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The rather elegant fit of all these complexes and considerations
demonstrates the reality of these ring currents, their potential value
as a structural tool, and the accuracy of the Evans method, when
used as described, for evaluating small differences in magnetic
susceptibilities.
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Abstract: Metal-ligand bond disruption enthalpies (D) have been determined in the series Cp’,M X,, CpoMX,, Cp/MX,; (M
= Zr, Hf; Cp’ = 7°-MesCs; Cp = 1°-CsHg; M = Zr, Hf; X = hydrocarbyl, hydride, alkoxide, amide, halide) and in Cp’,Zr(CO),
by anaerobic isoperibol batch-titration calorimetry. Heats of solution in toluene were measured followed by heats of reaction
with HCI, I,, C¢FsOH, C¢HsOH, CF3;CH,0H, or +-BuOH in toluene. Derived D(M-X) values decrease in the order OH
~ Cl > alkoxide ~ NH, > phenoxide > I ~ H > aryl > Me > alkyl, metallacyclopentane > 5':p’>-CH,CsMey; M—C ¢ bond
> CO. By using D(Cl;M-Cl) as a reference point, D(M-X) values are found to be rather large (e.g., for M = Zr(R): 78
(H), 73 (Ph), 67 (Me) kcal/mol) and not highly sensitive to ancillary n’-cyclopentadienyl ligation. D(Hf-X) - D(Zr-X) is
estimated to be ca. 4 kcal/mol. Ancillary alkoxide ligands enhance D(Zr-H) in the Cp’,ZrH,/Cp/,Zr(OR)H series by ca.

5 kcal/mol. The metallacycle Cp’,ZrCH,(CHEt),CH, exhibits negligible ring strain while that in the zirconaindan

Pt
Cp/,ZrCH,CH;-0-C¢Hy is ca. ~10 kecal/mol. A plot of D(Zr-X) vs D(H-X) is not linear but shows very substantial scatter.
However, reasonably linear plots are observed within ligand subgroups such as hydrocarbyls, alkoxides, and halides. This
behavior can be qualitatively explained on the basis of metal and ligand electronegativities. The quantities D(M-H) — D(M—-Me)
and D(M-I) -~ D(M~-Me) vary considerably across the transition-metal series and are informative indices of metal-ligand bonding.
The former is small for the present group 4 compounds and the latter large. The present data are used to semiquantitatively
interpret a number of group 4 centered transformations. Among the conclusions drawn are that 8-H elimination processes
are usually endothermic; many C-H activating cyclometalation processes are endothermic, hence entropically driven (e.g.,
Cp/,ZrPh, — Cp’Zr(Ph)(n':7>-CH,CsMe,) + PhH); Zr(II) — Zr(IV) oxidative additions are highly exothermic; D-
(Cp’,Zr-benzyne) 2 120 kcal/mol; early transition metal/lanthanide/actinide M(n':5>-CH,CsMe,) species are energetically
poised to serve as intermediates in a number of addition and elimination processes; and the large magnitude of D(M~-OR)
is one major driving force for the formation of alkoxide-like end products in group 4 centered CO activation chemistry.

It is becoming increasingly apparent that metal-ligand bond
enthalpy data can afford invaluable insights into important reaction
patterns in organometallic chemistry and catalysis.!? Recent
research in this laboratory has concentrated on measuring relative
solution-phase homolytic bond disruption enthalpies® (formally
defined in the gas phase for the adiabatic process shown in eq 1)

D(L,M-R) = AH°(L M) + AH°(R") - AH°{(L,M-R) (1)
L, = ancillary ligand array

(1) Marks, T. J., Ed. Metal-Ligand Bonding Energetics in Organo-
transition Metal Compounds, Polyhedron Symposium-in-Print, in press.

(2) For leading references, see: (a) Pilcher, G.; Skinner, H. A. In The
Chemistry of the Metal-Carbon Bond; Hartley, F. R., Patai, S., Eds.; Wiley:
New York, 1982; pp 43-90. (b) Connor, J. A. Top. Curr. Chem. 1977, 71,
71-110. (c) Halpern, J. Acc. Chem. Res. 1982, |5, 238-244. (d) Mondal,
J. U,; Blake, D. M. Coord. Chem. Rev. 1982, 47, 205-238. (e) Mansson, M.
Pure Appl. Chem. 1983, 55,417-426. (f) Skinner, H. A; Connor, J. A. Pure
Appl. Chem. 1988, 57, 79-88. (g) Pearson, R. G. Chem. Rev. 1985, 85,
41-59. (h) Halpern, J. Inorg. Chim. Acta 1985, 100, 41-48. (i) Bryndza,
H. E.; Fong, L. K,; Paciello, R. A.; Tam, W.; Bercaw, J. E. J. Am. Chem.
Soc. 1987, 109, 1444-1456. (j) Nolan, S. P,; Hoff, C. D.; Stoutland, P. O,;
Newman, L. J.; Buchanan, J. M.; Bergman, R. G; Yang, G. K.; Peters, K.
G. J. Am. Chem. Soc. 1987, 109, 3143-3145 and references therein. (k) Dias,
A. R,; Salema, M. S.; Martinho Simoes, J. A. J. Organomet. Chem. 1981,
222, 69-78.

(3) This quantity has been variously referred to as bond disruption en-
thalpy, bond dissociation enthalpy, bond enthalpy, bond energy, and bond
strength. We prefer the terminology of Pilcher and Skinner.?
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in organoactinides by protonolytic (eq 2 and 3)* or halogenolytic
L.M-R + HOR’ — L, M-OR’ + RH + AH|, 2)
AH, = D(LM-R) + D(H-OR’) - D(L,M-OR’) - D(R-H)

3)
(eq 4 and 5)° isoperibol titration calorimetry.5 Assuming the L,M
L.M-R + X; = L M-X + R-X + AH,, 4)

AH,, = D(L,M-R) + D(X,) - D(L,M-X) - D(R-X)  (5)

fragment remains structurally /energetically invariant (vide infra),
relative D(L,M-R) parameters, “anchored” to estimated (usually
from D or D, data for homoleptic derivatives*) D(L,M-OR’) or
D(L ,M-X) values, can be obtained with high precision. Such
D(L,M-R) data, while only “semiabsolute” in that they are an-
chored to estimated D(L,M—-OR)/D(L.,M~-X) data, are invaluable
for understanding transformations among L,MR /L, MR’ species.*
In addition, it has recently been proven possible to determine
absolute D(L,U-X) parameters via calorimetry of LU/
L, UX/L,UR ensembles.®

(4) (a) Bruno, J. W.; Marks, T. J.; Morss, L. R. J. 4m. Chem. Soc. 1983,
105, 6824-6832. (b) Sonnenberger, D. C.; Morss, L. R.; Marks, T. J. Or-
ganometallics 1988, 4, 352-355. (c) Bruno, J. W.; Stecher, H. A.; Morss,
L. R,; Sonnenberger, D. C.; Marks, T. J. J. Am. Chem. Soc. 1986, 108,
7275-7280.
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In the present contribution, we focus in a comparative fashion
upon bond enthalpy trends in a series of cyclopentadienyl (Cp)
and pentamethylcyclopentadienyl (Cp’) zirconium and hafnium
complexes.”®  Key issues concern trends in metal-hydro-
carbyl/alkoxide/amide/halide/hydride/carbonyl bond enthalpies,
ancillary ligand effects on these bond enthalpies, strain energies
in metallocycles and other internally metalated derivatives, the
reliability of various anchors, and deductions that follow concerning
group 4 metal-centered stoichiometric and catalytic transforma-
tions. As one example, we analyze thermodynamic aspects of eq
6, in which intramolecular arene extrusion yields, via an ortho-
phenylene intermediate, a metalated Cp’ complex.

Cp',ZrPh, — Cp'Zr(Ph)(n':n*-CH,CsMey) + C(Hj (6)

Experimental Section

General Methods. All procedures were performed with standard
Schlenk techniques under an argon or nitrogen atmosphere or in a ni-
trogen-filled Vacuum Atmospheres glovebox. Argon and nitrogen
(Matheson, prepurified) and hydrogen (Linde) were purified by passage
through sequential columns of MnO on vermiculite and Davison 4A
molecular sieves. Toluene, pentane, and diethyl ether (Mallinckrodt)
were dried over sodium and molecular sieves, distilled from Na/K ben-
zophenone under a nitrogen atmosphere, and transferred under argon
flush into storage flasks containing a titanocene/Zn indicator. For
calorimetric studies, toluene was distilled an additional time from Na/K
on the high-vacuum (107 Torr) line into a flask directly connected to the
calorimeter. Toluene-dg and C¢Dg were vacuum distilled from Na/K.
Iodine was freeze-pump~thawed and sublimed in vacuo. The titrants
C¢F,OH and CF,CH,0H were freeze-pump—~thawed and sublimed in
vacuo three times from 3A molecular sieves; t-butyl alcohol was distilled
in vacuo from 4A molecular sieves and then distilled from calcium hy-
dride. Hydrogen chloride (technical grade) was purchased from Math-
eson Gas Products and used without further purification.

'H and '3C NMR spectra were recorded on a JEOL FX-270 (270
MHz 'H; 67.80 MHz *C) or a Varian XL-400 (400 MHz 'H; 100 MHz
13C) spectrometer. Chemical shifts were referenced to internal solvent
resonances and are reported relative to SiMe,. IR spectra were recorded
on a Perkin-Elmer 283 spectrophotometer as Nujol mulls sandwiched
between KBr salt plates in an O-ring sealed, air-tight holder. GC/MS
studies were performed on a Hewlett-Packard 5985 instrument and in-
terfaced data system with 15-eV electron impact ionization. Elemental
analyses were performed by Dornis und Kolbe Mikroanalytisches La-
boratorium, Miillheim, West Germany.

Syntheses. Cp’,ZrCl,,'° Cp/;ZrMe,,!! Cp/;Zr(OH),,'2 Cp/;ZrPh,, >3
Cp’Zr(Ph)(n":n*-CH,CsMe,),” Cp'hZr(CO)y,'* Cp'pZr(H)(NH,),"

(5) (a) Schock, L. E.; Seyam, A. M.; Sabat, M.; Marks, T. J. inref 1, in
press. (b) Nolan, S. P; Stern, D.; Marks, T. J., manuscript in preparation.

(6) (a) Tyrrell, H. J. V,; Beezer, A. E. Thermometic Titrimetry; Chapman
and Hall: London, 1968; Chapter 1-3. (b) Vaughn, G. A. Thermometric and
Enthalpimetric Titrimetry; Van Nostrand-Reinhold: New York, 1973;
Chapters | and 2. (c) Grime, J. K., Ed. 4nalytical Solution Calorimetry;
Wiley: New York, 1985.

(7) Communicated in part: Schock, L. E; Marks, T. J. Abstracts of
Papers, National Meeting of the American Chemical Society, Denver, CO,
April 5-10; American Chemical Society: Washington, DC, 1987; INOR 440.

(8) For leading review references in this important area see: (a) Cardin,
D. J.; Lappert, M. F.; Raston, C. L. Chemistry of Organo-Zirconium and
-Hafnium Compounds; Ellis Horwood Limited: New York, 1986. (b) Sikora,
D. J.; Macomber, D. W.; Rausch, M. D. 4Adv. Organomet. Chem. 1986, 25,
318-379. (¢) Yasuda, H.; Tatsumi, K.; Nakamura, A. Acc. Chem. Res. 1985,
18, 120-126. (d) Erker, G.; Kriiger, C.; Miiller, G. Adv. Organomet. Chem.
1985, 24, 1-39. (e) Rothwell, I. P. Polyhedron 1988, 4, 177-200. (f) Erker,
G. Acc. Chem. Res. 1984, 17, 103-109. (g) Wolczanski, P. T.; Bercaw, J.
E. Acc. Chem. Res. 1980, /9, 121-127. (h) Schwartz, J.; Labinger, J. A. In
New Synthetic Methods; Verlag Chemie: New York, 1979; Vol. 5.

(9) Schock, L. E; Brock, C. P,; Marks, T. J. Organometallics 1987, 6,
232-241.

(10) Prepared as in Manriquez et al. (Manriquez, J. M.; McAlister, D. R.;
Rosenberg, E.; Shiller, A. M.; Williamson, K. L.; Chan, S. I.; Bercaw, J. E.
J. Am. Chem. Soc. 1978, 100, 3078-3083) except that LiCp’ was synthesized
in pentane and isolated as a solid. Cp/,ZrCl, was synthesized in refluxing
toluene as described by Strauss, D. A. Ph.D. Thesis, California Institute of
Technology, 1983.

(11) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, J.E. J.
Am. Chem. Soc. 1978, 100, 2716-2724.

(12) Hillhouse, G. L.; Bercaw, J. E. J. Am. Chem. Soc. 1984, 106,
5472-5478.
| (13)4Tung, H.-S,; Brubaker, C. H., Jr. Inorg. Chim. Acta 1981, 52,

97-204.
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Cp’,HfCl,,' Cp’yHfH,,1*® Cp’,Hf1,,'*® Cp’ZrMe,,'S Cp,ZrMe,,'” and
Cp,Zrl,'® were prepared as described in the literature.

Cp’,ZrH, was prepared from (Cp’3ZrN,),N, as described in the lit-
erature.!’ A more convenient, alternative procedure, however, was to
heat a solution of Cp/;ZrMe, (1.21 g, 3.08 mmol) in 30 mL of toluene
at 70 °C under 1 atm of H, for 1 week. The toluene was then removed
in vacuo and ca. 15 mL of pentane condensed in. The resulting yellow
solution was filtered under H, and then slowly cooled to =78 °C to give
0.85 g of pale yellow crystalline Cp’,ZrH, (76% yield), with spectroscopic
properties identical with those reported for Cp’,ZrH,.!!

Cp’,Zr(H)Ph. A dark red solution of 0.32 g (0.73 mmol) of Cp’'Zr-
(Ph)(n':7>-CH,CsMe,) in 20 mL of pentane was stirred under 1 atm of
H, for 30 min to give a colorless solution. This solution was reduced in
volume to ca. 5 mL, cooled to -78 °C, and filtered. The resulting
colorless microcrystals were dried in vacuo to give 0.15 g of product (46%
yield). The low yield is presumably due to the small amount of material
being handled and high solubility of Cp/,Zr(H)Ph. The reaction proceeds
quantitatively by NMR analysis.

'H NMR (C¢Dy): 3 7.31-7.26 (m, | 0-H, 2 m-H), 7.11 (1, 1 p-H, Jyuy
= 5.93 Hz), 6.42 (d, 1 0-H, Jyy = 7.90 Hz), 6.34 (s, 1 H), 1.76 (s, 30
H, CsMes). IR (Nujol mull, cm™): 3040 (sh), 2960 (sh), 2720 (m),
2030 (w), 1960 (w), 1855 (w), 1810 (w), 1762 (w), 1585 (s), 1565 (sh),
1520 (sh), 1484 (sh), 1427 (sh), 1412 (sh), 1305 (w), 1243 (m), 1165
(m), 1100 (w), 1057 (sh), 1042 (sh), 1023 (s), 991 (m), 955 (w), 900 (w),
825 (m), 805 (m), 770 (s), 719 (s), 703 (s), 641 (w). Anal. Calcd for
CyHyZr: C, 71.01; H, 8.25. Found: C, 70.08; H, 8.22.

Cp’,Zr(OH)Ph. To a solution of 0.29 g (0.66 mmol) of Cp’Zr-
(Ph)(n':n’-CH,CsMe,) in 15 mL of toluene was added several drops of
H,0. The mixture was stirred several minutes until the red solution
became colorless. The resulting Cp’,Zr(OH)Ph hydrolyzes only very
slowly. The toluene and excess H,O were next removed in vacuo, and
15 mL of pentane was condensed into the flask. The resulting solution
was cooled slowly to -11 °C. Large colorless crystals grew in ca. 15 h.
Filtration and removal of the solvent gave 0.18 g of product (61% yield).

'H NMR (C¢Dy): §7.52 (d, | 0-H, Juy = 6.60 Hz), 7.27 (m, 2 m-H),
7.16 (1,1 p-H, Jyg = 7.2 Hz), 7.05 (d, 1 0-H, Jyy = 7.26 Hz), 4.98 (s,
1 OH), 1.68 (s, 30 Cp’ H). IR (Nujol mull, cm™): 3680 (m), 3642 (s),
3047 (sh), 2725 (w), 1560 (s), 1413 (m), 1265 (w), 1234 (w), 1168 (w),
1059 (m), 1050 (m), 1026 (s), 993 (w), 915 (w), 828 (m), 810 (w), 713
(s), 708 (s), 630 (sh). Anal. Calcd for C4H3¢OZr: C, 68.52; H, 7.96.
Found: C, 68.60; H, 7.89.

Cp’,ZrCH,CH,-0-CiH,. To a solution of 1.00 g (2.31 mmol) of
Cp/,ZrCl, in 35 mL of diethyl ether was added 2.9 mL (4.9 mmol) of
PhLi (1.7 M in cyclohexane—ether) via syringe at =78 °C. The solution
was allowed to warm to room temperature with stirring and was stirred
for an additional 4 h. The diethyl ether was next removed in vacuo, 35
mL of pentane was condensed in, and the solution was filtered. The
colorless solid on the frit was washed by condensing ca. 10 mL of pentane
back onto the frit. The pentane was then removed from the filtrate in
vacuo, leaving a pale yellow precipitate (Cp’,ZrPh,). Toluene (20 mL)
was condensed onto the precipitate, the resulting solution was placed
under 1 atm of ethylene, and the solution was stirred at 80 °C for 18 h.
The toluene was then removed in vacuo, and 40 mL of pentane was
condensed into the flask. The resulting yellow-orange solution was fil-
tered and then reduced in volume to ca. 30 mL. The solution was slowly
cooled to -78 °C and then filtered cold. The resulting crystals were then
recrystallized from 30 mL of pentane under ethylene. It was necessary
to warm the solution slightly to get the compound completely into solu-
tion, which was then cooled to -78 °C. Filtration of the cold solution
gave 0.79 g of bright yellow crystals (73% yield from Cp/,ZrCl,). The

zirconaindan, Cp’,ZrCH,CH,-0-C¢H,, can also be prepared by stirring
a toluene solution of Cp’Zr(Ph)(n":n*-CH,CsMe,) under 1 atm of
ethylene at 90 °C for 4 h.

'"H NMR (C¢Dg): 8 7.06-7.03 (m, 2 H), 6.95 (d, | H, Jyy = 6.98
Hz), 6.54 (d, | H, Jyy = 6.46 Hz), 3.18 (1, 2 H, Juy = 7.56 Hz), 1.70
(s, 30 H), 091 (1, 2 H, Jyu = 7.56 Hz). IR (Nujol mull, ecm™): 3120
(sh), 3083 (sh), 3025 (sh), 2794 (sh), 2712 (m), 2040 (w), 1925 (w),

(14) Sikora, D. J.; Rausch, M. D.; Rogers, R. D.; Atwood, J. L. J. Am.
Chem. Soc. 1981, [03, 1265-1267.

(15) (a) Prepared in refluxing toluene as described for Cp’,ZrCl,, except
that a longer reaction time (>5 days) was needed to give a 74% yield. An
alternative method has been reported in ref 15b. (b) Roddick, D. M.; Fryzuk,
M. D,; Seidler, P. F.; Hillhouse, G. L.; Bercaw, J. E. Organometallics 1985,
4, 97-104.

(16) Wolczanski, P. T.; Bercaw, J. E. Organometallics 1982, [, 793-799.

(17) Wailes, P. C; Weigold, H.; Bell, A. P. J. Organomet. Chem. 1972,
34, 155-164.

(18) Druce, P. M,; Kingston, B. M.; Lappert, M. F,; Spalding, T. R,;
Srivastava, R. C. J. Chem. Soc., A 1969, 2106-2110.
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1895 (w), 1830 (w), 1800 (w), 1660 (w), 1360 (w), 1480 (sh), 1420 (sh),
1302 (s), 1255 (w), 1240 (s), 1218 (w), 1160 (m), 1135 (w), 1100 (m),
1058 (m), 1017 (s), 963 (w), 934 (m), 865 (m), 844 (m), 800 (m), 772
(s), 730 (s), 600 (sh), 583 (sh). Anal. Caled for C3HysZr: C, 72.20;
H, 8.22. Found: C, 72.12; H, 8.25.

Cp’,ZrCH,(CHEt),CH,. To 2 solution of 1.48 g (3.43 mmol) of
Cp’,ZrCl, in 50 mL of diethyl ether at -78 °C was added 5 mL (1.55
M in hexane, 7.75 mmol) of n-BuLi via syringe under an argon flush.
The solution was allowed to warm to room temperature with stirring and
was then stirred an additional 12 h. The diethyl ether was then removed
in vacuo and 40 mL of pentane condensed into the flask. The solution
was warmed to ca. 30 °C and filtered. The colorless precipitate on the
frit was washed once with 10 mL of pentane. The orange filtrate was
reduced in volume to ca. 8 mL, and a yellow precipitate formed. The
solution was cooled to ~78 °C and filtered. The yellow precipitate was
then dried in vacuo. Sublimation (107 Torr) at 105~115 °C gave 0.60

Lt —]
g of Cp’,ZrCH,(CHEt),CH, (35% yield). The product was character-
ized by MS, NMR, IR, and elemental analysis. Reaction with water
gave Cp/;Zr(OH), and 3,4-dimethylhexane by NMR analysis. Product
isolation after 30 min of reaction recovered substantial amounts of
Cp’3ZrCl, (ca. 50% yield). After 1 h of reaction, the yellow solution
began to turn rust-colored. Product isolation after 4 h yielded what
appeared to be (by NMR) a mixture of Cp/,Zr(n-Bu), (cf., Cp’,Hf(n-

Bu),, vide infra) and Cp’,ZrCH,(CHEt),CH,. Reaction of 0.205 g
(0.474 mmol) of Cp’,ZrCl, with 2 equiv of n-BuLi under 1 atm of
1-butene in diethyl ether gave a golden-yellow solution. The diethyl ether
was removed after 2 days of stirring. Workup in pentane (vide supra)

yielded 0.20 g (89%) of Cp’,ZrCH,(CHEt),CH, as a yellow crystalline
solid.

'H NMR (C¢Dj, assignments were made by selective decoupling ex-
periments): 8 1.80 (s, 30 H, CsMes), 1.48 (m, 2 H, C(8)H), 1.05 (m,
10 H, CH,CH,), 0.76 (d—d, 2 C(a)H, 2Juy = 11.9 Hz, *Jyy =~ 11.9 Hz),
—0.14 (d—d, 2 C(a@)H, ¥yy = 11.9 Hz, *Jyy = 4.59 Hz). C NMR
(CeDg): 8 117.79 (s, CsMes), 55.31 (t, C(a)H,, Jey = 116.7 Hz), 47.75
(d, C(B)H, Jey = 184.0 Hz), 31.70 (t, CH,CH,, Joyy = 124.0 Hz), 11.54
(q, CsMes, Jey = 125.2 Hz), 11.38 (q, CH,CH,, Joy =~ 125.2 Hz). IR
(Nujol mull, cm™): 3630 (m), 2905 (sh), 2730 (w), 1490 (w), 1440 (sh),
1263 (m), 188 (w), 1020 (m), 960 (w), 801 (m), 520 (s), 385 (sh), 340
(s), 325 (sh). Anal. Caled for CysHyeZr: C, 70.97; H, 9.78. Found:
C, 70.85; H, 9.93.

Cp’,Zr(H)(0-¢-Bu). Cp’,ZrH, (0.29 g, 1.80 mmol) was placed in a
frit reaction apparatus, Next, --BuOH (0.20 mL, 2.1 mmol) was sub-
limed into the apparatus and then ca. 10 mL of pentane was distilled into
the reaction vessel via vacuum transfer. Evolution of gas (H,) occurred
immediately. After the reaction mixture was stirred for 30 min, the
volatiles were removed in vacuo. The resulting colorless solid was washed
with ca. 2 mL of cold pentane and then dried in vacuo to give 0.3] g of
fine colorless polycrystalline powder (89% yield).

TH NMR (C¢Dq): 6 5.72 (s, 1 H), 2.00 (s, 30 H), 1.29 (s, 9 H). IR
(Nujol mull, em™): 2710 (w), 2387 (w), 1760 (w), 1582 (m), 1428 (sh),
1350 (sh), 1250 (w), 1213 (sh), 1180 (s), 1060 (w), 1018 (sh), 981 (s),
820 (m), 800 (w), 775 (m), 620 (sh), 600 (sh), 590 (sh). Anal. Calcd
for C,4H4OZr: C, 66.15; H, 9.25. Found: C, 66.09; H, 9.29.

Cp’,Zr{Me){OCcH;). A solution of 0.412 g (1.05 mmol) of
Cp’;ZrMe; and 0.099 g (1.05 mmol) of C¢HsOH in 30 mL of toluene
was stirred for 12 h. The volatiles were then removed in vacuo and ca.
10 mL of pentane was distilled into the reaction apparatus. The resulting
colorless solution was slowly cooled to -78 °C. The colorless crystals
which formed overnight were filtered off and dried in vacuo to give 0.41
g of colorless product (83% yield).

IH NMR (C¢Dg): 8 7.15 (d=d, 2 m-H), 6.74 (1, 1 p-H, Jyyy = 6.89
Hz), 6.57 (d, 2 o-H, Jyy = 7.25 Hz), 1.77 (s, 30 H), 0.13 (s, 3 CH,).
IR (Nujol mull, em™): 3065 (w), 2711 (w), 1762 (w), 1587 (s), 1557
(sh), 1487 (sh), 1288 (s), 1160 (m), 1065 (w), 1020 (w), 997 (w), 874
(s), 824 (m), 752 (s), 691 (m), 615 (sh). Anal. Caled for C;;H;30Zr:
C, 69.03; H, 8.15. Found: C, 69.06; H, 8.18.

Cp’yZr],. A solution of 0.600 g (1.39 mmol) of Cp’,ZrCl,; and 0.400
g (1.02 mmol) of Bl in 20 mL of toluene was stirred for 3 h at room
temperature. The volatiles were then removed in vacuo and the resulting
precipitate washed with ca. 10 mL of pentane and dried in vacuo to give
0.74 g of bright yellow powder (87% yield).

'H NMR (C¢Dg): 8 1.955 (s). IR (Nujol mull, cm™): 2715 (w),
2390 (w), 1760 (m), 1470 (sh), 1384 (sh), 1016 (s), 950 (w), 823 (s),
805 (w), 720 (m). Anal. Caled for CHyol,Zr: C, 39.03; H, 4.91.
Found: C, 38.98; H, 4.92.

Cp’,Zr(OCFs) ;. A solution of 1.50 g (3.83 mmol) of Cp’,ZrMe, and
1.60 g (8.69 mmol) of C4FsOH in 30 mL of pentane was stirred at room
temperature for 6 h. The reaction mixture (containing a white precip-
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itate) was cooled to ~78 °C and filtered. The pentane was then evapo-
rated and the colorless precipitate on the frit dried in vacuo to give 2.56
g of Cp’,Zr(OC¢Fs), (92% yield).

'H NMR (C¢Dg): 8 1.66 (s, 30 H). IR (Nujol mull, cm™): 1652 (m),
1537 (sh), 1515 (s), 1322 (m), 1315 (m), 1188 (sh), 1180 (s), 1040 (sh),
1028 (s), 1015 (sh), 992 (s), 843 (sh), 818 (s), 671 (m). Anal. Caled
for C3,H300,FyZr: C, 52.81; H, 4.15. Found: C, 52.85; H, 4.21.

Cp',Zr(0OC¢H;),. A solution of 0.38 g (0.97 mmol) of Cp/;ZrMe; and
0.20 g (2.1 mmol) of C¢HsOH in 20 mL of toluene was stirred at room
temperature for 30 h. The volatiles were then removed in vacuo, and the
white precipitate was washed with ca. 1 mL of cold toluene and then
dried in vacuo to give 0.32 g (60% yield).

IH NMR (C(Dq): 4 7.26 (d—d, 4 m-H, Juyy = 7.91, 7.26 Hz), 6.96
(d, 4 0-H, Jy = 7.91 Hz), 6.82 (t, 2 p-H, Juy = 7.26 Hz), 1.84 (s, 30
H). IR (Nujol mull, cm™): 3065 (w), 2730 (w), 1585 (s), 1485 (s), 1470
(sh), 1297 (s), 1275 (s), 1235 (sh), 1162 (m), 1148 (sh), 1065 (w), 1020
(w), 998 (w), 869 (s), 750 (s), 694 (m), 615 (sh). Anal. Caled for
C3,Hg0,Zr: C, 70.15; H, 7.36. Found: C, 70.03; H, 7.40.

Cp,Zr(OCH,CF,),. To a solution of 0.80 g (2.0 mmol) of Cp’,ZrMe,
in 20 mL of toluene was added 0.50 mL (6.9 mmol) of CF;CH,OH via
syringe under an argon flush. The solution was stirred 1 h and then the
volatiles were removed in vacuo. Toluene (ca. 1 mL) was next condensed
into the flask and the resulting solution stirred briefly, and then the
volatiles were again removed in vacuo to give 1.0 g of analytically pure
Cp’,Zr(OCH,CF;); (90% yield) as a colorless powder.

H NMR (C¢Dy): 44.32(q, 4 H, Jry = 9.45 Hz), 1.74 (s, 30 H). IR
(Nujol mull, em™): 2750 (w), 1485 (sh), 1273 (s), 1180 (sh), 1141 (s),
1060 (w), 1018 (m), 950 (s), 820 (m), 800 (w), 715 (w), 670 (s), 570
(sh). Anal. Calcd for C;iH340,F¢Zr: C, 51.50; H, 6.12. Found: C,
51.56; H, 6.15.

Cp’;HfMe,. To a solution of 3.00 g (5.77 mmol) of Cp’,HfCl, in 40
mL of diethyl ether was added 8.0 mL (12.8 mmol) of MeLi (1.6 M in
diethyl ether) via syringe. This solution was stirred for 3 days at room
temperature and then worked up as described for Cp’;ZrMe,!! to give
1.92 g of colorless microcrystalline product (73%).

1H NMR (C¢Dq): 5 1.80 (s, 30 H), 0.70 (s, 6 H). IR (Nujol mull,
em™): 2719 (w), 2390 (w), 2000 (w), 1760 (m), 1427 (sh), 1385 (sh),
1257 (w), 1134 (m), 1023 (m), 822 (s), 800 (m), 720 (w), 700 (w), 630
(w), 600 (w), 525 (w), 460 (m), 430 (w). Anal. Calcd for C,,H;6Hf:
C, 55.16; H, 7.57. Found: C, 55.09; H, 7.53.

Cp’;Hf (n-Bu),. Into a solution of 1.00 g (1.94 mmol) of Cp’;HfCl,
in 30 mL of diethyl ether was syringed 3.0 mL (1.6 M in hexane, 4.8
mmol) of n-BuLi under an argon flush, The solution was then stirred
at room temperature for 3 days to give a gold-colored solution. The
diethyl ether was removed in vacuo and 50 mL of pentane condensed into
the flask. The resulting solution was filtered and the precipitate on the
frit was washed by condensing ca. 10 mL of pentane back onto the frit.
The filtrate was reduced in volume to ca. 15 mL and cooled to ~78 °C.
The cold solution was next filtered and the crystals dried in vacuo to give
0.70 g of colorless product (81% yield).

'H NMR (C¢D¢): 4 1.84 (s, 30 H, CsMes), 1.44 (t-t, 4 H, SCH,),
1.23 (m, 4 H, yCH,), 1.05 (1, 6 H, CH,, Juyu = 7.25 Hz), -0.14 (1, 4 H,
aCH,, Jyy = 8.64 Hz). IR (Nujol mull, cm™): 2937 (sh), 2724 (w),
1495 (w), 1338 (m), 1278 (m), 1030 (s), 1000 (m), 987 (s), 950 (m), 874
(w), 845 (w), 810 (w). Anal. Caled for C;3HgHf: C, 59.72; H, 8.59.
Found: C, 59.90; H, 8.68.

Cp’,Hf(OC¢F,), was prepared in a manner analogous to that for
Cp’,Zr(OC¢Fs), (vide supra).

'H NMR (C¢Dg): 4 1.715 (s). IR (Nujol mull, em™): 1650 (w),
1507 (s), 1495 (sh), 1317 (w), 1195 (sh), 1185 (m), 1026 (s), 995 (m),
987 (sh), 800 (w). Anal. Caled for C;,H3,O,FgHf: C, 47.16; H, 3.71.
Found: C, 47.32; H, 3.84.

Cp’'HfMe,. To a solution of 2.04 g (4.86 mmol) of (Cp’HfCl;),!% in
50 mL of diethy] ether was added 5.2 mL (15.1 mmol) of MeMgBr (2.9
M in diethyl ether) via syringe at -78 °C. The solution was allowed to
warm to room temperature with stirring and was stirred for an additional
15 h. The diethyl ether was then removed in vacuo, and 40 mL of
pentane was condensed into the flask. The resulting solution was stirred
ca. 1 hand then filtered. The precipitate was washed twice by condensing
ca. 10 mL of pentane in the top of the frit apparatus. The solvent was
then evaporated from the filtrate, leaving 1.5 g of analytically pure,
off-white Cp’HfMe, (86% yield).

'H NMR (C¢Dg): 6 1.80 (s, 15 H), 0.07 (s, 9 H). IR (Nujol mull,
em™): 2740 (w), 1450 (s), 1430 (sh), 1256 (w), 1130 (s), 1020 (m), 795
(s), 776 (sh). Anal. Caled for C\;H,Hf: C, 43.52; H, 6.74. Found:
C, 43.43; H, 6.81.

Cp’Hf(OC¢F;);. Cp’HfMe, (0.40 g, 1.1 mmol) was placed in a frit
reaction apparatus and ca. 0.60 g (3.26 mmol) of C¢F;OH was sublimed
into the apparatus on the vacuum line. Pentane (20 mL) was then
condensed into the flask and the solution stirred 15 min. The solution
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was next cooled to ~78 °C and filtered. The volatiles were removed in
vacuo and the colorless precipitate on the frit dried in vacuo to give 0.60
g of Cp’Hf(OC¢Fs); (62% yield).

'H NMR (toluene-dg): 4 1.78 (s). IR (Nujol mull, em™): 2780 (w),
2500 (w), 1651 (m), 1510 (s), 1485 (sh), 1355 (w), 1330 (sh), 1315 (s),
1195 (w), 1193 (sh), 1178 (s), 1138 (w), 1030 (s), 1010 (sh), 985 (s),
805 (w), 720 (w), 601 (m). Anal. Calcd for C33H,s0,F,;Hf: C, 38.97;
H, 1.75. Found: C, 39.01; H, 1.84,

NMR Titrations. Prior to a calorimetric experiment, a solution of the
compound of interest in C¢Dg or toluene-d; was placed in a Wilmad
screw-capped NMR tube fitted with a septum. The solution was titrated
with a solution of the calorimetry titrant in C4Dy or toluene-dy by in-
crementally injecting it through the septum with a syringe, followed by
vigorous shaking. The reaction was monitored by 'H NMR to determine
if it was quantitative and sufficiently fast for calirometry and whether
it was sequential (replaced one ligand at a time). For the reaction of a
compound with HCI, C¢Dg saturated with HCI gas was added to the
compound of interest in an NMR tube and the NMR spectrum recorded.

Titration Calorimetry. The calorimeter employed in these studies was
an extensively modified version of a TRONAC Inc. Model 458 isoperibol
calorimeter and constant temperature bath. The design of the calorim-
eter and the procedure used are discussed elsewhere.’®!®

The chemistry used in the calorimetry studies must be such that the
titration reaction is clean, quantitative, and fast. As noted above, NMR
studies of the titration process provide information on these questions.
Furthermore, analysis of the heat evolved versus equivalents of titrant
added during the calorimetry experiment provides an additional internal
check on the stoichiometry of the titration process. In present work,
sharp, well-defined endpoints were observed when the stoichiometrically
appropriate amount of titrant had been added. The titrants used were
alcohols, phenols, and iodine. For the reaction of a compound with HCI,
a solution of the compound in toluene was titrated into a solution of HCI
in toluene.

Kinetic Measurements. The rate of reaction of Cp’Zr(Ph)(n'in*-
CH,CMe,) (10 mg, 0.023 mmol) with ethylene (:£0.06 to <0.006 M)
in C4Dg was measured by monitoring the increase in integrated '"H NMR
peak intensity, 4, of a CH, group (2 H) in the product, Cp/,-

———

ZrCH,CH;-0-C¢Hy, and the decrease in integrated 'H NMR peak in-
tensity, B, of a CH, group (1 H) in the reactant. The proportion of
unreacted starting material is then equal to B/(*/,4 + B). The reactions
were carried out in a constant-temperature bath at temperatures ranging
from 51 through 90 °C. To record a spectrum, the sample NMR tube
was removed from the bath and immediately cooled in dry ice—acetone
to stop the reaction. The spectrum was then quickly recorded at room
temperature and the sample tube returned to the bath. Kinetic, Ar-
rhenius, and Eyring plots were fit by linear least-squares techniques.
Confidence limits are expressed at the 95% confidence level.2?

Results

Syntheses. In most cases, known complexes employed in this
study were prepared and purified by the literature procedures.
For Cp’,ZrH,, stirring Cp’,ZrMe, under 1 atm of H, for 1 week
at 70 °C proved to be more convenient than the published
methodology. The bridging methylene bond in Cp’Zr-
(Ph)(n':n>-CH,CsMe,) rapidly undergoes cleavage by H,0 to give
Cp’,Zr(OH)Ph (eq 7) and with H, to give Cp’,Zr(H)Ph (eq 8)
within ca. 30 min. The thermolysis of Cp’,ZrPh; to form

/
Cp'(PMZr + H,0 —= Cp’pZr(Ph)OH (7

co'tPhyZF- + Hp 0mn

Cp/pZr(Ph)H (8)
2

Cp’ Zr(Ph)(n'1n>-CH,CsMe,)° is diverted by ethylene to form
zirconaindan, Cp’,ZrCH,CH,-0-Cc,H, (I), as shown in eq 9.
Complex Cp’Zr(Ph)(n':9>-CH,CsMe,) also undergoes reaction
with ethylene to give Cp’,ZrCH,CH,-0-C;H, (eq 10). This
process can be reversed by heating the solid zirconaindan in vacuo.

(19) Schock, L. E.; Marks, T. J., manuscript in preparation.
(20) Shoemaker, D. P.; Garland, C. W.; Steinfeld, J. I. In Experiments
in Physical Chemistry, 3rd ed.; McGraw-Hill: New York, 1974; pp 27-58.
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CHaCH
CphZr(Ph), —2—%

Cp’ZZr

I

CH,CHg. heat

/
Cp’PhZr = 1o
vacuo, heat ,
Cp 22r

I

The attempted synthesis of Cp’,Zr(n-Bu), from Cp’,ZrCl, and
n-BuLi yields zirconacyclopentane?! II (in <50% yield) plus an
orange-red residue (eq 11). The color and 'H NMR spectrum

+2n-BulLi /
+

11 n-BuH (11)

of the residue are reminiscent of orange-red Cp’Zr(Ph)(n':n*-
CH,CsMe,) (see Experimental Section for details). Workup after
shorter reaction times yields mixtures of Cp’,ZrCl,, Cp/,-

ZrCH,(CHEt),CH,, and what is presumed to be Cp’,Zr(n-Bu),
by NMR analysis. Mechanistic details and the thermodynamics
of this reaction are discussed later in this contribution. Reaction
of Cp’,ZrCl, with 2 equiv of #n-BuLi in diethyl ether under 1 atm
of 1-butene gives exclusively (89% after workup in pentane)

Cp’,ZrCH,(CHEt),CH, with no orange-red residue (eq 12). The
basic connectivity of this metallacyclopentane follows from 'H

-Buli .
Cp’pZrCl, t—aztnrm—tlil;:t_er; Cplzzi:C + 2LiCl + n-BuH
(12)

and 3C NMR spectra (see Experimental Section for details).
Furthermore, the magnetic equivalence of the Cp’ ligands favors
C, structure Ila over C, structure IIb. In the case of hafnium,

Hp \\\Hn Hap b

lusl H
& /,/
HY /,Hb CH,CHg

ITa IIb

the reaction analogous to eq 11 cleanly yields Cp’,Hf(n-Bu),.
Qualitatively, this complex appears to be considerably more
thermally stable, either in solution or as a solid, than the zirconium
analogue.

The compounds Cp’;M(OR), (OR = OC(Fs, OC,Hs, OC-
H,CF;; M = Zr and OR = OC¢Fs; M = Hf) were prepared by
simple protonolysis reactions of Cp’;MMe, compounds with the
appropriate alcohol or phenol to form Cp’;M(OR), and CH,.

The complex Cp’,;HfMe, was prepared by a method analogous
to that reported for Cp’,ZrMe,,!! ie., by the reaction of
Cp/,HfCl," with MeLi. However, a significantly longer reaction
time is required for Hf than for Zr. The trialkyl compound,
Cp’HfMe,, was prepared from (Cp’HfCl;),!*® and MeMgBr in
a manner similar to that reported for Cp’ZrMe;,!6 except that again
a longer reaction time is needed. However, unlike Cp’ZrMe,
which is thermally unstable at room temperature, Cp’HfMe; shows
no decomposition at room temperature over a period of several
days in solution.

(21) (a) Sanner, R. D. Ph.D. Thesis, California Institute of Technology,

1977. Cp’ZZrCHz(CHEt)22CH2 was synthesized by reaction of
(Cp’2ZrN,),N; with 1-butene.?!® (b) Referenced in: McDade, C.; Bercaw,
J. E. J. Organomet. Chem. 1985, 279, 281-315.



Organometallic Thermochemistry

Reactions for Calorimetry. NMR Titrations. Unlike the
Cp’,ThR, compounds (R = hydrocarbyl, hydride, etc.),*®
Cp’;MR, (M = Zr, Hf) compounds do not readily undergo
protonolysis with fert-butyl alcohol. The hydride Cp’,ZrH, reacts
most rapidly, with the first hydride ligand being replaced by
tert-butoxide within seconds. The second hydride ligand is not
replaced even after stirring for 2 h at room temperature.
Cp’,Zr(NH,)H undergoes rapid reaction with tert-butyl alcohol
to give Cp’,Zr(O-1-Bu)H with the subsequent hydride replacement
being extremely slow. In contrast, Cp’,ZrMe, does not react with
tert-butyl alcohol within 12 h at 25 °C as judged by NMR
analysis. The reactions of more acidic alcohols or phenols with
most of the difunctional compounds of interest are more rapid
and are sequential (eq 13 and 14); however, the majority are not
rapid enough to allow reliable measurement of AH,, by calori-

Cp’,MR, + R"OH — Cp,M(R)(OR’) + RH  (13)
Cp’,M(R)(OR) + R'OH — Cp/,M(OR’), + RH (14)

metry. D(Zr-H) can be measured in Cp/,ZrH; and in Cp/,Zr-
(H)(OR’) by titration with C4FsOH, C¢H;OH, or CF,CH,OH.
D(Zr-H) can also be measured for Cp/,Zr(Ph)H by titration with
C,FsOH. However, D(Hf-H) in Cp’,HfH, can only be measured
by C¢FsOH titration, and for Cp’,Hf(H)(OC4Fs), Hf-H bond
protonolysis by C¢FsOH is too slow to allow measurement of AH .
Interestingly, C4,FsOH does not react with Cp’,ZrPh, over the
course of several days, yet it sequentially replaces both hydroxide
ligands in Cp/,Zr(OH), in less than 10 min. As has been observed
before,'> Cp’,HfR,; compounds generally react less rapidly than
the analogous Cp’,ZrR, compounds. D(Zr-Me) can be measured
in the single-ring Cp’M(Me)(OC¢Fs);-, complexes (M = Zr, Hf)
by titration with C4F;OH (eq 15-17). The complex Cp/'Zr-
(Ph)(n':n*-CH,CsMe,) undergoes rapid reaction with 1 equiv of
C¢FsOH (eq 18), but the Zr-Ph bond is unreactive toward
C¢FsOH over a period of days.

Cp’MMe;y + CgFsOH —— Cp’M(Me)(OCgFg) + MeH (15)

Cp’M(Me)p(OCgFg) + CgF5OH —= Cp’M(MeX(OCg4Fg), + MeH
(18)

Cp’'M(Me)OCgFg), + CgFgOH ——— Cp’M(OCqFs)g + MeH

an
/ 1\
Cp’(Ph)ZY + CgF5OH

It was found that I, undergoes rapid and quantitative reaction
with all of the Cp’;MR, compounds studied where R = H or alkyl.
Rapid reaction is also observed with Cp’,Zr(CO),. However, in
all cases, the ligand cleavage is not stepwise under titration
conditions (eq 19, 20, 21). In contrast, only the first R = aryl

Cp’,M(alkyl), + 21, — Cp’,MI, + 2(alkyl iodide) (19)
Cp/zMHz + Iz - CP/ZMIZ + H2 (20)

Cp'ZZr(CO)z + Iz e Cp’ZZrIZ + 2CO (21)

Cp’2Zr(OCgFg)Ph (18)

is cleaved rapidly enough by I, to accurately measure AH,, (eq
22).

Cp’yZtPh, + I, — Cp’,Zr(Ph)I + PhI (22)

To measure D(M-X) where X = alkoxide, phenoxide, iodide
(or other ligands as an internal, self-consistency check), the
compound of interest was treated with anhydrous HCl in toluene
(eq 23) to yield Cp’,MClI, rapidly and quantitatively by NMR

Cp’;MX, + 2HCl — Cp/,MCl, + 2HX (23)

analysis. The complexes Cp’Zr(Ph)(n':7*-CH,CsMe,) and
Cp’,Zr(OH)Ph undergo reaction with HCl to form Cp/,Zr(Cl)Ph
which then undergoes further reaction with HCl to form
Cp’,ZrCl,, but at a very much lower rate. The enthalpy of the
interaction of the alcohol or phenol product with the HCl-toluene
solution was measured independently and accounted for in the
data analysis.
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Derivation of Bond Disruption Enthalpies. Enthalpies of solution
of the complexes of interest, followed by enthalpies of reaction
with alcohols/phenols, anhydrous HCI, or I, were measured in
an isoperibol titration calorimeter specially designed to handle
exceedingly air-sensitive compounds.!® The resulting AH, values
can then be related to changes in bond disruption enthalpies for
protonolytic or halogenolytic processes via eq 3 (R’0 = Cl for HCI
titrations) or eq 5 (X = I), respectively. Equation 24 is applicable
to the case of Cp’,Zr(CO), (eq 21),

AH,, = 2D(Zt-CO) + D(I,) - 2D(Zr-1) (24)

and eq 25 to Cp’,MH, compounds (eq 20). Relevant D(H-OR),
AH,, = 2D(Zr-H) + D(1,) - 2D(Zr-1) - D(H;) (25)

D(R-H), D(HCI), D(I,), and D(R-I) data are available in the
literature?? or can be reasonably estimated.

The central focus of the present effort is to provide bond dis-
ruption enthalpy information useful for understanding transfor-
mations among chemically interrelated species such as
Cp’,MR,;/Cp’;MR’,. As such, relative bond enthalpies are the
first priority, although placing these data on an absolute scale (vide
infra) and discerning the influence of ancillary ligation (i.e.,
transferability) are also of interest. Even within the present
treatment, it is assumed that differential R /R’-based enthalpy-
consuming or -releasing reorganizations of the Cp,M, Cp/,M, or
Cp’M fragments are energetically insignificant in eq 2 and 4 (or
eq 1). This contention is supported by a substantial body of
metrical data for tetravalent organozirconium and -hafnium
complexes.Z Situations of the type Cp,MX,/Cp,M(CO), appear
to be a possible exception; however, structural relaxation effects
are manifested in M—C(Cp) distance changes of only ca. 0.03 A %%
Importantly, any deviations introduced in D(L,M-R) values by
these effects are intrinsic to the actual ligation environment and
will (must) therefore be implicitly included in any subsequent
estimations of L, M~-R — L ,M~-R’ reaction enthalpies.

As noted above, placing derived D(M-R) data on an absolute
or semiabsolute scale would be desirable. In the present case of
HCI and I, titrants, this requires the corresponding D(L ,M-X)
values in Cp’,ZrX,, Cp,ZrX,, and Cp’;HfX,. Since these data
are not available, we make the reasonable approximation of eq
26, where first MX, bond dissociation enthalpy data (MX, —
MX; + X*) are available in the literature.?> Recent organo-

D(L M-X) = D,(MX,) (26)
uranium thermochemistry® supports this approximation in that
D(Cp”3U-I) = 62.4 (0.4) kcal/mol (Cp” = Me;SiCsH,) while
D(Ul,) = 66 (8) kcal/mol. While D, most accurately describes
the majority of dissociation processes of interest here (M(IV) —
M(III)), D, and D are within 1.5 kcal/mol for ZrCl,? so that
choosing between these anchor points becomes unnecessary.
Further support for the constancy of eq 26 for X = halogen derives
from measurement of the average D(Zr-I) for Cp/,Zrl, via eq
23, 27, and 28. The value obtained (vide infra), 80.4 (0.5)
kcal/mol, compares favorably to D(ZrL,) = 82.6 kcal/mol.?* Thus,

WAH,, = D(L,M-X) + D(H-CI) - D(L,M-Cl) - D(X-H)
27
D(LM-X) = Y,AH,, - D(H-Cl) + D(L,M-Cl) + D(X-H)
(28)
M = Zr, Hf; X = OR, I

(22) (a) McMillan, D. F.; Golden, D. M. Annu. Rev. Phys. Chem. 1982,
33, 493-532. (b) Benson, S. W. Thermochemical Kinetics, 2nd ed.; John
Wiley and Sons: New York, 1976; Appendix. (c) Doncaster, A. M.; Walsh,
R. J. Chem. Soc., Faraday Trans. I 1976, 72, 2908-2916. (d) See paragraph
at end of paper regarding supplementary material.

(23) See ref 8 and 9 for compilations of structural data.

(24) Atwood, J. L,; Rogers, R. S.; Hunter, W. E.; Floriani, C.; Fachinetti,
G.; Chiesi-Villa, A. Inorg. Chem. 1980, /9, 3812-3817.

(25) (a) D(ZrCl,) = 117.0 keal/mol; Dy(ZrCly) = 115.7 keal/mol; D(Zrly)
= 82.6 kcal/mol.»®¢ (b) Huheey, J. E. Inorganic Chemistry, 2nd ed.; Harper
and Row: New York, 1978; pp 824-850. (¢) Wagman, D. D.; Evans, W. H,;
Parker, V. B.; Halow, L; Bailey, S. M.; Schumm, R. H.; Churney, K. L. Natl.
Bur. Stand. Tech. Note (U.S.) 1971, No. 270-278.
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Table I. Enthalpies of Solution in Toluene, Enthalpies of Reaction with HCI in Toluene (Per Mole of Compound), and the Derived Bond Disruption

Enthalpies of Cp’;MR,/Cp’;MX,; Complexes (kcal/mol)®

D(M-R)/
compound AH . AH, bond D(M-X)
HCl 4.800¢
Cp/,ZrCly 3.48 (0.41) est 115.7
Cp/,Zr(OH),? 3.40 (0.29) -36.5 (0.5) ave 115.4 (1.8)
Cp’Zr(OH)Ph® -17.1 (0.4) OH 115.3 (1.5)
Cp’Zr(OCH,CF;),? 3.77 (0.35) -30.8 (0.2) ave 103.2 (2.5)
Cp/,Zr(OC¢Hs),* -17.8 (0.2) ave 90.9 (2.3)
Cp',Zr(OCgFs) 3.30 (0.24) -16.7 (0.8) ave 90.9 (2.9)
Cp'yZrl, 4.73 (0.23) -6.8 (0.3) ave 80.4 (0.5)
Cp’,ZrH, 2.68 (0.16) -74.6 (0.8) ave 80.3 (0.9)
Cp/,Zr(OPh)Me -56.7 (0.4) OPh (90.9)
Me 70.6 (1.0)
Cp'Zr(Ph)(n':7°-CH,CsMe,) 3.42 (0.26) -57.4 (0.6) CH, 44.0 (1.7)
Cp’,HfCl, 3.71 (0.23) est 117.0
Cp/,HfL, -6 (3) ave 82.1 (3)
Cp/;Hf(OC¢Fs);* 3.26 (0.46) -15.6 (0.2) ave 98 (3)
Cp’,HfMe, 3.68 (0.16) -90.0 (1.0) ave 74.8 (1.3)

4Quantities in parentheses are estimated uncertainties. For AH,, and AH,,, they are the 95% confidence limits (see text and ref 20), while for D(M-
R)/D(M-X) they also include reported uncertainties in all contributing parameters except D(M-CIl) (the anchor point—see text). Bond designates whether
D(M-R)/D(M-X) is for the first or second R ligand to be replaced by the titrant (1st or 2nd). for the average of the first and second lignds replaced (ave),
or is estimated from literature values as described in the text (est). °The reaction of the ROH products with HCl/toluene solution is exothermic by ca. 1
kcal/mol. The enthalpies for these reactions were measured separately and accounted for in the calculations. ¢From ref 26.

Scheme I. Cycle Relating Solution Phase to Gas Phase Bond
Disruption Enthalpies

L.MR(G)  +  I(Q)

BH (o) L,MI(g) + RI(g)

’Aﬁlub ’AHlub ’A/'/.ub ’AH"D

L ,MR(std) + Ia(std) L,MI(std) + RI(std)

—_—
BH L (stdy
1'Aﬁnoln ~8Hqgom

L,MR(soln) + Iz(soin)

1-AH,°1“ 1'AHloln

BH, seln) L,MI(s0in) + Rl(soim
substituting two Cp’ ligands for two X ligands in ZrX, has a
similar effect on Zr-X bond enthalpies for X = I as for X = Cl,
i.e., the relative D(M-X) values are, in this instance, securely
transferable. For titrations with alcohols or phenols, the present
treatment also requires D(L,M-OR) data that are not in general
available (vide infra). These were also measured via eq 23, 27,
and 28, assuming D(H-OC¢Fs) = D(H-OC¢Hs) and D(H-OC-
H,CF;) = D(H-OCH,CH,).

Formally, eq | pertains to the gas phase,? and indeed existing
D(H-OR), D(H-C), D(I-1), D(R-H), D(R-I), and D(MX,) data
are also gas-phase values.»?5 Scheme I illustrates how solu-
tion-phase calorimetry data, using iodinolysis as an example, can
be referenced to the gas phase. While such conversions are
straightforward,* they probably introduce greater uncertainty in
D(L ,M-R) values than their use warrants. Thus, while AH,,
AH,,,, or AHg,, data are available or can be securely estimated
for most organic reagents and products of interest (as well as for
HCI and 1,),26 AH,,, values for most organometallic reactants
and products are unknown and are usually assumed to cancel on
either side of the equation.* Although there is literature support
for this approximation,??’ it seems tenuous for greatly differing
R and X ligands. Closely related is a problem that is encountered
in AH,, when titrants of greatly differing AH,, or AH,,, are
employed. An example is the titration of Cp’Zr(Ph)(n':n*-
CH,CsMe,) with HCI, I,, and C4,FsOH (vide infra). Although
solution-phase D(Zr—CH;) values agree within experimental error,
derived gas-phase values for HCI, I, and C,FsOH differ from
the solution-phase results by -5.8, ~11.7, and ~11.9 kcal/mol,

(26) (a) Landolt-Bornstein, Hellwege, K.-H., Editor in Chief; Springer-
Verlag: New York, 1976; Group IV, Vol. 2. (b) Battino, R.; Marsh, K. N.
Aust. J. Chem. 1980, 33, 1997-2003. (c) Wilhelm, E.; Battino, R. J. Chem.
Thermodyn. 1973, 5, 117-120. (d) Joris, G. G.; Taylor, H. S. J. Chem. Phys.
1948, /6, 45-51.

(27) (a) Connor, J. A.; Zarafani-Moattar, M. T.; Bickerton, J.; El Saied,
N. L.; Suradi, S.; Carson, E.; Al-Takhin, G.; Skinner, H. A. Organometallics
1982, /, 1166-1174, and references therein. (b) Dias, A. R.; Dias, P. B.;
Diogo, H. P.; Balvao, A. M.; Minas de Piedade, M. E.; Martinho Simoes, J.
A. Organometallics 1987, 6, 1427-1432 and references therein.

Table II. Enthalpies of Solution in Toluene, Enthalpies of Reaction with
I, in Toluene (Per Mole of I,), and the Derived Bond Disruption
Enthalpies (kcal mol) for Zr and Hf Complexes?

D(M-R)/
D(M-X)
compd AH, AH bond D(M-L)

L 3.85 (0.05)
Cp/yZrly? 4,73 (0.29) ave  80.4 (0.5)
Cp,ZrH, 2.68 (0.16) ~73.9 (0.8) ave 77.6 (1.3)
Cp/yZrPh, 1.75 (0.10) -37.1 (1.0) 1st  73.1 (3.5)
Cp'yZtMe, 3.52 (0.08) -35.0(0.3) ave 67.0 (1.0)
Cp/,ZrCH,(CHED),CH, 274 (0.25) -403 (1.4) ave 53.5 (2.9)

Cp’3ZrCH,CH,-0-C¢H, 3.97 (0.41) -35.1(0.2) CH, 63.1 (1.7)
Cp’'Zr(Ph)(n':p-CH,CsMe,) 3.42 (0.26) -45.7 (0.9) CH, 47.3 (2.9)

Cp/,Zr(CO), 341 (0.31) -458 (0.4) ave 39.7 (0.9)
CpyZrMe, 3.37(0.12) -34.8 (0.3) ave 67.2(1.0)
Cp/,HfH, 3.11 (0.09) -70.9 (0.7) ave 81.0 (3.7)
Cp/,HfMe, 3.68 (0.16) -31.7 (04) ave 72.0(3.7)
Cp’yHf(n-Bu), 5.03 (0.47) -39.0 (0.4) ave 56.5(4.4)

2 Uncertainties and bond designations are explained in footnote a of Table
I. *From Table I.

respectively, due mainly to the large differences in AH, values
for the titrants. It seems likely that such disparities are largely
an artifact of assuming AH,,, is identical for all organometallic
reagents and reaction products. For these reasons combined with
the fact that AH, values for all reagents of interest are small
for nonpolar solvents such as toluene*?¢ and because we wish to
understand chemical transformations in solution, we restrict our
discussion here to solution-phase D(L,M-R) data.
Thermochemical Data. The results of the thermochemical
experiments are set out in Tables I-IV. The enthalpies of solution
of the various complexes in toluene are quite small and are very
similar. For reactions that do not sequentially remove the ligands,
R, the average AH,, and D(M-R) are reported. Otherwise, the
ligand involved in the bond cleavage reaction is designated (i.e.,
if there are several identical ligands, R, then whether the first,
second, or third of these ligands is involved in the cleavage reaction
is indicated). The values for D(M-R) given in parentheses were
obtained from another thermochemical measurement. The un-
certainties reported for AH,, and AH,, are 95% confidence
limits,?® and the errors in D(M-R) include the 95% confidence
limit of AH,,, plus the reported errors in other BDEs used in the
calculation of D(M-R), except for the error reported in D(M~Cl),
which will affect all members of a given L, MR series equally and
is not included. D,(MC],) is used as the anchor, since the absolute
value of D(L,M—Cl) in each series is, of course, not exactly known.
Tables I, II, and III present the data obtained from titrations with
HC}, I,, and C¢FsOH, respectively. Excellent internal consistency
is demonstrated by the reaction of the same compound with
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Table III. Enthalpies of Solution in Toluene, Enthalpies of Reaction with C¢F;OH in Toluene (Per Mole of C¢F;OH), and the Derived Bond

Disruption Enthalpies (kcal/mol) for Zr and Hf Complexes?

compound AH AH, bond D(M-R)/D(M-X)
C¢FsOH 3.30 (0.36)
Cp/,Zr(OC¢Fs), 3.30 (0.24)
Cp/,Zr(OH), 3.40 (0.29) -8.0 (0.3) Ist 115.4 (2.5)
-4.6 (0.4) 2nd 118.8 (2.6)
Cp’,Zr(OC¢Fs)(O-t-Bu) ~4.9 (0.8) O-t-Bu 104.6 (3.0)
Cp/2Zr(NH,)H 2.37 (0.13) -6.2 (0.5)% NH, 100.7 (3.6)
Cp’,Zr (O-t-Bu)H -23.4 (1.9) H 83.2 (3.1)
Cp’,ZrH, 2.68 (0.16) ~34.2 (0.3) 1st 74.4 (1.5)
~24.7 (0.6) 2nd 83.9 (1.8)
Cp',Zr(Ph)H 2.65(0.17) ~29.9 (0.5) H 78.7 (1.7)
Cp’Zr(Ph)(n":9°-CH,CsMey) 3.42 (0.26) -48.3 (0.8) CH, 44.1 (3.0)
Cp’ZrMe, 2.83 (0.12) ~44.9 (0.5) lst 64.6 (1.9)
~41.8 (0.7) 2nd 67.7 (2.1)
-36.7 (1.0) 3rd 72.8 (2.4)
Cp/;HfH, 3.11 (0.09) -34.3 (0.5) 1st 76.8 (0.8)
Cp’Hf(OC¢Fs), 6.65 (0.05)
Cp’HfMe, 2.42 (0.10) ~42.6 (0.3) lst 69.4 (0.8)
-41.1 (0.4) 2nd 70.9 (0.9)
~39.1 (0.9) 3rd 72.9 (1.4)
4 Uncertainties and bond designations are explained in footnote a of Table I. ® AH,, is for the reaction of this compound with -BuOH.
Table IV. Enthalpies of Reaction in Toluene (Per Mole of Reactant) 7
and Derived Zirconium-Hydride Bond Disruption Enthalpies J
(kcal/mol) Obtained with Various Titrants®
compound reactant AH,, bond D(M-H) 8
Cp/,ZrH, C¢FsOH -34.2(03) st 744 (1.5) 1
-24.7(0.6) 2nd 83.9 (1.8) « o
C¢H;OH -31.7 (0.4) 1st 75.1(0.7)
-20.7 (0.7) 2nd 84.7 (1.0) £ 1 3
CF,CH,0OH -27.0 (0.5) 1st 75.4 (0.9) | 104
~20.1 (0.2) 2nd 82.3 (0.6)
HC] ~74.6 (0.4)® ave 80.3 (0.5) g
I, -73.9 (0.6) ave 77.6(l.1)
Cp’,Zr(H)(O-1-Bu) C(F;OH -23.4(19) H 83.2(3.1) 114
Cp/,Zr(H)Ph C¢F;OH ~299(0.5) H  78.7(1.7) J
@ Uncertainties and bond designations are explained in footnote a of 12
Table 1. ®A solution of Cp/,ZrH; was titrated into an HCl/toluene 55 2% p ' o @ 31

solution, therefore, AH,, is per mol of Cp’,ZrH,.

different titrants to give D(Zr~R) values that are identical within
experimental error, e.g., Cp’Zr(Ph)(nl:9’-CH,CMe,),
Cp’,HfMe,(average), Cp’,ZrH,(average). Cases of stepwise
scission reveal disparities between first and second D(M-R) values
that can be attributed to effects of the ancillary o-bonded ligand
(vide infra).

Kinetic Data for Reaction of Cp’Zr(Ph)(n':%’-CH,CsMe,) with
Ethylene. For a complete thermochemical analysis of eq 6, it was
also necessary to establish the molecularity and activation ener-
getics of eq 10. The reaction of Cp’Zr(Ph)(n':n’-CH,CsMe,) with
ethylene obeys first-order kinetics in the disappearance of
Cp’Zr(Ph)(n":n’-CH,CsMe,) for greater than 3 half-lives. The
derived rate constants are independent of ethylene concentration
over a concentration range of ca. 0.06 to 0.006 M. Arrhenius
(Figure 1) and Eyring plots yield the parameters £, = 21.3 (5),
AH?* = 20.6 (5) kcal/mol, AS* = -15.4 (5) ey, log 4 = 9.4 (3).

Discussion

In this section, we focus first upon trends in metal-ligand bond
enthalpies, then upon ancillary sigma-bonded ligand effects, and
finally upon implications for organo-zirconium and -hafnium
chemistry.

Overall Trends in Bond Enthalpies. It can be seen from Tables
I-IV that zirconium-ligand and hafnium-ligand bond disruption
enthalpies, for a wide range of metal-ligand bonds, are rather
similar. Significant differences in zirconium and hafnium or-
ganometallic chemistry observed here and elsewhere!>!%® are thus
more likely kinetic in origin rather than arising from large dif-
ferences in bond enthalpies. The present bond enthalpies are
roughly comparable to those we reported earlier for Cp/,;ThR,*
and Cp;ThR*® complexes (anchored to a more approximate D-
(Th(OR),))* and somewhat greater than for the similar series of

8 2.9 3.
1 / T x 1000
Figure 1. Arrhenius plot for the reaction of Cp’Zr(Ph)(5':n’-CH,CsMey)
with ethylene to yield Cp’,ZrCH,CHy-0-C¢Hy. The units of k are s,

organouranium complexes.*>® As we suggested earlier for the
actinides,* simple Pauling-type bond ionicity/bond energy rela-
tionships?® provide a qualitative overall explanation for the rela-
tively large metal-ligand bond enthalpies exhibited by electro-
positive transition elements such as zirconium and hafnium. Such
effects will of course be modulated by the metal oxidation state
as well as the particular electronic and steric characteristics of
the ligation sphere. Complementary explanations have focused
upon metal-ligand orbital overlap and repulsion as well as pro-
motion energies.?%

In the present group 4 complexes, the overall ordering of
metal-ligand bond enthalpies is Cl =~ OH > alkoxide =~ NH, >
phenoxide > I = H > aryl > alkyl > CO. Where comparable
data exist (halides, alkoxides, amides, alkyls), this trend parallels
that of the homoleptic MR,/MX, analogues (Figure 2)%3! with
one interesting exception: D(M-OR) - D(M-CI) (Figure 2). In
the Cp’,MX, series, D(M—OR) -~ D(M-CI) is ca. ~12 kcal/mol
while in the MX series (based upon D values) the corresponding

(28) (a) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell
University Press: Ithaca, New York, 1960; Chapter 3. (b) Huheey, J. E.
Inorganic Chemistry, 3rd ed.; Harper and Row: New York, 1983; pp
144-160. (c) Mullay, J. Strut. Bond. (Berlin) 1987, 66, 1-25 and references
therein.

(29) (a) Ziegler, T.; Tschinke, V.; Becke, A. J. Am. Chem. Soc. 1987, 109,
1351-1358. (b) Ziegler, T.; Tschinke, V.; Versluis, L.; Baerends, E. J. in ref
1. We thank these authors for allowing us to quote their work.

(30) Schilling, J. B.; Goddard, W. A., III; Beauchamp, J. L. J. Am. Chem.
Soc. 1987, 109, 5573-5580 and references therein.

(31) Zr-NH; — Zr-NMe, corrections have been made using D(H-NH,)
- D(H-NMe,) = -16 kcal/mol.2
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Figure 2. Comparison of average D(Zr-X) data obtained in the present
study of Cp/,ZrX; compounds with those obtained in homoleptic systems
(from ref 2b). The ZrMe, datum is an estimate (see ref 2b), while a
ZrNH, — ZrNMe; correction for Cp/,ZrX;, has been applied with use
of D(H-NH,) - D(H~-NMe,) (see ref 31).

quantity is ca. +7 kcal/mol. The diminished bond enthalpies in
the Cp’,M(OR), system can be rationalized on the basis of two
factors: (i) changes in ligand — metal « donation; (ii) increased
interligand nonbonded repulsions.

There is now considerable structural, spectroscopic, reactivity,
and theoretical evidence for ligand — metal donation (e.g., I1I)
M-OR = M==OR
11
in complexes with lone pair bearing ligands and electron-deficient
metal centers (e.g., actinides, d° transition elements).’>3 In the
present systems, it is reasonable that the large electron donor
capacity of ligands such as Cp’ would somewhat reduce the =
acidity of the metal center, thus weakening ligand — metal =-
bonding.** There is also structural evidence for considerable steric
congestion in Cp’,MX,/Cp,MX, complexes. Although there are
few data available for simple Cp’,ZrR, compounds, congestion
evident in Cp/,ThR; complexes® argues that it will be even greater
in the case of the smaller group 4 ion. Calculation of intramo-
lecular nonbonded contacts from the published coordinates of

Cp/,ZrO(2)CH=C[Zr(I)Cp,]O(1)*¢ reveals a number of con-
tacts less than the sum of Me (2,0 A) and O (1.5 A) van der Waals
radii,? viz., 9 O(1)-C(Cp’) contacts in the range 2.92-3.49 A;
7 O(2)-C(Cp’) contacts in the range 2.93-3.47 A; and 9 C-
(enediolate)~-C(Cp’,Cp) contacts in the range 2.92-3.35 A. As
further examples, the crystal structure of (CpZrCl),0%® exhibits
two O-C(Cp) contacts less than 3.0 A, while the structure of
(Cp,ZrMe),0% exhibits O—C(Cp) contacts of 2.78 A (two) and

(32) For evidence in actinide complexes, see: (a) Lin, Z.; Marks, T. J. J.
Am. Chem. Soc. 1987, 109, 7979-7985. (b) Bursten, B. E.; Casarin, M; Ellis,
D. E.; Fragala, 1.; Marks, T. J. Inorg. Chem. 1986, 25, 1257-1261. (c)
Duttera, M. R,; Day, V. W.; Marks, T. J. J. Am. Chem. Soc. 1986, 108,
2907-2912. (d) Cotton, F. A; Marler, D. O.; Schwotzer, W. Inorg. Chim.
Acta 1984, 95, 207-209. (e) Cotton, F. A.; Marler, D. O,; Schwotzer, W.
Inorg. Chim. Acta 1984, 85, L31-32.

(33) For evidence in group 4 complexes, see: (a) Chamberlain, L. R., et
al. J. Am. Chem. Soc. 1987, 109, 290-302 and references therein. (b)
Huffman, J. C.; Moloy, K. G.; Marsella, J. A.; Caulton, K. G. J. Am. Chem.
Soc. 1980, 102, 3009-3014. (c) Gell, K. I; Rosin, B.; Schwartz, J.; Williams,
G. M. J. Am. Chem. Soc. 1982, 104, 1846-1855. (d) Curtis, M. D
Thanedar, S.; Butler, W. M. Organometallics 1984, 3, 1855-1859.

(34) Alternatively, coulombic Zr-OR attractive effects are enhanced as the
number of electronegative alkoxide ligands on zirconium increases.

(35) (a) Marks, T. J. In The Chemistry of the Actinide Elements, 2nd ed.;
Katz, J. J., Seaborg, G. T., Morss, L. R., Eds.; Chapman and Hall: London,
1986; Chapter 23. (b) Bruno, J. W.; Smith, G. M; Marks, T. J.; Fair, C. K,;
Schultz, A. J.; Williams, J. M. J. Am. Chem. Soc. 1986, 108, 40-56. (c)
Marks, T. J.; Day, V. W. In Fundamental and Technological Aspects of
Organo-f-Element Chemistry; Marks, T. J., Fragala, L, Eds.; Reidel: Dor-
drecht, 1985; Chapter 4.

(36) Barger, P. T.; Santarsiero, B. D.; Armantrout, J.; Bercaw, J. E. J. Am.
Chem. Soc. 1984, 106, 5178-5186.

(37) (a) Reference 28a, p 152. (b) Reference 28b, pp 256-260.

(38) Clarke, J. F.; Drew, M. G. B. Acta Crystallogr. 1974, B30,
2267-2269.
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Figure 3. Correlations between D(H-X) values and the corresponding
average D(Zr-X) values obtained for Cp’,ZrX, complexes in this study.
Ligands of the same type are indicated by separate symbols, and the lines

represent least-squares fits to these data points. D(Zr-F) and D(Zr-Br)
data are estimated (see text).

3.29 A (two), Me-C(Cp) contacts of 2.58, 2.99, and 3.00 A, and
two O—-Me contacts of 3.47 A. Restricted rotation of hydrocarbyl
groups is observed in the NMR spectroscopy of various Cp,Zr-
(R)R’ complexes® as well as in Cp’Zr(Ph)(»':n°-CH,CsMe,) and
Cp'ZZrth.g

Roughly linear correlations between D(H-X) and relative
D(L,M-X) values have recently been noted for L,M = Cp’Ru-
(PMe,),, (dppe)Pt(Me) and X = a variety of ligands including
several hydrocarbyls.?i In general, such a relationship could have
useful predictive value and its applicability clearly warrants further
scrutiny. While full justification for the D(H-X)/D(M-X)
correlation has not been offered, its applicability clearly implies
a bonding regime where large steric or w-bonding effects are either
inoperative or fortuitously cancel. Also implicit is the absent of
energetically significant multihapto (e.g., n"-benzyl*!) or “agostic”
bonding interactions. A portion of our published organothorium
results has been quoted to suggest the possibility of deviations
(unspecified) in cases of w-donor ligands (e.g., OR or NR;) and
electron-deficient metal centers.? The present group 4 results
afford the first opportunity to test the generality of the D(H-
X)/D(M-X) correlation at an archetypical early transition metal
center,

The present D(M-X) data are plotted in Figure 3 versus lit-
erature D(H-X) values.?? The self-consistency of ZrX,/Cp,MX,
results for X = Cl and I noted earlier suggests that it is reasonable
to also include ZrX,-derived data for X = F and Br. It can be
seen in Figure 3 that the linear D(H-X)/D(M-X) correlation has
little validity in this early transition metal system. Interestingly,
however, the data in Figure 3 do fall into “families” of similar
ligands that exhibit roughly linear plots having differing slopes.

The pattern of the data in Figure 3 no doubt reflects a complex
combination of steric and electronic factors. It is, however, in-
structive to inquire about the gross features of this and more linear
D(H-X) vs D(L,M-X) plots by using a modified version of the
bond enthalpy equation of Matcha (eq 29).*> This formalism
interrelates diatomic single bond homolytic bond enthalpies and

D(A-B) = Y[D(A,) + D(By)] + 105(1 - e0290ax0?)  (29)

(39) Hunter, W. E; Hrncir, D. C.; Bynum, R. U; Pentilla, R. A.; Atwood,
J. L. Organometallics 1983, 2, 750-755.

(40) Jeffery, J.; Lappert, M. F.; Luong-Thi, N. T.; Atwood, J. L.; Hunter,
W. E. J. Chem. Soc., Chem. Commun. 1976, 1081-1083.

(41) Mintz, E. A,; Moloy, K. G.; Marks, T. J,; Day, V. W. J. Am. Chem.
Soc. 1982, 104, 4692-4696 and references therein.

(42) (a) Matcha, R. L. J. Am. Chem. Soc. 1983, 105, 4859-4862. We
employ the formulation using an arithmetic mean expression for D(A-B) since
this leads more straightforwardly to useful relationships such as eq 29. Both
arithmetic and geometric mean approaches have been employed in the Pauling
formulation,?®242° with the latter preferred in cases of sign ambiguities. (b)
Douglas, B. E.; McDaniel, D. H.; Alexander, J. J. Concepts and Models of
Inorganic Chemistry, 2nd ed.; Wiley: New York, 1983; Chapter 24.
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Figure 4, Families of D(H-X) versus D(M-X) curves generated from
eq 30 for the metal Pauling electronegativities and X ligands indicated.

Pauling electronegativies and gives far better agreement with
experiment than the original Pauling formulation.?® After re-
arrangement, it is possible, via the corresponding expressions for
D(M-X) and D(H-X), to arrive at eq 30. Assuming that Pauling
electronegativities are approximately valid,?®° it can be seen that

D(M-X) = D(H-X) + /,[D(M,) - D(Hy)] +
105(e‘°<219(xn-xx)2 - e‘°-219(xM—xx)2) (30)

for M constant, the X dependence of D(M~X) arises from D(H-
X) and the exponential terms. In cases of relatively electronegative
middle and late transition elements (second and third row Ru and
Pt are good examples) xu approaches xy (2.20)2%%¢ so that (xy
- xx) = (xm — Xx) and the exponential term becomes small.
Hence, in this regime D(M-X) ~ D(H-X) + (constant), in accord
with linear D(M-X) versus D(H-X) plots having slopes near unity.
In contrast, for situations where M is a more electropositive metal
such that x < xy, and where xx = xy (valid for most ligands
of interest?8><), the first exponential term in eq 30 will dominate
the second and D(M-X) will be greater than otherwise anticipated
(i.e., displaced to the right in the D(H-X) vs D(M-X) plot).
Numerical experiments indicate that as xy increases from 2.2 to
3.5, the positive adjustment to D(M-X) increases and then levels
off beyond x ~ 3.0. The effect of incrementally decreasing x
from 2.2 to 1.3 (that for Zr(II)*¥**) is to incrementally displace
the family of curves to higher D(M-X) values. These results are
plotted for several first row ligands in Figure 4.#* In summary,
this approximate treatment indicates that less electropositive metal
centers (xy =~ xy) and ligands with electronegativities near xy
(e.g., hydrocarbyls)?®®¢ will exhibit the least departure from
“normal” D(H-X) versus D(M-X) plots* whereas more elec-
tropositive M and more electronegative X should skew the plot
to the right. Although steric and other electronic effects are also
no doubt operative in Figure 3, it is noteworthy that data for X
= alkoxide, amide, Cl, and F appear to follow this qualitative trend.
Data for M = thorium (Figure 5) and uranium?® exhibit similar
characteristics.

The quantities D(M-H) - D(M~Me)* and D(M-I) - D(M~
Me)’® are informative, M-dependent gauges of differences in
bonding and are also of considerable chemical significance. We
noted earlier that D(M-H) - D(M-Me)* is rather small for
actinide systems and associated this with, among other factors,

(43) (a) We assume that D(M,) in eq 30 remains approximately constant.
Typical estimates? support this: D(Zry) ~ 25, D(Mo,) ~ 31, D(Ruy) ~ 26,
D(Pt,) = 23 kcal/mol. (b) Second-row ligands such as Cl are displaced even
further to the right, sugi%esting that other effects (e.g., charge-dependent
electronegativity effects®®), not included in this approximate treatment, are
also operative.
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(OR)X (ref 4c); Zr, Hf = average Cp’,MX; (this work); Mo, W =
average Cp,MX; (ref 2k); Mo’ = CpMo(CO),X (ref 44b); Mn = Mn-
(CO)sX (ref 27a); It = Ir(PMe;),(CI(I)(CO)X (ref 2d); Ir” = Cp'Ir-
(PMe,)X; (ref 44c); Pt = Pt(PEt;),X; (ref 44d, adjusted assuming D-
(Pt-Me) — D(Pt-Et) = 5 kcal/mol).

the electropositive character of the metals and accompanying bond
polarity/ligand polarizability effects.%*¢ It can be seen in Figure
6 that the present zirconium and hafnium systems conform to this
general trend. As the transition-metal series is traversed to the
right, there is a general increase in D(M-H) - D(M-Me),*#d
which is qualitatively in accord with the aforementioned elec-
tronegativity/polarizability arguments as well as with repul-
sive/attractive interactions between filled/empty metal d orbitals
and filled methyl ¢ and “x” MOs.? Attempts to analyze these
trends via eq 29 are complicated by the fact that the proposed
electronegativities28>° of H (2.20) and Me (“best” = 2.3028®) are
so similar. However, calculated (vide infra) trends are in qual-
itative accord with Figure 6. With respect to D(M-I) - D(M-
Me), it can be seen in Figure 7 that there is a general diminution

(44) (a) Bruno, J. W,; Duttera, M. R.; Fendrick, C. M.; Smith, G. M;
Marks, T. J. Inorg. Chim. Acta 1984, 94, 271-277. (b) Nolan, S. P.; Lopez
de la Vega, R.; Mukerjee, S. L.; Gonzalez, A. A.; Zhang, K.; Hoff, C. D., ref
1. We thank these authors for permission to quote their data. (c) Stoutland,
P. O,; Bergman, R. G.; Nolan, S. P,; Hoff, C. D., ref . We thank these
authors for permission to quote their data. (d) Brainard, R. L.; Whitesides,
G. M., Organometallics 1985, 4, 1550-1557.
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Figure 7. Comparison of D(M~I) - D(M~CH,) for various transition-
metal complexes. Key: Th = average Cp’;ThX, (ref 4a) assuming
D(Th-I) = D(Thl,); U = Cp”3UX (ref 5a); Zr, Hf = average Cp/,MX,
(this work); Mo, W = average Cp,MX; (ref 2k); Mo’ = CpMo(CO),X
(ref 44b); Mn = Mn(CO)sX (ref 27a); Ir = Ir(PMe, )(CHY(I)(CO)X (ref
2d); I’ = Cp’Ir(PMe;) X, (ref 44c); Pt = Pt(PPh,),(I)X (ref 2d).
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Figure 8. Correlation between D(M-I) - D(M-CHj,) calculated via eq
31 (with the nonexponential term set equal to zero—see footnote 45) and
metal Pauling electronegativity.

as the transition-metal series is traversed to the right.® Reference
toeq 31 with x; = 2.66 and xp, = 2.30%5¢ indicates that D(M-I)

DM-I) - D(M-Me) =
YID(L;) - D(Me,y)] + 105(e021900xue)” — ¢-0219Gaex0?) (31)

- D(M-Me) decreases as xyy increases (see Figure 8).4 A
description based on attractive/repulsive interactions between filled
ligand orbitals and empty/filled metal orbitals’®2%#! s also ap-
pealing and not necessarily exclusive of the former explanation.

Trends in Hydrocarbyl and Related Bond Enthalpies. The
present D(Zr-R) and D(Hf-R) data follow closely parallel trends,
with the latter being perhaps slightly greater in magnitude (ca.
4 kcal/mol) than the former. After this small adjustment, it can
be seen that the combined data adhere to the trend H = Ph >
Me > n-Bu, which has been observed in a number of other f- and
d-block organometallic systems.2»¢i-44  The only anomaly in

(45) Because D(I,) - D(Me,) is negative (a common artifact when the
arithmetic mean is used in eq 29),*? we arbitrarily set it equal to zero in eq
31. This in no way affects the xy dependence of the function.

(46) (a) Baird, M. C. J. Organomet. Chem. 1974, 64, 289-300. (b)
Buchanan, J. M.; Stryker, J. M.; Bergman, R. G. J. Am. Chem. Soc. 1986,
108, 1537-1550. (c) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger,
B. J.; Nolan, M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. E. J. Am.
Chem. Soc. 1987, 109, 203-219.
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the present and much of the literature data may be that D(M~H)
2= D(M-Ph)* despite the fact that D(H-Ph) - D(H-H) = 7
kcal/mol. The disparate steric demands of H and Ph suggest that
nonbonded effects play a significant role in these orderings. In-
deed, restricted phenyl group rotation is observed in Cp’,ZrPh,.’

The present data also provide information on strain energies
in early transition metal metallacycles. If this quantity is defined
as the diminution in metal-ligand bond enthalpy from that ex-
pected in an acyclic analogue,* it can be seen that the strain in

zirconacyclopentane Cp/,ZrCH,(CHELt),CH, (II) must be rather
small. Thus, correcting for Cp’,Hf(n-Bu), — Cp’3Zr(n-Bu),
(Table 11, ca. 4 kcal/mol) yields a predicted unstrained (aver-
age*®) Zr—C bond enthalpy indistinguishable from that in II (52.5
(4.4) vs 53.5 (2.9) kcal/mol). This result can be compared to
approximate strain energies in thoracyclobutanes Cp/;-

ThCH,C(Me),CH, and Cp’,ThCH,Si(Me),CH,; of 15 and 8
kcal/mol, respectively,* as well as strain energies of 9-13 kcal/mol
for platinacyclobutanes*® and 8 kcal/mol for cyclopentane® (vs
25 kcal/mol for cyclobutane®®). Interestingly, zirconaindan

complex Cp/,ZrCH,CH;-0-C¢H, (I) exhibits a “negative” ring
strain (ca. 10 kcal/mol) in that the ZrCH,CH, bond enthalpy
is greater than would be predicted from Cp’,Zr(Et), (estimated
from Figure 3) or Cp’,Zr(n-Bu),. The explanation appears to
reside in the tightly constrained character of the chelate ring and
diminished nonbonded repulsions vis-a-vis Cp’,Zr(n-Bu),.
Ring-metalated complex Cp’Zr(Ph)(n':n>-CH,CsMe,) provides
another example of a potentially strained ring system. Indeed,
the average measured D(Zr-CH,) of 45 kcal/mol (Tables I-III)
is rather small. The most realistic model for an unstrained Zr-
CH,CsMe, bond would appear to be Zr-benzyl, for which no data
exist. However, extrapolation from existing thorium and uranium
data* suggests that D(Zr—CH,Ph) = 50 kcal/mol. Thus, the strain
energy in Cp’Zr(Ph)(n':93-CH,CsMe,) is small but nonzero.

The average D(Zr-CO) value of 39.7 (0.9) kcal/mol deter-
mined for Cp’,Zr(CO), (eq 21 and 24) in the present study is
rather strong and compares favorably with recent D, values of
36.8, 40.5, and 41.5 kcal/mol reported for Cr(CO)4, Mo(CO)q,
and Fe(CO)s, respectively.! It also compares favorably with
an average D(Ti—CO) value of 41.1 (1.9) kcal/mol recently re-
ported for Cp,Ti(CO),.2 All of these data are substantially
higher than the corresponding value for the only known uranium
carbonyl (Cp”/;UCO), 10.3(0.2) kcal/mol.*

Ancillary Ligand Effects. The degree to which the supporting
ligands may modify D(M~-R), i.e., the transferability of D(M-R)
between environments, is also of interest. Assuming the MX, —
Cp’,MX, transferability of Cl and I (vide infra) is generalizable
to other ancillary ligand arrays, and then it can be seen (Table
II) that Cp’,ZrMe, — Cp,ZrMe, has negligible effect on D-
(Zr-Me). Thus, differential steric effects appear to be minor or
are cancelled by other factors here. If it is assumed that D(M-
OCFs) is the same in Cp’,M and Cp’M—environments, then the
Cp’MMe; data of Table III imply that D(Zr-Me) and D(Hf-Me)
are not highly sensitive to ancillary ligation (see also Figure
2)—there is a ca. 3 kcal/mol “weakening” of the first M—Me bond
versus Cp’;MMe,. However, the aforementioned (Figure 2)
Cp'ZrX,/ ZrX, effects on D(Zr-OR) suggest that an invariant
D(M-OCFs) is not an entirely satisfactory approximation and
that D(Cp’Zr(X),~OR) is probably slightly greater than D-
(Cp’,Zr(X)-OR). The result will be an apparent, slight

(47) In several instances, this inequality is not statistically significant.

(48) The strain energy will only be operative in the cleavage (ring-opening)
of the first M—C bond. Ancillary ligand effects (vide infra) tend to slightly
enhance the apparent second bond enthalpy (from M(X)R — MX,; calori-
metry). This small effect must be taken into account in viewing D(M-R)
average data.

(49) Puddephatt, R. J. Coord. Chem. Rev. 1980, 33, 149-194.

(50) Reference 22b, pp 60-63, 273.

(51) Lewis, K. E,; Golden, D. M.; Smith, G. P. J. Am. Chem. Soc. 1984,
106, 3905-3912.

(52) Calhorda, M. J.; Dias, A. R.; Minas da Piedade, M. E.; Salema, M.
S.; Martinho Simoes, J. A. Organometallics 1987, 6, 734-738 and references
therein.
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“weakening” of D(M-Me) in the monopentamethylcyclo-
pentadienyl environment. It seems unlikely that the effect will
be larger than ca. 5 kcal/mol, and it may well decrease with
increasing aryl oxide substitution (= donation).

Closely connected with the above discussion is the observation
in the Cp’MMe; and metal hydride data of Tables III and IV that
alkoxide substitution increases the apparent bond enthalpies of
remaining M-Me and M-H functionalities. The effect is greater
for hydrides, with the Cp’M(OR),Me,_, data exhibiting small 1-4
kcal/mol variations on the order of those previously noted for the
Cp’,Th(OR),R,_, series.*® The thorium* and Cp/,Zr(H)Ph data
(Table IV) suggest that alkoxide ancillary ligand effects are greater
than those of Cl and Ph. The magnitude of the present group
4 hydride/alkoxide effects requires a more detailed analysis than
was previously warranted. Assuming that D(M-H) is not inde-
pendent of ancillary o ligation, a two-step titration for the present
bis(pentamethylcyclopentadienyl) complexes (MH, — M(OR)H
— M(OR),) evolving two heats of reaction, AH!,, and AH?, can
be expressed (see eq 2 and 3) as in eq 32-35. If the simplifying

AH!,, = 2D(M(H)-H) + D(RO-H) - D(M(H)-OR) -
D(M(OR)-H) - D(H,) (32)

D(M(H)-H) = ¥,[D(M(H)-OR) + D(M(OR)-H) +
D(H,) + AH',, - D(RO-H)] (33)

AH%, = D(M(H)-OR) + D(M(OR)-H) + D(RO-H) -
2D(M(OR)-OR) - D(H;) (34)

D(M(OR)-H) = 2D(M(OR)-OR) + D(H,) + AH?%, -
D(M(H)-OR) - D(RO-H) (35)

approximation is made that D(M~-OR) is relatively insensitive
to ancillary o ligand effects (less sensitive than D(M-H)), then
D(M(OR)-OR) =~ D(M(H)-OR) = D(M-OR), and eq 35 re-
duces to eq 36. Substituting for D(M(OR)-H) in eq 33 then yields
eq 37. This treatment indicates that while D(M(OR)-H) is

D(M(OR)-H) = D(M-OR) + D(H,) + AH?, ~-D(RO-H)
(36)

D(M(H)-H) =

1
e

Hey
D(M-OR) + D(H,) - D(RO-H) + (37)

2
accurately determined by measurement of AH?,, apparent D(M-
(H)-H) values obtained from AH! must be corrected by a factor
of ca. +1/,(AH%, - AH',,). The average correction to the first
bond D(M-H) data in Table IV is +4.6 kcal/mol.>*> Thus, the
data still evidence an enhancement in D(M-H) effected by the
ancillary alkoxide ligation. An explanation proposed earlier*s*
involves the tendency of hard alkoxide ligands to stabilize high
metal oxidation states, rendering the reduction implicit in ho-
molytic bond dissociation (eq 1) more energetically demanding.
It is also conceivable that the greater electronegativity of oxygen
vis-d-vis most other ancillary ligands may increase the overall
positive charge on the metal and enhance attractive metal-ligand
coulombic forces.

Thermochemistry of Various Group 4 Centered
Transformations

The present bond disruption enthalpy data afford an opportunity
to scrutinize the driving forces for a number of early transition
metal reaction patterns and to compare and contrast them with
those characteristic of middle/late and f-block transition metals.
We begin with the driving forces for simple cleavage and inser-
tion/elimination processes, proceed to reductive elimination/ox-
idative addition/reductive coupling processes, discuss M(n':n’-
CH,CsMe,) reaction patterns together with an analysis of eq 6,
and conclude with some remarks on CO activation. Relevant bond

(53) Regarding the assumption D(M(OR)-OR) =~ D(M(H)-OR), over-
estimation of the former term, which might be lower due to steric congestion
or = saturation, would have the effect of increasing both the calculated D-
(M(H)-H) and D(M(OR)-H) (the latter to a greater degree).

J. Am. Chem. Soc., Vol. 110, No. 23, 1988 17711

enthalpy data for organic fragments are taken from standard
sources,?? and it is assumed that the effects of metal substituents
largely attenuate within two ¢ bonds. General reactions are
illustrated for zirconium. It is also assumed that the TAS
(translational, rotational) contribution to AG from creating an
additional particle near or slightly above room temperature is ca.
-6 to —12 kcal/mol per reaction (we employ the average, ~9
kcal/mol) .44

Protonolysis of zirconium-alkyl and -hydride bonds in the
present compounds is found to be highly exothermic (eq 38 and
39). In comparison to later transition metals,? the driving force

Zr-R + MeOH — Zr-OMe + RH (38)
AH 4 ~ -36 kcal/mol (R = Me); -27 kcal /mol(R = H)
Zr-R + NH, — Zr-NH, + RH (39)

AH 44 = ~30 kcal/mol (R = Me); -21 kcal /mol(R = H)

is the great strength of the metal-heteroelement bonds vis-3-vis
D(Zr-R). For late transition elements, eq 38 and 39 are estimated
to be near thermoneutrality or possibly endothermic for the metal
hydrides.2 Hydrogenolysis of group 4 hydrocarbyls (eq 40) is

Zr-Me + H, — Zr-H + MeH (40)
AH 4 = -9 kcal /mol

also predicted to be exothermic; however, because D(Zr-H) -
D(Zr-Me) is relatively small, such processes will not be as exo-
thermic as for most later transition metals.

Also as a consequence of the relatively small D(Zr-H) - D-
(Zr-alkyl) values found, 8-hydride elimination can be estimated
to be endothermic in most group 4 systems (eq 41).*> Such
chemistry and the ability to manipulate the thermodynamics
thereof is important to hydrozirconation®® and Ziegler-Natta

Zr-H + W ‘: Zr/\/\ (41)

AHca1ca B -13 kcal/mol

catalysis.**® As regards the former, AG will not be so negative
(ca. ~4 kcal/mol assuming TAS ~ +9 kcal/mol) as to prohibit
facile double bond migration processes.®® For many later transition
metals, AH (eq 41) is estimated to be nearer to thermoneutral
(see Figure 6), while it is somewhat more exothermic for f-ele-
ments.* Hydrocarbon elimination processes as in eq 42 and 43
serve as pathways to novel, useful, and isolable alkyne complexes.’

/F‘h
CpZZr\ + PMeg — sz?r + PhH (42)
Ph

PMe,
BOHcq1cd £ 33 - D(Zr-benzyne) kcal/mol
R R R
-
\c=c\ + PMey; — CpZZr( + MeH (43)
CppZr H ]
\Me PMeg

AHcareq £ 35 - O(Zr-alkyne) kcal/mol

(54) (a) Smith, G. M,; Carpenter, J. D.; Marks, T. J. J. Am. Chem. Soc.
1986, /08, 6805~-6807. (b) Page, M. L. In The Chemistry of Enzyme Action;
Page, M. L, Ed.; Elsevier: New York, 1984; pp 1-54. (c) Page, M. L; Jencks,
W. F. Proc. Natl. Acad. Sci. US.A. 1971, 68, 1678-1683.

(55) D(Hf-Me) — D(Hf-n-Bu) appears to be somewhat larger in Cp/,HfR,
than in Cp/;ThR,* complexes (ca. 16 vs 10 kcal/mol). If this trend is steric
in origin, it will presumably be smaller for Cp,HfR,. Hence, eq 41 is likely
more exothermic for Cp,Zr(X)R® systems.

(56) (a) Quirk, R. P,; Hsieh, H. L.; Klingensmith, G. C.; Tait, P. J., Eds.
Transition Metal Catalyzed Polymerization. Alkenes and Dienes; Harwood
Publishers for MMI Press: New York, 1983. (b) Cavens, P. D.; Bottril, M.;
Kelland, J. W.; McMeceking, J. In Comprehensive Organometallic Chemistry;
Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon Press: Oxford,
1982. (c) Boor, J., Jr. Ziegler-Natta Catalysts and Polymerizations; Aca-
demic Press: New York, 1979.

(57) (a) Buchwald, S. L.; Watson, B. T.; Huffman, J. C. J. Am. Chem.
Soc. 1986, /08, 7411-7413. (b) Buchwald, S. L.; Watson, B. T.; Huffman,
J. C. J. Am. Chem. Soc. 1987, 109, 2544-2546.
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Making the reasonable assumption®® that D(Zr-PMe;) ~ D-
(Zr-CO), then for eq 42 and 43 to be exothermic, we find D-
(Zr-benzyne) 2 33 and D(Zr-alkyne) Z 35 kcal/mol, respectively.
Further remarks will be made about these quantities in the fol-
lowing discussion. Closely related to eq 42 is the process by which
zirconaindan I is formed (eq 44). This is estimated to be exo-

CpZr — + PhH (44)
Ph Co’aZr

I
AHcared ® -10 kcal/mol

thermic. Not unexpectedly, the insertion of alkynes into group
4-hydride bonds (eq 45)%% is estimated to be more exothermic
than for olefin insertion.

/-_‘:

Zr-H + HC=ECH — Zr (45)
BHearcd ® —52 keal/mo)

Also related to eq 41 are §-alkyl elimination processes. Al-
though none have, to our knowledge, been reported for group 4,
chemical similarities to Lu® and Sc®' prompt a thermodynamic
analysis of similar, hypothetical group 4 processes (eq 46—49).52
Making the pragmatic assumption that all D(Zr-alkyl) in eq

217NN —= Zr-Et + = (46)

AHeg1eq ® *21 kcal/mol

217N = Zr-Me + = (47)

AHeaieq ® +6 kcal/mol

Z'/\’< — Zr-Me + /U\ 48

AHca1cqd ® —2 kcal/mol

2r
— 2T (49)

B Hegreqg ® —6 kcal/mol

46—49 ~ D(Zr-n-Bu) except for alkyl = Me,*® it can be seen that
AH decreases in the order eq 46 > 47 > 48 > 49. Equation 46
is in essence the reverse of the propagation step in ethylene co-
ordinative polymerization and is expected to be highly exother-
mic.*»%% The difference in estimated exothermicity vis-d-vis eq
47 lies in the greater magnitude of D(Zr-Me). This same factor
is operative in eq 48 as well as lower D(C—C) values when tertiary
centers?2%* are involved. Relief of cyclopropyl ring strain is
doubtless important in driving eq 49.%°

(58) Nolan, S. P.; de la Vega, R. L.; Hoff, C. D. Organometallics 1986,
5, 2529-2537.

(59) (a) McDade, C,; Bercaw, J. E. J. Organomet. Chem. 1985, 279,
281-315. (b) We assume D(Zr-vinyl) ~ D(Zr-Ph).

(60) Watson, P. J.; Parshall, G. W. 4cc. Chem. Res. 1988, [8, 51-56.

(61) Parkin, G.; Bunel, E.; Burger, B. J.; Trimmer, M. S;; Van Asselt, A ;
Bercaw, J. E. J. Mol. Catal. 1987, 41, 21-39.

(62) For examples in organoaluminum chemistry, see: (a) Pfohl, W. Ann.
1960, 629, 207-209. (b) Ziegler, K.; Nagel, K.; Pfohl, W. Ann. 1960, 629,
210-221. (c¢) Eisch, J. J.; Kaska, W. C. J. Am. Chem. Soc. 1985, 107,
2165-2166.

(63) Comparisons to Cp’,ThR, D(Th-R) - D(Th-R’) data‘ suggest that
interligand nonbonded repulsions are larger in Cp’ZZrRz/CF’ZHfRZ com-
pounds. The effect is suggested by D(M-Me) — D(M—-n-Bu)** and may be
even greater for R = neopentyl and cyclopropylmethyl.

(64) (a) Steric factors are also no doubt important in such reactions.
Enthalpy changes calculated from tabulated®4® AH°; data for neopentane —
isobutylene + methane and n-butane — propylene + methane are rather
similar (+18.2 and +17.3 kcal/mol, respectively). (b) Pedley, J. B.; Naylor,
R. D,; Kirby, S. P. Thermochemical Data on Organic Compounds, 2nd ed.;
Chapman and Hall: London, 1986; Appendix Table 1.2.

(65) AH for eq 49 was estimated from the average of enthalpies®® for
methylcyclopropane — 1-butene and cyclopropane — propylene.
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Reductive elimination processes, when not coupled to other
bond-forming reactions, are estimated to be highly endothermic
in the present group 4 compounds (eq 50). This is in contrast
to many later transition metals?™%6 and reflects the greater

Cp’,Zt(R)R’ — Cp’yZr + R-R’
AH g4 =~ +52 kecal/mol, R = R" = H (50a)
AH 4 = +46 kcal/mol, R = R” = Me (50b)
AH g =~ +34 kcal/mol, R = n-Bu, R” = H  (50¢)

magnitudes of Zr,Hf-ligand bond enthalpies. For the same reason,
reductive coupling reactions should be highly exothermic (eq 51)

Cp/pZr + 2 || — Cp’zzo {(51)

B Hcaled = —77 kcal/mol

and in combination with reductive elimination processes (eq 50)
plausibly explain sequences such as eq 52-54,'%® as well as for-
mation of II (eq 12) via Cp’,Zr(H)(n-Bu)) and analogous acet-

4 ’
Cp'aHfHy + || — Cp sz\ (52)
H
Cp’sz\ —= Cp’aHf + C2Hg (53)
H

Co'gHt + 2 || — Cp’szG (54)

overall AH g4 = ~60 kcal/mol

ylene chemistry (eq 55).°¢7 The major driving force in such

Cp2HfHy + 2 ||| —= Cp/2Hf

- !
~— Cp/pHf (55)
\N— =

overall AHcaicd ® —92 kcal/mol

sequencies is Hf-C/C-C bond formation and olefin or acetylene
hydrogenation (ca. -34 or —66 kcal/mol). It is also conceivable
that the endothermicity of eq 53 and similar processes (cf. eq 50c)
is moderated in the presence of excess ethylene by formation of
an ethylene complex.®® Assuming D(M-ethylene)/ D(M-CO)
~ 0.8, then D(Hf-ethylene) ~ 32 kcal/mol, thus rendering eq
53 significantly closer to thermoneutrality (cf. eq 50c). Although
neutral ligands such as CO can, in principle, alter the thermo-
dynamics of reductive coupling (e.g., eq 56), in practice alternative
transformations are usually (but not always®®) observed, such as

Cp’zzo + 2C0 —= CpRZr(CO, + 2 || (56)
BHeareq ® ~3 keal/mol

migratory CO insertion and associated followup chemistry driven

(66) (a) Collman, J. P.; Hegedus, L. S. Principles and Applications of
Organotransition Metal Chemistry; University Science Books: Mill Valley,
CA; 1987; Chapter 5. (b) Crabtree, R. H. Chem. Rev. 1988, 85, 245 and
references therein.

(67) This estimate assumes D(M-vinyl) = D(M-Ph) and negligible ring
strain in the metallacyclopentene. Cyclopentane and cyclopentene have small,
nearly identical ring strains.®®

(68) For somewhat different titanium chemistry, see: (a) Cohen, S. A,;
Bercaw, J. E. Organometallics 1985, 4, 1006-1014. (b) Cohen, S. A., Auburn,
P. R.; Bercaw, J. E. J. Am. Chem. Soc. 1983, [05, 1136-1143,

(69) Processes such as

co'gzO + 200 —= Cp%h2/(COY, + L~

are calculated to be exothermic by ca. —30 kcal/mol. Analogous transfor-
mations have been observed in organotitanium systems.$
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by the very large D(M-0) (vide infra).22%8 The present data
indicate that homolytic eliminations as in eq 577 will also be rather
endothermic.

[(MeCsH,),ZrtH(u-H)], — 2%(MeCsH,),ZrH” + H, 57)
AH 9 = +35 keal /mol of Zr

The results of this study afford an opportunity to assess the
thermodynamics of reactions involving M(n':n>-CH,CsMe,)
species, which are ubiquitous in group 4 and organo-f-element
chemistry. Interestingly, the product M—CH, bond is found to
be rather weak, and a number of abstraction processes apparently
require entropic assistance to be exergonic (eq 58).”" Indeed,
eq 58b and 58c suggest the viability of hydrocarbon activation

‘@—— + RH
[ /

ir—R Zr
DHeareq ® ~3 kcal/mol. R=n-Bu (58a)
s +6 kcal/mol, R =Me (58b)
= +5 kcal/mol, R =Ph (58¢)
~ +13 kcal/mol.R=H (58d)

by the reverse reaction (demonstrated for (Cp/,LuMe), + CH,™?).
Equation 58d indicates that the pathway for methyl H/D exchange
in many Cp’ hydride systems by reversible H, elimination requires
an endothermic first step. Conversely, hydrogenolysis of the
M-CH, linkage should be (and is vide supra) favorable. In later
transition-metal systems having larger D(M-H) - D(M-alkyl),
processes as in eq 58d are expected to be more endothermic, and
to our knowledge, facile H/D exchange is not common.
Viewed as intramolecular oxidative addition products, M-
(nt:n*-CH,CsMe,) complexes are also plausible endpoints of prior
reductive elimination processes (eq 59). Coupling this transfor-
mation to eq 5S0c renders the butane reductive elimination process

/ &
Cpp2Zr —= Cp’Zr (59)
2 Z

H
AHcalcd ® —35 kcal/mol

essentially thermoneutral. The presence of such a product in the
Cp’,ZrCl, + 2n-BulLi reaction when excess 1-butene is not present
(vide supra) is thus understandable (eq 11 via Cp/,Zr(H)(n-Bu)).
While oxidative addition processes similar to eq 59 are not expected
to be exothermic for Cp’,Zr(CO), (eq 60), it is noteworthy that
N, elimination from (Cp’,ZrN,),N, affords just such a product.”

Cp'22r(COYp —= Cp’Zr/\; S+ 2C0 (60)

H
B Hig1cq ® +46 kcal/ mo)

Other group 4 centered multistep C~H activation processes are
also amenable to thermochemical analysis. The formation of
metallacycle IV’ proceeds via a-elimination to yield an alkylidene
which then rearranges to an #':n>-CH,CsMe, complex (eq 61).
Estimating D(Hf-CH,Ph) from thorium or uranium data (D(M-
CH,Ph) = D(M-n-Bu) - 3 kcal/mol),*+8 it can be seen that eq
61 is anticipated to be slightly endothermic and likely requires
entropic assistance. Thermodynamic estimates for eq 62 are

(70) (a) Bajgur, C. S.; Jones, B. B,; Petersen, J. L. Organometallics 1985,
4,1929-1936. (b) This calculation assumes D(M-Hydqe) = DIM—Hiermina1)
=~ 10 kcal/mol.*"% (c) Vites, J.; Fehlner, T. P. Organometallics 1984, 3,
491-493.

(71) Assuming D(Me,CsCH,-H) =~ D(PhCH,-H).

(72) Watson, P. L. J. Am. Chem. Soc. 1983, 105, 6491-6493.

(73) Bercaw, J. E. Adv. Chem. Ser. 1978, 167, 136-148.

(74) Bulls, A, R.; Schaefer, W. R.; Serfas, M.; Bercaw, J. E. Organo-
metallics 1987, 6, 1219-1226.
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/
Cp/aHf(CHyPRY; — Cp’ Hf + PhCHy  (61)
Ph

A/'/cucd ~ +4 kcal/mo)

/
Cp’Hf — Cp/pHf (62)
N—rFh

Iv
AHcared ® 2-5 kcal /mol

complicated by lack of information on strain energy in metallacycle
IV. If it is assumed that this term is negligible, i.e., D(Hf-CH,)
~ D(Hf-CH,Ph) (cf. zirconaindan I where it is “negative”), then
eq 62 is projected to be slightly exothermic, with the driving force
arising principally from Cp’~CH; and Hf-Ph bond formation.
Strain in the metallacyclic ring will shift AH in the endothermic
direction. In summary, estimates for the sequence eq 61 and 62
indicate that the overall process is approximately thermoneutral
or slightly endothermic and that entropic factors are important
in shifting the equilibrium toward products.

The intramolecular C-H activation process of eq 6 was shown
on the basis of kinetic, isotopic labeling, crossover, and trapping
experiments to proceed via the sequence shown in eq 63 and 64,°
where a benzyne (o-phenylene) complex is a kinetically demon-

CpaZrPhy ~—= Cp’22r© + PhH (63)

AHcared ® 146 - D(Zr-benzyne)kcal/mol

/ é\
Cp/ng@ - Cp’Zr

Z (64)
Ph

B Heared = -141 + D(Zr-benzyne)kcal/mo)
B Hgeql@a 63 and 64) = +5 kcal/mol

strated intermediate that can be efficiently intercepted with
ethylene to yield zirconaindan I (eq 9 and eq 10). Kinetic studies
indicate that AH* for eq 63 = 22.5 (3) kcal/mol.? In the present
investigation, it was found that heating the n':n*-CH,C;Me,
complex in the presence of ethylene also yields the zirconaindan

CpZr +|| — (65)
Cp'aZr

BHeg1eqd ® —159 + D(Zr-benzynelkcal/mol

in a process that is kinetically independent of ethylene concen-
tration over a tenfold range (AH* = 20.6 (5) kcal/mol; AS* =
~15.4 (5) eu). This observation implies that an intermediate,
presumably the same o-phenylene, is being trapped (eq 66).

Cp’, Zl'/5 ——= [Cp/aZr _-“_— (66)
2 N -eq 64 2

eq 65
Ph CpQZr
overall AH q1cq & -18 kcal/mol

The above observations have interesting general implications
for group 4 centered intramolecular C-H activation processes,
for bond enthalpies in early transition metal-o-phenylene and
alkyne complexes, and for M(n":n’-CH,C;sMe,) chemistry. First,
(eq 63 + eq 64) is estimated to be slightly endothermic. This case
represents a further example where an intramolecular C-H ac-
tivating cyclometalation process is found to be entropically driven.*
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Figure 9. (A) Enthalpy profile for the thermolytic transformations of
Cp’,ZrPh, based upon experimental bond enthalpy and kinetic data. (B)
Free energy profile for the thermolytic transformations of Cp’,ZrPh, at
350 K based upon experimental bond enthalpy and kinetic data. The
TAS contribution to AG for all processes creating (consuming) a particle
is estimated to be -9 kcal/mol (+9 kcal/mol). In both profiles, the
position of the orthophenylene (benzyne) intermediate is approximate.

Second, to be compatible with the kinetic data® (eq 63; AH?*,
Figure 9, left) D(Zr—benzyne) must be very large—greater than
ca. 123 kcal/mol. Interestingly, such a large bond enthalpy is
qualitatively in accord with a Zr(IV)/o? electronic structural
formulation (two metal-carbon ¢ bonds) and not incompatible
with the observed reaction patterns (eq 43, 64, 65). Indeed, despite
the relatively large magnitude of D(Zr-benzyne), the extensive
reactivity of such complexes can be readily understood in that two
M-R,X ¢ bonds and a strong Ph—-R,H bond are formed in most
transformations.?®%7%7  Comparison to later transition-metal
D(M-alkyne) values is hampered by a paucity of data; however,

(75) (a) Kropp, K.; Erker, G. Organometallics 1982, 1, 1246-1247. (b)
Erker, G.; Kropp, K. J. Organomet. Chem. 1980, 194, 45-60. (c) Erker, G;
Kropp, K. J. Am. Chem. Soc. 1979, 101, 3659-3660. (d) Boekel, C. P,;
Teuben, J. H.; deLiefde Meijer, H. J. J. Organomet. Chem. 1975, 102,
161-165.

(76) Fagan, P. J.; Manriquez, J. M.; Maatta, E. A,; Seyam, E. A.; Marks,
T. J. J. Am. Chem. Soc. 1981, [03, 6650-6667.

Schock and Marks

existing information suggests this quantity can vary from ca. 20
to 90 kcal/mol?%¢77 depending on the coordination environment.
The thermochemical data also suggest that the ubiquity of M-
(n':93-CH,CsMe,) species in group 4, lanthanide, and actinide
chemistry reflects the weakness of the Cp’ C—H bond and the
entropic advantage inherent in the elimination processes by which
they are most commonly formed, balanced by the relatively weak
M-CH, bond and reduced steric crowding® vis-d-vis potential
L,MR, products. Hence, M(5':9>-CH,CsMe,) complexes are
ideally poised energetically to be intermediates.

Figure 9 presents approximate enthalpy and free energy profiles
for the Cp’,ZrPh, thermolytic chemistry. The free energy profile
is estimated for 350 K and assumes that the TAS contribution
to AG for expelling the product particle per reaction stoichiometry
is ca. -9 kecal/mol. It explains the absence of significant exogenous
arene (e.g., toluene, benzene-dy) exchange into the starting ma-
terial (“arene metathesis”’) on the time scale of the thermolytic
synthesis or kinetic runs® as well as the absence of detectable
quantities (<0.5% by 'H NMR) of Cp’,ZrPh, present in the
equilibrium with Cp’Zr(Ph)(n':n>-CH,CsMe,). This situation
stands in contrast to Cp’;AnPh, compounds (An = Th,U) where
arene metathesis occurs and M(n':n>-CH,CsMe,) species are not
detected in appreciable quantities.”® The reason AG > 0 for the
actinide systems may reflect slightly greater relative D(M-Ph)
values due to diminished interligand crowding around the larger
metal ion, a less negative ~TAS term for the same reason, or a
smaller relative D(M-CH,;) in the product.

Early transition metals,*8 lanthanides,’ and actinides*3%7
exhibit a rich CO activation chemistry. One pervasive feature
is the prevalence of alkoxide-like end products. The reason has
qualitatively been argued as the great magnitudes of D(M—OR).”
This can be seen more quantitatively in processes such as eq 67
and 68,"! where D(Zr-OMe) =~ 103 kcal/mol is a major part of

Cp’,ZrH,; + CO + H, — Cp/,Zr(H)OMe (67)
AH 109 = 45 kecal /mol

Cp,Zr(CO), + 2 H, — Cp/,Zr(H)OMe+ CO  (68)
AH 514 =~ 15 kcal /mol

the driving force.! Subsequent steps to close a methanol-forming
catalytic cycle must then be highly endothermic (eq 69) or at least
thermoneutral and endergonic (eq 70) and compete with unde-
sirable termination processes as in eq 71, as well as other competing

Cp’,Zr(H)OMe + H, — Cp/,ZrH, + MeOH  (69)
AH 4 = +31 kcal/mol
Cp’,Zr(H)OMe + 2CO — Cp/,Zr(CO), + MeOH (70)
AH 414 = +1 kcal /mol
intermolecular chemistry.%7°
Cp’;Zr(H)OMe + MeOH — Cp’,Zr(OMe), + H, (71)
AH 49 = -21 kecal /mol

(77) (a) Evans, A.; Mortimer, C. T.; Puddephatt, R. J. J. Organome:t.
Chem. 1975, 96, C58-C60. (b) McNaughton, J. L.; Mortimer, C. T.; Burgess,
J.; Hacker, M. J.; Kennett, R. D. W. J. Organomet. Chem. 1974, 71, 287-290.

(78) (a) Evans, W. J. Adv. Organomet. Chem. 1985, 24, 131-177. (b)
Schumann, H. in ref 35¢, Chapter 1. (¢) Schumann, H. Angew. Chem., Int.
Ed. Engl. 1984, 23, 474-495. (d) Evans, W. J. Polyhedron 1987, 5, 603-835.

(79) (a) Moloy, K. G.; Marks, T. J. J. Am. Chem. Soc. 1984, 106,
7051-7064. (b) Moloy, K. G.; Fagan, T. J.; Manriquez, J. M.; Marks, T. J.
J. Am. Chem. Soc. 1986, 108, 56-67. (c) Tatsumi, K.; Nakamura, A.;
Hofmann, P.; Hoffmann, R.; Moloy, K. G.; Marks, T. J. J. Am. Chem. Soc.
1986, 108, 4467-4476. (d) Maatta, E. A.; Marks, T. J. J. Am. Chem. Soc.
1981, /03, 3576-3578. (e) Katahira, D. A;; Moloy, K. G.; Marks, T. J.
Organometallics 1982, [, 1723-1726. (f) Fagan, P. J.; Maatta, E. A.; Marks,
T. J. A.C.S. Symp. Ser. 1981, 52, 53-78.

(80) These estimates assume D(CO) is unaltered by coordination to a
metal and that D(Zr-OMe) is invariant with ancillary o ligand. The ap-
proximate character is illustrated by comparing the sums of eq 67 + eq 69
or eq 68 + eq 70 with the calculated AH for formation of gaseous methanol
from CO + 3H,, -21.8 kcal/mol.22b64b
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Conclusions

These results further illustrate the utility of thermochemically
derived bond enthalpy data in understanding organotransition-
metal bonding and reactivity patterns. In the present, archetypical
early transition metal systems, it can be seen that many distinctive
characteristics can be understood on the basis of the electropositive
nature and redox properties of the metal centers vis-d-vis those
of later transition elements.
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Abstract: Spectrophotometric studies of the dioxygen complex of the dicobalt-O-BISTREN cryptate have been carried out
over the temperature range 25-95 °C. The dioxygen complex is nearly completely formed at low temperature and nearly
completely dissociated at 95 °C. No degradation of the dioxygen complex to inert complexes was observed below 65 °C. At
the highest temperature studied (95.0 °C), slow metal-centered degradation of the dioxygen complex to the inert binuclear
cobalt(III) cryptate was observed. The facile formation and dissociation of the dioxygen complex from 35 to 75 °C indicates
that the dicobalt(II} complex of O-BISTREN would be an effective and efficient oxygen carrier for oxygen separation and

transport.

The binuclear cobalt(II) complex of the cryptand ligand O-
BISTREN (1) was first prepared by Lehn et al.,! and its intensely
colored brown dioxygen complex was mentioned in a review by
Lehn.2 The dioxygen complex was first prepared in aqueous
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solution, and the corresponding dioxygen formation constants were
reported by Motekaitis et al.>  Potentiometric equilibrium studies,
which resulted in the equilibrium constants listed in Table I,
showed that the simple binuclear complex Co,(O-BISTREN)**
is never more than a minor species in aqueous solution but is
further stabilized by hydroxide ion bridging, resulting in conversion
to the major hydrolyzed species Co,(OH)(O-BISTREN)3* (2)
and Co,(OH),(O-BISTREN)?* (3) at neutral and high pH. The
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k/O\J " o H
3 4

(1) Lehn, J. M.; Pine, S. H.; Watanabe, E.; Willard, A. K. J. Am. Chem.
Soc. 1977, 99, 6766.

(2) Lehn, J. M. Pure Appl. Chem. 1980, 52, 2441.

(3) Motekaitis, R. J.; Martell, A. E; Lehn, J. M.; Watanabe, E. Inorg.
Chem. 1982, 2], 4253.

0002-7863/88/1510-7715%01.50/0

Table 1. Equilibrium Constants? for the
O-BISTREN~-Cobalt(II)-Dioxygen System

log log
equilibrium quotient® K equilibrium quotient? K
[HL9)/[L][H"] 989 [CoL?]/[Co™[L] 11.20
[H,L#*]/[HL*][H*] 923  [Co,L**]/[Co?*]*[L] 16.80

[H,L*]/[H,L**][H*] 8.29

[CoLOH*][H*]/[CoL*]  -9.13
[HL*]/[H,L*][H*] 7.65

[Co,LOH*][H*]/[Co,L**] -7.20

[HL5*]/[H,L*][H*] 664  [Co,L(OH)O,*]/ 1.20

[HeL*]/[H,L*[H*Y] 6.01 [Co,LOH*|P,,
[Co,L(OH),**][H*]/ -8.80
[Co,L(OH)¥)

4t = 25.00 °C; u = 0.100 M (KCI). *L = O-BISTREN.

dioxygen complex formed from 2 and 3 is the dibridged u-hy-
droxo-u-peroxo type, Co,(OH)(0,)(O-BISTREN)3* (4), having
an unexpectedly low oxygenation constant (Ko, = [4]/[2]Po, =
10'2 atm™), compared to those of cobalt complexes of comparable
polyamines such as the tetramine TREN itself.* The distribution
curves in Figure 1 show that dioxygen complex 4 is nearly com-
pletely formed in aqueous solution, with a maximum concentration
of approximately 90% at p[H] 8. At higher p[H] it dissociates
and is completely replaced by the dihydroxo-bridged binuclear
complex, 3. The exceptionally low stability of 4 was rationalized
as the result of steric crowding of the dioxygen in the cryptate
cavity.

During the past several years there has been much interest in
dioxygen carriers for the chemical separation of oxygen from air
and other gaseous mixtures, and several metal chelate systems
have been developed for that purpose.’ It has been noted® that

(4) Martell, A. E. Acc. Chem. Res. 1982, 15, 155.

© 1988 American Chemical Society



