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Visible-Ultraviolet Spectra.-The visible and ultraviolet 
spectra of all the complexes were obtained with a Cary Model 14 

temperature dependence of the methanol resonance peaks, as 
recommended by the manufacturer. 

recording spectrophotometer using aqueous solutions in 1-cm 
cells or, in one case, using 1-cm cells with 0.9-cm cell spacers 
which gave 0.1-cm path lengths. 
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The standard heat of formation of Mg(CSH6)2(c) a t  298’K is measured to be 16.0 f 0.8 kcal/mole from the heat of hydrolysis 
in 1 N H4SOa. Mass spectrometric appearance potentials are used to derive the standard heat of formation of CsHS(g), 
53 f: 12 kcal/mole. From these data and the heats of sublimation of Mg(CsHs)2, 16.3 iZ 0.3 kcal/mole, and Mg, 35.3 iZ 0.3 
kcal/mole, the mean magnesium-radical bond energy is found to be 54.5 f 12 kcal/mole. Reevaluation of literature data 
gives mean bond energies of 53 and 77 kcaljmole for Ni(CSH& and Fe(CsHs)z, respectively. 

Introduction 
Metal-cyclopentadienyl compounds exhibit a wide 

range of chemical behavior and a variation of bond type 
between ionic and n-covalent extremes. The chemical 
stability may be quantitatively defined by the free 
energy change, AG,, of appropriate reactions, while the 
bond type may be characterized by the mean metal- 
radical bond energy, B. 

Values of free energy of formation, AGrO, and bond 
energy, B, are available only for the n-bonded com- 
pounds Fe(CbH& and Ni(CSH&, for which heats of 
combustion1 and vaporization2 have been combined 
with both measured and c a l c ~ l a t e d ~ ~ ~  entropies. In 
the present work AGfO and B are derived for Mg(C5Hs)z 
from the heat of hydrolysis in 1 N HzS04. This method 
avoids difficulties with incomplete combustion and for- 
mation of energy-rich oxides and should be applicable 
to many cyclopentadienyl-metal compounds which 
hydrolyze readily. It is found that Mg(C5H& is more 
stable with respect to the elements than Fe(CsH5)z by 
18 kcal/mole, even though the Mg-C5H6 bond is 22 
kcal/mole weaker than the Fe-CsH5 bond. 

Experimental Section 
Bis(cyclopentadienyl)magnesium, Mg(CbHS)2, was prepared, 

purified, and analyzed as previously des~ribed.~ Samples were 
vacuum sublimed into thin Pyrex bulbs which were sealed off and 

weighed with vacuum corrections. The bulbs were broken 
under 120 g of nitrogen-flushed 1 N in a platinum cal- 
orimeter previously described.6 The reaction was rapid and heat 
evolution complete within 1 min. The aqueous solution was 
analyzed for Mg for two runs by titration with EDTA which had 
been standardized against 99.99% Mg metal dissolved in 1 N 
HzSO4. The glass pieces were collected and weighed and sample 
weights obtained by difference. Based on these sample weights, 
the two analyses gave for Mg 15.6, 16.0 wt yo; calcd 15.7 wt yo. 
Separate analysis established that no magnesium remained in the 
organic phase. 

Two electrical calibrations, agreeing within d ~ O . 2 7 ~ ,  were per- 
formed after each reaction. Operation of the calorimeter was 
satisfactorily checked by measuring the heat of solution of Mg 
metal in 1 N HC1.6 A thin layer of freshly distilled liquid cyclo- 
pentadiene was placed on the surface of the sulfuric acid to en- 
sure that cyclopentadiene formed by hydrolysis of Mg(C6Ha)z 
was in the liquid state and t o  ensure saturation of the acid with 
cyclopentadiene. The calorimeter was closely, but not com- 
pletely, sealed to avoid excessive evaporation. A small cor- 
rection amounting to 0 . 1 6 ~  cal was added to the observed heat 
evolution to allow for evaporation of and HzO into the 
evacuated volume v of the sample bulbs on breaking. The cor- 
rection was calculated from the known vapor pressures and heat 
of vaporization of CaHs6 and Hz07 a t  the calorimeter tempera- 
ture The volume v was the measured external bulb volume (2-3 
cm3), corrected for glass and sample volumes. Blank runs with 
empty bulbs confirmed the magnitude of this calculated correc- 
tion. 

The heat absorbed by vaporization of C& and HgO into the 
free space of the calorimeter (15 cm3) due to a temperature rise 
A T  was calculated to be 0.1OAT cal. This amounted t o  < O . l %  

(1) F. A. Cotton and G. Wilkinson, J .  Am. Chem. Soc., 74, 5764 (1952). 
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(3) J. W. Edwards and G. L. Kington, ibid., 68, 1334 (1962). 
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of total heat for both reaction and calibration and hence cancelled 
out within experimental error. 
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An experiment run in a glass vessel, so that  tlie organic residue 
could be separated by vacuum distillation, showed at least 95 
mole :& monomeric CbH6 to be formed. Since tlie heat of for- 
mation of liquid monomer, 25.04 kcal/mole,8 is close to those of 
solid dimer and trimer, 28.0 and 30.2 kcal/mole, respectively,g 
no correction for polymerization appeared warranted. X fur- 
ther check was made by breaking bulbs containing only liquid 
CjHg in the calorimeter. Kegligible heat effects were observed, 
confirming the retention of the CjHg in the liquid state and the 
absence of appreciable reaction with the aqueous H2S04. 

To find the heat of mixing of IMgS04.200HzO] with 1.01 A' 
HzS04, samples of the appropriate weight of MgS04 solution, 
made from XnalaR MgS04.7HzO and checked by analysis with 
EDTA, were wcighed into glass bulbs which were broken uuder 
120 g of 1.01 N HzSOI. 

Results 
Enthalpy of Formation.-Al~f0298 for Mg(C5Hj)2 was 

evaluated from the enthalpy changes of the follon4ng 
reactions 
Mg(CjHj)Z(c) + [66HzSO4'7200HzO] + 

[MgS04~65H~SOa~7200HzO] + 2CjHo(1) (1) 

[MgS04.200H2O] + [65H2SO4.7000HzO] + 
[MgS04.65HzSOa.7200H20] (2)  

(3) 200H20(1) + [65HzS04~7000H20] --f [65HzS04.7200HzO] 

Mg(c) + S(rh) + 2 O d g )  f 200Hz0(1) + 

Ha(g) + S(r1i) + 202(g) -t [65HS04~7200H~O] + 
[MgS04~200HzO] (4) 

[66HzSO4.7200HzO] ( 5 )  

Reaction 1 represents the hydrolysis of Mg(C6HS)z 
in 1 N HzS04 a t  the average of the reactant ratios 
shown in Table I. The average enthalpy chang-e, 
AHzg8( l), corrected for vaporization as described earlier, 
is -75.0 =t 0.6 kcal. Reaction 2 represents the heat of 
mixing of [lIgS04.200H10) ] with the appropriate 
amount of 1.01 N H2S04 to give the same final mag- 
nesium concentration as reaction 1. Two experi- 
ments gave enthalpy changes, AHz98(2), of 2.36, 2.36 
(av 2.36 f 0.05) kcal. Reaction 3 represents the 
dilution of aqueous HzS04, for which the enthalpy 
change is tabulated' to be -2.6 cal/mole of H20, so 
that AH2,,(3) is -0.52 kcal. Reaction 4 represents 
the standard heat of formation of MgSOr in aqueous 
solution of mole ratio 1 : 200 HzO, for which the tabu- 
lated' enthalpy change is -326.23 kcal/mole. Fi- 
nally reaction 5 represents the partial molar heat of 
formation of HzS04 in 1 A' HZS04 solution, for which the 
enthalpy change is derived from tabulated integral 
heats of formation7 to be -211.33 kcal/mole. 

The algebraic summation --H(1) + H(2) - H(3)  
+ H(4)  - H(5)  gives the following reaction 

Mg(c)  + 2CjHs(l) + Rlg(CeHj)z(c) + Ha(g)  (6) 

with an enthalpy change of -34.05 f 0.7 kcal. The 
standard enthalpy of formation of CeHo(g) is calculated 
to be 31.52 =I= 0.3 kcal/mole from the heat of hydro- 
genation to C6H10(g),8 corrected to 29SOK using calcu- 
lated ideal gas heat capacities. Subtracting the heat 
of vaporization, 6.78 i. 0.06 kcal/mole at 29S0K,; 
gives AHf,2g8CjHc(1) = 25.04 f 0.3 kcal/mole. Sub- 

( 8 )  G. B. Kistiakowski, J I<. l tuhoff,  H. A. Smith,  and W. E.  Vaughan, 
J .  A m .  Chum. Soc., 68, 146 (1030). 

(9) G. Becker and W. A.  R u t h ,  Ciiern. Usr. ,  67B, 627 (lY3'4). 

TABLE I 
HEAT O F  REACTION O F  Mg(ChHo)z(C) 

W I T H  120 G O F  1 N H2SO4 AT 25' 
Sample wt ,  Qobsd. Qvap, -Ai$, 

0.1216 61.37 0.44 78.5 
0.0848 42.59 0.43 78.3 
0.1372 69.05 0.25 78.0 
0.1500 74.40 0.30 76.9 
0.1912 96.59 0.25 78.2 

E kcal/mole cal cal 

.4v 78.0 =I= 0 . 6  

stitution of this value in reaction 6 allows the evalua- 
tion of the standard enthalpy of formation of Mg- 
(CbHs)2(c)l AHio298 = 16.0 rt 0.8 kcal/mole. ildding the 
heat of vaporization, 16.3 f 0.3 kcal/mole, found from 
vapor pressure studies,j gives AHf029&Ig(CsHJa(g) = 
32.3 * 0.9 kcal/mole. 

For Fe(C5H&(c) lowtemperature heat capacities3 
give ASpoz9s = -124.4 cal/deg mole, and this value 
may be used with little error to calculate preliminary 
values of AGf,agg for the other compounds (Table 11). 

TABLE I1 
PROPERTIES OF BIS(CI-CLOPENTADIEXYL)METAL COMPOUNDS 

AHfozos(c), kcal 16.0 0 . 8  62.8 j= 0 . 5  33.8 f 1 . 3  1 
AHfo2g8(g), kcal 32.3 i 0 . 9  80.4 5 1 . 0  51.4 i 1.3 2 

B, kcal 54.5 k 12 53 =t 12 7 7 A  12 Calcd 
Bar, kcal 78 77 106 a 
f, mdynes/A 1 . 7  1 . 5  2 . 7  Calcd 
fi, mdynes/A 1.83 1.68 3.11 b 
AGfozgs(c), kcal 53.1 & 2 99.9 =!= 2 70.9 i 1 . 5  Calcd 

a L, Friedman, A. P. Irsa, and G. Wilkitison, J .  Am. Chew. 
Soc., 77, 3689 (1955). P. Fritz, ildvan. Organometal. Chew., 1, 
239 (1964). 

R.lg(CsHs)n r\Ti(CaHa)n Fe(CsI1b)n Ref 

AHf.208M(g), kcal 35.3 & 0 . 3  81.0 & 1 100.2 & 0 . 5  15-18 

Bond Energy.-The mean bond energy B a t  29S"K 

Mg(CsHs)dg) Mg(g) + 2CsHdg) ( 7 )  

For use in eq 7, AHio2&!bHS(g) may be evaluated from 
recently reported mass-spectroscopic appearance po- 
tentials. lo For the process 

CsHs(g) f E + CjHg-'(g) + H(g) + %e ( 8 )  

a potential of 11.9 f 0.5 ev \vas found, in agreement 
with <12.G ev reported by Harrison, etal.," but differing 
from the early value of 10.7 ev.I2 Also, for the process 

CjHs(g) + e --+ CsHj+(g) + 2c (9) 

an appearance potential of 8.73 f 0.1 ev has been re- 
ported. l 1  in satisfactory agreement with the molecular 
orbital calculation giving 8.S2 ev.13 Combining the 
above processes gives 

CjHdg) + CjHdg) + I I (g)  (10) 

with a heat ol 3.17 ev or 73 & 12 kcal. This is in good 
agreement ivith the dissociation of C'H8 to C'H7 + H lor 

is defined by the equation 

2B 

(LO) I;. Ilot-man, J ,  Chrvz. Phys.. 43, 3507 (196.5). 
(11) A. G. Harrison, I,, I<. Honnen, H. J. Dauben, and I?. P. I ~ ~ s s i n g ,  

(12) J .  Hissel, Bzd1. SOC. Roy. S c i .  L i e g e ,  21, 457 (lQ52). 
( l a )  A.  Strcitwiesci-, J r . ,  J .  Ain. G h c m .  So<. ,  82, 4123 (1960). 

J .  Ani. Chenz. Soc., 82, 55'33 (1060). 
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which Harrison, et a1.,l1 found 74 kcal by a similar argu- 
ment. The bond energy of the weakest C-H bond in 
C5HB is estimated to be 98 kcal from the Bernstein corre- 
lations.14 However, molecular orbital calculations sug- 
gest 30 kcal more resonance stabilization in C S H ~  than 
in C5H6.13 Thus a dissociation energy of 68 kcal is 
estimated, in reasonable agreement with the exper- 
mental value. Using AHzg~(10) = 73 kcal, AHf0zg8H(g) 
= 52 kcal/mole, and AHf0z98CjH6(g) = 31.8 kcal/mole 
in reaction 10 gives AHf02~8C&(g) = 53 f 12 kcal. 
This is then used in eq 7, with the heat of sublimation of 
magnesium, 35.3 + 0.3 k~al/g-atom,’~-~’ to obtain B 
(Mg-C5H5) = 54.5 f 12 kcal. Comparable values of 
B may be recalculated for Fe(CbHb)2 and Ni(CbH5)z 
as shown in Table 11. It should be noted that the heat 
of sublimation of nickelI6 used here is some 20 kcal/g- 
atom less than the previously accepted value,17 but itI6 
appears to be more reliable. The heats of sublimation of 
magnesium and ironI8 appear to be well established. 
Fischer and GrubertIg reported B values of 93.5 kcal 
for both O S ( C ~ H ~ ) ~  and Ru(CbH&, but these must be 
regarded as preliminary until accurate combustion and 
sublimation heats are available for the metals. 

Discussion 
The bond energies given by eq 7 may be conveni- 

ently considered as the sum of (a) the valence state 
promotion energy of the metal, (b) the rearrangement 
energy of CsHj to its state in the compound, and (c) the 
“intrinsic” bond energy. Since there is no evidence 
of systematic changes in bond distance and planarity 
of C5H5, the rearrangement term may be taken as small 
and constant for all metal-biscyclopentadienyl com- 
pounds. The bond energies may then be qualitatively 
related to molecular orbital studies of the bond types 
involved. 

For iron, nickel, ruthenium, and osmium there is 
thought to be a-bond formation between the p orbitals 
of C5Hj and hydridized ds orbitals of suitable sym- 
metry on the metaLZ0 Although nickel has a slightly 
lower promotion energy than iron the two extra elec- 
trons occupy an antibonding orbital, thus accounting 
for the lower observed bond energy.20 Ruthenium has 
a lower promotion energy than ironz1 so that the higher 
observed bond energy is understandable. 

For magnesium there is still disagreement on the ex- 
act type of bonding, but i t  has been shown22 that the 
promotion energy involved is much higher than for 
iron, suggesting a lower bond energy as is found in the 
present work and a bonding system having a moderate 
degree of charge separation. The partial covalent 

(14) H. J. Bernstein, Trans. Faraday Soc , 58, 2285 (1962). 
(15) J. C. Greenbank and B. B. Argent, ihid. ,  61, 655 (1965). 
(16) A. N. Nesmayanov, “Vapour Pressure of the Chemical Elements,” 

Elsevier Publishing Co., Amsterdam, 1963. 
(17) R. Hultgren, R. L. Orr, P. D. Anderson, and K. K. Kelley, “Selected 

Values of Thermodynamic Properties of Metals and Alloys,” John Wiley and 
Sons, New York, N. Y., 1963. 

(18) R. Smith and R. Shuttleworth, Trans .  Met. Soc. A I M E ,  806 (1965). 
(19) E. 0. Fischer and H. Grubert, Chem. Bw., 92,2302 (1959). 
(20) C. T. Mortimer, “Reaction Heats and Bond Strengths,” Pergamon 

(21) E. M. Shustorovich and M. E. Dyatkina, Zh. Neovgan. Khim., 3, 

(22) F. A. Cotton and G. Reynolds, J .  Am.  Chem. Soc., 60, 269 (1958). 

Press, Oxford, 1962. 

2721 (1958): 4, 402 (1959). 

nature of the bonding system is shown by the occur- 
rence of a metal-ring stretching vibration with an ab- 
sorption intensity inconsistent with a completely ionic 
bond.23 For manganese, the bond may also be mainly 
ionic due to the stabilization of the half-filled d electron 
shell, giving a low bond energy similar to that of mag- 
nesium. 

Where metal-ring stretching vibrations are observed, 
i t  is expected that the force constants should be closely 
related to the corresponding bond strengths. From fre- 
quencies assigned to the asymmetric metal-ring~tretch,~~ 
approximate force constants, f, are obtained which 
show the same trend as the bond energies (Table I). 
Alternatively, from slightly different assignments of all 
three vibrations of the metal-ring system, Fritzz4 found 
force constants, fl, also showing the same trend as the 
bond energies (Table I). 

The thermochemical bond energies B may be com- 
pared with values BM derived by Friedman, Irsa, and 
WilkinsonZ5 from mass spectroscopic appearance poten- 
tials for the process 

M(C&&)dg) + e + MYg)  + 2CbHdg) -I- 2e (11) 

As shown in Table I1 the fi, values are 22-29 kcal 
higher than the B values. This cannot be due to too 
low a heat of formation of CjHa in calculating B ,  since 
the value used is probably an upper limit. Excess 
kinetic energy of the product ions and their formation 
in excited states would both cause the BRI. values to be 
too high. There was also difficulty in calibrating the 
energy scales for the appearance potentials, since the 
ionization efficiency curves had long tails of 3.0 =k 0.5 
ev.25 Thus the absolute values of are probably too 
high, but they show the expected trend across the tran- 
sition series. In  particular, manganese has a similar 
low value (76 kcal) to magnesium, and cobalt has a 
value (96 kcal) intermediate between iron and nickel. 
The use of an average correction of 25 kcal to the B ~ T  
values leads to B values for vanadium, 115 kcal, chro- 
mium, 84 kcal, manganese, 51 kcal, and cobalt, 71 kcal. 

Bis(cyclopentadieny1)magnesium is a useful inter- 
mediate for preparing other metal-cyclopentadienyl 
compounds either in the molten state26 or in tetrahydro- 
furan soluti0n.~7 

MdCaHa)2 4- MCL ----f M(CaHs)z + MgClz (12) 

Neglecting the fusion or solution energies, which tend to 
cancel out, the free energy change of eq 12 may now be 
evaluated for the compounds in the solid state. For iron 
AGz95(E) = -51.4 kcal/mole and for nickel AGZ98(12) 
= - 29.5 kcal/mole, confirming the quantitative reac- 
tions observed. The calculation shows that although 
Mg(CbH& is the most stable compound with respect 
to the elements, the high free energy of formation of 
MgClz causes the metatheses to be favorable. The use 
of metal fluorides, bromides, and iodides also gives large 
negative free energy changes for reaction 12. 

(23) E. R. Lippincott, J. Xavier, and D. Steele, ih id . ,  83, 2262 (1961). 
(24) P. Fritz, Aduan. OYgnnometaE. Chem., 1, 239 (1964). 
(25) L. Friedman, A. P. Irsa, and G. Wilkinson, J .  Am. Chem. Soc., 7 7 ,  

(26) A. F. Reid and P. C. U‘ailes, Ilzore. Chem., 5,  1213 (1966). 
(27) A. F. Reid and P. C. Wailes, Austvulzan J .  Lhem., 19, 309 (1966). 

3689 (1955). 


