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Abstract: The monomeric metallocenecerium hydride, Cp'.CeH (Cp' = 1,2,4-tri-tert-butylcyclopentadienyl),
reacts instantaneously with CHzF, but slower with CH.F», to give Cp',CeF and CH, in each case, a net H
for F exchange reaction. The hydride reacts very slowly with CHF3, and not at all with CF,, to give Cp',-
CeF, Hy, and 1,2,4- and 1,3,5-tri-tert-butylbenzene. The substituted benzenes are postulated to result from
trapping of a fluorocarbene fragment derived by a-fluoride abstraction from Cp',CeCFs. The fluoroalkyl,
Cp'2.CeCFs, is generated by reaction of Cp’,CeH and Me3SiCF; or by reaction of the metallacycle, [(Cp')-
(Me3C),CsH,C(Me,)CH,]Ce, with CHF3, and its existence is inferred from the products of decomposition,
which are Cp’,CeF, the isomeric tri-tert-butylbenzenes and in the case of MesSiCFz, MesSiH. The fluoroalkyls,
Cp'2CeCHF and Cp',CeCHF,, generated from the metallacycle and CHsF and CH.F,, respectively, are
also inferred by their decomposition products, which are Cp',CeF, CH,, and CHF, respectively, which are
trapped. DFT(B3PW91) calculations have been carried out to examine several reaction paths that involve
CH and CF bond activation. The calculations show that the CH activation by Cp,CeH proceeds with a low
barrier. The carbene ejection and trapping by H; is the rate-determining step, and the barrier parallels that
found for reaction of H, with CH,, CHF, and CF,. The barrier of the rate-determining step is raised as the
number of fluorines increases, while that of the CH activation path is lowered as the number of fluorines
increases, which parallels the acidity.

Introduction 240°C results in a 10% conversion to meth&nkne favorable
The hydrogen for fluorine exchange reaction in fluo- thermodyn_amics ofeql are_clearly due to the bond enthalpy
romethanes is a thermodynamically favorable transformation. ©f H—F being greater than either the-#l or the C-F bond.
The exchange reaction is exothermic by—&D kcal mot? Lanthanide fluorides, in general, have average bond enthalpies
because the exchange results in formation of HF, eq 1, in which 'arger than that of HF, for exanIe, the average bond enthalpy
. . i 1
the bond disruption enthalpy of 135 kcal mbis 30 kcal mot?® of CeRy(g) is 153 kcal mot®. Although the Ce-H bond
larger than that of bl (105 kcal mofl). The CG-F bond enthalpy in CeHis unknown, it is likely to be less than that of
dissociation enthalpy (BDE) monotonically decreases on going H—H, as is the case for the metallocenes,Ujpi; the M—H
from CF, to CHsF, the average BDE values of GFCHF;, bond enthalpy is 67 keal mot in (MesCs);LaH or (MesCs),-
CH,F,, and CHF are 130, 129, 120, and 108 kcal mbl LuH and 80 kcal moit in (MesCs)2ZrH,,* and the H/F exchange
respectively, making the reaction more exothermic as the reaction will be exothermic. Bare cationic metal atoms in the
fluorine content decreases. The-B BDE in the fluoromethanes ~ 92S-phase defluorinate some fluoromethanes. For example, Ce

decreases from 107 to 100 kcal mbin the above seriek. (g) forms CeE*(g) from CHsF, but no abstraction is observed
L from CHR; or CF, bracketing the CeKg) bond enthalpy
CH,_F+ /;H,—~ CHs_JF,; + HF x=1-4 (1) between 110 and 130 kcal maF

The H/F exchange reactions in halofluoromethanes are of

The exchange does not occur, however, without a catalyst. . ; ) . )
9 y some interest in the biological community because the cobal-

For example, passing a mixture of gHand H over Pd/C at

(2) Hudlicky, M. J. Fluorine Chem1989 44, 345. Lacher, J. R.; Kianpour,

" University of California, Berkeley. A.; Park, J. D.J. Phys. Cheml956 60, 1454. Larcher, J. R.: Kianpour,

¥ UniversitePaul Sabatier. A.; Otting, F.; Park, J. DTrans Faraday Sacl956 52, 1500.
8 UniversiteMontpellier 2. (3) Pankratz, L. B. “Thermodynamic Properties of Halides, Bulletin 674, Bureau
(1) Slayden, S. W.; Liebman, J. F.; Mallard, W. GThe Chemistry of Halides, of Mines”, 1984.
Pseudohalides and AzideSupp D2; Patai, S., Rappoport, Z., Eds,; (4) Nolan, S. P.; Stern, D.; Hedden, D.; Marks, TACS Symp. Ser. 42890
Wiley: Chichester 1995; p 386. 159-174. Schock, L. E.; Marks, T. J. Am. Chem. S0d988 110, 7701.
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Scheme 1. Reactions of Cp'2CeH (Cp' = 1,2,4-(Me3C)3CsHy) with Fluorocarbons

CHF3 CHgF

Cp',CeF X=H Cp'aCeF

and Cp'2CeH and
Me3C CMejz
¢ MegSiCF3 v CHa
X .

CMes -Me3SiH, X =Hor F CHyF»

(isomers)

. . . Scheme 2. Reactions of the Metallacycle 1, Where Cp' =
amines defluorinate them. For example, photolysis of cobal- 1 5 4 vec),CsH, and Cp” = (MesEt)(MesC)2CsHs, with

amines in the presence of CKH and H yields methane. The  Fluorocarbons

mechanism of this reaction is unknown, but a mechanism in Me,C_~ CMe, CHs
which a-F abstraction from a (L)CoCH¥Fspecies followed by © CMe, O O
trapping of the resulting carbene with, Has been suggestéd. CMeq zl

In related experiments, corrinoids catalyze the reduction of, for ~ ®™® gy MesC q ‘,3'\"92 %ﬁ
example, CECl to CO in the presence of ficitrate in water. Ce—CHz Cp'aCeF

. . . . Cp',CeF d
The mechanism is suggested to involve formation of carbenes "2 o

Me3C
that are trapped by water to give CO and HXhe organome- ?Cf/ %\CM% %Cp’op"c‘%
tallic chemistry literature contains examples of model systems CMe,
that relate, in a general way, to the biological ones mentioned. MesC@C % (}
The iridium cation, (Me&Cs)Ir(PMes)(H20)(CoFs)*, undergoes e,
hydrogenolysis to give C}#FCF; and CHCF; by a mechanism
proposed to proceed by way of an iridium carbene spécies.
The aqueous acid hydrolysis of [@E1(OH,)s]** gives [FCr- metals, the activation barrier is generally lower and several cases
(OH)s]?" and CO, a reaction also suggested to iNVOIVe of H/F exchange have been observed; it appears that the
hydrolysis of a carben®.Experimental and computational C(sp)—F bond is activated more easily than the C)sF
studies of the carbene transfer to various traps have been carriegyond14 The reactions of bare metal centers have been analyzed
out for RCHLIX where X is chloride, bromide, or iodide, the  py computational methods, showing that electron transfer as
Simmons-Smith reagent RCHIZnl, and with ISmGH-"® well as oxidative insertion paths are possifién this paper,

Thus, reactions of organometallic compounds can provide we show that CpCeH reacts with hydrofluoromethanes, and

model systems that illuminate pathways followed by much more e explore the mechanistic pathways by DFT calculations on
complex molecules. Recently, we developed the synthesis ofthe model metallocene hydride, &3eH.

the monomeric metallocene hydride of cerium, QgH where

Cp is 1,2,4-tritert-butylcyclopentadienyl, and showed that it Results and Their Interpretation

undergoes H/F exchange reactions wigkéand GFsH.' The General. The reactions of CpCeH or the metallacyclel,
general subject of intermolecular-& activation has been  5n4 the fluoromethanes GHFy (x = 0—4), Schemes 1 and 2,
extensively studied, and several reviews are available, largely 51 studied by monitoring the changes that occur if#thBIMR
within the framework of oxidative addition reactiofsCom- spectrum in @Ds or CsD1» Over time: thetert-butyl resonances
putational studies have shown that the Eactivation may be of the paramagnetic hydride disappear and those G§GaF

exothermic but that a high activation barrier is usually observed appear. The identity of the non-cerium containing products is
with late transition metal systerfIn the case of early transition  jequced by the characteristic resonances in théiand 19F

(5) Comehl. H. H.: Hornung, G.. Schwarz, BL Am. Chem. Sod996 118 NMR spectra. At the end of the reactions, the samples are
9960. Mazurek, U.; Schwarz, Kehem. Commur2003 1321 hydrolyzed (HO or D,O) and examined by GCMS to deduce

(6) Penley, M. W.; Brown, D. G.; Wood, J. MBiochemistryl97Q 9, 4302. ir i i i i i

(7) Krone U E.. Thauer, R. K. Hogenkamp. 1. . C. Steinbach, K. their identity. In those cases where the reaction is rapid, the
Biochemistry1991, 30, 2713.

(8) Hughes, R. P.; Willemsen, S.; Williamson, A.; Zhang@ganometallics (13) Su, M. D.; Chu, S.-YJ. Am. Chem. S0d.997 119 10178. Bosque, R.;

1

O

(isomers)

2002 21, 3085. Fantacci, S.; Clot, E.; Maseras, F.; Eisenstein, O.; Perutz, R. N.; Renkema,
(9) Malik, S. K.; Schmidt, W.; Spreer, L. Qnorg. Chem.1974 13, 2986. K. B.; Caulton, K. G.J. Am. Chem. S0d.998 120, 12634. Geard, H.;
Akhtar, M. J.; Spreer, L. Olnorg. Chem.1979 18, 3327. Davidson, E. R.; Eisenstein, ®ol. Phys.2002 100, 533. Reinhold, M.;
(10) Boche, G.; Lohrenz, J. C. V\€hem. Re. 2001, 101, 697. Masaharu, N.; McGrady, J. E.; Perutz, R. Nl. Am. Chem. So2004 126, 5268.
Atsushi, H.; Eiichi, N.J. Am. Chem. So@003 125 2341. Fang, W. H; (14) Edelbach, B. L.; Rahman, A. K. F.; Lachicotte, R.; Jones, W. D.
Phillips, D. L.; Wang, D. Q.; Li, Y. LJ. Org. Chem2002 67, 154. Zhao, Organometallics1999 18, 3170. Edelbach, B.; Kraft, B. M.; Jones, W. D.
C.; Wang, D.; Phillips, D. LJ. Am. Chem. So@003 125, 15200. Wang, J. Am. Chem. S04999 121, 10327. Kraft, B. M.; Lachicotte, R. J.; Jones,
D.; Zhao, C.; Phillips, D. LJ. Org. Chem2004 69, 5512. W. D. J. Am. Chem. So@00Q 122 8559. Kraft, B. M.; Jones, W. Dl.
(11) Maron, L.; Werkema, E. L.; Perrin, L.; Eisenstein, O.; Andersen, R A. Organomet. Chem2002 658 132. Watson, L. A.; Yandulov, D. V.;
Am. Chem. So®005 127, 279. Caulton, K. G.J. Am. Chem. So001, 123 603. Yang, H.; Gao, H.;
(12) Kiplinger, J. L.; Richmond, T. G.; Osterberg, C.Eem. Re. 1994 94, Angelici, R. J.0rganometallicsL999 18, 2285. Turculet, L.; Tilley, T. D.
373. Richmond, T. GTop. Organomet. Cheni999 3, 243. Burdeniuc, Organometallics2002 21, 3961. Clot, E.; Mgret, C.; Kraft, B. M.;
J.; Jedlicka, B.; Crabtree, R. Bhem. Ber./Recu€ll997, 130, 145. Murphy, Eisenstein, O.; Jones, W. D. Am. Chem. So2004 126, 5647.
E. F.; Murugavel, R.; Roesky, H. WChem. Re. 1997, 97, 3425. Alonso, (15) Harvey, J. N.; Schider, D.; Koch, W.; Danovich, D.; Shaik, S.; Schwarz,
F.; Beletskaya, I. P.; Yus, MChem. Re. 2002 102 4009. Braun, T.; H. Chem. Phys. Lettl997 278 391. Chen, Q.; Freiser, B. S. Phys.
Perutz, R. N.Chem. Commur2002 2749. Jones, W. DDalton Trans. Chem. A1998 102, 3343. Zhang, D.; Liu, C.; Bi, SJ. Phys. Chem. A
2003 3991. 2002 106, 4153.
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reactions are clean and excellent mass balance is observed. lthe IH NMR spectrum; these resonances are not due to the
those cases where the reactions are slow, the identity of theisomeric dienes of general formula (M®3CsHs; formed by
major compounds is established, but minor products are nothydrolysis from traces of water over the long reaction time,
always identified. When feasible, labeling and trapping experi- but they were ultimately identified as due to two isomers of
ments are used to confirm the spectroscopic results. Thetri-tert-butylbenzene in the following way. At the end of the
synthesis, solution spectroscopy, and solid-state structures ofreaction, the mixture was hydrolyzed with®l (or D,O) and
Cp2CeH, the starting metallocene, and'&GeF, the ending the hydrolyzate was analyzed by GCMS, which showed two
metallocene, are knowi. isomers with identical molecular ions whose fragmentation
Reactions of Cp,CeH and CHsxFx; Scheme 1Exposure patterns were identified as being those of the isomeric benzenes
of Cp2CeH to CH, in C¢D1» does not change the appearance 1,3,5-(MgC)sCsHsz and 1,2,4-(MegC)sCsHs. Once the isomers
of the IH NMR spectrum relative to the individual resonances were identified, the resonances due to 1,3,548)¢CeHs in
over a month at room temperature. The lack of exchange is notthe'H NMR spectrum were compared with those of an authentic
surprising because the €&le bond enthalpy is likely to be  specimen. The relative intensity showed that the isomers are
less than that of CeH, a trend found in f-block and early  present in comparable amounts. The only source of the three
d-transition metal metallocenésThe reluctance of methane tert-butyl fragments is the (M&€)3CsH,™ ring, and the only
to react with the hydride is fortunate, because exposure of thesource of the €fragment is CHE. Clearly, the net reaction of
hydride to CHF results in a rapid color change from purple to CHF; is different from that of either CHF, or CHsF. The
orange, disappearance of the hydride resonances, and appearanceactions, illustrated in eq 5, may be used to rationalize the

of those due to the fluoride and methane, eq 2. identified products. Equation 5a is consistent with the detection
of dihydrogen, and eq 5b is consistent with formation of,€p
Cp,CeH+ CH;F —~ Cp,CeF+ CH, 2 CeF by way of CppCeCHR that is not detected and difluoro-

) ) ~ carbene that is trapped by a'@mng bound to either CpCeF
Methane does not react with the hydride, so the net reaction is o; cpy,CeH, as illustrated in egs 5¢ and 5d. These four equations

a simple H/F exchange. To be certain that the hydride in the yationalize the products identified, and they are suggested as a
methane originates from the cerium hydride, repeating the gyide to our thinking about the net reaction.
reaction under an atmosphere of Bives the fluoride and a

mixture of CH, and CHD in approximately equal amounts. This Cp,CeH+ CHF; —~ Cp,CeCk + H, (5a)
experiment implies that the exchanges symbolized in egs 3a,b —
are occurring. No multiple H/D exchange in methane is Cp,CeCkr— CpCeF+ “CF, (5b)

observed, consistent with the lack of reaction betweeh-Cp

CeD and methane. Cp,CeF+ “CF,” — CpCeF, + “Cp'CF" (5¢)

Cp,CeH+ D, — Cp,CeD+ HD (3a) Cp,CeH+ “Cp'CF" — Cp,CeF+ “Cp'CH"  (5d)
Cp,CeD+ CH,F — Cp,CeF+ CH,D (3b) There is literature precedent for carbene insertion into the
e3C)sCsHo~ ring. Reaction o 3CsH3 and a dihalo-
(MesC)sCsH,~ ring. Reaction of (MgC)sCsHs and a dihal
Exposure of CpCeH to an excess of GF, in CsD1y carbene generated from CH®Ir CHBr; and strong base yields

ultimately gives the same products shown in eq 2, but the rate the 1,2,4-tritert-butyl-5-halobenzenes Although no resonances

reaction in the presence of,Oyives CHD and CHD; in cies decompose hy-F abstraction to yieId_Cffragmen_ts that
approximately equal amounts. The HD was not detected are subsequently trappé&#Thus, the reaction shown in eq 5b
presumably because of its low solubility iR[%:». The labeling is reasonable, the difluorocarbene is an electrophile and it can

result may be rationalized by the net reactions shown in egs 2@dd to the different double bonds of the'@mg, and the re-
and 4, in which the rate of H/F exchange in eq 4 is slower than Sulting cerium compounds decompose to isomeriteti-ou-
that of eq 2. No ChF is detected in théH or the 19 NMR tylfluorobenzenes, as illustrated in eq 5c. However, theettti-

spectrum, consistent with these deductions about the relativePutylfluorobenzenes are not observed; only isomericent-
rates. butylbenzenes are observed. Mixing'&keH and the isomeric

tri-tert-butylfluorobenzenes does not give H/F exchange prod-
Cp,CeH+ CH,F, — Cp,CeF+ CH;F 4) ucts; that is, the reaction symbolized in eq 5d does not occur.
A possible reason for the absence ofténit-butylfluorobenzenes
The reaction of CHEis much slower than the other two is suggested by the following experiments. Mixing'&keH
reactions (eqs 2, 4); weeks rather than hours are required.and Cp,Ce(OSQCR;) instantaneously gives GgeF and a new
Although all of the CeH resonances ultimately disappear and paramagnetic cerium metallocene, thought to be@OSQ-
Cp2CeF is the ultimate cerium containing product formed, no CHF,), the result of intermolecular H/F exchange analogous to
methane is observed in thHéd NMR spectrum, although a  the reaction symbolized in eqgs 2 and 4. Mixing'&eH with
resonance due to dihydrogen appears. Under an atmosphere ofCp'-d,7).CeF in GD31» instantaneously gives an equilibrium
either Dy or CH,, no deuterated methane or ethane was detected.mixture with Cp,CeF and (Cpdy7).CeH, the net result of
Several MgC-resonances appear in the diamagnetic region of intermolecular H/F exchange. Thus, it is reasonable to suggest

(16) Bruno, J. W.; Marks, T. J.; Morss, L. R. Am. Chem. Sod 983 105, (17) Dehmlow, E. V.; Bollmann, CTetrahedron1995 51, 3755.
6824. Bruno, J. W.; Stecher, H. A.; Morss, L. R., Sonnenberger, D. C.; (18) Banks, R. EFluorocarbons and their Deriatives 2nd ed.; MacDonald &
Marks, T. J.J. Am. Chem. S0d.986 108 7275. Martinho Simoes, J. A;; Co.: London, 1970; Chapter 4. Seyferth, D. Qarbenes Moss, R. A.,
Beauchamp, J. LChem. Re. 199Q 90, 629. Jones, M., Jr., Eds.; Wiley: New York, 1975; Vol. 2, Chapter 3.
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that when CpCeCF; forms (eq 5a), in the presence of '&ép
CeH, rapid intermolecular H/F exchange generatésGes and
Cp2CeCHR, which forms CfyCeF and C{CH, the net products
observed. Evidence for the decomposition of hypotheticgl-Cp
CeCHF, is provided in the next section.

The sequence of events just outlined demands thaCEEF;
is formed. Generating or perhaps isolating’' OgCFk and

is that Cp,CeCHs_xF, X = 0—3, in general and CgCeCFR in
particular are unstable relative to ‘@peF and a carbene frag-
ment. To learn more about these hypothetical fluoroalkyls and
their decomposition pathway, their synthesis was desired. In
our previous H/F exchange studies, the metallacyglen
Scheme 2, was shown to react with §ffg; but not with GFe,

to give the isolable perfluorophenyl derivative, '&pe(GFs).

allowing it to decompose is a crucial experiment, because in Thus, reactions of the metallacycle with @k, x = 0—4,
absence of this datum, the reactions in eq 5 are without were explored.

experimental foundation. Generating'@peCF; is done in the
following manner. Addition of MgSICF; to Cpg,CeH in an
NMR tube instantly gives resonances due to',CpF, the
isomeric tritert-butylbenzenes and ttert-butylfluorobenzenes,
as well as a resonance due tod88H. Repeating the experiment
with the [Cp-dy7].CeD gives MgSiD and the isomers of
[(CD3)sCl3CeH2D. Trifluoromethyltrimethylsilane in the pres-
ence of CsF is a GHransfer reagent for synthesis of Jp
(CFs)(F).X° The net reaction may be written as in eq 6, where

Addition of an excess of CHto the metallacycle in D1,
does not result in change of appearance ottthBlMR spectrum
over the period of a month. However, reaction of the metalla-
cycle, in which all of the hydrogens in the Cllgroups were
exchanged by deuterium, with methane gD& over the course
of a week produced some GBl. Prolonged exposure gives
CHzD,, CHDs, and presumably CP This result implies that
the C—H bond of methane can reversibly insert into the-Ce
bond of the metallacycle, a process that is essentially thermo-

the difluorocarbenes are trapped as described above. This seteutral. It is revealing, in this regard, to mention an experiment
of reactions justifies the speculation about the formation of a aimed at the synthesis of GEeMe from CppCeX (X = | or

trifluoromethyl cerium intermediate, but they just describe the
net reaction without mechanistic information.

Cp,CeH+ Me,SiCF, — Cp,CeCFEF, + Me,SiH (6a)

Cp,CeCF, — Cp,CeF+ “CF,’ (6b)

Exposure of CpCeH to Ck in CgD1, for a time period of
up to a month does not produce any change in‘theNMR
spectrum. Thus, GFdoes not undergo H/F exchange. Although
CF,is the most stable fluorocarbon knowhthe lack of reaction
is kinetic rather than thermodynamic. A very high barrier to
H/F exchange of GhaH and CRk is obtained from DFT
calculationg! Support for the kinetic stability of CHis derived
by noting that the averaged bond dissociation enthalpy af CF
is 130 kcal mot? while that of Sik(g) is 142 kcal moit3
Mixing Cp'.CeH and Sik generates CpCeF and other uni-

0O3SOCE) and MeLi in hexanesether. Conducting the reaction
and workup at room temperature gives a material whtse
NMR spectrum (GDg) is identical to that of the metallacycle
1. When the reaction and workup was repeated at low temper-
ature, the’M NMR spectrum showed resonances due to the
metallacycle and a pair of ME-resonances in a 2:1 area ratio
(see Experimental Section for details). The latter resonances
disappear with time as the metallacycle resonances increase in
intensity and a resonance due to methane appears. This result
is understandable if the €&C bonds are assumed to be of
comparable strength and the increase of entropy drives the
methane elimination reaction. The only alkyl so far isolated is
the benzyl, CpCeCHPh, which slowly yields the metallacycle
and toluene at room temperatife.

Addition of CHsF to a solution of the metallacycle ingB1»
in a NMR tube and heating at 60C over a period of 12 h

dentified compounds instantaneously, showing that the strongerresults in the appearance of resonances due tgC€p and a

(Si—F) bond reacts more rapidly than the weaker one L

It is noteworthy that perfluoromethylcyclohexane and,CpgH
does indeed produce G@eF, but the reaction time is on the
order of a month. Similarly, the Ph@rand Cp,CeH yield
resonances due to G@eF over 3 days; several other cerium
containing species were observed in tHeNMR spectrum, and
these reactions were not studied further.

set of resonances due to a new cerium metallocene (X) in a 5:1
ratio. The identity of X is established by the following
experiments. Repeating the reaction in the presence of cyclo-
hexene showed resonances in#HeNMR spectrum due to Cp

CeF, X, and norcarane (Scheme 2), although the ratio of X to
Cp.CeF is less than in the absence of cyclohex@fepeating

the reaction of the metallacycle with GHin CsD;2, without

Summarizing this part, the qualitative results show a large cyclohexene, followed by hydrolysis ¢B) and analysis of the
variation in rates of reaction as the H to F ratio changes in the organic fraction by GCMS shows cyclohexathe-(solvent),

reaction of CpCeH with hydrofluoromethanes. The reactions
of Cp»2CeH and CHF and CHF; are clean as only two products
are formed, egs 2 and 4. The reaction of GHRowever, is

methylcyclohexaneh,, CpH, and a new cyclopentadiene whose
m/z value is 14 amu higher than CGp that is, CHCH2)H.
Repeating the above reaction igHG,, rather than gD12, gives

very slow and produces several products; no methane is detectednethylcyclohexane in addition to cyclohexane, the solvent.
but products resulting from difluorocarbene are observed. No These experiments show that ¢id trapped by &C or C—H

mechanistic information is available from these experiments
because no intermediates are detected in the NMR experiments(22)

Insight into the mechanisms is explored by DFT calculations
described later.

Reaction of the Metallacycle with Hydrofluorocarbons,
Scheme 2The implication of the reaction symbolized by eq 6

(19) Taw, F. L.; Scott, B. L.; Kiplinger, J. LJ. Am. Chem. SoQ003 125,
14712

(20) Banks', R. E.; Tatlow, J. Q. Fluorine Chem1986 33, 227.
(21) Perrin, L.; Maron, L.; Eisenstein, @alton. Trans.2003 4313.
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To be sure that cyclohexene does not change the course of the reaction,
the perdeuteriometallacycle was exposed to a large excess of cyclohexene
in CgD12. Over the course of a week, 1,2-dideuteriocyclohexene was the
only product observed bB8H NMR spectroscopy. This experiment shows
that cyclohexene inserts into the metallacycle to give the metallocene cerium
cyclohexenyl derivative and this eliminates cyclohexeneBecause both
olefinic C—H bonds undergo H/D exchange, the process is reversible. The
rate of addition is slow, and therefore cyclohexene is present in sufficient
excess to act as a trapping reagent. Cyclohexene reacts rapidly with Cp
CeH generating the cyclohexyl derivative that yields the metallacycle and
cyclohexane. Under dihydrogen, the metallacycle or,CegH is a
hydrogenation catalyst for cyclohexene. Thus, cyclohexene cannot be used
as a carbene trap in reactions of'§eH.
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Scheme 3. Schematic 4c-4e Transition States (x = 1—4 for 2 and 3; x = 0—3 for 4 and 5)
/H H /H\ /H
\ / \ CpsC c \

szCe\ /CH4.xe.1 CPzCe\ /F P2 e\ /H pZCe\ /CH3.XFX
F CHy.xFyq CHgxFy H
2 3

4 5

bonds and provides a clue as to the identity of X, because themolecules, steric effects are not likely to play an important role
metallocene rings have-H bonds. Exposing the perdeuterio- in the relative activation barriers. This approach has been used
metallacycle to ChF in CsD1» showed resonances in tREl successfully in a number of previous studi&g!-26
NMR spectrum due to (Ctl7)(Cp-das)CeF, while théH NMR  The reactions have a very large thermodynamic driving force
spectrum contained three new resonances with chemical shiftspecause the calculated change in free energies for the net H/F
in the region fouqd fqr the M€ groups in CppCeF. Hydrolysis exchange reaction is77, —64, and—57 kcal mot for CHgF,
(H20) and examination of the hydrolysate by GCMS showed ¢k, and CHE, respectively, in agreement with the trend in
that two cyclopentadienes were present, which were a mixture ihe re|ative experimental-€F BDE's in the fluoroalkanes. The
of the isotopomers (Cfrlog)H, (Cp-d27)H, and (Cp-dag) (CHy)- kinetic barriers and therefore the potential energy surfaces
(H), (Cp-d27)(CHy)(H), that s, the isotopomers §f(CD3)o(CD,- determine the relative rates of reaction and product distribution.
CH,D)C][(CDs)sC][(CD3)2(CD-H)C]CsHz} . Examination of the CpCeH has a choice of reacting with either a-E bond or
IH NMR spectrum of the diene shows three single resonances-_ i pong of the fluoroalkane CH,F, which leads to four

X Xy

'(?. the Ml_ﬁ.c_. reg:c?n'fortthe'éhree ptos'?;b Iefso)t(opom;ecéof this types of transition states represented in Scheme 3. The transition
1ene. This 1S sutlicient evigence fo iden ify X as [( )- state2 corresponds to €F activation with the carbon atom at
(MesC),CsHy]2CeF, the result of insertion of GHnto a C—H R . . .
; . the S position in a 4c-4e metathesis transition state and gives
bond of the ring substituted CM@roup. Thus, &H bonds of .
the solvent and the ring substituents trap the, Gtdgment. CpCeF and Chi-y 1P by way of direct H/F exchange. The
transition state8 corresponds to a €F activation but has the

However, there is still an unsettling question: photochemical o .
- . 99 b - carbon atom located at the position of the 4c-4e metathesis
decomposition of CkN; in the presence of cyclohexene gives i . .
transition state. It gives an alkyl complex and HF, which form

norcarane and the three isomeric methylcyclohexenes in a ratio o
ey CpCeF and Ch—x+1Fx-1 by HF addition to the CeC bond.

of about 2:322 In a later study, singlet Ciwas found to react Thi hi i H/E exch ion. Th i
with all substrates including €H bonds of saturated hydro- Is path Is an indirect exchange reaction. The t_rans_ltlon
state 4 corresponds to €H activation. Further reaction is

carbons at diffusion-controlled rat&dNorcarane is the expected i - -
reaction product of singlet methylene, but no evidence of required for formation C£eF and Chd—+1F«-1. The transition
insertion into the &H bonds of cyclohexene is observed in state5 is a degenerate H/H exchange. The calculated intermedi-
our experiments. A way around the selectivity issue is to ates and transition states will be labeled wittvherex is the

postulate that the carbene generated in our studies is not a fredlumber of fluorine atoms in the reactant. Many studies of
carbene, but a carbenoid, that is a methylene, in which the metal'®@ctivity are discussed on the basis of changes in enéfgy (
and leaving group (F) are still attached to the tagment. and not of free energyQ), but it is not reasonable to ignore
Carbenoid fragments are electrophiles that react much like freethe entropic factor in a bimolecular reaction. There is some
carbenes but show greater selectiftythe cerium reaction is discussion about the validity of using entropic values calculated
therefore related to that observed for various carbenoid precur-in the gas phase for describing reactions in solutidfor these

sors such as RHCLiX, the SimmonSmith reagent, RCHIZnl, reasons, two energy values are given in this paper for all extrema
and ISmCHI.1° A similar set of experiments with the metal- @SAG/AE in units of kcal mot?, whereAG is the Gibbs energy
lacycle and CHF, gives Cp,CeF and the two isomers of tri-  change relative to a reference and is the relative energy
tert-butylbenzene, or with CHfthat gives the isomeric ttert- change with respect to the same reference. In discussing the
butylfluorobenzenes, in the absence of a trapping reagent,results, only changes in the free energy are used beas@se
Scheme 2. In the presence of cyclohexene, similar results areand AE values give the same qualitative conclusions.

obtained indicating that cyclohexene is not as good a trap as  Reactions with CHsF. The calculated transition states and
the substituted-cyclopentadienyl ring. This set of experiments intermediates are shown in Figure 1, and the free energy profile
is consistent with the idea that the-€ bond in hydrofluo- is shown in Figure 2.

romethanes inserts into the €€ bond of the metallacycle
generating a metallocenecerium-fluoroalkyl that is not observed
by 'H NMR spectroscopy, but whose identity is inferred by the
products of decomposition. The mechanism of the net reaction 23) von Doering, W. E.: Buttery, R. G.: Laughlin, R. G.: ChaudhuriNam.

shown in Schemes 1 and 2 is explored by DFT calculations in Chem. Soc1956 78, 3224.
the next section (24) Turro, N. J.; Cha, Y.; Gould, I. Rl. Am. Chem. S0d.987 109, 2101.
' (25) Kirme, W.Carbene ChemistryAcademic Press: New York, 1971. Boche,

C—F Activation. A change in free energy of 55.2/47.2 kcal
mol~! is required for crossing transition stadg=. This high

G.; Lohrenz, J. C. WChem. Re. 2001, 101, 697.

Computational Studies (26) (a) Maron, L.; Eisenstein, . Am. Chem. So2001, 123 1036. (b) Maron,

. i X i L.; Perrin, L.; Eisenstein, Ql. Chem. Soc., Dalton Tran2002 534. (c)

General Considerations.In the calculations, CpCeH is Perrin, L.; Maron, L.; Eisenstein, Qlew J. Chem2004 28, 1255. Niu,
modeled by CgCeH, which changes the steric effects of the $.; Hall, M. B.Chem. Re. 2009 100 353.

(27) Cooper J.; Ziegler, Tinorg. Chem2002 41, 6614. Sakaki, S.; Tatsunori,
metallocene fragment. Because the fluoroalkanes are small  T.; Michinori, S.; Sugimoto, MJ. Am. Chem. So@004 126, 3332.
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1.915 (Q CHave=1.083

‘ H-C-H =115

CHave = 1.087
H-C-Hav =116

Figure 1. Optimized (B3PW91) structures for the reaction obCeH with CHF. Distances in angstroms and angles in degrees. The number in parentheses
is the number of imaginary frequencies, 0 for a minimum and 1 for a transition state.

value indicates thaB;r is an unlikely transition state for the  fragment is similar to that of a trigonal bipyramid in which the
reaction. The transition state has an unusual geometry: HF isCHz; group can behave as a turnstyle.

almost formed, while the CHgroup is far from the metal center. C—H Activation. The nonproductive H/H exchange proceeds
It has been noted that a metathesis transition state in which theby way of a transition statg;r in which the carbon is at thg
electronegative atom is located at fhposition in the metathesis position in the 4c-4e metathesis transition state; it has a high
transition state is unfavorable because the charge distributiong.qq energy of activation of 58.7/48.3 kcal mbIThis calculated

in the 4c-4e transition state accumulates positive charge on they,rier js however significantly lower than that calculated for
atoms in that positioft Thus, the electronegative fluorine atom CH, (71.6/62.0 kcal matt). The C—H activation in which the

will avoid the f-position. carbon atom is at the position proceeds by way of transition

The direct H/F exchange pathway by way of transition state state4;r with a low free energy of activation of 18.0/7.5 kcal
21F requires a free energy of activation of 31.1/21.1 kcalthol ~ mol™L. In 44¢ the carbon atom, the hydrogen atom that is
The direct H/F exchange barrier is considerably lower tBign transferred, and the hydride on cerium are essentially collinear
and also lower than the H/H exchange in methane (71.6/62.0(17C°) implying that this elementary step is a proton transfer
kcal mol1). The geometry oR;r shows a slightly pyramidal ~ between an anionic alkyl and a hydride, as was previously found
CHs group interacting with H and F. The geometry of the/E£H in the reaction of Cg.nH with H, or CH,.2520|n 4,¢, the CHF
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[Ce]-H +
CH4—xe

Figure 2. Free energy profile in kcal mot for the reactions of Gi£eH and CH_F«x (x = 1—3). The value of is shown on the left at each energy level.
The energies in solid boxes correspond to the CH activation, via transitioMgtatellowed by insertion of the carbene intg Mia transition stat@yr (8¢
could not be located). The energies in the dash box correspond to the direct H/F exchange via transi@pn state

group isn?-bonded to Ce via the €F bond that is elongated
from 1.38 A in free CHF to 1.46 A in4r. Transition statehr
leads to an adduds;r, between CgCeCHF (71F) and H, which
has a free energy of 9:00.2 kcal mot™ relative to separated
CpCeH and CHF. Dihydrogen is weakly bonded B¢ (AE
= 0.6 kcal motY), and loss of His entropically drivenAG =
—8.6 kcal mot™. In CpCeCHF, 71, the C-F bond is stretched
to 1.51 A as CeF forms. The CeF distance of 2.47 A
compares with 2.16 A in GEeF.

The fluoroalkyl is not the final product, so another transfor-
mation of the fluoroalkyl is required to account for the end
products. Formation of free GHand CpCeF is not possible

between CHand the metal occurs via theorbital of the CH
fragment with a relatively short GeC distance of 2.6 A. The

H, ligand is tilted with respect to the carbene such that the
hydrogen atom that is close to the metal is also close to the C
atom. This geometry shows that the £irhgment still interacts
with the metal and the fluorine atom; that is, it is a carbenoid
fragment that behaves as an electrophile.

In the case of ChF, two paths with comparable barriers can
lead to the observed products as shown by the free energy profile
shown in Figure 2. In one path,<€H activation precedes
formation of CpCeCHF and H. This is followed by a step in
which the C-F bond is cleaved and the Gkhserts into H.

because the activation energy for this reaction is very high and The other path, a direct H/F exchange, has a slightly higher

unfavorable. For example, a separated singlet @itd Cp-
CeF is calculated to be 43.1/59.7 kcal miohbove the energy
of Cp,CeCHF. In contrast, insertion of CHinto H,, with
concomitant cleavage of the-& bond and formation of CH
and CpCeF via a transition state shown &g, is only 23.6/
14.5 kcal mot? above the energy of separated reactants Cp
CeH and CHF. At the transition stat®&, the C-F bond is

barrier.

Reaction of CH;F,. The replacement of a hydrogen atom
by a fluorine in the fluoromethane modifies only slightly the
energy pattern calculated for GH (Figure 2). The transition
state3,r for the transfer of F has a free energy of 54.2/45.0
kcal mol1, which is unfavorable. The free energy (33.2/23.0
kcal mol) of the transition stat&,r for the direct H/F exchange

significantly elongated (1.98 A) and the shorter distance betweenis just a little higher thar2;r. The transition staté,r via C—H

C and His 1.52 A. The midpoint of b C, and F are essentially
aligned, showing that the p-orbital of GHboints toward the
leaving fluoride and the incoming JH The interaction

activation, forming CpCeCRH, 7»F, and eliminating H has
the lowest activation energy barrier (18.3/8.4 kcal mpfor
all of the processes considered. The addyebf H, and Cp-
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7k © 8F

Figure 3. Optimized (B3PW91) structures for the reaction of,CeH with CHF,. Distances in angstroms. The number in parentheses is the number of
imaginary frequencies, 0 for a minimum and 1 for a transition state.

CeCRH has a free energy of 8:01.1 kcal mof? relative to of the fluorine atoms of ChF,, F(1), occupies the site of the
the separated reactants CeH and CHF,. Dissociation of H unigue F of CHF in the various stationary points. The other
from 6,¢ lowers the free energy by 8.0/0.0 kcal mblCp;- fluorine, F(2), largely influences the electronic environment of
CeCRH, 7,F, does not produce free CHF and gF because the carbon fragment. IB,r, F(2) is located on the apical site of
this transformation is very endoergic (25.2/41.4 kcal Tpl a trigonal-based bipyramid formed by & The C-F(1)
Insertion of CHF into H and the associated formation of £p distance is slightly shorter irbr than in7;¢. In 8F, the transition
CeF occurs via transition stagr, which is 28.6/20.0 kcal mot state for insertion of CHF into the Hand formation of Cp
above the separated reactants@gH and CHF». Finally, the CeF, F(2) stabilizes the native carbene CHF(2) fragment, which
activation barrier for the degenerate H/H exchange reaction viaresults in a longer €F(1) distance for the bond being cleaved.

transition state5yr is 62.8/53.4 kcal mot', which is slightly Reaction of CHFs. The trends in activation energies found
higher than that for CkF. in the case of CkF and CHF, are maintained in CHf The
The geometry of the stationary points on the £potential net result of the additional fluorine atoms increases the barrier

energy surface is similar to that found for gHas is observed  for all of the transformations except for-& activation. The
by comparing the structural parameters in Figures 1 and 3. Onetransfer of F, via transition statr, remains high in energy
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Figure 4. Optimized (B3PW91) structures for the reaction of,CeH with CHF;. Distances in angstroms. The number in parentheses is the number of
imaginary frequencies, 0 for a minimum and 1 for a transition state.

(60.0/49.0 kcal mot). The activation energy barrier for direct CF; into H, and associated cleavage of theEbond to form
H/F exchange, via transition stagr, is 41.1/30.0 kcal mott. Cp.CeF and CHCF,, starting from intermediatésr, could not
The C—H activation process via transition stdtg benefits from be located.

the increased number of fluorine atoms because the activation There is no major difference in the geometry of the stationary
energy barrier is only 16.4/6.7 kcal mél The three fluorine points as the fluoroalkane is changed from4EHo CHF; to
atoms increase the acidity of the hydrogen that in turn lowers CHF; (Figures 1, 3, and 4, respectively). For example, in the

the barrier for the proton transfer as the hydride formasTHis transition statésr, the trigonal bipyramidal fragment GiH,~
transition state leads to the formation of an addisgtof Ho has one F near the metal as in £+lone F at the apical site as
and CpCeCFR, whose free energy is 246.0 kcal mof? in CH.F, and the remaining F is on the equatorial site.
relative to separated reactantCeH and CHE. Loss of b Reaction of CF. The calculated activation barriers for
from 63 lowers the free energy by 7.7/0.0 kcal mblCpy- reaction of Ck with Cp.MH have been publishett,and some

CeCFR;, 73r, expels Ck and forms CpCeF with a change of  key points that are relevant to the present studies are mentioned
free energy of 6.3/16.0 kcal mdlirelative to7zr. The activation here. Only G-F activation is possible, and the activation
energy barrier for the H/H exchange via transition stjeis energies via the transition stat2g and 3, are 47.5/32.7 and
63.6/51.4 kcal moll. The transition stat@r for insertion of 57.3/44.5 kcal molt, respectively. In accord with the results
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-0.49 -0.42 -0.45 each H atom), which signals an interaction between the carbon
H H H fragment and Kl
/ \0 a8 \ 025 / \0 28 The transition state for insertion of the carbene intonkith
245 ’ 247 ’ 248 ‘ synchronous cleavage of-&(1), 8, could only be located

[M] [M] CHF,

NSNS NS

F -0.63 F -063
2 25 2
a b c

Figure 5. NBO charges on M, H, F, and on the entire group at fhe
position in the kite-shaped transition st@g.

on the other fluorinated alkanes described h2gejs lower in
energy tharByr.

Discussion of the Computational ResultsThe energy and
free energy profiles for the paths going \2g (direct H/F
exchange) and vid (CH activation) and,r (carbene insertion

for the case of ChF (insertion of CH) and CHF; (insertion

of CHF). The geometry of the carberté, fragment in the
transition stateB,r resembles the geometry of the insertion of
the free carbenes into,HThe energy barrier increases from
81r to 8,r, which parallels the barriers for insertion of the free
carbenes into K The calculated energy barrier at the same
level of theory for the reaction of singlet free @br CHF with

H, is 4.5 and 8.5 kcal mol, respectively. Although these
calculations are only indicative of the trends, they mirror the
qualitative facts; fluorine deactivates the carbene by stabilizing
it. Because the fluoroalkyl cerium group is the source of the
carbene, the energy profile for creating a free carbene was
calculated. This is highly unfavorable for GIH(formation of

into Hy) are shown in Figure 2. Earlier work has shown that CHp), but more favorable with the substituted carbenes. In the
the 4c-4e kite-shaped transition state has a high energy barrieccase of CHE, formation of Ck from Cp.Ce—CFs is calculated

when a carbon atom is located at the giteto the metal
center%228The H/H exchange in the reaction of &eH with

CHg has a very high activation energy barrier of 71.6/62.0 kcal

mol~1. Introducing one fluorine atom, as in the reaction 0fCp

to be essentially barrierless, and the formation of, G§
expected.

Discussion of the Experimental ResultsThe calculations
suggest that the lowest energy pathway is formation of

CeH with CHF, lowers the activation energy barrier for the Cp,CeCH_«Fx, X = 0—3, in each case because the intermo-

H/F exchange via transition sta®gr by about 40 kcal mot*

lecular C-H activation barrier is less than the-E activation

and also lowers the activation energy for H/H exchange via barrier for each of the hydrofluoromethanes studied. This pattern

transition staté,r, by around 20 kcal mot. Introducing more
fluorine atoms, as in the reactions of £gH with CHF; or

CHFs, raises the activation barriers for the H/F and H/H

exchanges as compared to the reaction withhFCHE appears

is consistent with the experimental and computational results
found for the reaction of CgCeH with GsFs or CsFsH.11 In the
latter set of reactions, the intermediate fluoroaryl;CpGFs,
was isolated from the reaction of the metallacycknd GFsH,

that the 4c-4e kite-shaped transition state with a carbon atomand a related strategy was employed for synthesis of the
at theg site has the lowest energy when only one fluorine is on hypothetical CfpCeCF, exposure of metallacyclé to CHFs.

the carbon center, the H/F exchange being preferred over theThe fluoroalkyl was not detected by1 NMR spectroscopy,
H/H exchange. It has been shown that the 4c-4e transition statebut Cg,CeF and the isomeric ttert-butylfluorobenzenes were

in the metathesis reaction of the-NH from a metallocene

hydride and the €H bonds of an alkane could be conveniently

viewed as the interaction of a g™ cation with an anionic

observed. The formation of ttert-butylfluorobenzenes can be
rationalized as shown in Scheme 4, in which the {&)eCsH>~
ligand acts as a trap for GE” An alternative method for

organic fragment formed from the nucleophilic addition of the generating CpCeCF; is addition of MgSiCF; to Cp,CeH(D),
hydride to the alkan&.2b Positive and negative charges which generates M&iH(D), the isomeric triert-butylbenzenes,
alternate in the kite-shaped transition state. The NBO analysisand a small amount of ttert-butylfluorobenzenes. Our original

at the three transition stat@g shows tha®;r has the highest

postulate was that the tiégrt-butylfluorobenzenes could undergo

negative charge on the hydride and the fluoride and the highestH/F exchange, but this is unreasonable becausSI@€; reacts

positive charge on the group at tfieposition (compare, b,
and c in Figure 5).

The bond dissociation energy oglih 64 is very small, and
dissociation of H is favored by the increase in entropy.

instantaneously with CgCeH so the concentration of the
hydride is tiny when the fluorobenzenes are formed. This
negative inference is shown to be correct by the lack of reaction
between the trtert-butylfluorobenzenes and GEeH. The

However, the bond dissociation energy is most likely to be disappearance pathway was discovered by exposingdip-

significantly underestimated by the DFT calculati#islespite

CeD to CHFE;, which generates (Cyul,7).CeF, and isomeric tri-

the fact that B3PW91 was found to perform better than other tert-butylbenzenes [(CE)sC]sCsH2D. This implies that Cf-
functionals?®® Calculations with elaborate methods adapted to CeCF, which forms slowly in this reaction, undergoes D/F
the calculations of relatively weak interactions cannot be carried exchange with CpCeD to give C{»CeCDF, and this yields
out because of the size of the system. It is important to note Cp2CeF and the isomeric deutero teirt-butylbenzenes.

that H, is significantly perturbed by the presence of thév
C%~ bond because it is strongly positively charged®(2 & on

The experimental outcome of the reaction of GHind
metallacyclel, yielding CpCeCF;, which decomposes to Cp

(28) Steigerwald, M. L.; Goddard, W. A., l10. Am. Chem. Sod 984 106,

308. Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; Nolan,

M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, JJEAmM. Chem.
Soc.1987 109 203. Ziegler, T.; Folga, EJ. Organomet. Chenil994
478 57.

(29) (a) Perrin, L.; Maron, L.; Eisenstein, O.; Schwartz, D. J.; Burns, C. J.;

Andersen, R. AOrganometallic2003 22, 5447. (b) Wesolowski, T. A,;
Parisel, O.; Ellinger, Y.; Weber, J. Phys. Chem. A997 101, 7818.
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(30) Dobson, R. C.; Hayes, D. M.; Hoffmann, R.Am. Chem. Sod.971, 93,
6188. Bauschlicher, C. W., Jr.; Haber, K.; Schaefer, H. F., lll; Bender, C.
F. J. Am. Chem. Sod.977 99, 3610. Rosa, C.; Schlegel, H. B. Am.
Chem. Soc1984 106, 5847. Gordon, M. S.; Gano, D. R. Am. Chem.
So0c.1984 106, 5421. Sironi, M.; Cooper, D. L.; Gerrat, J.; Raimondi, M.
J. Am. Chem. S0d99Q 112 5054. Ignatyev, |. S.; Schaefer, H. F., L.
Am. Chem. S0d.997, 119, 12306. Jursic, B. J. Mol. Struct. (THEOCHEM)
1999 467, 103.
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Scheme 4. Formation of an Isomer of Tri-tert-butylfluorobenzene?
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CMe, MesC j CMey
\‘\\\F F ) F
‘T‘F Ce\
/ F
Cp'
CMej l
Me,C
+ "Cp'CeF,"
F
CMe;

a|nsertion of the carbene into the other double bond will generate the
other isomer. In the case of CHF insertion, only isomericteri-
butylbenzenes will form.

CeF and CE is consistent with the calculated barrier. The
products derived from the hypothetical intermediates>Cp
CeCHF, or Cg,CeCHF, formed by reaction ol and CHF;

or CHsF, respectively, are the isomeric teft-butylbenzenes
and CpxCeF or CxCeF and [C[Cp']CeF, respectively (Scheme
2). These products may be rationalized by ejection of CHF from
Cp.CeCHF, that is trapped by a<€C bond in the Cpligand,

but in the case of CgCeCHF, CH, is trapped by the €H
bond of the Cpligand. However, the products resulting from
the reaction ofl with CH,F, or CHsF are different from those
formed in the reaction of CgCeH with these two fluo-
romethanes implying either that GeeCH_xFx, wherex = 1,

2, are not formed in the reaction with @peH or that the ejected
carbenes are trapped by dihydrogen. No products resulting from
a carbene insertion into the Cpng are detected in this case.
Some circumstantial evidence for dihydrogen acting as a
trapping reagent is derived from the products formed in the
reaction of the metallacycle and @H where no dihydrogen is
present, because the-El bonds of solvent or the ME-groups

of the cyclopentadienyl ring are traps for the £tiagment.
This is consistent with the proposition that the £irfagment
rapidly inserts into the €H or H—H bonds that are in the
neighborhood.

Epilogue

The key point that emerges from the calculational study of
Cp,CeH and CH-_4F (x = 1—3) is that the lowest energy barrier
is intermolecular &H activation forming CpCeCH;—«F« and
H,. The relative barrier, CHF > CH,F, > CHF;, parallels the

acidity because the transition state geometries (Figures 1, 3,

and 4) resemble that of a proton-transfer transition state. The
cerium alkyl intermediates traverse a higher energy transition

implying that CH and CHF are trapped byHformed in the
C—H activation event. Dihydrogen is therefore an efficient trap
in the reaction of CpCeH with CHF and CHF,, because it
never leaves the coordination sphere as the products evolve.
When H is absent, in the reaction of metallacycle, the kC

and C=C bonds are the only traps that are available. As the
lifetime of the Ck fragment is longer, it is therefore more
selective and it is intramolecularly trapped by insertion into the
C=C bond of the cyclopentadienyl ring.

The postulate that the intermolecular-8 activation with
lanthanide hydrides precedes the rate-determining step-éf C
activation in the fluoromethanes is in agreement with the
experimental and calculated results observed in the reaction of
aromatic fluorocarbons with the same metalloceiids. the
latter case, the intermediate '@peGFs was isolated, whereas
the analogous intermediate ‘@peCF; is not, perhaps because
the aromatic &F bond is stronger than an aliphatic one and
the interaction of the €F bond in the Cef?-CFs) group lowers
the barrier to CeF formation in the latter case, that is,
thermodynamic and kinetic differences, respectively. The general
reactivity pattern that emerges in these two studies is (i)
intermolecular C-H activation is a lower barrier process than
C—F activation, (ii) the G-F bond activation is the rate-
determining step, and (iii) the net reaction rate (global rate)
constant depends on how the intermediates deal with the
activation energy barrier on the way to the thermodynamically
favored outcome, H/F exchange. Thus, fluorocarbons are inert
or relatively inert because of kinetic not thermodynamic factors
in f- and late d- transition metal complex¥sKinetic factors
are the reason for the lack of reaction betweer,CeH and
CF4, whereas CpCeH does indeed react withsieg even though
the C-F bond is stronger in the latter. Both processes begin by
C—F activation, but the change in activation free energy is 30
kcal molt higher for CR than GFs, which is related to the
greater ease with which an aromatic ring reorganizes the
electronic chargek.2!

Experimental Details

General. Manipulations were performed as previously reported
except that, unless otherwise noted, samples for GCMS were prepared
from NMR reaction samples by adding a drop gf+ather than BO.

The principle elution peaks consisted of free'l€@nd other organic
compounds that were identified by their molecular ions and fragmenta-
tion patterns, where possible, in concert with tHéirand °F NMR
spectra. Fluoromethane gases were obtained from Scott Specialty Gases
in 99.99% purity and used as received. The abbreviatidnipsed

for the 1,2,4-tritert-butylcyclopentadienyl ligand, Cyal,7 is used for

the same ligand with atert-butyl groups deuterated, and ‘Giis used

for the [MeEtC][MesC].CsH: ligand.

NMR Tube Reaction of CHF; and Cp',CeH in C¢D1,. Cp2CeHt
was dissolved in §D;2 in an NMR tube. The tube was cooled in a
liquid nitrogen 2-propanol bath, and the headspace was evacuated and

state that is associated with large reorganizations of the atoms'eplaced with CHE(1 atm). The tube was warmed to 10 and allowed

within the coordination sphere, breaking the Ebond, making

a Ce-F bond and trapping of the carbene fragment. The barrier
of the rate-determining step is therefore traced to trapping of
the carbenoid fragment, GHCHF, or CF. The calculations

on the metallocene show that the relative rates of reaction of
the carbenoid fragment with 3parallel those calculated for
insertion of free carbenes into,HCH, > CHF > CF,. Thus,

the lifetime of the carbene fragments is £€4d CHF < Ck,

to stand. After 20 min, the ratio of Gi£eH to Cp,CeF was 32:1,
after 3 days it was 1:3.5, and after 6 days it was 1:18. After 26 days,
the solution color had changed from purple to orange, alb@H
resonances had disappeared fromHh&MR spectrum, and resonances
of Cp.CeF had appeared. Integration of tee-butyl signal intensities
relative to the residual solvent proton signal indicated that slightly less
than half an equivalent of G£eF had formed relative to the starting
material. Resonances due to the two isomers deftbutylbenzene
also appeared. GCMS analysis showed two principle components in
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addition to CpH, with (M) m/z 246 and elution times and fragmenta-
tion patterns consistent with isomeric ter-butylbenzenes. The isomers

remained unchanged, but tfe# NMR spectrum contained resonances
consistent with both (Cpd,7).CeF and (Cpdz7).CeH in a 2:1 ratio,

were present in approximately a 1:1 ratio and accounted for most of implying that H for F exchange occurred. Thd NMR spectrum

the remainder of the starting material.

NMR Tube Reaction of CHF; and (Cp'-dz7).CeD in CgD12. Cpo-
Ce(CHPh)}* was dissolved in €Dg in an NMR tube. The sample was
heated at 60C for 13 days to perdeuterate the ricgu groups; the

likewise contained resonances of '@eF and CpCeH in the same
ratio. GCMS analysis showed four principal components, in addition
to CpH/(Cp-dz7)H, two with envelopes centered around (Myz 274,
with elution times consistent with the isomeric tert-butylbenzenes-

sample was taken to dryness and the dark red solid residue redissolvedks, and two with envelopes centered around {Myz 291, with elution

in fresh GDs after 4 days and again after 8 days. After 13 days, the

times consistent with the isomeric tast-butylfluorobenzeneshs. The

sample was then taken to dryness, and the dark red solid residue wagXxtra deuterium in the tiiert-butylbenzene is presumed to come from

redissolved in @j,. The tube was cooled in a liquid nitrogen

a D—F exchange between the intermediate’(@#).CeCFk and (Cp-

2-propanol bath, and the headspace was evacuated and replaced witHz7)2CeD, generating (Cpd»7).CeCDFR and (Cpe-dz7).CeF; see later

D, (1 atm). The ratio of the uniqueBuy to the ring hydrogen resonance
in the '"H NMR spectrum was 1:42. In th#H NMR spectrum, both

experiments.
NMR Tube Reaction of CH.F, and Cp',.CeH in CsDe. Cp2CeH

t-Bup resonances were observed, and the ring hydrogen resonance wagas dissolved in §D1, in an NMR tube. The tube was cooled in a
absent. The tube was cooled in a liquid nitrogen 2-propanol bath, and liquid nitrogen 2-propanol bath, and the headspace was evacuated and

the headspace was evacuated and replaced withg CHERtm). The
sample was heated at 6@ for 1 day, after which time the ring
resonance of (Cgik7).CeD had disappeared, the ring resonance of-(Cp
d27).CeF had appeared in théd NMR spectrum, and resonances
consistent with (Cpd,7).CeF had appeared in tBel NMR spectrum.
GCMS analysis showed two principal components in addition té-(Cp
d27)H, with envelopes centered around (Mjyz 274 and elution times
consistent with triiert-butylbenzenehs. The extra deuterium is pre-
sumed to come frm a D for F exchange between (G7).CeD and
an intermediate (Cpdz7).CeCF; see below.

NMR Tube Reaction of Me;SIiCF; and Cp',CeH in CgD12. Cp2-
CeH was dissolved in D12 in an NMR tube. A drop of MeSICR
was added. Upon agitation, the purple solution turned orange*he
NMR spectrum showed the presence of £gF, MeSiH, and both
isomers of tritert-butylbenzene. Th&F NMR spectrum contained two
new resonances consistent with two isomers dfetri-butylfluoroben-
zene. GCMS analysis showed four principal components in addition
to CpH, two with (M)" m/z 246 and elution times consistent with
isomeric tritert-butylbenzenes, and two with (MWz 264 consistent
with isomeric tritert-butylfluorobenzenes. The ratio of tert-butyl-
benzenes to tiert-butylfluorobenzenes was approximately 8:1. The
symmetric and asymmetric isomers ofteit-butylbenzene were present
in approximately equal amount3H NMR), while those of tritert-
butylfluorobenzene were present in a 1.5:1 ratfe NMR). Charac-
terization of tritert-butylfluorobenzene: symmetric isomét# NMR
(CsD12) 6 —111.38 (1F, s), GCMS (M)m/z (calcd, found) 264 (100,-
100) 265 (20,22) 266 (2,3); asymmetric isom&F, NMR (CsD12) 6
—95.86 (1F, dJs—r = 16 Hz), GCMS (M) m/z (calcd, found) 264
(100,100) 265 (20,34) 266 (2,7).

NMR Tube Reaction of Me;SiCF; and (Cp'-027).CeD in C¢D12.
Cp2.Ce(CHPh) was dissolved in Ds in an NMR tube. The sample
was heated at 6TC to perdeuterate the ririgBu groups. After 4 days,

replaced with CH~, (1 atm). The tube was warmed to € and
allowed to stand. After 10 min, the ratio of GBeH to Cp.CeF by*H
NMR spectroscopy was 10:1, after 20 min it was 5:1, andr dfte it
was 2:1. After 1 day, all of the resonances due td,CeH had
disappeared and an equivalent amount of,CeF had formed along
with CH,. Over the time period of the experiment, the color had turned
from purple to orange.

NMR Tube Reaction of D,, CH,F;, and Cp'2CeD in C¢De. Cp'2-
Ce(CHPh) was dissolved in s in an NMR tube. The tube was
cooled in a liquid nitrogen 2-propanol bath, and the headspace was
evacuated and replaced with.O'he tube was warmed to € and
shaken vigorously. Analysis by4 NMR spectroscopy confirmed the
presence of CpCeD. The tube was cooled in a liquid nitrogen
2-propanol bath, and the headspace was partially evacuated and replaced
with CH,F,. The sample was stored at 2@ for 1 day, after which
time the solution color had changed from purple to orange. Analysis
by 'H NMR confirmed the absence of GEeD and the formation of
Cp2CeF. In addition, the spectrum contained resonances characteristic
of CH, and CHD in an approximately 1:1 area ratio; a trace of Dbl
but no CHI} was observed in the spectrum.

NMR Tube Reaction of D,, CH,F,, and (Cp'-d;)CeD in CeD12.
Cp2Ce(CHPh) was dissolved in Ds in an NMR tube. The sample
was heated at 60C for 6 days to perdeuterate the ringgu groups.

The sample was taken to dryness, and the solid residue was redissolved
in fresh GDs and heated at 60C for 2 more days to complete the
perdeuteration. Analysis by4 and?H NMR confirmed the presence

of (Cp-d7)CeGDs.tt The tube was cooled in a liquid nitrogen
2-propanol bath, and the headspace was evacuated and replaced with
D, (1 atm). The tube was warmed to 1@ and shaken vigorously.
Analysis by*H and?H NMR spectroscopy confirmed the presence of
(Cp-d27)CeD. The tube was cooled in a liquid nitrogen 2-propanol bath,
and the headspace was partially evacuated and replaced wiff.CH

the sample was taken to dryness, and the dark red solid residue wasrhe sample was stored at 18 for 1 day, after which time the solution

redissolved in @Ds. The sample was heated for an additional 4 days,

color had changed from purple to orange. Analysisthyand?H NMR

then taken to dryness, and the dark red solid residue was dissolved inspectroscopy confirmed the absence of {&p)CeD and the appearance

CsD12. The tube was cooled in a liquid nitrogen 2-propanol bath, and
the headspace was evacuated and replaced wifh Btm). The ratio

of the uniquet-Buy to the ring hydrogen resonance in thé NMR
spectrum was 1:4. In théH NMR spectrum, botht-Bup resonances

of (Cp-dy7)CeF. In addition, the'H NMR spectrum contained
resonances characteristic of £&H;D, and CHD; in an approximately
1:29:60 area ratio; no CHPwas observed.

NMR Tube Reaction of CHsF and Cp',CeH in C¢D12. Cp2CeH

were observed, and the ring hydrogen resonance was absent. A dropvas dissolved in gD, in an NMR tube. The tube was cooled in a

of Me;SiCF; was added, and upon agitation, the solution color changed
from purple to orange. The ring resonance of'(@y),CeD disappeared,
and the ring resonance for (Cgy7).CeF had appeared in thid NMR
spectrum. Resonances due to (@g).CeF and MeSiD appeared in
the?H NMR spectrum, and resonances due to the two isomers of tri-
tert-butylfluorobenzeneh,; appeared in théF NMR spectrum. The
sample was twice taken to dryness, redissolveddrsCand a small
amount of ChCeH was added. After 30 min, tH&= NMR spectrum

(31) Kinzer, H.; Berger, SJ. Org. Chem1985 50, 3222.
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liquid nitrogen 2-propanol bath, and the headspace was evacuated and
replaced with CHF (1 atm). Upon warming to room temperature with
agitation, the color of the solution changed from purple to orange. The
IH NMR spectrum showed that the @peH had been quantitatively
converted to CpCeF. The resonance due to £Was observed.

NMR Tube Reaction of CHzF, D,, and Cp'2,CeH in C¢D12. Cp2-
CeH was dissolved in D1, in an NMR tube. The tube was cooled in
a liquid nitrogen 2-propanol bath, and the headspace was evacuated
and replaced with P(approximately 0.5 atm) and GR (approximately
0.5 atm). Upon warming to room temperature and agitating the solution,
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the color changed from purple to orange. Th¢ NMR spectrum spectrum. Resonances due to'OgF and both isomers of trért-
showed that the CgCeH had been quantitatively converted to'£p butylbenzene had appeared in the spectrum. The presence of both
CeF. Resonances characteristic of Giid CHD had also appeared  isomers was confirmed by GCMS analysis.

in approximately equal amounts, but no resonances due 1D Gkere NMR Tube Reaction of CHsF and Cp'((MesC)2CsH.C(Me;)CHy)-
observed. Ce in C¢D12. Cp2.Ce(CHPh) was dissolved in D1, and heated at 60
NMR Tube Reaction of CHzF and (Cp'-dz7)2CeD in CsDe. Cp2- °C for 12 h yielding a solution of Cf(MesC),CsH.C(Me;)CH,)Ce.

CeH was dissolved in Dg in an NMR tube. The sample was heated The tube was cooled in a liquid nitrogen 2-propanol bath, and the
at 60°C to perdeuterate the ringBu groups and exchange the hydride headspace was evacuated and replaced witfiFGHatm). The sample
with deuterium. After 11 days, the ratio of the unideBuy to the ring was heated at 60C for 12 h after which time the resonances of Cp
hydrogen resonance in thel NMR spectrum had changed from 9:1  ((Me3C),CsH.C(Me;)CH,)Ce had disappeared from théd NMR

to 1:4. The tube was cooled in a liquid nitrogen 2-propanol bath, and spectrum. Resonances for '@peF had appeared, as well as a set of

the headspace was evacuated and replaced witfr CHatm). Upon new paramagnetic resonances, presumably due to a new metallocene
warming to room temperature with agitation, the color of the solution cerium fluoride. GCMS analysis showed the formation of methylcy-
changed from purple to orange. The ring resonance of-¢epCeD clohexaned;;,, CpgH, and a new compound with (M)n/z 248,

had been replaced by that of (@h-).CeF in the'H NMR spectra, CpH+CH.. When the experiment was repeated an®vas used to

and resonances characteristic of £ihd CHD had also appeared in ~ prepare the GCMS sample instead ofCH the molecular ion of the

an approximately 1:2 area ratio; no &b was observed. new species wasvz 249. The new metallocenes were further identified
NMR Tube Reaction of CH, or CF4and Cp',CeH in C¢D12. Cp2- as described in the next experiment.

CeH was dissolved in D12 in an NMR tube. The tube was cooled in NMR Tube Reaction of CHsF and (Cp'-07){[C(CD3)3].CsH>-

a liquid nitrogen 2-propanol bath, and the headspace was evacuatedC(CD3),CD;]}Ce in C¢D12. Cp2Ce(CHPh) was dissolved in ¢Ds

and replaced with ClHor CK; (1 atm). The sample was heated at 60 and heated at 6TC for 4 days to perdeuterate the ritegt-butyl groups.

°C for 30 days. No change was observed in tHeNMR spectrum. The sample was taken to dryness, and the solid residue was redissolved
NMR Tube Reaction of CHF; and Cp'((MesC)2CsH2C(Me2)CH2)- in fresh GDs. The sample was heated for an additional 7 days, then

Ce in C¢D12. Cp2Ce(CHPh) was dissolved in D1, and heated at 60 taken to dryness, and the solid residue was redissolvedDa.CThe

°C for 12 h, yielding a solution of Cf{Me;sC),CsH.C(Me;)CH;)Ce. sample was heated at 6C for 1 day, yielding a solution of (Cp

The tube was cooled in a liquid nitrogen 2-propanol bath, and the dz7){[C(CD3)3].CsH2[C(CDs).CD;]} Ce. The tube was cooled in a liquid
headspace was evacuated and replaced with; CH&m). The sample nitrogen 2-propanol bath, and the headspace was evacuated and replaced
was heated at 68C for 1 day, by which time the resonances forCp  with CHsF(1 atm). The sample was heated at°6for 2 days, after
((MesC),CsH.C(Mey)CH,)Ce had disappeared from théd NMR which time the resonances of (Ggir7){ [C(CDs)3].CsH[C(CDs).CD5]} -
spectrum and resonances of '{eF and several new diamagnetic Ce had disappeared from tH¢ and?H NMR spectra. Resonances for
products had appeared. Addition of a small amount dt@gH to the (Cp-dz7).CeF had appeared in thel NMR spectrum, as well as hints
solution did not change tH&F NMR spectrum. GCMS analysis showed of the signals with chemical shifts similar those in thé NMR

two primary components in addition to &f both with (M) m/z 264, spectrum of the unlabeled, unknown metallocenes from the previous
consistent with two isomers of ttert-butylfluorobenzene, one sym-  experiment. ThéH NMR spectrum contained three new resonances
metric and the other asymmetric. THE NMR spectrum shows that  due to the three isotopomers arising from the insertion of Dkb a

the isomers are present in an approximately 1.5:1 ratio. C—D bond in (Cp-dz7).CeF. A drop of HO was added, and the sample
NMR Tube Reaction of CHF;, Cyclohexene, and Cf{{(Me3C),Cs- was vigorously shaken. After 10 min, the solution was dried and filtered.

H,C(Me;)CHy)Ce in CsD12. CpCe(CHPh) was dissolved in D1, The filtrate was added to a new NMR tube and heated &G5fbr 1

and heated at 6TC for 12 h, yielding a solution of C{Me3sC),CsH,C- day to isomerize the substituted cyclopentadienes. THeNMR

(Me,)CH,)Ce. A drop of cyclohexene was added. The tube was cooled spectrum contained three single resonances attributed to the three
in a liquid nitrogen 2-propanol bath, and the headspace was evacuatedsotopomers of (Cp-dz)H. GCMS analysis showed one major com-
and replaced with CHF(1 atm). The sample was heated at°@Dfor ponent in addition to (Cpdz7)H (envelope centered around (Mivz
1 day, by which time the resonances for (@idesC),CsH.C(Me,) CHy)- 260), with an envelope centered around {MYz 274. Characterization
Ce had disappeared from thed NMR spectrum and resonances from  of the new metallocenes'H NMR (C¢D12) 6 —0.100 (2H,v12 = 20
Cp;CeF and several new diamagnetic products had appeared®The Hz), —2.794 (2H,v1y> = 20 Hz), —6.129 (2H, vy = 20 Hz).
NMR spectrum and GCMS analysis were essentially identical to those Characterization of CfH-dzz: *H NMR (CsD12) 6 1.19 (2H, s), 1.07
from the reaction without cyclohexene present. (2H, s), 1.00 (2H, s).

NMR Tube Reaction of CHFs, 2-Methyl-2-heptene, and Cp NMR Tube Reaction of CHzF and Cp'((Me3C).CsH2C(Me2)CHo)-
((Me3C),CsH.C(Mez)CH,)Ce in CsD1,. Cp2Ce(CHPh) was dissolved Ce in CgH1o. Cp2Ce(CHPh) was dissolved in §E1;, and heated at 60
in Ce¢D12 and heated at 60C for 12 h, yielding a solution of Cp °C for 12 h yielding a solution of Cf(MesC),CsH.C(Me)CH)Ce.
((MesC),CsH,C(Mey)CHy)Ce. A drop of 2-methyl-2-heptene was added. The tube was cooled in a liquid nitrogen 2-propanol bath, and the
The tube was cooled in a liquid nitrogen 2-propanol bath, and the headspace was evacuated and replaced witf-GHatm). The sample
headspace was evacuated and replaced witheCH&m). The sample was heated at 60C for 12 h. GCMS analysis showed the formation of
was heated at 68C for 1 day, by which time the resonances for'Cp methylcyclohexane, CH, and CgH in addition to solvent cyclohexane.
((Me3C),CsH.C(Mey)CH2)Ce had disappeared from thiéd NMR NMR Tube Reaction of CHsF, CH4, and Cp'((MesC).CsH,C-
spectrum and resonances from'fQgF and several new diamagnetic  (Me2)CH2)Ce in CgD12. Cp2Ce(CHPh) was dissolved in D1, and
products had appeared. THE NMR spectrum and GCMS analysis  heated at 60C for 12 h yielding a solution of C{MesC),CsHC-
were essentially identical to those from the reaction without 2-methyl- (Me;)CHz)Ce. The tube was cooled in a liquid nitrogen 2-propanol

2-heptene present. bath, and the headspace was evacuated and replaced witl{OGH
NMR Tube Reaction of CH,F, and Cp'((Me3C),CsH.C(Mey)- atm) and CHF (0.5 atm). The sample was heated at°60for 12 h

CH»)Ce in CsD1,. Cp2Ce(CHPh) was dissolved in D1, and heated after which time the resonances of'({ple;C).CsH.C(Me,)CH;)Ce had

at 60°C for 12 h yielding a solution of C{MesC),CsH.C(Me,)CHy)- disappeared from thd NMR spectrum. The spectrum contained the

Ce. The tube was cooled in a liquid nitrogen 2-propanol bath, and the same resonances as that of the reaction in the absence,of CH

headspace was evacuated and replaced witf{QH atm). The sample NMR Tube Reaction of CHsF, Cyclohexene, and Cf{(MesC).Cs-

was heated at 60C for 5 days after which time the resonances of H,C(Me;)CH;)Ce in C¢D12. Cp2Ce(CHPh) was dissolved in D1,

Cp ((Me3C),CsH,C(Me;)CH)Ce had disappeared from thie NMR and heated at 6TC for 12 h yielding a solution of C{MesC),CsH.C-
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(Me2)CHy)Ce. A drop of cyclohexene was added. The tube was cooled ((MesC),CsH.C(Me;)CH,)Ce and GHsCFs. The ratio of C{»CeF to
in a liquid nitrogen 2-propanol bath, and the headspace was evacuatedhe new species was 7:1.

and replaced with CHF (1 atm). The sample was heated at°€0for Reaction of SiR and Cp',CeH. Cp,CeH (250 mg, 0.41 mmol)

12 h after which time the resonances of (@desC),CsH.C(Me;)CHy)- was dissolved in pentane (10 mL). The headspace was evacuated and
Ce had disappeared from thid NMR spectrum. Resonances due to  replaced with Sik (1 atm). The purple solution immediately turned
Cp.CeF had appeared in thel NMR spectrum along with bicyclo- orange, then cloudy and yellow as copious precipitate formedfhe

[4.1.0]-heptane (norcarane) and a small amount of the unknown NMR spectrum of the crude product contained four resonances from
metallocene observed previously. GCMS analysis showed the presencgparamagnetic compounds in a 1:2.5:3.5:3.5 area ratio. The suspension
of norcarane, Cpl, and CffH; no methylcyclohexane or methylcy-  was taken to dryness, and the solid residue was dissolved in 15 mL of

clohexenes were observed. toluene. The volume of the solution was reduced until precipitation
NMR Tube Reaction of Cyclohexene and CCeH in CeDe. Cp-- occurred, warmed to dissolve the precipitate, and then cooledl&

CeH was dissolved ingDy,in an NMR tube, and a drop of cyclohexene ~ °C, giving a yellow powder. ThéH NMR spectrum revealed the same

(an excess) was added. Within 20 min, resonances due 'tC€p four resonances as the crude product and resonances due@eEp

had disappeared from th#H NMR spectrum and resonances of N an NMR tube, a dilute solution of GiCeF in GDs was cooled in

cyclohexane and CfMe;C).CsH.C(Me;)CH,)Ce had appeared. a liquid nitrogen 2-propanol bath, and the headspace was evacuated
NMR Tube Reaction of Cyclohexene and Cif(MesC),CsHsC- and repla_ced with SiH1 atm). The tu_be was warmed to 2@ and

(Me>)CH,)Ce in CsD1. CpoCe(CHPh) was dissolved in éD1» and shaken wgorogsly. The orange solution turned yellow. 1H1€NMR_

heated at 60C for 12 h yielding a solution of CAMesC),CsHC- spectrum was |glent|cal to that of the crude product of the reaction of

(Mey)CH)Ce. A drop of cyclohexene was added. After 1 h, a new CpCeH and Sik.

pair of resonances in a 2:1 area ratio had appeared iAHHEMR Reaction of Cp.CeOSOCLF; and CHLi. Cp.CeOSQCKs (1 g,
spectrum. The new product was not further characterized, although it -3 Mmol) was dissolved in 20 mL of diethyl ether and chilled in a
is presumably CpCe(cyclohexenyl). léqutlr(]j Tltrtc;]gen/féproparllol bath.deHld(l_.S mL_ ofa OTZ, M S(I)Ilutlon |Int_
NMR Tube Reaction of Cyclohexene and (Cpdy7){ [C(CD3)3].CsH2- ciethy! ether, . mmol) was added via syringe. The yellow solution
; - - immediately turned red and became cloudy after 10 min. An aliquot
[C(CD3),CD,]}Ce in CeD12. Cp2Ce(CHPh) was dissolved in s . .
nd heated at 60C for 4 davs t rdeuterate the ritert-butvl ar was removed and taken to dryness for quick analysiSHhyNMR
a cated a 0 ays lo perdeuterate the 'T‘HJI utyt groups. pectroscopy. The spectrum of the aliquot showed two new resonances
The sample was taken to dryness, and the solid residue was redissolved; . _ —
. . H NMR (CGDG). (5 -2.31 (36H,‘V1/2 =10 HZ),—12.7 (18H,V1/2 =
in fresh GDs. The sample was heated for an additional 4 days, then .
taken to d dth lid resid dissolvedDn,CTh 16 Hz)], possibly due to CgCeCH;, as well as resonances due to-Cp
aken fo dryness, and the Sold residue was redissolveaiz’-" e ((MezC).CsH.C(Me)CHy)Ce. The latter resonances increased at the
sample was heated at 6C for 1 day, yielding a solution of (Cp

expense of the former over time.
dzr){ [C(CD)q]CsHa C(CD)CDA|} Ce. A drop of cyclohexene was NMR Tube Reaction of Cp.CeOSQCF; and Cp'2CeH in CeDs.
added, and the sample was heated at®0After 1 day, a resonance . .
. A Approximately equimolar amounts of GEeOSQCF; and Cp,CeH
at 5.63 ppm had appeared in thi¢ NMR spectrum, indicating that ) . . }
. were dissolved in §Dg in an NMR tube. The brown solution was stored
the protons on the $gcarbons of cyclohexene were being exchanged
. . at room temperature for 1 day. THel NMR spectrum showed the
for deuterium. The sample was heated at@6Gor 30 days, over which .
. S ; C . . presence of CpCeF, some residual G£eOSQCF;, and a new
time this signal increased in intensity 10-fold. No resonances suggesting . . . . . .
organocerium species wittert-butyl resonances in a 2:1 ratio. The
H for D exchange on the 3pcarbons of cyclohexene could be

distinguished from the gD, solvent signal. GCMS analysis showed ratio of CpzCeF to the new species was 1:1. The new species is

. . Presumed to be Cg£eOSQCHF,, but due to the unavailability of
that cyclohexene was present in large excess, as the molecular ion AYifluoromethanesulfonic acid, it was not possible to synthesize this
(M) m/z 82 was present; in addition, the envelope for the'{Gp-)H ' P y

centered aroundvz 247 was also observed. material independently.
NMR Tube Reaction of C/F14 and Cp',CeH in CgD1,. Cp.CeH Computational Studies

was dissolved in €D1 in an NMR tube, and a drop of perfluoro-

methylcyclohexane was added. The sample was stored at ambient Computa_tional Details.The Stuttgart Dresder-Bonn Relativistic
temperature for 5 days, by which time resonances dt@F had large Effective Core Potential (RECPhas been used to represent the

appeared in théH NMR spectrum. The ratio of CgCeF to residual inner_ shells of _Ce. The associated basis set augmented by an f
CpsCeH was 3:1. After 22 additional days at ambient temperature, polarization functionq = 1.000) has been used to represent the valence
only resonances due to GEeF were observed in théH NMR orbitals. F has also been represented by an RE@ith the associated

spectrum. Identification of the other organic compounds was not basis set augmented by two contracted d polarization Gaussian functions
pursued. ' (0 = 3.3505(0.357851)y, = 0.9924(0.795561)) C and H have been

represented by an all-electron 6-31G(d, p) basi$*¢@alculations have
NMR Tube Reaction of GsHsCFs and Cp'((MesC)2CsH-C(Mey)- P Y (d, p) basi ulati v

CH.) in CeDos. CrfCe(CHPh dissolved i dh p been carried out at the DFT(B3PW91) Ie¥alith Gaussian 987 The
2) in CeD1>- Cp2Ce(CHPh) was dissolved indDi> and heated at -y o of the extrema (minimum or transition state) has been established
60 °C for 12 h yielding a solution of C{Me;C),CsH,C(Me,)CH,)-

Ce Ad ¢ GHLC dded. and th Ut tored at with analytical frequencies calculations, and the intrinsic reaction
e. A drop of GHs Fgwgsg ed, and the solution was stored atroom ., jinate (IRC) has been followed to confirm that transition states
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