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Abstract 

Uranium-ligand bond disruption enthalpies have been obtained by application 
of iodinolysis batch-titration solution calorimetry to the (C,H,)JJ/(C,H,),U-I/ 
(C,H,),U-CH, system. Derived values in toluene solution are as follows: 
(C,H,),U-I, 266.8 f 3.2 kJ mol-‘; (C,H,)$J-CH,, 196.3 f 6.6 kJ mol-‘. The 
correlation between the latter value and that obtained recently by alcoholysis 
confirms that the value of D(U-I) is certainly a better parameter for placing D data 
on an absolute scale than D(U-0). 

Introduction 

The rapid developments in organometalk chemistry and catalysis have given rise 
to increasing interest [l] in organometallic thermochemistry [2-41. 

To increase our knowledge and understanding of catalysis by organometallic 
species it is necessary to have available quantitative information, especially thermo- 
chemical, on the metal-carbon and metal-hydrogen bonds often involved in the 
essential steps. 

Alcoholytic isoperibol titration calorimetry was used to determine relative values 
of homolytic bond disruption enthalpies, D (defined in eq. 1 and 2) by providing a 
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measurement of the enthalpy of the reaction of the alcoholysis shown in 3 [2,3b,3c,4]. 

L&n-R + L,An + R (1) 

D(L,An-R) = AHfO(L,An) + AH:(K) - AH,.!(L,An-R) (2) 

L,An-R + R’O-H + L&r--OR’ + R-H (3) 

The measured enthalpy change associated with eq. 3 can be expressed as the 
difference between the enthalpies of the bonds formed and ruptured during the 
process (eq. 4). 

AH, = D(L,An-R) + D(R’O-H) - D(L,An-OR’) - D(R-H) (4) 

If D(An-0) is known accurately (which has not been the case up to now) the 
D(L,An-R) bond disruption enthalpies can be placed on an absolute scale. An 
estimate of this D(An-0) value was derived from the known absolute data for 
actinide and the Ti, Zr, and Hf group 4 compounds on the basis of the following 
crude approximation shown in eq. 5 (X = a halogen) [2,4]: 

D(L,A~-OR’) ~ D(M(oR),) 

@Ar&) @MX,) 

It became apparent that these estimated values (518.8 and 481.2 k.I mall’, 
respectively, for thorium and uranium) are not only probably subject to substantial 
uncertainty but also present a serious problem of transferability [@M(OR),) 4 
D(An(OR),) -+ D(L,An-OR’)]. 

We have now determined the uranium-iodine and uranium-methyl bond disrup- 
tion enthalpy values in indenyl compounds by use of an absolute approach (pro- 
posed by Schock and Marks [3a] and based on eq. 6-11) which refer to a 
one-electron redox reaction. 

L&J-X + LJJ + ix, -AH&i (6) 
L&J-R + X, + LJJ-X + R-X AH,, (7) 

X’ + :X, -:NX,) (8) 
R-X 4 R’+x* D(R-X) (9) 

L&J-R + LJ + R D(U-R) (10) 

D(U-R) = AH,, - A Hotid - $0(X,) + D(R-X) (11) 

The comparison between the D(U-CH,) values obtained recently for the 
(C,H,),U-CH, by alcoholysis (eq. 3) [4] and that obtained by iodinolysis allows 
correlation of the two approaches and extrapolation to give a D(U-0) value. 

Experimental 

Synthetic metho& 
All operations were performed under purified argon by Schlenk techniques, and 

solid or solution transfers were performed in a special glovebox under pure argon or 
nitrogen. Solvents were purified by standard methods and distilled just prior to use. 
(C,H,),U-I and (C9H7)&J-CH3 were prepared and purified as described elsewhere 
[51. 
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Synthesis of (C, H,)$J 
To 1.5 mm01 of uranium trichloride was added a solution of 4.5 mm01 of 

C,H,Na in benzene. The mixture was stirred under reflex for 4 days and then 
filtered in a glovebox under pure nitrogen. The filtrate was evaporated under 
reduced pressure at room temperature to give a black solid, which was extracted 
with benzene for one week to give pure solid (C,H,),U (yield: 55%). ‘H NMR 
(C,D,): 6 (in ppm from TMS) 3.59 (s, 6H), 1.26 (s, 6H), - 8.41 (s, 3H), - 14.10 (s, 
6H). IR (CsI pellet, cm-‘): 3050(m), 1610(w), 1480(m), 1460(m), 1340(s), 1320(m), 
1035(m), 900(m), 765(s), 440(m), 245(m). Anal. Found: C, 55.58; H, 3.73; U, 40.71. 
C,,H,,U calcd.: C, 55.58; H, 3.63; U, 40.79%. 

Analytical methodr 
Proton NMR spectra were recorded on a Bruker AM400 (FT, 400.1 MHz) 

spectrometer. Infrared and near-infrared visible (NIR-Vis) spectra were recorded on 
a Perkin Elmer 580 and a Perkin-Elmer Lambda 9 spectrophotometer, respectively. 
Elemental analyses were performed by Dornis und Kolbe Mikroanalytisches 
Laboratorium, Miilheim, West Germany. 

Titration calorimetry 
The isoperibol calorimeter employed in this study and the.experimental proce- 

dure are described elsewhere [4]. Briefly, a solution of the reactant (I2 in toluene, for 
example) is introduced into the reaction cell containing the organoactinide in 
toluene solution and the heat of reaction is recorded. An alternative procedure 
involved breaking ampoules containing weighted quantities of reactant (I*) within 
the calorimeter cell containing the organoactinide toluene solution. In this case, the 
heat of reaction corresponds to the combination of two effects; namely the enthalpy 
of dissolution of the reactant (measured separately) and the enthalpy of reaction 
with the organoactinide. 

Results and discussion 

Before the calorimetric study, the reactions to be studied were shown to be clean, 
quantitative and rapid, three essential requirements for accurate and meaningful 
calorimetry. NIR-Vis and ‘H NMR spectrometry showed clearly that all these 
requirements were met. Figure 1 shows the experimental ‘H NMR spectra from 
which it can be seen that (C,H,),U and (C,H,),U-CH, react with I, to give 
(C,H,),U-I (eq. 12 and 13). 

(C,H,)$J + :I, + (C,H,)&J-I 02) 

(C,H,)JJ-CH, + I, + &H&J-I + CH,-I 03) 

The appearance of methyl iodide in the reaction mixture (eq. 13) was clearly 
revealed by the presence of a peak (singlet) at 6 = 1.4 ppm in C,D, in the NMR 
spectrum (checked by recording the spectrum of pure methyl iodide in GD,). 

Enthalpies of reactions 12 and 13 (per mol of 12) are shown in Table 1 along with 
the D(U-R) values derived from solution data on the assumption that solvation 
effects in toluene make a minor contribution or at least cancel out. The published 
values of A Hsoln for organoactinide compounds [2-41 and the literature data or 



I I 1 t 1 I I I I 0 1 I 

a0 40 0 -4.0 -a0 42.0 wm 

Fig. 1. ‘H NMR spectra (in GD,): (a) (C,H,),U; (b) (C$H,)&J-I; (c) (CgH,)JUCH3; (d) reaction 
(C,H,),U+ ;I,; (e) reaction (C9H7)3U-CH3 + I,. Solvent peak is idicated by - . 

estimated values [6] for the other chemical components of the system confirm the 
cancellation of solvation effects in the D(U-R) derivation. 

D(I-I) and D(CH,-I) data, needed for the determination of D(U-I) and 
D(U-CH,), were calculated from literature data 171, as 151.2 and 239.5 kJ mol-*, 
respectively, and the uncertainties in these values are taken into account in our final 
results. 

The absolute value of D[(C,H,)$J-I] is 266.8 f 3.2 kJ mall* (Table l), which 
agrees well with the value of D,(U14) = 274.8 f 26.6 W mol-’ defined in eq. 14 and 
15 and calculated from published data [S]. 

UI, (g> + UI, (g) + I ‘(g) (14) 

q(uI,) = A$‘(UI,)(g) = A$(‘(I’)(d - A$(UI,)k) (15) 
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influence to some extent the U-O bond. An important item of evidence in favor of 
this suggestion comes from a calorimetric study of Cp;ZrX, [3b], which revealed 
that the difference D[CpiZr(OR)-OR] - D[CP,‘Zr(Cl)-Cl] is approximatively 110 
kJ mol-’ lower than the reported value of z[Zr(OR’),] - ~(ZrCl,) [lo] (whereas 
the value of z(ZrC1,) is very close to that of D,(ZrCl,); the values are 491.2 [7,10] 
and 486.0 kJ mol-i, respectively [7]). 

On the other hand Nolan et al. [3c] recently determined “in an absolute manner” 
(eq. 16) the bond disruption enthalpies for bis(pentamethylcyclopentadienyl)- 
samarium-L complexes (L = R, X, H, OR,. . .), and for D(Cp;Sm-OC(CH,),) 
found a value of 344.8 kJ mol-i. 

2 Cp;Sm + (CH,),C~-oC(CH~), -+ (Cp;Sm-OC(CH,),), (16) 

A very good linear correlation between &U-L) and D(Sm-L) was observed 
(Fig. 3 of ref. 3c), the values being about 30 kJ mol-’ lower for uranium. If there is 
no serious discontinuity in this trend for L = OR, it is reasonable to assume that the 
value of D(U-0) is fairly similar to that of D(Sm-0). This seems to be confirmed 
by very recent works by Martinho Simoes et al., which indicate that the value of 
D(U-0) is close to 380 kJ mol-i [ll]. 

Another important feature contributing the disparity between D(U-CH,) values 
derived from iodinolysis and alcoholysis may be steric effects, which are rather 
difficult to quantify. In terms of steric hindrance the transformations of (C,H,),U 
or (C,H,),U-CH, into (C,H,)$_J-I, as (see eq. 12 and 13) by reaction with I,, 
should show significant differences. The crystal structure of (C,H,),U-I [9] reveals 
that each indenyl ring deviates significantly from planarity and there is an average 
bending of about 7O between the five and six-membered rings, in contrast with the 
situation for (C,H,),U, which has a zero dihedral angle [12]. 

Our D(U-I) and D(U-CH,) values are in good agreement with those de- 
termined by Shock et al. for Cpy U-R compounds [3a]. An interesting measure of 
the nature of the metal-ligand bonding may be provided by the parameter D(M-I) 
- D(M-CH,) (and its variants) [3a,b,c]. Figure 2 shows that the value of this 
parameter tends to decrease for the transition metals on going to the right in the 
Periodic Table. This effect can be accounted for in terms of arguments based on the 
Pauling electronegativity of the metal (Sm: X = 1.2 -+ Pt:X = 2.3 [13]), the polarisa- 
bility of iodine [14] (its ability to adjust energetically to various bond polarity 
situations), and the attractive (or repulsive) interactions between filled ligand 
orbitals and empty (filled) metal orbitals [15]. 

Acknowledgment 

Financial support by inter-University Institute for Nuclear Sciences (Brussels) is 
gratefully acknowledged. We thank A. Bouillez for recording the NMR spectra. 

References 

1 Metal-Ligand Bonding Energetics in Organotransition Metal Compounds, Polyhedrbn Symposium- 
in-Print, 7 (1988) 

2 (a) J.W. Bruno, T.J. Marks and L.R. Morss, J. Am. Chem. Sot., 105 (1983) 6824; (b) DC. 
Sonnenberger, L.R. Morss and T.J. Marks, Organometallics, 4 (1985) 352; (c) J.W. Bruno, H.A. 



211 

Stecher, L.R. Morss, D.C. Sonnenberger and T.J. Marks, J. Am. Chem. Sot.. 108 (1986) 7275; (d) 
G.M. Smith, H. Suzuki, D.C. Sonnenberger, V.W. Day and T.J. Marks, Organometallics, 5 (1986) 
549. 

3 (a) L.E. Schock, A.M. Seyam, M. Sabat and T.J. Marks, Polyhedron, 7 (1988) 1517; (b) L.E. Schock 
and T.J. Marks, J. Am. Chem. Sot., 110 (1988) 7701; (c) S.P. Nolan, D. Stem and T.J. Marks, ibid., 
lll(l989) 7844, (d) A.R. Dias, MS. Salema, J.A. Martinho Simoes, J.W. Pattiasina and J.H. Teuben, 
J. Organomet. Chem., 346 (1988) C4, (e) A.R. Dias, MS. Salema, J.A. Martinho Simoes, J.W. 
Pattiasina and J.H. Teuben, ibid., 364 (1989) 97. 

4 S. Bettonville, J. Goffart and J. Fuger, J. Grganomet. Chem., 377 (1989) 59. 
5 (a) J. Goffart, B. Gilbert and G. Duyckaerts, Inorg. Nucl. Chem. Lett., 13 (1977) 189; (b) J. Goffart 

and G. Duyckaerts, ibid., 14 (1978) 15. 
6 K.H. HelJwege (Ed.), Landolt-Bomtein, Vol. 2, Springer, Berlin, 1976. 
7 D.D. Wagman, W.H. Evans, V.B. Parker, R.H. Schumrn, I. Halow, S.M. Bailey, K.L. Chumey and 

R.L. Nutall, J. Phys. Chem. Reference Data, 11 (1982) supp. no. 2. 
8 L.R. Morss in J.J. Katz, G.T. Seaborg and L.R. Morss (Eds.), The Chemistry of the Actinides, 

Chapman and Hall, London, 1986, Chap. 17. 
9 (a) J. Rebizant, M.R. Spirlet, G. Van den Bossche and J. Goffart, Acta Cryst. C. 44 (1988) 1710; (b) 

J.H. Levy, J.C. Taylor and A.B. Waugh, Inorg. Chem., 19 (1980) 672. 
10 M.F. Lappert, D.S. Patil and J.B. Pedley, J. Chem. Sot., Chem. Commun., (1975) 830. 
11 J.P. Leal, A. Pires de Matos and J.A. Martinho Simoes, Private communication, to be published (we 

thank these authors for permission to quote their data). 
12 J. Meunier-Piret, J.P. Declercq, G. Germain and M. van Meerssche, Bull. Sot. Chim. Belg., 89 (1980) 

121. 
13 (a) L. Paul@, The Nature of the Chemical Bond, 3rd ed., Cornell University Press, Ithaca, New 

York, 1960, Chap. 3; (b) J.E. Huheey, Inorganic Chemistry, 3rd ed., Harper and Row, New York, 
1983, pp_ 144-160. 

14 R.G. Parr and R.G. Pearson, J. Am. Chem. Sot., 105 (1983) 7512. 
15 (a) T. Ziegler, V. Tschinke and A. Becke, J. Am. Chem. Sot., 107 (1987) 1351; (b) T. Ziegler, V. 

Tschinke, L. Versluis, E.J. Baerends and W. Ravenek, Polyhedron, 7 (1988) 1625. 
16 A.R. Dias, MS. Salema and J.A. Martinho Sin-roes, J. Organomet. Chem., 222 (1981) 69. 
17 J.A. Connor, M.T. Zafarani-Moattar, J. Bickerton, N.L. El Saied, S. Suradi, E. Carson, G. Al-Takhin 

and H.A. Skinner, Organometallics, 1 (1982) 1166. 
18 J.U. Mondal and D.M. Blake, Coord. Chem. Rev., 47 (1982) 205. 
19 S.P. Nolan, R.L. de La Vega, S.L. Mukerjee, A.A. Gonzalez, K. Zhang and CD. Hoff, Polyhedron, 7 

(1988) 1491. 
20 P.O. Stoutland and R.G. Bergman, Polyhedron, 7 (1988) 1429. 


