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Abstract

Good linear correlations have been found between standard enthalpies of forma-
tion of crystalline inorganic and organometallic complexes-MX,L,,, and enthalpies
of formation of ligands L or LH in their standard reference state. These correlations
may be used to estimate enthalpies of formation of new complexes.

Introduction

A major concern in thermochemistry has been the development of methods for
estimating standard enthalpies of formation. Organic molecules are the only ones
for which it is possible to make reliable predictions of those quantities. Schemes
devised by Laidler, by Benson and Buss, by Allen, by Pedley et al., and others [1-4],
yield good results for A HY(g) of many organic molecules. In addition, theoretical
calculations of enthalpies of formation have been made for a large number of
organic species, and the agreement with experiment is often satisfactory [5]. It is
usually simple to obtain AH(l) from AHS(g), since many empirical methods for
estimating enthalpies of vaporization are available [6*].

The situation for organic molecules contrasts with the scarcity of prediction
methods for inorganic and organometallic substances. Attempts to develop suitable
procedures for inorganic compounds have been made by Hisham and Benson [7],
Bratsch and Lagowski [8], and Sanderson [9]. For non-transition organometallic
compounds, methods similar to those used for organic molecules can in principle be

* This and other references marked with asterisks indicate notes occurring in the list of references.
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applied [10], but the relatively small number of reliable experimental values of
enthalpies of formation limits the number of available “ terms”. Theoretical methods
have been used for these organometallic compounds, but their accuracy also suffers
from the scarcity of experimental data [11].

One possible approach for estimating enthalpies of formation of organo-transi-
tion metal complexes is basically an extension of the Laidler scheme [12]. This
method relies, however, on assumptions that are often difficult to assess, such as the
transferability of bond enthalpies. In addition, the number of metal-ligand bond
enthalpy terms presently available is rather small. Therefore, although there is
evidence that the method may be of general use, it is desirable to look for
alternatives. One of them is considered in this paper, and involves a correlation
between the standard enthalpies of formation of crystalline metal compounds
MX L, and the enthalpies of formation of ligands L or LH in their standard
reference state (rs), i.e. their stable physical state at 298.15 K and 1 atm. This
correlation has been tested for transition metal compounds of the type MCp,L,
M=Ti, Mo, W; Cp= 7°-CsHs; L = H, alkyl, aryl, alkoxy, azobenzene, etc.; n=1
or 2), Cr(CO),L, CrL, (L =n®-arene), Mn(CO);L (L = H, CH;, C¢H;, etc.), and
adducts MX, - nL (M = Hg, Zn; X = halogen; L = Lewis base; n =1 or 2). Thermo-
chemical data for L or LH were taken from the Sussex-N.P.L. Tables [13] unless
otherwise indicated.

Bis-cyclopentadienyl complexes

The thermochemistry of complexes MCp,L, has been studied for several years.
Standard enthalpies of formation of the crystalline solids are now available for over
fifty complexes of titanium, molybdenum, and tungsten. Most of these data are
summarized in three recent papers [12b, 12d, 14].

A plot of AHP(TiCp,L,,c) versus AH{(LH,rs) is shown in Fig. 1 [15*]. Two
straight lines are drawn: one through points 10-21 (involving complexes containing
titanium—carbonyl, titanium-oxygen and titanium-sulfur bonds) and the other
through points 3-9 (complexes with titanium-carbon ¢ bonds). The least squares
analyses of those two lines led to equations 1 [16*] and 2, respectively, with
correlation factors of 0.9990 and 0.9996 (the uncertainties shown are standard
deviations).

AHP(TiCp,L,,c) = (2.034 £ 0.029)A HY(LH,1s) — (55.4 + 10.9) (1)
AHP(TiCp,L, c) = (2.046 + 0.027) AH? (LH,1s) + (149.9 £ 6.8) 2)

One point that deserves discussion concerns the slope of the two lines. Let us
suppose that the correlation indicated by eq. 1 and 2 is perfect, i.e. 3, where a and b
are constants, is obeyed. When this expression is compared with eq. 5, which is the
enthalpy balance for reaction 4, two conclusions can be drawn. First, the slope has a
value of 2, as a result of the number of ligands L bonded to the metal center.
Second, for a given X (eg. X=Cl), b= —AH’4)+ AHY(TiCp,X,.c) —
2A HP(HX1s), i.e AH®(4) is constant for a series of ligands L.

AHP(TiCp,L,,c) =aAHP(LH,1s) + b 3)
TiCp,L,(c) + 2HX(rs) = TiCp, X, (¢) + 2LH(rs) (4)
AH(TiCp,L,,c) =24H?(LH,rs) — AH®(4) + AH? (TiCp, X, ,¢) — 2A HY (HX 15)

(5)
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Fig. 1. AHY(TiCp,L,,¢) vs. AHP(LH,rs) or AHP(L,1s). Point numbers correspond to the following
ligands: 1=Cl, 2 =1, 3=CH,, 4= CgH;, 5=3-CH,C¢H,, 6 = 4-CH;C4H,, 7=4-CF,C;H,, 8= 4-
CH,0C4H,, 9 = (CsH;)Fe(CsH,), 10 = CO, 11 = CgH;0, 12 = 2-CH,CgH,O 13 = 3-CH,C¢H 0, 14
= 4CH,C4H,0, 15 = 2-CIC4H,0, 16 = CgH;CO0, 17 = CC1,C00, 18 = CF,COO (ot represented in
the figure), 19 = C,H;S, 20 = n-C,H,S, 21 = C4H;S.

Scheme 1 relates AH%(4) to AH(4), the enthalpy change of reaction 4 in the
gase phase for X =Cl (AHJ, AHg, and AHY are sublimation or vaporization
enthalpies). When AHSO(4) is expressed in terms of bond dissociation enthalpies and
this is introduced in Scheme 1, eq. 6 is obtained. As discussed above, a linear

0

AH@)
TiCp,L,(c) + 2HCIg) = TiCp,Cl,(c) + 2LH(rs)

L aHG 10 | AHY, 124HY
AH)(%
TiCp,L,(g) + 2HCl(g) = TiCp,Cl,(g) + 2LH(g)

Scheme 1
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Fig. 2. AH?(MoCp,L,,c) vs. AH?(LH,rs). Point numbers correspond to the following ligands: 1= Cl,
2=Br,3=14=H, 5=CH, 6 = CgH;COO, 7= CFCOO (not represented in the figure), 8 = n-C;H,S,
9= i-C3H,S, 10 = n-C,H,S, 11 = t-C4H,S, 12 = n-C1gH;S, 13 = C4H,S.

AH®(4)=[2D(Ti- L) - 2D(L — H)] + [AH$ - 24 HY]
+[2D(H - CI) - 2D(Ti - Cl) - AHS| (6)

correlation (eq. 3) implies a constant AH%(4) for a series of ligands L. Since the
third bracketed term in eq. 6 is also constant, there are two possibilities, namely
either the bond dissociation enthalpy difference and the vaporization enthalpy
difference are constant or both differences depend on the ligand L but their sum
remains constant. Transition metal-ligand bond dissociation enthalpies and
ligand—hydrogen bond dissociation enthalpies often follow similar trends. On the
other hand, the enthalpy of sublimation of the complex TiCp,L, may reflect the
enthalpy of vaporization of LH, so that differences AHS —2AHY are nearly
constant.

The correlations found for the titanium complexes (Fig. 1) are not “perfect”.
They show, however, some similarity to eq. 3; in particular the slope is very close to
that expected on the basis of the preceding discussion. Differences between experi-
mental and calculated enthalpies of formation are usually less than ca. +20 kJ
mol~'. Exceptions (see Fig. 1) are found for L =3-CH,C¢H,O (42 kJ mol™1),
CcHCOO (49 kJ mol ™) and C4HS (—40 kJ mol™1).

For the analogous molybdenum and tungsten molecules the picture is rather
similar, although fewer data are available. For example, only one point involving a
complex with metal-carbon o bonds is shown in Fig. 2 and 3 [17*]. The least
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Fig. 3. AH{(WCp,L;,c) vs. AHP(LH,rs). Point numbers correspond to the following ligands: 1= Cl,
2=Br,3=1,4=H, 5=CH, 6 = CgH;CO0, 7= CF,COO (not represented in the figure), 8 = C,H,S,
9 =n-CyH,S, 10 = C,H,s.
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Fig. 4. AH?(MoCp,L,c) vs. AHP(LH,rs) or AHP(L,rs). Point numbers correspond to the following
ligands: 14 = CH,0,, 15 = C;,HgO,, 16 = C,,H0;, 17=S0;, 18 = Ny(C;Hs),. -
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squares fitting led to eq. 7 and 8, respectively (r = 0.9985 and 0.9988). The point for
L = H falls in the line, for both molybdenum and tungsten complexes.

AH?(MoCp,L,,c) = (2.011 + 0.041)AH? (LH,rs) + (194.2 + 16.4) @)
AHP(WCp,L,.c) = (1.986 + 0.048) A H?(LH,rs) + (219.3 £ 22.6) (8)

As observed for the titanium complexes, the differences between experimental
and calculated enthalpies of formation are usually less than +20 kJ mol™ .
Interestingly, the largest differences found are for the same ligands: C;HsCOO (79
kJ mol~! (Mo), 82 kJ mol~! (W)) and C¢H;S (—40 kJ mol ™! (Mo), —26 kJ mol~!
(W)). For L=n-C;H,S (M =Mo), a larger discrepancy is also noticed (—39 kJ
mol ™ 1),

What happens for bidentate ligands, i.e. for complexes MCp,L, with n=1? If
the slope reflects the number of ligands, the it should have a value of one. This is in
fact what is observed in eq. 9, which fits data for five molybdenum complexes (Fig.
4) containing metal—oxygen [18], and metal-nitrogen bonds (r = 0.9994) [19*].

AH®(MoCp,L,c) = (1.067 + 0.022) A H*(LH,rs) + (236.0 + 9.9) (9)

Only three points are available for the analogous titanium molecules (CH,C¢H,S,,
trans-N,(C4H;), and 9,10-phenantrenediol [18*]). The correlation is given by eq. 10
(r=0.996) [19*].

AH?(TiCp,L,c) = (1.091 + 0.095) AH? (LH,rs) — (27.8 + 23.5) (10)

Arene-chromium complexes

The standard enthalpies of formation of complexes Cr(n®-arene), and
Cr(CO),(n°-arene) have been determined by using Calvet microcalorimetry, and the
data are collected in two recent publications [10a,20]. Figures 5 and 6 and the
corresponding linear equations 11 (r=0.981) and 12 (r=0.980), respectively,
indicate that the correlation can also be applied to those complexes. However,
differences between experimental and calculated AHp(c) are now usually in the

AHP(CrL,,c) = (1.988 + 0.177)AH(L,1s) + (91.8 + 14.5) (11)
AH?[Cr(CO);L,c) = (0.968 + 0.070)A HY (L,rs) — (473.3 £ 10.2) (12)

range of +30 kJ mol~! for Cr(CO),L and less than ca. +20 kJ mol~! for CrL,. In
the latter complexes the largest differences are for C¢Hg (—48 kJ mol™!) and
naphthalene (56 kJ mol~'). The point for C¢H;N(CH ), was not included in the
correlation.

As shown by eq. 13 and 14, “perfect” correlations between A H[Cr(CO),;L,c]
and A H}(L,rs) would imply a slope of one and a constant value of AH°(13). If the
enthalpy change of reaction 13 is expressed in terms of Cr(CO);-L bond dissocia-
tion enthalpy, eq. 15 is obtained (AH¢ and AHY are the sublimation enthalpy of
the complex and the vaporization enthalpy of L). AH°(13) will be constant if
D[Cr(CO), — L] and AH — AHY are also constant or if they both change but their
sum remains constant. Although experimental values for those bond dissociation
enthalpies are not available, for the differences D[Cr(CO), — L] — D[Cr(CO), — L],
which have been reported by Al-Takhin et al. [20], the highest value, D[{Cr(CO), —
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Fig. 5. AHP(CrL,,c) vs. AHP(L,rs). Point numbers correspond to the following ligands: 1= C¢Hg,
2 = CHC,H;, 3=1,3,5(CH;);CsH,, 4 =1,2,4-(CH,),CsHs, 5=1,2(C,H;),CsH,, 6 = C5(CH,)¢.
7 = CIOHS'

C4(CH,),), exceeds the lowest, D[Cr(CO), — CsH;CO,CH,], by 90 kJ mol . This
suggests that AH°(13) is “constant” because the intramolecular enthalpy

Cr(CO);L(c) = Cr(CO);(g) + L(rs) (13)
AHP[Cr(CO),L,c] = AHY(L,rs) — AH®(13) + AH?[Cr(CO)s.g] (14)
AH®(13) = D[Cr(CO); — L) + AH? — AHY (15)

change is offset by the intermolecular enthalpy change (A HY — AHJ). A fact which
apparently contradicts this conclusion is that for Cr(CO),L complexes the correla-
tion holds if A H[Cr(CO),L,g] is plotted against A H(L,g) [20]. This point will be
further discussed below.
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Manganese complexes

Another family that can be used to test the linear correlation is provided by
Mn(CO);L complexes. These have also been studied by Calvet microcalorimetry
[21]. Figure 7 shows the usual plot, i.e. A H[Mn(CO);L,c] vs. AH(LH,rs). A line,
not shown in the figure, was drawn through all points corresponding to molecules
containing metal-carbon bonds, except for L = CF; and CE;CO. Interestingly, the
value for L = Mn(CO); fits the correlation and was therefore included in the least
squares analysis (eq. 16, r = 0.9998). It is noted, however, that the slope in eq. 16 is
not as close to one as in previous cases, despite the fact that the correlation is rather
good.

AH? [Mn(CO)sL,c] = (1.212 + 0.013)AH? (LH,zs) — (736.6 + 4.3) (16)

When the correlations for the bis-cyclopentadienyl complexes are recalled, the
decision to draw a straight line through all the points may be questioned. Data for
the manganese complexes involve four molecules with “pure” metal-carbon o
bonds (points 5-8) and three others where oxygen is also donating electrons to the
metal (points 9-11). The least squares fitting of points 5-8 (Fig. 7) and 9-11 (Fig.
7) led to eq. 17 (r = 0.9999) and 18 (r = 0.9995), respectively, where the slopes are
now closer to the expected value [22*]. Differences between experimen-

AH? [Mn(CO)sR,c] = (1.047 + 0.010)AH? (RH,rs) — (733.1 £ 3.7) (17)
A H?[Mn(CO)sCOR c] = (1.009 + 0.032)A H? (RCHO,rs) — (770.7 £ 15.2)  (18)

tal and calculated A H(c) are very small in both cases: less than ca. +10 kJ mol ™.
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Fig. 6. AHP(CKCO)3L,c) vs. A H{(L,1s). Point numbers correspond to the following ligands: 1= C¢Hg,
2 = CgH,CH,, 3=1,3,5CH,);C¢H,, 4 = C4(CH,)g, 5 = CHCl, 6 = CyH,OCH,, 7= C;H; COCH,,
8 = C;H,COOCH;, 9 = CgH,N(CH,),, 10 = cy-C,Hy, 11= CoH,.
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Fig. 7. AH?(Mn(CO)sL,c) vs. AHP(LH,rs). Point numbers correspond to the following ligands: 1= H,
2=Cl, 3=Br, 4=1, 5=CH,;, 6=CF,, 7=CsH;, 8=CsH;CH,, 9=CH;3CO, 10 =CF,CO, 11=
CgH;CO, 12 = Mn(CO);.

Finally, it should be noted that the pattern observed for L = H and L = halogen in
Fig. 7 is similar to that observed for the bis-cyclopentadienyl complexes.

Group II adducts

Reaction-solution calorimetric studies on group II adducts MX, - nL, where
X = halogen and L = Lewis base led to an extensive set of data for the standard
enthalpies of formation of the complexes. Since it was considered desirable to test
the correlation to non-organometallic molecules, some of those values were used for
that purpose [23).

Figure 8 shows a plot of AH?(ZnCl,-2Lc) for several oxygen and nitrogen
donors, and eq. 19 represents the least squares fit for all points (r = 0.998).
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Fig. 8. AHP(ZnCl,-2Lc) vs. AHP(L,ts). Point numbers correspond to the following ligands: 1=
(C,H;);PO, 2 =[(CH;3),Nl;PO, 3=(H,N),CO, 4=(CH;NH),CO, 5= (CH;)}N(CH,),]JCO, 6=
(CH;NHYH,N)CO, 7= [(CH;),;N],CO, 8 = [(CH;),NIH)CO, 9 = (CsH;CH,),PO, 10 = (C4H,) 3 PO.

Estimates of A H(c) made through this equation agree with experimental values
within ca. +20 kJ mol™%.

AH?(ZnCl, - 2L,c) = (2.076 + 0.048) A HP(L,1s) — (456.8 + 17.0) (19)

Tests were also made by using data for ZnBr, - 2L (the ligands considered are
those corresponding to points 2-8 and 10 of Fig. 8), Znl, - 2L (points 2,3,5,7,8,10),
and HgCl, - L (points 1 and 3-8). The correlation is satisfactory for the iodides and
for the mercury complexes, but less so for the bromides, as shown by equations 20
(r=0.997), 21 (r =0.998), and 22 (r = 0.946), respectively.

AH?(Znl, - 2L.c) = (2.132 + 0.081) A HP (L 1s) — (265.1 + 25.9) (20)
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AHP(HgCl,-L,c) = (0.993 + 0.027)AH? (L,rs) — (247.3 £ 9.7) (21)
AHY(ZnBr, - 2Lc) = (2.280 4+ 0.319) AH(L,rs) — (289.8 + 99.5) (22)

General discussion

The enthalpy content of a molecule reflects the enthalpy content of its fragments.
A correlation between standard enthalpies of formation of a series of molecules
containing a common moiety and standard enthalpies of formation of the different
fragments bonded to that moiety is thus not unexpected. It is, however, surprising to
find good linear relationships between enthalpies of formation of the molecules and
fragments in their standard reference states. Attempts to explain this behaviour led
to the conclusion that a compensation of intra- and inter-molecular enthalpy
changes may account for the observed linearity. This is supported by the fact that
the least squares fittings involving A HY(complex,c) vs. A H{(ligand,rs) are usually
of better quality than those of AH(complex,c) vs. AH{ (ligand,g). For example,
when eq. 6 is considered, the crystal-gas correlation implies AHY{ =0, thus perturb-
ing the “intermolecular compensation”. Unfortunately, very few accurate standard
enthalpies of formation of the complexes in the gas phase are available, and so those
ideas cannot be thoroughly tested by plotting A HY(complex,g) vs. A H?(ligand,g).

While a more perfect understanding of the linear correlations presented is
desirable, their value is apparent. From a practical point of view, for example, for
predicting the energetics of reactions in solution, estimates of AH?(complex) in the
crystalline state are more useful than those for the gas state. Moreover, the input
data [AHP(L/LH)] are always referred to the standard reference state, and not
necessarily to the gaseous state, thus avoiding the need to know or estimate
enthalpies of sublimation or vaporization of the ligands.

The method that relies on transferring metal-ligand bond enthalpy terms [12]
may yield more accurate A H?(complex,c) than the linear equations. As a result of
the uncertainties affecting the slopes, this applies particularly to those ligands whose
enthalpy of formation is very large. However, it is obvious that an estimate of an
enthalpy of formation involving, e.g., a tungsten—sulfur bond by use of the bond
enthalpy term method requires the availability of thermochemical data for other
molecules containing similar bonds. For example, it would not be a simple exercise
to predict the standard enthalpies of formation of complexes such as MoCp,[N,-
(C4Hs),] or MoCp,(C,H,) through the bond enthalpy term method. The value for
the first of these molecules is fitted by eq. 9, and the value for the second is
estimated as 292 kJ mol™! (from AH®(C,H,,g) [13]), matching a preliminary
experimental result [24]. The same equation can in principle be used to predict the
energetics of other interesting species, such as metal carbenes or metallacycles. For
example, A H[MoCp,(CH,),c] =157 kJ mol™! and AHP?[MoCp,(CCl,),.c] =104
kJ mol~! were obtained from 4 H)(CH,,g) and A H?(CH,Cl,,1) [13]. The reliabil-
ity of these and other values estimated through the available correlations needs, of
course, to be assessed by experimental thermochemical studies. Will those metal-
carbenes and /or metallacycles fit the correlations for bidentate ligands (e.g., eq. 9
and 10) or will they give a different intercept? The example provided by the
manganese complexes has shown that some caution has to be used when defining a
“family”, i.e. the intercept of the straight line.
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The reliability of estimating enthalpies of formation of complexes such as
MCp,R, (M = Mo, W; R = alkyl, aryl) is, on the other hand, more easily accepted,
since it is based on a large number of experimental data for the analogous titanium
molecules. Those alkyl and aryl complexes must fit straight lines (slope ~ 2) drawn
through the points corresponding to MCp,(CH,), in Fig. 2 and 3. Experimental
studies involving the complexes MoCp,(C,Hs), and MoCp,(n-C;Hy), are in
progress, and will enable this be to be checked [24].

The temptation to assess experimental values by use of the correlations must be
resisted. It should be noted, however, that some published values that have been
substantially changed later, do not fit the correlation to which they relate. This is
the case, for example, for results from early combustion studies on TiCp,(CH;),
and TiCp,(C¢Hs), [25]. Alternative experimental values exist for some other
AHJ(complex,c) used to define the correlations presented here, and use of these
sometimes lowers the standard deviations. The choice of a full set of values obtained
in one laboratory has at least the advantage of avoiding meaningless attempts to
obtain better fittings.

Can thermochemistry of coordination and organometallic complexes be “re-
duced” to thermochemistry of organic and inorganic ligands? The answer probably
depends on how accurately one wishes to estimate enthalpies of formation of those
complexes. The linear equations found in the present paper indicate that reliable
data can be obtained for most molecules used to test those correlations. Future
efforts should be aimed at improving the accuracy of experimental data, extending
the tests to a larger number of different types of complexes, and to providing a
better understanding of the factors which define a “family”.
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