jr.; McDonald,
R. A,; Syverud, A. N.; Valenzuela, E. A. J. Phys. Chem. Ref. Data 1982,
11, 695.

(24) Pedley, J. B.; Rylance, J. Sussex-N.P.L. Computer Analysed
Thermochemical Data: Organic and Organometallic Compounds;
University of Sussex: Brighton, 1977.

(25) Schulze, F. W; Petrick, H. J.; Cammenga, H. K.; Klinge, H. Z.
Physik. Chem. (Munich) 1977, 107, 1.

(26) CODATA Recommended Key Values for Thermodynamics: /.
Chem. Thermodyn. 1978, 10, 903.

isomers is desirable. In this study we arbitrarily chose the
values from ref 24. A different selection leads only to
minor adjustments in the calculated bond enthalpies.

The thermochemical results are summarized in Table
III. All reaction and solution enthalpies presented are
mean values of five independent experiments at 298 K.
The uncertainties are twice the standard deviation of the
mean in each case. AH, stands for the enthalpy of reaction
1, 2, or 3; AHy, refers to the enthalpy of solution of the
diiodide complex in toluene containing iodine (residues of
the titanium diiodide complex were observed when
measuring AHy,;, but the resulting errors must be within
the uncertainty interval); AHg, is the enthalpy of solution
of the ligand in solutions containing iodine and a stoi-
chiometric amount of the diiodide complex. The enthalpy
of solution of iodine in toluene was taken as AHy; = 15.92
+ 0.16 kJ mol L1

Several low values of AH, were measured for reaction
2. These were attributed to noticeable premature decom-
position of the complex [Ti(Cp),(PhN==NPh) is very
sensitive to oxygen and moisture; it was found that those
runs for which the inicial black color of the complex was
slightly brownish led to low AH,). The result in Table III
is the average of the five highest results obtained in a total
of 13 experiments by using four different batches of Ti-
(Cp)o(PhN=NPh). The above difficulties led us to ov-
erestlimate the uncertainty interval from £3.6 to £10 kJ
mol ™.

To check that cis-azobenzene was not present (or at least
its concentration was hegligible) in reaction 2 several tests
were made. First its enthalpy of solution in argon-satu-
rated toluene was determined as 12.4 + 1.4 kJ mol™ (av-
erage of three measurements); differences between the
“cooling constants”® for the calibration and solution
processes were about 14 %, thus suggesting the occurrence
of slow cis — trans isomerization. When this experiment
was repeated in toluene containing amounts of iodine,
similar to those used for measuring AH,, a fast exothermic
process was observed (AH = -29.6 + 1.4 kJ mol™, average
of three measurements) and an even faster exothermic
reaction occurred (AH,, = -30.8 £ 0.2 kJ mol™}, average
of two measurements; see Scheme I) when the solvent
contained both iodine and Ti(Cp),l,. In each case the
agreement between “cooling constants” indicated that the
exothermic process was completed within the time of re-
action 2. The obtained endothermic value for the enthalpy
of solution of trans-azobenzene in toluene containing
iodine and Ti(Cp),l, (AHy, in Table III) shows that the
pattern observed is specific of the cis isomer. All these
results seem to support the fact that no significant amount

(27) (a) Wadsd, I. Sci. Tools 1966, 13, 33. (b} Gunn, S. R. J. Chem.
Thermodyn. 1971, 3, 19. (c) Vanderzee, C. E. J. Chem. Thermodyn. 1981,
13, 1139.



1430 Organometallics, Vol. 6, No. 7, 1987

Table 1V. Enthalpies of Formation, AH,°(c) and AH°(g)

Dias et al.

Table V. Bond Enthalpy Terms, Bond Dissociation

(kd mol™) Enthalpies, and Reorganization Energies (kJ mol™!)®
complex AH (o) AHg®® AHP(g) , D/ .

- g —T.)¢ d €
Mo(Cp),(PhN= 5637 + 86 (10 15)  633.7 £ 17.3 complex EM-L)* D(M-L)* ER,® ERy® ERy
NPh) Mo(Cp)s(PhN==NPh) 49 £ 19/ 192 +£23 -62¢ -82 -198
Ti(Cp)o(PhN=NPh) 338.8 £ 16.7 (90 = 15) 428.8 £ 224 Ti(Cp)Q(PhN=NPh) 144 £ 12/ 381 +£24 5" -11 -198
Ti{Cp)o(N3), 436484  (70+10) 506.4 £ 13.1 Ti(Cplo(Ny)y 329£10 385+22 -8 -11 56

Ti(Cp)y(NCsHa)s 181.9 £ 12.1 (109 10)  290.9 % 15.7 Ti(Cp)o(NCsHe)y' 348 & 10 92 -1l
Ti(Cp)a(CO), 905.3 + 12.9* 842 35 -211.1 + 13.4 Ti(Cp),(CO), 174+8 1728 08 -11 -2
Ti(Cp),l, 1484 £ 131 (120 £ 10)  -28.4 + 16.5 Ti(Cp),l, 208+9 208+9 -11m -11 0

4Values in parentheses are estimates. °Ribeiro da Silva, M. D.
Tese de Doutoramento, Faculdade de Ciéncias do Porto, Porto,
1985.

of cis-azobenzene was present in reaction 2. A similar
assumption was accepted for the molybdenum system
without further evidence apart from the agreement of
“cooling constants” in reaction 1 and the fact that catalysis
of cis — trans isomerization by several molecules including
I, and Mo(Cp),H; is a well-known process.?

The standard enthalpies of formation of the crystalline
and gaseous complexes are collected in Table IV, together
with the enthalpies of sublimation at 298 K. The table
also includes values for two similar complexes containing
titanium—nitrogen bonds which have been studied earlier.®
Data for Ti(Cp)y(NCgHg), differ from those originally re-
ported due to a correction to account for acid dilution.

Discussion
Bond enthalpy terms, E(M-L), bond dissociation en-
thalpies, D(M-L), and mean bond dissociation enthalpies,
D(M-L), in the complexes studied are presented in Table
V. These values were calculated from eq 7 and 8.3%3

E(M-L) = E(M=CI) + g—AHf(L*,g) ~AH®(Cl,g) -

{AH°[M(Cp),L,.g] - AH°[M(Cp),Cl,gl}/2 + (ER; -
ERy)/2 (7)

D(M-L) = EQM—CI) + gAHf (L.g) - AH?(Clg) -

{AH°[M(Cp),L..g] - AH;°[M(Cp),Cl,8]}/2 + ER;/2
(8

Here an asterisk indicates a nonreorganized fragment, and
ER,; and ER; represent the reorganization energies of the
moieties M(Cp), from the complex M(Cp),L,, and from the
“reference” molecule M(Cp),Cl,, respectively. E(M~-CI)
are t}-2 bond enthalpy terms in the dichloride complexes
and were taken as 303.8 £ 7.1 (M = Mo) and 430.5 + 1.3
kJ mol! (M = Ti). These are actually the bond enthalpy
terms from the metal chlorides MoClg and TiCl, which are
therefore transferred to the complexes. The implications
and tests of this assumption have been discussed in early
papers.’>3  Some results of the present work provide
additional evidence of its reliability for M = Ti (see below).

The E values shown in Table V for the azobenzene
complexes were derived by making n = 1 in eq 7. Since
metal-nitrogen mean bond dissociation enthalpies, D(M-
N), are clearly meaningless parameters in those two cases,

(28) (a) Arnaud, R.; Lemaire, J. Can. J. Chem. 1974, 52, 1868. (b)
Nakamura, A.; Doi, K.; Tatsumi, K.; Otsuka, S. J. Mol. Catal. 1975/1976,
1, 417 and references therein.

(29) Calhorda, M. J.; Gomes da Costa, R.; Dias, A. R.; Martinho
Simdes, J. A. J. Chem. Soc., Dalton Trans. 1982, 2327,

(30) Martinho Simdes, J. A.; Beauchamp, J. L. Chem. Rev., to be
submitted for publication.

(31) (a) Dias, A. R.; Salema, M. S.; Martinho Simboes, J. A. J. Orga-
nomet. Chem. 1981, 222, 69. (b) Dias, A. R.; Martinho Simdes, J. A. Rev.
Port. Quim. 1982, 24, 191,

(32) Calhorda, M. J.; Carrondo, M. A. C. T,; Dias, A. R.; Domingos,
A. M. T. S.; Martinho Simbdes, J. A.; Teixeira, C. Organometallics 1986,
5, 660.

¢ Uncertainty intervals do not include errors from the theoretical
calculations. ®Values not affected by (ER; — ER;)/2 but including
ER;. See text. ¢ Values not affected by ER;/2 (see text). Data for
the azobenzene complexes are bond dissociation enthalpies (cis
isomer as product), and for the other molecules are mean bond
dissociation enthalpies. ¢ Values obtained from the curves in ref
30. ¢Values obtained from MNDO calculations unless indicated
otherwise. /Bond enthalpy term for one M-N bond. ¢Estimated
Cp-Mo~Cp angle of 133°. *Cp-Ti-Cp angle of 133°.% ‘Reference
29. /Estimated by the Laidler scheme and extended Hiickel cal-
culations (see ref 29). *Cp-Ti-Cp angle of 138.6°.1°2 !MINDO/3
result. Extended Hiickel calculations give -13 kJ mol™ (see ref
34a). ™Estimated Cp-Ti—Cp angle of 131°.

values of D(M~N,Ph,) = 2D(M-N) are presented in Table
V. D(M-N) values were obtained through eq 8 with n =
1.

The reorganization energies ER; and ER; were esti-
mated by using resuits of extended Hiickel calculations.
The energy of fragments M(Cp), is mainly a function of
Cp—M-Cp angles, and curves relating these two parameters
are available.®® The obtained values are collected in Table
V, and it is noted that the corrections (ER; - ER;)/2 in
eq 7 are negligible. The same happens for ER;/2 in eq 8
when the titanium complexes are considered. The Hiickel
results indicate, however, that the reorganization of Mo-
(Cp), fragment from Mo(Cp),Cl, is very exothermic, im-
plying a considerable decrease (ER; ~ —82 kJ mol™; see
Table V) of D(Mo—-N,Ph,) reported in Table V. It must
be stressed that this value and all the remaining bond
enthalpy data in Table V do not include the reorganization
energies ER; and ER; since we prefer to use these cor-
rections in a semiquantitative way.

The enthalpies of formation of nonreorganized ligands,
AHP(L*,g), are also necessary to calculate E(M-L). The
usual procedure when L is a radical is to assume that the
molecular structures of the fragment are identical in M-
(Cp),L, and LH. The enthalpy of formation of L* is then
obtained by taking the Laidler term E(L-H) or by using
plots of E(L-H) vs. L-H bond lengths and making
AHP(L*,g) = E(L-H) + AH°(LH,g) - AH;°(H,g).3031.33
The method has been used, for example, in the case of the
complexes Ti(Cp)o(N3), and Ti(Cp)y(NCgHg),, the details
being given elsewhere.?

The use of Laidler terms to estimate AH°(L*) or the
reorganization energies of L, ER; = D(L-H) - E(L-H), has
at least the merit of providing a set of internally consistent
E(M-~L) data, which can be used to predict enthalpies of
formation of organometallic molecules and also to estimate
partial bond dissociation enthalpies.*®* However E(M-L)
values derived in this way cannot be regarded as physically
meaningful quantities. This point has been raised before
(see, e.g., ref 30), but it is important to have it in mind
when comparing the bond enthalpy terms in Table V.

(33) Laidler terms are listed in: Cox, J. D.; Pilcher, G. Thermochem-
istry of Organic and Organometallic Compounds; Academic: London
and New York, 1970.

(34) (a) Calhorda, M. J.; Dias, A. R.; Galvéo, A. M.; Martinho Simdes,
J. A. J. Organomet. Chem. 1986, 307, 167. (b) Calhorda, M. J.; Dias, A.
R.; Minas da Piedade, M. E.; Salema, M. S.; Martinho Simdes, J. A.
Organometallics 1987, 6, 734.



Energetics of Mo-NyPh,y, Ti-NyPh,, Ti-I, and Ti-CO Bonds

While E(Ti-N) for N; and NCgH, were obtained through
the method described, ER;, for N,Ph, and CO were esti-
mated through theoretical calculations (see below), thus
yielding E(M-L) values that may not be comparable with
those relying on the Laidler scheme. The problem could
of course be avoided by applying the theoretical methods
to every ligand. This work is in progress, but the pre-
diction capabilities of the empirical scheme have been the
main reason for using the bond enthalpy term concept.

The structure of azobenzene in the molybdenum com-
plex was assumed to be similar to the one observed in the
titanium analogue.®® ER; (Table V) was then obtained
by computing the energies of the free and the complexed
ligand through MINDQ/3 and MNDQ calculations.?
E(M-N,Ph,) and D(M-N,Ph,) (M = Mo, Ti) in Table V
refer to the cis isomer. When the cis — trans isomerization
is considered, those bond enthalpy values decrease by ca.
42 kJ mol™! which is the accepted result for AH,,, in the
gas phase.

Curves relating CO energy with C-O bond length, ob-
tained from MINDO/3 calculations,” enabled the estimate
of the reorganization energy shown in Table V. This
negligible correction contrasts with the large ER; observed
for azobenzene.

The M-N bond enthalpy terms in Table V were calcu-
lated on the basis of two metal-nitrogen bonds. It is noted
that E(Ti-N) for the azobenzene complex is considerably
lower than the corresponding values for the monodentate
ligands. It is very unlikely that this trend is caused by the
different methods used to estimate AH°(L*,g) (see dis-
cussion above). Azobenzene is coordinated to the metal
in a distorted cis form, reflecting a balance between the
energetically more favorable trans conformation and the
steric repulsion involving the phenyl and the cyclo-
pentadienyl rings.!1*35 Although the Ti-N bond lengths
in the azobenzene complex (196.8 pm)® are smaller than
in Ti(Cp),(N3), (203 pm)® and in Ti(Cp),(NC,H,), (209
pm)® that geometry does not seem to favor both the o-
and w-bonding between Ti and N,Ph,. Therefore, even
if some double-bond character can eventually be postulated
for the Ti-N,Ph, bonds,!!* this interaction is weak, as
suggested by the “low” E(Ti-N) value obtained. Inter-
estingly, ab initio molecular orbital calculations on the
model system TiCl,(CH;N=NCH,;) yielded 2E(Ti-N) =~
280 kJ mol™ compared with 2E(Ti-N) ~ 288 kJ mol ™ from
Table V.11

The same conclusions may also hold for the molybde-
num azobenzene complex. The difference E(Ti-N,,) —
E(Mo-N,,) =~ 95 kJ mol™ is in the range observed for a
variety of ligands in M(Cp),L, complexes (M = Ti,
Mo);303234b { o E(Ti-L) — E(Mo-L) are constant within
10 or 20 kJ mol™,

(35) Bart, J. C. J.; Bassi, I. W.; Cerruti, G. F.; Calcaterra, M. Gazz.
Chim. Ital. 1980, 110, 423.

(36) A constant geometry for the phenyl rings (C-C = 139 pm and
C-H = 108 pm) was assumed. Other geometrical parameters for the
complexed azobenzene were taken from ref 35. Free cis-azobenzene
geometry was obtained through MNDO calculations using crystallo-
graphic data from: Mostad, A.; Roming, C. Acta Chem. Scand. 1971, 25,
3561 as the starting point. The optimized structural data are N-N = 122
pm, N-C = 146 pm, N-N-C = 126°, and the twist angle N-N-C-C = 90°.
This geometry yielded ERy, = -198 and -171 kJ mol™! by using the
MNDO and the MINDO/3 calculations, respectively.

(37) Amaral, A.; Soeiro Cordeiro, M. N.; Ramos, M. J., unpublished
results. C-O bond lengths in the titanium complex and in free CO are
115'% and 112.8 pm (Sutton, L. E., Ed., Spec. Publ.—Chem. Soc. 1965,
No. 18).

(38) Rudolfo de Gil, E.; Burguera, M. de; Rivera, A. V.; Maxfield, P.
Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem. 1977, B33,
578

(.39) Bynum, R. V.; Hunter, W. E.; Rogers, R. D.; Atwood, J. L. Inorg.
Chem. 1980, 19, 2368,
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Despite the numerous thermochemical studies involving
transition-metal carbonyls, no data have yet been reported
for the energetics of Ti—-CO bond. The values shown in
Table V are in the range observed for homoleptic carbonyl
complexes.”* D(Ti-CO) is considerably lower than D-
(Ti-CHj) = 298 kJ mol in Ti(Cp)y(CH,),** and 2D(Ti-CO)
is also lower than D(Ti-N,Ph,) as shown in Table V. In-
terestingly, reaction 9, which is of synthetic interest,*! is

Ti(Cp),(CO)q(soln) + trans-PhN=NPh(soin)—
Ti(Cp)(PhN=NPh)(soln) + 2CO(g) (9)

spontaneous at room temperature. When solution en-
thalpies are neglected and the enthalpies of formation are
taken from Tables II and IV, AH(9) = 92.5 kJ mol™ is
obtained. This considerable endothermic effect must be
offset by the large positive entropic contribution due to
thei fg;'mation of 2 mol of gaseous CO (S° = 197.6 J mol™!
K.

A method described elsewhere allows us to estimate the
first and the second Ti—-CO bond dissociation enthalpies
in ;h% complex as ca. 170 and 174 kJ mol™, respective-
Ly, 548

Interesting tests of the calculation method used to derive
E(Ti-L), namely, the assumption that E(Ti-Cl) in the
reference molecule Ti(Cp),Cl, is similar to E(Ti~Cl) in
TiCl,, are provided by E(Ti-N) in the azide and in the
indolate complexes and by E(Ti-I) in the diiodide complex.
As noted before,?*%' the titanium—nitrogen bond enthalpy
terms in those molecules compare with the value of ca. 325
kJ mol™ observed in Ti(NR,), (R = CHg, C;H;).#* In the
case of Ti(Cp),l,, E(Ti-I) = 298 kJ mol™ (Table V) is in
excellent agreement with E(Ti-I) = 294 kJ mol™ in Til,,
obtained from the auxiliary data in Table II.

The transferability of titanium-ligand bond enthalpy
terms in Ti(Cp),L; complexes has been discussed recent-
ly,*® the main conclusion being that E(Ti-L) are relatively
constant in Ti(Cp),;L, and Ti(Cp),LL’ (L = L’). Addi-
tional evidence for this point is provided by a recent study
of equilibrium 10 in deuteriated benzene.* The measured

Ti(Cp)sly(soln) + Ti(Cp),Cly(soln) =
2Ti(Cp),(I)Cl(soln) (10)

equilibrium constant (K = 4) gives AG ~ -3.4 kJ mol™..
With the assumption that AS =~ 0 and that the solvation
enthalpies cancel, AH(10) is close to zero, indicating con-
stant E(Ti-I) and E(Ti-Cl).¥’ From the obtained enthalpy
of formation of the diiodide complex (Table 1V), AH,°-
[Ti(Cp)y(I)Cl,c] =~ —267.5 kdJ mol™ is derived.

The results of the present study enable us to analyze the
thermodynamics of some interesting reactions (auxiliary
data in Table II). An example is provided by the hydro-

(40) (a) Skinner, H. A,; Connor, J. A. Pure Appl. Chem. 1985, 57, 79.
(b) Lewis, K. E.; Golden, D. M.; Smith, G. P. J. Am. Chem. Soc. 1984,
106, 3905. (c) Bernstein, M.; Simon, J. D.; Peters, K. S. Chem. Phys. Lett.
1983, 100, 241.

(41) Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds. Comprehensive
Organometallic Chemistry; Pergamon: Oxford, 1982; Vol. 3.

(42) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Halow, L; Bailey,
S. H.; Schumm, R. H. NBS. Tech. Note (U.S.) 1968, No. 270-3.

(43) D, - D, = 2ER” - ER,, ER/’ being the reorganization energy of
the fragment Ti(Cp),(CO); ER, is defined in this paper. D; =~ D, results
from the negligible values of ER,’ and ER,;. Details are given in ref 34a,
where provisional values for E(Ti-CO) and D(Ti-CO) were presented.
The differences between these and the ones reported here are due, e.g.,
to an estimated enthalpy of sublimation of the complex and to the fact
that the reorganization energy of CO was taken as -13 kJ mol™ (see note
! of Table V).

(44) Lappert, M. F.; Patil, D. S,; Pedley, J. B. J. Chem. Soc., Chem.
Commun. 1975, 830.

(45) See ref 34b for a detailed discussion.

(46) Bruce, M. R. M.,; Tyler, D. R. Organometallics 1985, 4, 528.

(47) The balance of the reorganization energies of fragments Ti(Cp),
from the three complexes is close to zero. See ref 34b.
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genation of azobenzene by dihydrogen or by metal hy-
drides.! Comparison between the enthalpies of reactions
11 and 12, AH(11) = -99.9 + 4.3 kJ mol™ and AH(12) =

trans-PhN=NPh(c) + Hy(g) — PhNH—NHPh(c) (11)

Mo(Cp),H,(c) + 2trans-PhN=NPh(c) —
Mo(Cp)4(NyPhy)(c) + PANH—NHPh(c) (12)

~67.0 £ 11.6 kJ mol™, indicates that the process is en-
thalpically less favorable for the metallic system. A crude
estimate of the respective entropy changes (i.e., AS(11) =
-S°(H,,g) = —130.57 J mol™ K% and AS(12) =~ 0) yields
similar AG for both reactions. Since reaction 11 requires
drastic pressure and temperature conditions!® while re-
action 12 occurs in solution at ambient pressure and ~65
°C,M2 this shows the importance of the metallic system in
lowering the H, activation barrier.

Conclusions

The transferability of titanium—nitrogen bond enthalpy
terms seems to be a reasonable assumption, provided that
the ligands involved are not too different in their bonding

modes. E(Ti-N) is in the range of 320-350 kJ mol™* for
several -bonded nitrogen ligands but is considerably lower
for azobenzene. Analysis of the bond enthalpy terms and
bond lengths in the titanium-azobenzene and the titani-
um-azide complexes stresses the fact that stronger bonds
do not necessarily imply shorter bonds, particularly if
different types of bonding are involved.

E(Ti-T) in Ti(Cp),l; and in Til, are in good agreement,
thus supporting the assumption of identical E(Ti-Cl) in
Ti(Cp),Cl, and TiCl,. Titanium-carbonyl bond enthalpy
is substantially lower than titanium-methyl bond enthalpy
in Ti(Cp),L, complexes.
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The electrochemical reduction and oxidation of the Co(III) metallacycle Cp(PPhy)CoC,Ph, (1) and its
analogues have been studied. Oxidation is reversible (E° = +0.35 V vs. SCE) in dichloromethane to give
a persistent cation radical which was characterized by ESR spectroscopy. A second oxidation (E° = +1.17
V) gives a more reactive dication which ultimately decomposes by disruption of the metallacycle. Reduction
goes by fast one-electron transfer to a 19-electron complex which rapidly loses phosphine to give a transient
17-electron coordinatively unsaturated anion. In the presence of phosphines PR3 which are more basic
than PPhy;, efficient substitution of PPh; by PR; accompanies the reduction, in a partially electrocatalytic
process. In the absence of added ligands, the 17-electron anion undergoes protonation and subsequent
reduction via a ECEC mechanism to give a w-butadiene complex. The electrochemical results are interpreted
in terms of previously published molecular orbital calculations on this class of molecules.

Introduction

Since metallacycles exhibit an extensive chemistry and
are postulated or demonstrated intermediates in a number
of stoichiometric and catalytic reactions, they have been
under intense investigation.! This class of compounds has
been shown to have interesting redox properties, but the
literature in this area is still sparse.?!! Because the

(1) Leading references may be found in recent reviews and theoretical
papers: (a) Stockis, A.; Hoffmann, R. J. Am. Chem. Soc. 1980, 102, 2952.
(b) Thorn, D, L.; Hoffmann, R. Nouv. J. Chem. 1979, 3, 39. (c) McKin-
ney, R. J.; Thorn, D. L.; Hoffmann, R.; Stockis, A. J, Am. Chem. Soc.
1981, 103, 2595. (d) Puddephatt, R. J. Coord. Chem. Rev. 1980, 33, 149.
(e) Moss, J. R.; Scott, L. G. Coord. Chem. Rev. 1984, 60, 171. (f) Wilke,
G. Pure Appl. Chem. 1978, 50, 677.

(2) Zotti, G.; Rieke, R. D.; McKennis, J. 8. J. Organomet. Chem. 1982,
228, 281 and references therein to earlier work on (CO);Fe metallacycles.

(3) King, M.; Holt, E. M.; Radnia, P.; McKennis, J. S. Organometallics
1982, 1, 1718.

(4) Klingler, R. J.; Huffman, J. C.; Kochi, J. K. J. Am. Chem. Soc.
1982, 104, 2146.

(5) Chong, K. S.; Green, M. L. H. Organometallics 1982, 1, 1586.

(6) Koelle, U., University of Aachen, unpublished results on di-
cobaltacycles. Personal communication to W.E.G., 1984.

chemistry of 18-electron and 16-electron metallacycles is
so rich, we thought it would be of interest to prepare a
series of metallacyclic 17- or 19-electron radical ions for
the purpose of comparing their physical and chemical
properties with those of their even-electron counterparts.

This paper reports our first set of results, on the oxi-
dation and reduction of cobaltacyclopentadienes of the
type 1-3.

This class of compounds has received considerable at-
tention,'?14 due in part to the fact that thermal dissocia-

(7) Lau, W.; Huffmann, J. C.; Kochi, J. K. Organometallics 1982, 1,
55

(8) Although not metallacarbocycles, tetraazabutadiene complexes are
viewed as metallacycle analogues and their redox chemistry is relevant:
Maroney, M. J.; Trogler, W. C. J. Am. Chem. Soc. 1984, 106, 4144.

(9) Lappert, M. F.; Martin, T. R.; Milne, C. R. C.; Atwood, J. L.;
Hunter, W. E.; Pentilla, R. E. J. Organomet. Chem. 1980, 192, C35.

(10) Kotz, J. C.; Getty, E. E.; Lin, L. Organometallics 1985, 4, 610.

(11) Lappert, M. F.; Raston, C. L. J. Chem. Soc., Chem. Commun.
1980, 1284,

(12) Vollhardt, K. P. C. Acc. Chem. Res. 1977, 10, 1.

(13) McAlister, D. R.; Bercaw, J. E.; Bergman, R. G. J. Am. Chem. Soc.
1977, 99, 1666.
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