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summary 

The standard enthalpies of formation of the title crystalline complexes at 
298.15 K have been determined by reaction-solution calorimetry. The results 
give A@[Ti(q-C,H,),(OCJ&)_,,c] = -379.2 + KG, A@‘[Ti(q-CSH5)2(2-CHs- 
C&I_,0)2,c] = -416.7 + 8.1, &$[Ti(v-C,H,),(3-CH,C&O),,c] = -393.6 f 8.1, 
A@[Ti(~-CSHS),(4-CH&&Z40)2,~] = -416.5 + 7.8, and A@[Ti(7)-CgH&- 
(2-C1C6H40)~,c] = -407.6 + 21.5 kJ mol-‘. The metal-oxygen bond strengths 
have been evaluated as mean bond-disruption enthalpies (D) and as mean bond- 
enthalpy terms (E). The method of calculation of these values is analysed and 
earlier relevant thermochemical data are reviewed. 

Introduction 

The aim of our thermochemical studies on M(g-&H&L2 complexes (M = 
transition metal atom; L = ligand) has been the evaluation of M-L bond 
strengths and their correlation with other physical-chemical parameters or with 
reactivity data. For example, in a recent paper [I] we considered the influence 
of the nature of chemical groups in the ligands on the M-L bond strength_ 

In the course of these studies several problems have arisen, some of them im- 
possible to solve at the present state of knowledge. First, the paucity of good 
quality auxiliary thermochemical data precludes conclusions from more pre- 
cise bond strength results. To our knowledge enthalpies of formation of simple 
molecules such as carbon tetrabromide and bromoform, and enthalpies of sub- 
limation of substances such as 2-chloropheno1, have never been measured accu- 
rately. Thus their estimated valueb usually have large uncertainty intervals. 

The difficulty of estimating enthalpies of sublimation of organometallic 
complexes, which is often necessary, is another important source of inaccuracy 
and lack of precision. Nevertheless this problem is less serious; it may be diffi- 
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cult to find a reliable value for ~[M(Q-C~&)~L~], but once this is obtained it 
is usually much easier to calculate A@ for an analogous complex, 
M(r)-C&H&L;_ Therefore, although the precision and accuracy of the “abso- 
lute” bond strengths are significantly decreased by the uncertainties associated 
with A@’ of both complexes this is not the case for the relative bond strengths. 

A third difficulty which must be mentioned, since it is often a major source 
of error in bond strength results, is the scarcity of good values for many bond 
dissociation enthalpies, D(L-H), fr om which the enthalpies of formation of 
radicals are evaluated. In some cases it is even useless to try to estimate a bond 
dissociation enthalpy, bearing in mind the range of uncertainty. 

The present paper, being a “mise-au-point” of bond strength values obtained 
so far in our group, illustrates all the problems mentioned above. The calcula- 
tion of thermochemical parameters, usually regarded as measurements of bond 
strengths (mean bond-disruption enthalpies, D, and mean bond-enthalpy terms, 
E), is discussed, and an attempt is made to evaluate E(M-L) for each of the 
complexes. Finally, the results of thermochemical studies of Ti(q-C,H&(OR), 
complexes (R = C6H5, 2-CH3CsH4, 3-CH&H4, 4-CH3C6H4 and 2-ClC&) are 
presented. 

Experimt+al 

Calorimeter 
The reaction and solution enthalpies were measured in the reaction-solution 

calorimeter previously described 121. There was no need to make the thermo- 
chemical measurements under nitrogen because all the compounds involved are 
fairly air-stable. 

Complexes Ti(q-C,H&(OR), (R = C&I,, 2-CH3C,J&, 3-CH3C6H4, 4-CH3C6H4, 
and 2-ClC,H,) were prepared and purified as described by AndrB [3]. The reac- 
tion Solutions were prepared from Merck p-a. hydrochloric acid and acetone, 
which were used without any further treatment. B.D.H. AnalaR phenol was 
recrystalized from 4-O petroleum ether. Fluka 2-methylphenol, 3-methyl- 
phenol, and 4-methylphenol were purified as described in the literature 143. 
Fluka B-cblorophenol was distilled several times and its purity was confirmed 
by its refractive index. 

Reactions 
The solutions used in the thermochemical studies of reactions 1 were mix- 

Ti(@Z,H,),(OR), (c) + 2 HCl (soln) -+ Ti(q-CSHS)&12 (soln) + 2 ROH (soln) (1) 

tures of aqueous hydrochloric acid and acetone. With R = C6H5 and 3-CH&H, 
a 1:l mixture of 8.3 mol dmm3 aqueous HCl and acetone was used (solu- 
tion A); with R = 2-CH3C6H4, 4-CH3C6H4, and 2-Cl&H4 it was necessary to use 
a 1:4 mixture of 10.0 mol dme3 aqueous HCl and acetone (solution B). The 
disadvantages of these mixtures from a thermochemical point of view were dis- 
cussed previously [ 11. 

The products of reactions 1 were confirmed by IR spectroscopic analysis. 
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All reaction and solution enthalpies presented are mean values from five 
independent experiments, and refer to 298.15 K. The uncertainties are twice 
the standard deviation of the mean in each case. 

Auxiliary data 
Standard enthalpies of formation and vaporization at 298 K were used in eva- 

luating the thermochemical results (values in kJ mol-‘): m(HCl, soln A) = 
-162.47 + 0.28 [l]; A@(HCl, soln B) = -172.59 f 0.51 [l]; A@(C&,OH,c) = 
-165.0 -c 0.7 [5]; AI$‘(2-CH,C&OH,c) = -204.6 f 1.0 151; A@(3-CH&&,- 
OH,l) = -194-O 1 O-6 [5]; w(4-CH,C,H,OH,c) = -199.3 f 0.7 [5]; AH$‘- 
[Ti(~-C5H,)&12,~] = -383.2 t 7.5 [S]; w(C,H,OH) = 68.7 + 0.5 [5]; w- 
(2-CH&H,OH) = 76.0 + 0.8 [5]; mV(3-CHsC,H,OH) = 61.7 I!Z 1.0 [5]; AH$ 
(QCH,C,H,OH) = 73.9 + l-5 [5]; A@(Cl,g) = 121.302 i 0.008 [7]; A@- 
[Ti(~-CSH,)&&] = 118.8 * 2.1 [S]; A@(H,g) = 217.997 2 0.006 [7]. The stan- 
dard enthalpy of formation of liquid Z-chlorophenol was estimated as -181 4 
10 kJ mol-’ and its enthalpy of vaporization as 36 + 4 kJ mol-‘. It was 
assumed that D(RO-H) = D(&H,O-H) = 362 + 10 kJ mol-’ [S]. 

Results 

The thermochemical results are summarized in Table 1, where AIYH, repre- 
sents the enthalpy of reaction l_ At&, refers to the enthalpy of solution of 
Ti(q-CSH5)&12 (c) in solution A or B and AHd2 stands for the enthalpy of solu- 
tion of ligands ROH in solution A or B containing stoicheiometric amounts of 
~(Q-C,H&%. 

The standard enthaipies of formation of the crystalline complexes (Table 2) 
were derived by using the above results and the appropriate auxiliary data. 
Estimated values of the enthalpies of sublimation and results for A@(g) are 
also listed in Table 2. 

Discussion 

The evaluation of mean bond-disruption enthalpies, D(M-L), in complexes 
M(~-CsH&L2 (M = transition metal; L = mono- or polyatomic ligand) was 
based on the assumption that values of D(M-CI) in M(7;1-CsHs)2C12 are equal to 
the mean bond dissociation enthalpies in MCI,, (n = 4 for M = Ti and n = 6 for 
M = MO, W) [ 1,2,9-13]_ This assumption is supported by similarities between 
internuclear distances of M-Cl bonds in the complexes and in MCl, com- 
pounds [6]_ However, the calculation also involves several other assumptions 
which must be considered carefully when these bond enthalpies are derived. 

The mean bond-enthalpy term, E(M-L), in a complex M(r)-&H&L2 is one 
half of the enthalpy change associated with the process 

M(NY&)zLz (g) + M(NsH& (g) + 2 L* (g) (2) 

AI& = 2 E(M-L) (3) 

where the star indicates that M(q-C,H,)t and L* structures remain as they were 
in the complex (i.e., they are non-reorganized fragments). 



Considering a second reaction 

NV-C,H&Clz (g) + M(v-C&)f 

AH, = 2 E(M-Cl) 
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* 

(g>‘+ 2 cl (g) (4) 

(5) 

and subtracting Al-I,, from AHz we arrive at 

AHz - AH4 = 2 E(M-L) - 2 E(M-Cl) = 2 m(L*,g) - 2 m(Cl,g) 

-.$ A.@ CM(rl-GH&Lz,g] + A.@ CM@-GH&Clz,g] (6) 

if it is assumed that the species M(q-C,H& (g) are similar in both reactions 2 
and 4. AS we will show, this can be partially verified if the crystal structures of 
M(q-C5Hs)2L2 and M(T&H&CL, complexes are available. 

In terms of i7, the mean bond-disruption enthalpy, we have 

M(rl-C&G)&2 (g) --, W7-WW2 (is) + 2 L (is) (7) 

AH, = 2 D(M-L) (9) 

M(rlGH~)&l2 (g) + M(rl-GH& (g) + 2 Cl (g) (9) 

AHHp = 2 D(M--Cl) 00) 

AH, - AH9 = 2 D(M-L) - 2 n(M--Cl) = 2 A@(L,g) - 2 a(Cl,g) 

- ~EWwWWzLgl + ~[MW3WzClz,gl (11) 
The difference 

(A_Fz, - A_?z,) - (AH, - AIX,) = 2 AF@(L,g) t 2 A@(L*,g) = 2 ER(L*) (12) 

leads to ER(L*), the reorganization enthalpy of L. 
As stated above it has been assumed that D(M-Cl) in MCI, (in this particular 

case equal to ,??(M-Cl)) is similar to B(M-Cl) in M(q-C5H5)&1,. However it is 
known that only Evalues can be safely correlated with bond distances, particu- 
larly when large reorganization enthalpies are involved_ Therefore the correct 
assumption must be 

D(M-Cl) = &M-Cl) in MCl, 

= E(IvI-Cl) in M(q-C,H,),Cl, 

Writing 

fi(M-Cl) = E(M--Cl) in M(r&,H,),Cl, 

implies that ER [M(q-C5H5)$] = 0, which does not seem plausible. 

Our thermochemical studies were concerned with M(Q-C~&)~L~ complexes 
with M = MO, W and Ti, and the discussion below is confined to this type of 
complex. We are not aware of any structural data for M(T~-C~H~)~L~ molecules 
in the gaseous phase. Crystal data are available for some of these complexes. 
A number of examples from the literature for M = MO, Ti [14-191 shows that 
the (C&H,)-M--(C,H,) ring centroid angles are fairly constant and usually less 

* A$(Cf.@ = A$<Cl.g) as the reorganization entblpy for monoatomic species is zero. 



74 

than 135” [14]. Bond distances r(M-CsHs) also vary within a narrow range 
(-197 f 1 pm for M = MO and -206 i- 1 pm for M = Ti). Finally, the average 
cyclopentadienyl ring structures do not seem to vary very much for different 
M(@,H,),L2 complexes. A&hough these data do not refer to the gaseous 
phase they favour the hypothesis of structural similarity of M(?&H,)c frag- 
ments and consequently support the calculation method represented by eq. 6. 

However, there are a few exceptions to the average values of crystal data 
mentioned above, particularly when the (C5HS)-M<C5HS) ring centroid angles 
are considered. These angles are larger when L is a weak z--acceptor and strong 
a-donor, as in the case of Mo(Q-&H&H, (145.8”) [20], Mo(q-&H&D, 
(148.2”) 1141 and, to a lesser extent, Mo(v-CSH&(NO)(o-C,M,) (137.6) [14]. 
The first of these three complexes has already been the subject of thermochem- 
icaI studies [9] and the mean bond enthalpy term E(Mo-H) was derived 
through eq. 6 (see Table 3). Since the ring centroid angle in M(q-C,H,),H, is 
much larger than in Mo(Q-C~H~)~CI~ (130.5) {14], then on the basis of the 
assumption that the reorganization enthalpy of M(r&H& in the dihydride 
complex is higher than that of M(q-C,H& in the dichloride complex 121 J, the 
obtained value for @MO-H) may be high. The same can possibly be said about 
the tungsten analogues and E(W-H) ( see Table 4), though in this case we are 
not aware of reported crystal structures for the complexes. 

The thermochemical data for complexes M(q-CSH&L2 (M = MO, W, and Ti) 
obtained by reaction-solution calorimetry are listed in Tables 3,4 and 5, 
respectively. Mean bond-disruption enthalpies (D) were evaluated through 
eq. 13 and mean bond-enthalpy terms (E) were derived with eq. 14. These 
equations are prefered to eq. 6 and 11 since they do not overestimate the final 
uncertainty intervals. (Note that eq. 6 and 11 contain twice the uncertainty 
interval of A@(LH,c/l), included in A@(L*,g) or AI$‘(L,g) and in A.@- 
tM(q-CgH+L2,g], and also that A.ZY$‘(LH,c/l) does not appear in eqs. 13 and 14). 

D(M-L) - D(M-Cl) = 

(A-K---Lwdl--- 2 Md2)/2 + C~CM(v-Cd-b)&1,1 - AEC~CM(GGH,)&IH~ 

+ A-@(HCi,soln) + D(L-H) + w(LH) - A@(H,g) - m(Cl,g) (13) 

&M-L) -&M--Cl) = 

(rur, - f=dI - 2 MdZ)/2 + C~IM(V-CSH&CI,] -~[M(~-CSH&LJ}/~ 

+ A@(HCl,soln) + E(L-H) + AIYI$(LH) - A@(H,g) - A@(Cl,g) (14) 

A.&, Llli,, and Mdz are experimental qUa&itieS whose meaning was defined 
above (see “Results”). 

Equation 14 implies that the structure of L' in LH and in M(q-C5H&L2 
must be Similar. The paucity of X-ray or neutron diffraction data for the com- 
plexes of Tables 3,4, and 5 mean that this assumption cannot be fully tested. 
However it can be noticed that, for example in Ti(r&H,),(pyrrol),, the average 
structural parameters of NC&, fragment do not change much on going from 
NC& to the complex [17,22]. The same can be said for C&f, in C6H6 1221 
and W77-GHMWW2 1231. 

(Continued on p. 77) 
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