JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by University of Birmingham | http://www.library.bham.ac.uk

Article

Synthesis, Structure, and Dynamic Behavior of Cyclopentadienyl-Lithium,
-Sodium, and -Potassium Annelated with Bicyclo[2.2.2]octene
Units: A Systematic Study on Site Exchange of Alkali

Metals on a Cyclopentadienyl Ring in Tetrahydrofuran
Tohru Nishinaga, Daisuke Yamazaki, Helmut Stahr, Atsushi Wakamiya, and Koichi Komatsu

J. Am. Chem. Soc., 2003, 125 (24), 7324-7335+ DOI: 10.1021/ja0346431 « Publication Date (Web): 22 May 2003
Downloaded from http://pubs.acs.org on March 29, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 5 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0346431

JIAICIS

ARTICLES

Published on Web 05/22/2003

Synthesis, Structure, and Dynamic Behavior of
Cyclopentadienyl-Lithium, -Sodium, and -Potassium
Annelated with Bicyclo[2.2.2]octene Units: A Systematic
Study on Site Exchange of Alkali Metals on a
Cyclopentadienyl Ring in Tetrahydrofuran
Tohru Nishinaga, Daisuke Yamazaki, Helmut Stahr, Atsushi Wakamiya, and
Koichi Komatsu*

Contribution from Institute for Chemical Research, Kyoto démsity,
Uji, Kyoto 611-0011, Japan

Received February 13, 2003; E-mail: komatsu@scl.kyoto-u.ac.jp

Abstract: Novel cyclopentadienyl (Cp)—alkali metal complexes 1—M and 2—M (M = Li, Na, K), in which
the Cp ring is annelated with two bicyclo[2.2.2]octene units and substituted with a phenyl group for 1 and
a tert-butyl group for 2, were synthesized, and their structures and dynamic behaviors were investigated
by means of X-ray crystallography, dynamic 3C NMR, and DFT calculations. The X-ray crystallography
results indicated that 1—Li, 1—Na, and 2—Na form monomeric contact ion pairs (CIP) with three THF
molecules coordinated to the metal atom. Also, in THF-ds, all of the 1—M and 2—M form monomeric CIP
in the ground state. However, variable-temperature *3C NMR measurements of 1-M and 2—M in THF-ds
demonstrated dynamic behavior in which the metal ion exchanges positions between the upper and lower
faces of the Cp ring. From a study of the concentration dependence of the dynamic behavior, the exchange
was found to proceed principally as an intramolecular process at concentration ranges lower than 0.2 M.
The experimentally observed AG* values for the intramolecular exchange process for all the 1—M and
2—M (except for 2—Li, whose intramolecular process was too slow to observe) were found to be quite
similar in THF-ds solution and to fall within the range of 12—14 kcal mol~*. Within this range, a tendency
was observed for the AG* values to increase as the size of the metal decreased. Theoretical calculations
(B3LYP/6-31G(d)) afforded considerably large values as the gas-phase dissociation energy for 1—M (162.7
kcal mol~! for M = Li; 131.6 kcal mol~* for M = Na; 110.9 kcal mol~* for M = K) and for 2—M (170.0 kcal
mol~* for M = Li; 137.5 kcal mol™* for M = Na; 115.4 kcal mol~ for M = K). These values should be
compensated for by a decrease in the solvation energies for the metal ions with increasing size, as
exemplified by the calculated solvation energy for Mt (Me,O),, which serves as a model for metal ions
solvated with four molecules of THF (—122.9 kcal mol~* for M = Li; —94.7 kcal mol~* for M = Na; —67.7
kcal mol~* for M = K). This compensation results in a small difference in the overall energy for dissociation
of 1—-M or 2—M in ethereal solutions, thus supporting the similar AG* values observed for the intramolecular
metal exchange.

Introduction of Cp—M derivatives, including the free Cp anion, the mono-

Cyclopentadienyl (Cp) alkali metal complexes and their Meric contact ion pair (CIP), the sandwich-type dimer, the
derivatived? are widely used in organic and organometallic °ligomer, and the polymer, have been demonstrated to be present
syntheses, and therefore the understanding of the reactivity ofOf the Cp complexes depending on a variety of substituents
these complexes based on the nature of metals is important for21d ligands (i.e., solvents or additives such as crown ether,
the effective usage of these complexes. For such purposes, thd MEDA, etc.)*2 . ]
systematic structural elucidation of €M complexes (M= Howeyer, begause the. synthetic reactions are usually con-
Li, Na, K) with various structures in solid state is helpful, and ducted in solution, studies of the structures and dynamic
extensive structural studies using X-ray crystallography have Pehaviors of Cp-M complexes in solution are especially
been carried out:3 So far, several types of solid-state structures important to increasing our understanding of the reactivity of
these complexes. The variable-temperature NMR technique is
(1; %‘2&?5‘,?05”,82‘09, da,‘”é'?]‘éﬁq_Eé‘Qang'§°{'7‘Z‘i“7@§§".'Sﬁ‘;t?(;“f';"ifu'{‘ég wom  Oneof the common and practical methods for observing such a

Elsevier publishers, the original article was published with many errors, dynamic process in solution. In 1990, Paquette, Schleyer, and

erratum:Coord. Chem. Re 200Q 199 331-334. Corrected reprints of  thejr co-workers reported the first comprehensive study of the

the full article are available free of charge upon request from the author.
(2) (a) Jutzi, P.; Burford, NChem. Re. 1999 99, 969-990. (b) Jutzi, P.;

Reumann, GJ. Chem. Soc., Dalton Tran200Q 2237-2244. (3) Weiss, EAngew. Chem., Int. Ed. Engl993 32, 1501-1523.
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dynamic behavior of CpLi complexes in a THF solutiohBy Scheme 1
means of a dynamiéLi NMR technique and theoretical
calculations, they revealed that the CIP monomer of isodi-
cyclopentadienyllithium is in equilibrium with the sandwich-

type dimer and that the equilibrium is shifted to dimer formation

at lower temperatures. From these results, they concluded that M = Li, Na, K

the change in the aggregation state is responsible for the

temperature-dependent exo/endo stereoselectivity in the reactiorScheme 2

of isodicyclopentadienyllithium with electrophilé$. Subse- . R_,OH

quently, the dynamic behaviors of several derivatives of-Cp @Br 1) tBuli m 3 (R=Ph)
Li complexes have been reported on the basis of the variable- 2) PhCOCl or 4 (R=t-Bu)
temperaturéLi or "Li NMR technique—8 +BuCocl

In contrast, derivatives of CpNa and Cp-K have eluded H
any dynamic NMR measurements, despite fundamental interest 3 _oH _ @
in the dynamic behaviors of these complexes in solution in Etr2to 5
comparison with that of CpLi. One reason for the lack of such -
measurements is that the resolution?@fia and3K NMR is H
too low to allow precise investigation using line-shape analysis
of dynamic NMR spectra. The other is a presumption that KHSO,
dynamic processes of CiNa and Cp-K in solution might be 4 Tomens | #Bu
too fast to be observed on the NMR time-scale due to the lower Reflux %, m 7
binding energies of Naand K with Cp~ than that of Li with g
Cp.

As a part of our continued studies of the synthesis and particularly advantageous in that it is applicable regardless of
properties of a series of cyclic-conjugated systems annelated the type of metal ion. We report herein the results of first
with bicyclo[2.2.2]octene (abbreviated as BCBYwe became ~ systematic study of the dynamic behavior of a series of
interested in a cyclopentadienyl systémi!t-12 Annelation of cyclopentadienyl-alkali metal derivatives, i.&=M and 2—M
a planarz-system with BCO units is advantageous in that one (M = Li, Na, K). The results will be also discussed together
face of thes-system, on which a chemical event takes place, With the crystal structures obtained by X-ray crystallography
can be distinguished from the other by observing!8@&NMR and the results of theoretical calculations.
si.gnals for the methylene carbons of the BCO unit, which are paqits and Discussion
differentiated from those on the other side of theystem. By
using this technique, we have previously determined the kinetics Synthesis.Syntheses of cyclopentadiene derivatives annelated
of dynamic intra- and intermolecular proton migration in a With bicyclo[2.2.2]octene (BCO) unit§,and6, were conducted
protonated, Wheland-type-complex of tris-BCO-annelated @S shown in Scheme 2. Addition of 0.5 equiv of benzoyl chloride
benzené® The same technique is expected to be applicable to OF pivaloyl chloride to 2-lithiobicyclo[2.2.2]octene, generated
the Cp-M complex annelated with BCO units, if the rate for from 2-bromobicyclo[2.2.2]octene wittert-butyllithium, gave
site exchange of the complexed metal ion, shown by Scheme3-phenyl- or 3tert-butyl-1,4-pentadien-3-ol derivativesor 4,

1, is measurable on the NMR time-scale. This method is respectively. The acid-catalyzed electrocyclization3ofvith
p-toluenesulfonic acif and4 with potassium hydrogenesulfite

(4) Paguette, L. / A'éﬁ?%”’s?&g??'ﬁ%”'85'7%92%5 Feigel, M.; Schleyer,  sing the Dean Stark apparatus afforded phenylcyclopentadiene
(5) Zaegel, F.; Gallucci, J. C.; Meunier, P.; Gautheron, B. Sivik, M. R.; 5in 56% andtert-butylcyclopentadiené in 34% isolated yield

Paquette, L. AJ. Am. Chem. S0d.994 116, 6466-6467. i i ; ;
(6) (a) Bauer, W.: O'Doherty, G. A Schleyer. P. v. R.. Paguette, L1.4m. after chromatographic purification on alumina.

1 (R =Ph)
2 (R = £Bu)

Chem. Soc1991, 113 7093-7100. (b) Bauer, W.; Sivik, M. R.; Friedrich, Of the three conceivable double-bond isomers of the cyclo-
D.; Schleyer, P. v. R.; Paquette, L. ®rganometallics1992 11, 4178- : . . :
4189. (c) Paquette, L. A;; Sivik, M. R.; Bauer, W.; Schleyer, P. v. R. pentadiene system, only one 'fsomelf _Wlth a cyclqpentadlenyl
gr%?nomegamc;lggzg 13, 4969&4927' (d) ﬁ.vgégl\g.lg.g zBoazti%réovay.; proton attached to an asymmetric position was obtained for both
chleyer, P. v. R.; Paquette, L. Arganometallic , . g : : : :
(7) Eiermann, M.. Hafner, KJ. Am. Chem. S04.992 114, 135-140. the phenyl andert-butyl derivatives. For the phenyl derivative
(8) \(/(a/)_f#nz,_ KE PfLIJu%, J.;Bertultelltl,_ Asz';o%tc'zjlclg' Izé:ove\ﬁegzeilgs,(g.;KErker,KG.; 5, the structure was unambiguously determined by X-ray
urthwein, E.-U.Organometallic ), . unz, K.; . .
Erker, G.; Kehr, G.; Fiblich, R. Organometallics2001, 20, 392-400. crystallography (Figure 1), while the structure of teet-butyl
(9) Komatsu, K.Bull. Chem. Soc. Jpr2001, 74, 407-419. derivative was deduced based on the results of theoretical

(10) (a) Komatsu, K.; Akamatsu, H.; Jinbu, Y.; Okamoto J<Am. Chem. Soc. . .
1988 110, 633-634. (b) Komatsu, K.; Aonuma, S.; Jinbu, ¥.; Tsuji, R.;  calculations, as follows. Upon comparison of the total energy

Hirosawa, C.; Takeuchi, KJ. Org. Chem.199] 56, 195-203. (c) (B3LYP/6-31G(d)), the isome6 was calculated to be more
Nishinaga, T.; Komatsu, K.; Sugita, N.; Lindner, H. J.; RichterJ.JAm. 1
Chem. Soc1993 115 11642-11643. (d) Nishinaga, T.; lzukawa, Y.,  Stable thar7 by 2.1 kcal mot?, and also the observed NMR

Komatsu, K.J. Am. Chem. So@00Q 122, 9312-9313. (e) Matsuura, A.; i i
Nishinaga, 7. Komatsu, KI. Am. Chem. S02000 122 1000710016, chemical shifts for the garbons § 145.0, 142.7, 140.9,.139.5).
() Wakamiya, A.; Nishinaga, T.; Komatsu, KChem. Commun2002 were found to be much closer to the calculated chemical shifts

1192-1193. Nishi LTl , R.; Mat VALK It . - -
Lot 2002 4, 1174130, () Wakamiys. A Nishinaga, - Komatss, k. (GIAOIHF/B-31+G(d,p)//B3LYP/6-31G(d)) for6 (6 144.0,

J. Am. Chem. So@002 124, 15038-15050. 141.2, 140.7, 139.0) than to those (6 151.6, 149.1, 148.0,
(11) (a) Breslow, R.; Hill, R.; Wasserman, E.Am. Chem. So&964 86, 5349— 141 6)
5350. (b) Saunders: M.; Berger, R.; Jaffe, A.; McBride, J. M.; O'Nell, J.; e
Breslow, R.; Hoffman, J. M., Jr.; Perchonock, C.; Wasserman, E.; Hutton,
R. S.; Kuck, V. JJ. Am. Chem. S0d.973 95, 3017-3018. (13) Threlkel, R. S.; Bercaw, J. B. Organomet. Cheni977 136, 1-5.
(12) Sitzmann, H.; Bock, H.; Boese, R.; Dezember, T.; Havlas, Z.; Kaim, W.; (14) Erker, G.; van der Zeijden, A. A. FAngew. Chem., Int. Ed. Engl99Q
Moscherosch, M.; Zanathy, . Am. Chem. So993 115 12003-12009. 29, 512-514.
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Figure 1. ORTEP drawing (50% probability) of the molecular structure
of 5.

Scheme 3
LiNEto

NaNH, 1-M (R = Ph)

or KH @ -
5o 6 (' ) 2-M (R = +-Bu)

THF-dg (M= Li, Na, K)

The rather modest isolation yields 6fand 6 are attributed
to inevitable partial decomposition during the purification
process, since the yield of bofhand6 estimated from théH
NMR spectra of the crude products was more than 80%.

By the use of ethyl formate in the first step of Scheme 2
followed by acid-catalyzed cyclization using potassium hydro-
genesulfate, the BCO-annelated cyclopentadiene having no
additional substituent was produced. Unfortunately, however,
the extreme lability of this compound hampered its isola-
tion. Also, the attempted synthesis of the methyl derivative was
not successful due to the possible deprotonation of the methyl
group in the course of the acid-catalyzed cyclization of the
3-methylpentadienol derivative.

As to the preparation of CpLi complexesn-BuLi or MeLi
is commonly used for the deprotonation of cyclopentadienes.
However, in the case of the reactions®and 6, 1 equiv of
either of these reagents was not sufficient to complete the
reaction in THF. Formation of the lithium complexteft-butyl
and phenyl derivative$—Li and 2—Li was so slow that some
of the reagent seemed to be consumed by a side reaction possibly
occurring with the solvent, THF. Thus, lithium diethylamide
was chosen, and the formation df-Li and 2—Li proceeded
quite smoothly in THF. For the sodium and potassium com-
plexes, the use of 1 equiv of sodium amide and potassium
hydride, respectively, was found to be suitable for the depro-
tonation of5 and6 in THF (Scheme 3). In all of these reactions,
the formation of2 was generally much slower than that bf
For example, heating at 5UC for 2 h was required for the  fgyre 2 Thermal ellipsoid (50% probability) drawings showing X-ray
formation of2—Li, while the formation ofl—Li was completed structures of (al—Li(THF)(THF), (b) 1—Na(THF), and (c)2—Na(THF).
at room temperature within a few minutes. Also, sonication at Hydrogen atoms are omitted.
room temperature for 24 h was required for the formation of
2—Na, while sonication fol h was sufficient fod—Na. In the
case of the formation of potassium complexes, the reaction was
completed within a few minutes after mixing the Cp derivatives
with 1 equiv of potassium hydride for bothand 6.

Structures of Cp—M Complexes. Among the six Cp-M
derivativesl—M and 2—M (M = Li, Na, K), single crystals
were obtained forl—Li, 1—Na, and2—Na from their THF
solutions that were sealed under vacuum and kept in a freezers) Jutzi, P.; Leffers, W.: Hampel, B.; Pohl, S.; Saak, Atigew. Chem., Int.
(=20 °C) for 4 to 6 days. The precise structures of these Ed. Engl.1987 26, 583-584.

. (16) Evans, W. J.; Boyle, T. J.; Ziller, J. V@rganometallics1992 11, 3903~
complexes were determined by X-ray crystallography. As shown 3907.

RM+

in Figure 2, all of these three complexes formed monomeric
contact ion pairs (CIPs) with two to three THF molecules
coordinated to the metal ion. In general, the solid-state structure
of Cp—alkali metal complexes, crystallized from nonpolar
solvents, is known to be composed of one-dimensional poly-
meric chains with super-sandwich structures of alternating Cp
anions and metal catioAg>17 These polymeric chains of the

7326 J. AM. CHEM. SOC. = VOL. 125, NO. 24, 2003



Cyclopentadienyl-Lithium, -Sodium, and -Potassium ARTICLES

and electronically stabilized by three trimethylsilyl substituents,
showed that only one THF molecule can be coordinated to the
Li* ion.1®

In support of the above interpretation, according to the
theoretical calculations (B3LYP/6-31G(d)) conducted for
1-Li(Me,0); and2—Li(Me,0); using dimethyl ether as a model
ligand in place of THF for simplification of the calculations
(Figure 3), only two molecules of the M@ ligand are directly
coordinated to L, while another one is separated with a0
distance of 4.584 A fod and 4.910 A for2. This long Li-O
distance calculated fot—Li(Me,O)s is in reasonably good
agreement with the observed value forLi(THF),(THF) (see
above). This result also indicates that the present calculation
using MeO as a model ligand is valid for the examination of
structural features and probably for the estimation of the
stabilization energies occurring with ligand coordination as well.
Hence, we used M® as a model of THF for all the theoretical
calculations in the present study.

Despite the long L+0O distance observed between the third
THF molecule and—Li, some stabilizing interaction between
the separated THF molecule and'lion seems to be present,
judging from the energy differences betweHpor 2)—Li, 1(or
2)—Li(Me20),, andl (or 2)—Li(Me,0); obtained by theoretical
calculations (B3LYP/6-31G(d)), as described below.

The stabilization energy by ligand coordination was calculated
for equations (1) to (4). It is clearly shown that considerable
stabilization energies are obtained with the coordination of two
Me,O molecules to botli—Li and 2—Li (egs 1 and 2):

Figure 3. The optimized structures of (&)-Li(Me20); and (b)2—Li(Me20)s
at the B3LYP/6-31G(d) level. 1-Li + 2 (Me,0) — 1—-Li(Me,0),

Li complexes are broken up into monomers even in moderately __ 1

polar solvents such as THF, while partly solvated polymeric AE 27.7 keal mol @
chains are still formed in most single crystals of Na and K 2 Li + 2 (Me,O)— 2—Li(Me.O

complexes obtained from THFOnNly one example of the K (Me;0) (Me0)

salt of a pentabenzyl Cp derivative crystallized from a THF AE, = —23.2 kcal mor? 2)

solution has been reported to form a monomeric CIP in the solid
state'® In this case, the 5-fold substitution with such bulky  Furthermore, some additional stabilization energy was found
groups on the Cp ring is considered to have prevented theto result from coordination of the third ligand, despite the longer
formation of polymer chains. For the same reason, the Na Li—O distance (eqgs 3 and 4):
complexes ofl and 2, as well as the Li complex of, are
supposed to form monomeric CIPs rather than solvated poly- 1-Li(Me,0), + (Me,0) — 1—-Li(Me,0),
meric chains.

The number of THF molecules directly coordinated to Li
ion in 1 was shown to be two, while that i—Na and2—Na
was three. In thel—Li complex, the third THF molecule is

AE; = —2.9 kcal morl* ©))

2-Li(Me,0), + (Me,0) — 2—Li(Me,0),

located in a remote position with a+0 distance of 4.857 A. AE. — —2.6 keal 1
= —-2. mol 4

This difference in the mode of coordination is attributed to the 4 6 kcal mo (4)

difference in both the g-M and M-O distances. The Another notable structural feature of these complexes is the

distances of g,—Li and Li—O in thel—Li complex involving distances between each carbon of the Cp ringX@nd the

two directly coordinated THF molecules (averaged values, 2.288 yqtal ion. The averaged values of observeg-@ distances

and 1.997 A, respectively) are considerably shorter than thosege jisted in Table 1 together with those obtained by theoretical
of Cep—Na and Na-O in the2—Na complex (averaged values,  cajcylations (B3LYP/6-31G(d)). It is known that thes &M

2.760 and 2.377 A, respectively), and hence these two tightly gistance is influenced both by the substituents on the Cp ring
coordinated THF molecules ib—Li must prevent the direct  gnq py the type and number of ligands. In general, electron-
coordination of the third THF molecule. In this connection, it gjeasing substituents destabilize the Cp anion and hence shorten
should be noted that the X-ray structure of 1,2,448IpCp— the C,—M distances, thus reducing polarization of thg,€M

Li crystallized from THF, in which the Cp anion is kinetically  ponds; in contrast, increasing the number of ligands on the metal
causes an elongation ofcz-M distances. Upon comparison

(17) Dinnebier, R. E.; Behrens, U.; Olbrich, BrganometallicsL997, 16, 3855~
3858

(18) Lorbérth, J.; Shin, S.-H.; Wocadlo, S.; Massa,Aligew. Chem., Int. Ed. (19) Jdutzi, P.; Leffers, W.; Pohl, S.; Saak, Whem. Ber1989 122 1449~
Engl. 1989 28, 735-736. 1456
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Table 1. Averaged Ccp—M and M—O Distances of 1—M(ligand), Table 2. Calculated Charge Distribution Obtained as Natural
and 2—M(ligand), Charge? for 1-M(Me;0), and 2—M(Me20),
number of number of charge density
compd method ligand? (n) CepM (B) M-0 (A) compd Me;O (n) M (Me;0)s
1-Li X-ray 2(+1) 2.288 1.997 (4.857) 1—Li 0 0.925 _
caled? 0 2113 - 3 0.894 0.041
calcd 2(+1) 2.270 2.088 (4.584) 1-Na 0 0.936 _
1-Na X-ray 3 2.760 2.377 3 0.901 0.040
calcd 0 2.527 - 1-K 0 0.954 _
calcd 3 2.707 2.429 3 0.913 0.041
1-K calccP 0 2.908 - 2—Li 0 0.918 —
calcd 3 3.028 2.773 3 0.892 0.038
2—Li calccP 0 2.105 - 2—Na 0 0.931 _
calcd 2(+1) 2.264 2.151 (4.910) 3 0.897 0.040
2-Na  Xay 3 2.720 2.413 2 K 0 0951 _
caled? 0 2521 - 3 0.907 0.043
calcd 3 2.699 2.499
2-K f;zllzﬁ g ggg; 836 2 Obtained by natural population analysis (B3LYP/6-31G(d)).

aThe ligand for the X-ray analysis was THF while dimethyl ether was
used as a model ligand for calculatioAB3LYP/6-31G(d).

of the observed structures of Na complexesNa(THF) and
2—Na(THF), the averaged length of gg—M bonds for the (@)
derivative with the electron-releasitert-butyl group was found

to be shorter than that in the phenyl derivative by 0.04 A, as
expected. Furthermore, the theoretical calculations indicated
shorter G,—M distances fo2—M in comparison with1—M, llo

irrespective of the absence or presence of the ligand. Thus, a y; o~
tert-butyl substituent of the Cp ring causes formation of a tighter e rrrane—" i
Cp—M complex than does a phenyl substituent, although the

. . ; 31 30 29
effect is not large. Elongation of the €M distance upon & (ppm)

increases in the number of ligand was also supported by the
calculations. .
In contrast to the g—M distance, the averaged distance N

between the metal ion and oxygen atom of the ligand, theM
distance, showed a reversed tendency. Thus, the observ€d M
distance in2—Na(THF) was longer than that ihi—Na(THF)
(Table 1), and the same tendency was also found in the
calculated structures for oth&r-M(Me,0); and2—M(Me;0)3 \‘M »
complexes. This increase is again ascribed to the substituent | _ i —
effect on the charge of the Cp ring. As mentioned above, the 32 31 30 29
tert-butyl substituent suppresses the polarization between the 8 (ppm)
Cp moiety and the metal. As a result, the less positively charged Figure 4. The expanded®C NMR for (a)1-Li and (b)2-Liat 30°C in
metal in2—M, as compared witd—M, would lengthen the ~ THF-ds. [1Li] = [2-Li] = 0.2 M. The signals marked witt and A

. . correspond to methylene cabons, and that marked @itlorresponds to
M—O distance. To more accurately estimate the metal's priggehead carbons of the BCO units.
charge®® natural population analysis was performed. As shown
in Table 2, the aforementioned presumption is supported by the
comparison of the calculated charge distributionlefM and
2—M both in the absence and presence of thex®Mégand.
The metal ion’s charge iB—M was found to be slightly lower
than that inl—M both in the absence and presence of the ligand.

Dynamic Behavior. The Cp-Li Complexes. First, the

dynamic behavior of the BCO-annelated cyclopentadienyl-
lithium complexes having phenyl andrt-butyl groups {—Li
and2—Li) was investigated by the variable-temperature NMR
technique. In thé*C NMR spectrum oR—Li in THF-dg at 30
°C, the signals for the methylene carbons in the BCO units
(marked withO andA) showed four signals at 31.5, 30.8, 30.2,
and 29.8 ppm, while the signals for the bridgehead carbons
(marked with®) showed only two signals (Figure 4b). This

indicates that the environments of the upper and lower faces of
the Cp ring of2 are nonequivalent under these conditions, most
probably due to the static coordination with the' lion on one
face. In contrast, the methylene carbond.eLi (marked with

O andA) were observed as two broad signals at 30.6 and 30.0
ppm (Figure 4a) under the same conditions, while the signals
for the bridgehead carbons (marked w@) remained as two
sharp signals. As shown in Figure 5a, these two broad signals
were split into four signals at a lower temperatures( °C).

This clearly indicates that the dynamic behavior in fheli
complex shown in Scheme 1, which is fast at°8) becomes
slow to make the upper- and lower-face methylene signals
distinguishable on the NMR time-scale at lower temperatures.
During the variable-temperature measurements, no apparent
change was observed for other signals, i.e., those for Cp-ring

(20) Lamberet, C.; Schleyer, P. v. Rngew. Chem., Int. Ed. Engl994 33, carbons@ 118.3,118.0, 108'3) and bridgehead carbdrﬁq.G,
1129-1140. 29.8).

7328 J. AM. CHEM. SOC. = VOL. 125, NO. 24, 2003



Cyclopentadienyl-Lithium, -Sodium, and -Potassium ARTICLES

(a) (b)
40°C k=2800 s~ 8 “I\ @
C S
P - 7 .,

- 5 .
20°C k= 1800 £ 6
5 t 3
L‘MUMAAW,.,.‘M A \\
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Figure 6. Arrhenius plot of the kinetic data obtained by the line-shape
analysis (Figure 5) fol—Li in THF-ds.

. k= 60
A' Table 3. Thermodynamic Parameters (25 °C) for the Dynamic
AN AN Processes of 1—M and 2—M in THF-dg
ey | , d fk AHF (kcal mol~* AS* AG* (kcal mol~*
& » % s atiteol comp type of (kcal mol™%) (eu) (kcal mol~1)
d (ppm) 1-Li k2 46+0.4 —27+2 12.6£ 0.1
iBr)b —
Figure 5. Temperature-dependent (a) experimental and (b) simulétzd E}(IIL‘;S:)C ggi ég —gsl)i 2 ﬁ(?)i 83
NMR spectra ofl—Li in THF-dg. The signals marked witld and A 1-Na kg ) 08404 _38192 121+ 092
correspond to methylene cabons, and that marked @itlorresponds to la ' ’ ’ '
bridgehead carbons of the BCO units—Li] = 0.1 M 1=K ky 15+13 —35+6 12.0+£0.4
' ' ' 2—Li K (+LiBr)d 7.0+ 2.3 —25+7 145+ 0.1
. . . 2—Na k2 04+1.4 —45+7 13.7+ 0.7
On the other hand, in th&. NMR only a sharp signal was k;e 07407 3744 11.94 0.4
observed at-7.34 ppm forl—Li and at—8.60 ppm for2—Li 2—K kq? 52+1.1 —254+5 12.7+ 0.5
at room temperature, and no broadening was observed upon ka* 6.8+0.8 -13+3 10.7+0.2

cooling to—90 °C. The observed.i NMR chemical shifts are . . .

. . aFor intramolecular exchang@For intramolecular exchange in the
comparable to previously reported values for monomeric CIP presence of added LiBr; obtained from ecf&or external exchange with
of cyclopentadienyllithium (—8_60 ppm) and isodicyclopenta- LiBr; _obtained from eq 59 For exter_nal exchange; obtained from eq 6.
dienyllithium (—8.30 ppm) in THFes,* suggesting that—Li e For intermolecular exchange; obtained from eq 7.
and2—Li are also present as monomeric CIPs in THF both at
30 °C and at—90 °C in the ground state. The sandwich-type
dimer, which had been observed in other-Qithium deriva-
tives#6-8 was not detected in the low-temperattieand 13C
NMR measurements df—Li and 2—Li.

The rate of dynamic process showed no detectable depen
ence onl—Li in concentrations at a range from 0.05 to 0.2 M,
suggesting that the site exchange of the lion in 1—Li
proceeds dominantly as an intramolecular process. Therefore,
the observed rate constaid) pbtained by line-shape analysis
(Figure 5) would be approximately equal to the rate constant

solvent molecules per tiion? whereas only two THF
molecules are directly bound to ‘Lion in the solid state of
1-Li (Figure 2a). Therefore, at least two additional THF
molecules are supposed to lose a degree of freedom in the
OI_formation of SSIP if we assume that the ground-state structure
is similar to that in the solid-state. In addition, the charge on
the Cp ring in CIP that was calculated to be0.935 is
considered to become more negative upon separation of the
cation (upon formation of SSIP), and greater solvation should
be required for the more negatively charged Cp ring. These

of the internal exchangek, s%; the inset of Figure 6} The suppositions are all in agreement with the highly negative value

thermodynamic parameters (26) of the dynamic process in of AS".

1-Li obtained by the line-shape analysis and Arrhenius plot N contrast, the intramolecular Liexchange in2—Li was
(Figure 6) are: AH* = 4.6 + 0.4 kcal mot® andAS = —27 too slow in THF at 30°C to be observed on the NMR time-

scale. This is ascribed partly to the electronic effect ofténre

butyl substituent that makes the €pi bonds stronger as
described above. This hypothesis is in agreement with the results
of a comparison of the calculated dissociation energy (B3LYP/
6-31G(d)) of the solvent-coordinated CIPs shown in eq 11 and

+ 2 eu (Table 3). The large negative value A%" indicates
that a highly ordered molecular assembly is involved in the
transition state of the tiexchange. However, any aggregation
of 1—Li in the transition state is unlikely because no concentra-
tion-dependence was observed f@r! Rather, the transition * - '
state is considered to involve an assembly of solvent molecules, 1 2ble 8 (see below: Thus, the dissociation df—Li(Me20)s
probably due to the formation of a solvent-separated ion pair (72-7 kcal mof®; Table 8) was calculated to be more
(SSIP), although the ground-state structureleLi is a CIP. endothermic than that of—Li(Me;0)s (+70.3 kcal mof™;

Normally, a solvated Li-ion assembly in THF consists of four ~ 12able 8) by 2.4 keal mof. o o

Although tert-butyl derivative 2—Li did not exhibit any

(21) One referee suggested that this dynamic process might involve an associativentramolecular dynamic behavior in tAe&C NMR spectrum at
mechanism where a tiion adds tol—Li to form an inverse sandwich
cation that then decomposes by subsequentlissociation. However, such
mechanism can be ruled out from the following reasons. First, no rate (22) The values of dissociation energies shown in Table 4 are much larger than

dependence on the concentration IofLi was observed at all for this the observed values @fH* because any stabilizing interaction between
process. Second, the concentration of a frekitih that could participate the Cp anion and Li(Me;0), and also the solvation energy of the Cp

in the formation of such an inverse sandwich cation should be quite low in anion are neglected. With respect to the importance of the former interaction,
the absence of added Li salt, as judged fromtheNMR measurements, MNDO calculations have shown that the stabilization energy for the
and furthermore, the overall value was found to be not so sensitive to interaction between isodicyclopentadienide ion and(HpO)s in SSIP

the concentration of added Li salts. would be—58.6 kcal mot?! in a previous study by Paquette et*al.
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Table 4. Kinetic Data for Internal and External Metal Exchange
for 1—Li in the Absence and Presence of Added LiBr

temp (°C) ki (s7) ki (s7) k'® (L mol~ts7?)
40 2800+ 300 - -
20 1800+ 200 1500+ 500 16800+ 3000
0 750+ 100 780+ 260 6600+ 1300
—20 480+ 75 470+ 190 2100+ 780
—40 140+ 15 140+ 56 980+ 270
—60 60+ 10 60+ 17 310+ 86

aValues obtained in the absence of LiBvalues obtained from eq 5 in
the presence of added LiBr.

Table 5. Kinetic Data for External Metal Exchange for 2—Li
Obtained from Eq 6

temp (°C) k' (L mol~ts7?)
60 560+ 140
50 370+ 86
40 280+ 62
30 170+ 46
10 66+ 23
0 47+ 15

Table 6. Kinetic Data for the Metal-lon Site Exchange of 1—Na
and 2—Na in THF

temp (°C) Kia-na) (877) Kie-na (577 Kae—na™ (L Mol s7%)
—20 5800+ 600 460+ 220 7600+ 1900
—40 4100+ 460 360+ 160 57004 1300
—60 3100+ 450 310+ 140 4900+ 1100
—80 2400+ 310 260+ 100 3700+ 730
—100 1500+ 260 174+ 100 2100+ 780

aValues obtained from eq 7 (M Na).

Table 7. Kinetic Data for the Metal-lon Site Exchange of 1—K and
2—Kin THF

temp (°C) kia) (s7) kie-k? (s71) Kok (LMol ™t s77)
0 — 15004+ 580 225004 5000
—20 5300+ 1200 4304+ 150 10500+ 1500
—40 3300+ 1200 176750 40004 750
—60 2500+ 770 45+ 12 600+ 100
—80 1400+ 770 18+ 4 88+ 33
—-100 750+ 390 - -

aValues obtained from eq 7 (M K).

Table 8. Calculated Dissociation Energy for Cpo—M (AEi1 in Eq
11) and Calculated Energy for Formation of (Cp—M—Cp)~ (AEx2 in
Eq 12)

Cp-M AE; (kcal mol™t) AE, (kcal mol~t)
1-Li +70.3 +69.2
1-Na +73.9 +71.0
1-K +75.1 +69.8
2—Li +72.7 +70.7
2—Na +75.8 +69.5
2—-K +78.2 +69.7

30 °C (Figure 4b), when LiBr was added #-Li in THF-ds,
an intermolecular L exchange could be observed, as shown

in Figure 7. The exchange rate was independent of the

concentration of2—Li in the range from 0.1 to 0.2 M, but

increased in proportion to the concentration of the added LiBr

in the range from 0.1 to 0.4 M (Figure 8a).
Also in the case of phenyl derivative-Li, a similar rate-

(a) (b)

60 °C k=135 s

I o
40°C k=65
WVWMW\_JLV NN
LY k=19
0°C k=118
A 00 &

JAL

Figure 7. Temperature-dependent (a) experimental and (b) simuld@&d
NMR spectra oR—Li in THF-dg in the presence of 0.2 M LiBr. The signals
marked withO and A correspond to methylene cabons, and that marked
with @ corresponds to bridgehead carbons of the BCO urditsL{] = 0.2

M.

v’

32 31 30 29 ppm

(a)
" I
15
= 10 i i
s 3
0.1 0.2 03 0.4
[LiBr] (mM)

(b)
6 EII
@ t
= k’f
@ ‘1

1000/T

Figure 8. (a) The rat&k vs [LiBr] plot (T = 278 K) and (b) Arrhenius plot
of the kinetic data obtained by the line-shape analysis (Figure 7)-fai
in THF-dg in the presence of added LiBr.

In k

=

to 0.4 M (Figure 9a). Accordingly, the rate for the exchange
with external Li ion (k', L mol~1 s71) can be expressed as the
inclination in the plot of thek value against the concentration
of LiBr in eqs 5 and 6, and was actually determined at the
temperature range from 0 to 6C for 2—Li and from —60 to

20 °C for 1—Li. The results are shown in Tables 4 and 5

KoLy = Kyg—1jy T K q-pp[LiBr] %)

Ko-Liy = K - [LiBI] (6)

acceleration was observed when LiBr was added. The observed The activation parameters for the internal and external Li

rate k) was again independent of the concentratiod-eL.i in

exchange processes obtained from the Arrhenius plots (Figures

the concentration range from 0.05 to 0.2 M but increased in 8 and 9) usindu - andk -, determined by eq 5, and using

proportion to the concentration of LiBr in the range from 0.05
7330 J. AM. CHEM. SOC. ® VOL. 125, NO. 24, 2003
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(a) 4000 s -20°C k=825s""
3000
t
<¢ 2000 3
1000 % : -40°C k =650
0 ‘L
0 02 0.4 0.6
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-80°C k=450
9 i K % ! N
8 5 -100°C k=268
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= i $ N it
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5 @ f ) Figure 10. Temperature-dependent (a) experimental and (b) simulétzd
4 ~3 NMR spectra of2—Na in THF-dg. The signals marked witl® and A
) correspond to methylene cabons, and that marked @itlorresponds to
3 3 4 5 bridgehead carbons of the BCO unit&—Na] = 0.055 M.
1000/T
Figure 9. (a) The ratek vs [LiBr] plot (T = 278 K) and (b) Arrhenius plot @ 3
of the kinetic data obtained by the line-shape analysid feli in THF-dg 2
in the presence of added LiBr. = {
=
Zo 3 t
AH* and AS' values obtained frorkya-Lj) using eq 5 were in < | d
agreement, within the experimental error, with those obtained . .
from kia-1jy in the absence of external LiBr, supporting the 005 01 015 02
validity of the present treatment of the kinetic data according [2-Na] (mM)
to eq 5. Upon comparison of the activation parameters obtained
based on the internak{) and externalK) exchange rates of (b)
1-Li, we notice that very large negative values &S are ? : I3
observed for both cases and that the valuedldf and AG* 8 @' i f
are rather similar. These results may suggest that the transition o 7 )"ﬁ
states for the both internal and external exchanges involve a =
similar dissociation process of the €pi bonds, which is 6 % f f f
accompanied by the high degree of solvation of the ionic species. 5 p f
In this respect, the largekH* obtained for2—Li (7.0 & 2.3 4 2
kcal mofY) than that forl—Li (5.5 4+ 0.9 kcal mot?) is
apparently consistent with the larger calculated dissociation 4 5 P
energy ofAE in eq 11 for2—Li than that for1—Li, as shown 1000/T
in Table 8 (see below). Figure 11. (a) Dependence of the observed ratgpon P—Na] (T = 258

The Cp—Na and Cp—K Complexes. For sodium and K) and (b) Arrhenius plot of the kinetic data obtained by the line-shape
potassium complexes of and 2, dynamic site exchange 2analysis (Figure 10) and eq 7 in THE: ki in s™ ke in L mol™ s
behavior of the metal ion similar to that ir-Li was observed
upon variable-temperatuféC NMR measurements at a tem-
perature range from 20 te100 °C. The observedC NMR
spectra and the results of line-shape analysis fotahebutyl-
substituted derivative2—Na and2—K are shown in Figures
10 and 12 (see the Supporting Information for the line-shape gy change is dominant, just as in the casd-et.i. In contrast,
analysis ofl—Na and1-K). In the spectra o—K (Figure the exchange rate @&—Na and2—K was found to increase in
12a), the split signals for the methylene carbons were observed, |inear relationship with the concentration#M, as shown

at —100 °C, while the splitting was not complete fdrNa, in Figures 11a and 13a. From these results, the obségyag
1-K, and2—Na in THF, even at-100°C. However, when a can be expressed as eq 7:

1:1 mixture of THFds and tolueneds was used as solvent, the

intramoleculer site exchange was found to slow, and the k(z_M) = kl(Z—M)+ k, (2—M)[2_M] (M =Na, K) (7)
methylene carbons could be observed as split signals. This

splitting of the methylene signals implies that CIPs are formed  The rate constark; obtained from eq 7, i.e., the intercept in

in the ground state for the Na and K complexes in THF similarly the linear plots ok against the concentration @M, should

to the Li complexes. Also, in all the dynami#C NMR spectra, correspond to the rate for the concentration-independent intra-
only one set of signals for the Cp-ring carbons was observed, molecular process, i.e., the internal site exchange. On the other

indicating that the equilibrium with the SSIP or sandwich-type
dimer was also negligible in Na and K complexes.

Among these complexes, phersubstituted derivatives—Na
and1—K showed no detectable dependence on the concentration
of 1—M ranging from 0.05 to 0.2 M, suggesting that the internal
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hand, the rate constaks, obtained as the inclination of the

(b)

plot, should reflect the intermolecular process, i.e., the external . k= 2500 &'
site exchange such as that proceeding through formation of a \J 0c \
sandwich-type dimer in the transition state. The kinetic data ! - —
(k; and kp) for 1-Na and2—Na and for1—K and 2—K are
shown in Tables 6 and 7. The Arrhenius plots of the kinetic | 40 °C ﬂ k=350
data for bothk; ;- andk; 2—wy are shown in Figures 11b and . .
13b. N
The thermodynamic parameters thus obtained for Na and K _e0°C k=70
complexes ofl. and2 are also shown in Table 3. The values of ﬂ
AH* andAS' include relatively large errors fdr—K and2—Na. PSS
Therefore, the discussion of the dynamic behavior of Li, Na, eI
and K complexes of and2 will hereafter be made on the basis
of the values ofAG*. Upon comparison of the results obtained S100°C_ _- k=20

from the rate constark; (internal exchange), it is to be noted
that the values foAG* are quite similar fol—Li (12.6 + 0.1
kcal mofl?), 1—Na (12.1+ 0.2 kcal mot?), and1—K (12.0+
1

0.4 keal _mOT )- . . . Figure 12. Temperature-dependent (a) experimental and (b) simulétzd

The kinetic process fok; is considered to consist of the  NMR spectra of2—K in THF-ds. The signals marked with O and
following steps: that is, (1) a change from CIP to SSIP, which correspond to methylene cabons and that marked witbrresponds to
involves the dissociation of GEM to Cp~ and M' with the bridgehead carbons of the BCO unit8—K] = 0.05 M.
simultaneous solvation of both ions; (2) site exchange of the

ey

29 ppm

| IN Y
I
33 32 31 30

-
&)

MT ion within the SSIP in the transition state; and (3) 5 3
recombination to give the CpM complex with the M ion at g 4 3
the site opposite to the original complex. The observed value S 3 3
of AG* is apparently related to steps 1 and 2, and step 1 can be S 2
simply divided into the dissociation of M and the solvation 1
of the resulting ions. Theoretical calculations (B3LYP/6-31G(d))
then afford the following values for the dissociation step (eqs 005 01 015
8 and 9): [2-K] (mM)
1-M —1+M* ®) ® el .
1 1. 1. 9. E @
AEg (M =i, 162.7 kcal mol ; Na, 131.6 kcal mol; . N \
8 - =
K, 110.9 kcal mor?) S <
PERARN 3N R
- - + - 6 \\\— A -,
2-M—2+M 9) s, &= . :
AE, (M =Li, 170.0 kcal mol; Na, 137.5 kcal mol; 4 B b
K, 115.4 kcal mol®) 3 2 E
Apparently the dissociation energy decreases by 20 to 30 kcal 3 4 1000/ 3 6

mol~! as the size of the alkali metal becomes larger. On the

other hand, the calculations predict the following stabilization E"g“’edli; ’(Aa)hDePe”d'IentcefC;Lthi,‘)bts_erge? rﬁ'g)‘?” g_bK]tI('\TT 273h
energies for solvation of the metal ion: ) and (b) Arrhenius plot of the kinetic data obtained by the line-shape

analysis (Figure 12) and eq 10 in THig:-ky in s7%; ko in L mol~1 s71,

M* + 4(Me,0), —~ M*(Me,0), (10) compensation results in the small difference in the calculated
energy for dissociation of solvent-coordinatéetM or 2—M
into Cp~ and solvent-coordinated Min eq 11 (summarized in
Table 8), which is in agreement with the experimentally
observed small difference in th&G* value of the internal
These calculated energies of the solvation are in reasonableexchange for all the GpM complexes. Consequently, this also
qualitative agreement with the experimentally determined values jmpjies that the difference inG* for the metal-ion site exchange
(Li, —104.7 kcal mot%;23aNa, —71.1 kcal mol%;230 K, —56.9 (step (2)) in SSIP would be negligible

kcal mol! 239 and are again shown to decrease as the size of

(M = Li, —122.9 kcal mol*;
Na, —94.7 kcal mol'%; K, —67.7 kcal mol?)

AE,,

the metal increases. Therefore, the higher dissociation energy Cp—M(Me,O), + Me,O — Cp + M*(MeZO)4 AE,;
in Cp—M for the smaller metal ion is counterbalanced by the
higher stabilization of the solvation of the metal #hThis (Cp =1,2 (12)

As for the intermolecular procesk;], the transition state
would possibly involve the sandwich-type dimer. To see the
feasibility of such dimer formation, the optimized structure of

(23) (a) More, M. B.; Glendening, E. D.; Ray, D.; Feller, D.; Armentrout, P. B.
J. Phys. Chem1996 100, 1605-1614. (b) More, M. B.; Ray, D.;
Armentrout, P. BJ. Phys. Chem. A997 101, 831-839. (c) More, M.
B.; Ray, D.; Armentrout, P. BJ. Phys. Chem. A997, 101, 4254-4262.
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dimer. Finally, we note that the formation of lithocene has been
shown to be unfavorable compared with sodocene by the
previous ab initio calculation®. This finding can be explained

by the stronger repulsive interaction between the Cp rings in
the lithocene anion, which is due to the smallerCpdistance.

This calculation result is also consistent with our present
observation that the intermolecular exchange was not detected
in the dynamic process @&—Li.

Conclusion

We have for the first time succeeded in the direct NMR
observation of dynamic behaviors of €pa and Cp-K
Figure 14. Optimized structure (B3LYP/6-31G(d)) oR{Na—2)~ ex- complexes in THFdg solution by the use of the structural
pressed as (a) a stick model and (b) a space filling model. modification of the Cp ring with bicyclic frameworks. The €p

) ) alkali metal complexed—M and 2—M were found to form

the sandwich dimerx-M—2)~ was calculated at the B3LYP/  yonomeric CIPs in the ground state, and the metals of CIPs
6-31G(d) level of theory, together witi{M—1)" for com- are considered to exchange position between the upper and lower
parison. Of these, the optimized structure 8f-Na—2)" is faces of the Cp ring dominantly via an intramolecular process
shown in Figure 14 as an example (for the optimized structures i, sojution. The difference in the activation energy for this
of the rest of {-—M—1)" and @-M—2)" see the Supporting  ihiramolecular exchange process was found to be quite small

Information). In the structure shown in Figure 14, the twd- (less than 2 kcal mob) for the complexed—M and 2—M (M
b_utyl groups take a _staggered ori_entation to minimize t_he steric — Li, Na, K), with a slight tendency to increase with decreases
hindrance. The Naion is sandwiched by the two Cprings in the size of the metal. This is in contrast to the large difference

with the averaged distance foeg-Na of 2.75 A. This distance i, gissociation energy calculated for these complexes with
is comparable to the observed value (2.63 A) previously reported increases in the metal size (by-280 kcal mot for the change

for the (Cp-Na—Cp)" complex?* The energy for formation of ¢ | j — Na and Na— K). This large difference seems to be
the sandwich-type dimer from the solvent-coordinated complex ¢qynterbalanced by the change in the solvation energy of each
Cp—M(Mez0)s, including bothl and2, defined as eq 12, was  of the dissociated metal ions, which should be larger for smaller
calculated, and the results are also shown in Table 8 metal ions, as has also been demonstrated by theoretical

2 Cp—-M(Me,0), —~ calculations.

(CpP—-M—Cp)” + 2 Me,O + M+(MeZO)4 AE,, (12) Experimental Section
General. 'H and 3C NMR spectra were recorded on a Varian
The dimer formation in eq 12 was calculated to be highly Mercury-300 spectrometer. Variable temperatti@ and’Li NMR
endothermic. This would also be principally due to neglect of measurements were performed on a JEOL JNM-AL400 spectrometer.
the stabilizing interaction between the dimer anion and the Chemical Shifts ofH and**C NMR are reported in parts per million
solvent-coordinated cation, MMe,O),. With regard to this, the ~ With reference to tetramethylsilane using the signals of GldGi-CH,
stabilization caused by an interaction between the lithocene- g‘; ;'7'"2 %ﬁ%%’&‘i”i;ﬁﬁsﬁy?ﬁﬁ; ?Hiiﬁgn’\g:’ga%‘;?dzf'%Br
\tzz: sdf:g]vi:] (t)c]: E:ilgy; ll?(?;n;%?le r;gso?(;g;u:lé(t)gé Irr:ai?tlspof was used inLi NMR. Mass spectra (El) were taken on JEOL JMS-
) L HX110 or JIMS700 spectrometers.

previously reported MNDO calculatiorisThe values ofAE;, All reactions were conducted under a dry argon atmosphere unless
calculated for all the complexes €M were found to be almost  gtherwise indicated. Ether, THF, and, toluene were distilled over
identical, regardless of the kind of metal (M) and Qmfd2). benzophenone ketyl under Mtmosphere. Lithium diethylamide was
In contrast, for the process expressed in eq 11, the dissociatiorprepared from diethylamine ameBuLi in hexane and dried under high
energyAE;; increased as the size of the metal increased, and vacuum. Commercially available sodium amide (50 wt % suspension
the values for theert-butyl derivative2 are larger than those  in toluene) and potassium hydride (30% in mineral oil) were washed
for the phenyl derivativel. Therefore, assuming that the several times with dry pentane in a dry glovebox before use. Alumina
stabilization energy due to the interaction betweehavid Cpr (ICN alkali a}ctivated grade_ I) was deactivated by adding 6 wt % pf
or M* and (Cp-M—Cp)~ in SSIP is similar irrespective of the wgter and VIgorou_sI_y s_haklng. Other reagents were used as received
type of the metat® the calculation results appear to indicate without further purmc_atlon. o

. . . . Method of Calculations. Optimization of structures was performed
that th‘? dimer formanc_m becomes more f‘?‘c"e as the size of the using Gaussian 98 prograthsit B3LYP/6-31G(d) levels of density
metal increases and is more favorable2ithan in1. These
calculation results are consistent with the acceleration of site (26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
exchange by an intermolecular process being observed only for é-: EheBeusgnS?nj J.CR.;D Zaakrﬁgnlsgi,_vmﬁg nﬁ"%”t%ﬁ"f"éf!n’iiﬁg .J.AAi:;) S_,trKaJré}ﬁnn,
2—Na and 2—K, and therefore the transition state of the K. N.; Strain, !\A.'c.;'i:arkgg, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
intermolecular process was likely to involve the sandwich-type ~ R- Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

(24) Harder, S.; Prosenc, M. H.; Rief, Organometallics1996 15, 118-122. J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
(25) Such an assumption seems reasonable because, in the SSIPs, there would =~ Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
not be much difference in the distance between the positively charged metal C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
and the negatively charged Cp ring, which are separated only by the Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
common solvent of the same size and would be almost identical irrespective Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98 Revision A.5;
of the type of the metal. Gaussian, Inc.: Pittsburgh, PA, 1998.
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functional theory. For determination of the energy difference in eqs
1-4 and 8-12, the total energies for each optimized structure were
used.

Phenylcyclopentadiene 5A 1.6 M solution oftert—BulLi in pentane
(20 mL, 32 mmol) was added dropwise to a stirred solution of
2-bromobicyclo[2.2.2]octerd® (2.99 g, 16.0 mmol) in 30 mL of dry
ether under argon at C. After stirring for 5 min at 0°C, benzoyl
chloride (0.95 mL, 8.18 mmol) was added dropwise. The mixture was
stirred for 10 min and then allowed to warm to room temperature. After
stirring for 2 h, the reaction was quenched with water and the mixture
was extracted with ether and dried over MgSRemoval of the solvent
in vacuo gave crude 3-phenyl-1,4-pentadien-3-ol derivadivg.5 g,
98%) as a pale yellow oil*H NMR (300 MHz, CDC}) 6 7.5-7.2
(m, 5H), 6.00 (dd, 2H), 2.61 (bs, 2H), 2.52 (bs, 2H)-2@8 (m, 16H).
The crude3 was sensitive to an acid and used for next step without
further purification. To a solution a8 (2.5 g, 7.8 mmol) in 40 mL of

ether under argon at room temperature was added dropwise a solutio

of p-toluenesulfonic acid (166.4 mg, 0.876 mmol) in 40 mL of ether
quickly, and the mixture was stirred for 1 h. After removal of the solvent
in vacuo, the mixture was purified by column chromatography over
deactivated AIO; eluted with hexane to givé (1.36 g, 56.2%) as a
colorless solid: mp 98100 °C; *H NMR (300 MHz, CDC}) ¢ 7.30

(m, 2H), 7.28 (m, 2H), 7.08 (m, 1H), 3.64 (s, 1H), 3.16 (t, 1H), 2.77
(t, 1H), 2.70 (t, 1H), 2.18 (bs, 1H), 2.7 (m, 16H);3C NMR (75.5
MHz, CDCL) 6 149.2, 144.9, 143.0, 137.6, 132.4, 128.4, 126.6, 124.6,

1-Li: 'H NMR (300 MHz, THFds) 6 7.28 (m, 2H), 7.11 (m, 2H),
6.75 (m, 1H), 3.34 (bs, 2H), 2.96 (bs, 2H), 1.74 (m, 8H), 1.30 (m,
8H); 13C NMR (75.5 MHz)6 142.7, 128.1, 127.5, 120.8, 118.0, 117.7,
108.3, 30.5, 30.5(br), 30.0(br), 29&i NMR (153.7 MHz) 8 —7.34.
1—-Na: H NMR (300 MHz, THFdg) 6 7.27 (m, 2H), 7.02 (m, 2H),
6.58 (m, 1H), 3.33 (bs, 2H), 2.96 (bs, 2H), 1.71 (m, 8H), 1.30 (m,
8H); 13C NMR (75.5 MHz)6 144.4, 128.1, 126.5, 119.0, 118.9, 118.5,
107.1, 31.3, 30.4(br), 30.3(br), 30.2.

1-K: H NMR (300 MHz, THFdg) 6 7.20 (m, 2H), 7.02 (m, 2H),
6.57 (m, 1H), 3.33 (bs, 2H), 2.96 (bs, 2H), 1.73 (m, 16H), 1.27 (s,
8H); 13C NMR (75.5 MHz)6 144.7, 128.2, 126.4, 118.6, 108.3, 31.0,
30.3, 30.2, 30.1.

2—Li: H NMR (300 MHz, THFés) 6 3.28 (bs, 2H), 2.88 (bs, 2H),
1.9-0.8 (m, 16H), 1.35 (s, 9H}C NMR (75.5 MHz)d 115.9, 115.2,
114.5, 34.9, 34.8, 31.9, 31.5, 30.8, 30.2, 29.8, 24.INMR (153.7
MHz) 6 -8.60.

2-Na: 'H NMR (300 MHz, THFds) 6 3.27 (bs, 2H), 2.86 (bs, 2H),

1.9-0.8 (m, 16H), 1.35 (s, 9H}C NMR (75.5 MHz)6 116.0, 114.5,
113.0, 35.3, 32.9, 30.6, 30.1.
2—K!H NMR (300 MHz, THF4dg) 6 3.28 (bs, 2H), 2.88 (bs, 2H), 1:9
0.8 (M, 16H), 1.35 (s, 9H}C NMR (75.5 MHz)d 115.7, 114.3, 113.0,
35.4, 35.1, 32.8, 30.6, 30.0.

X-Ray Structural Determination. In exactly the same way as that
for the preparation of NMR samples, ca. 0.2 M solutionslefLi,
1—Na, and2—Na in 1.0 mL of dry THF were prepared in glass tubes

59.1, 34.3, 31.8, 29.2, 29.0, 28.0, 27,0, 26.6, 26.1 (two signals were (inner diameter 5 mnmx 15 cm) and sealed under vacuum. Colorless

overlapped), 25.9, 24.6, 22.1. HRMS (El) calcd fogtds 302.2035,
found 302.2024. Anal. Calcd forgH.s C, 91.34; H8.66. Found: C,
91.05; H, 8.75.

tert-Butylcyclopentadiene 6.A 1.6 M solution of tert—BulLi in

pentane (6.5 mL, 10.4 mmol) was added dropwise to a stirred solution

of 2-bromobicyclo[2.2.2]octert® (0.97 g, 5.2 mmol) in 10 mL of dry
ether under argon at @C. After stirring for 5 min at 0°C, pivaloyl
chloride (0.32 mL, 2.6 mmol) was added dropwise. The mixture was

crystals of the corresponding Ep(THF); complexes were found to

be grown near the surfaces of these solutions, which were let stand at
—20 °C for 4—6 days. After breaking the tubes, the crystals were
transferred into silicone oil, and single crystals suitable for X-ray
analysis were selected as quickly as possible by the use of a Hampton
Research Cryo Loop under a microscope. The single crystal was quickly
mounted on the magnetic base of a goniometer head in a nitrogen gas
flow at —150 °C. For obtaining the single crystal of cyclopentadiene

5, acetonitrile was slowly diffused into a nearly saturated solution of

stirred for 10 min and then allowed to warm to room temperature. After 5in dichloromethane and the mixture was let stand at room temperature

stirring for 2 h, the reaction was quenched with water, and then the for 2 days. The intensity data were collected on a Bruker SMART
reaction mixture was extracted with ether and the ethereal solution driedAF>EX equipped with a CCD area detector with graphite monochro-

over MgSQ. Removal of the solvent in vacuo gave cruél€0.78 g,
98%) as a pale yellow oil'H NMR (300 MHz, CDC}) ¢, 6.16 (dd,
2H), 2.75 (bs, 2H), 2.51 (bs, 2H) £®.8 (m, 8H), 1.03 (s, 9H). The
crude4 was sensitive to an acid and used for next step without further
purification. A solution of4 (0.78 g, 2.6 mmol) in 50 mL of toluene
was refluxed over KHSQ(173.7 mg, 1.27 mmol) for 24 h. After
removal of the solvent in vacuo, the mixture was purified by column
chromatography over deactivated,8% eluted with hexane to givé
(246 mg, 34%) as a colorless solid: mp-924 °C; *H NMR (300
MHz, CDCL) 6 3.14 (s, 1H), 3.00 (m, 1H), 2.66 (m, 1H), 2.57 (m,
1H), 2.42 (bs, 1H), 2.60.7 (m, 16H) 1.22 (s, 9H%C NMR (75.5
MHz, CDCk) 6 145.0, 142.7, 140.9, 139.5, 59.8, 33.9, 33.5, 32.9, 31.6,

mated Moka radiation and graphite monochromator. Frames corre-
sponding to an arbitrary hemispher of data were collectedl&0 °C
usingw scans of 0.3counted for a total of 10 s per frame. The structure
was solved by direct methods (SHELXTL) and refined by the full-
matrix leastert-squares &% (SHELEXL-97). All non-hydrogen atoms
were refined anisotropically and all hydrogen atoms were placed using
AFIX instructions.

1-Li(THF)3: CgsHaoliO3; FW = 524.68, orthorhombidye, colorless,
a=10.4024(12) Ab = 17.796(2) Ac = 31.256(4) AZ=8,R, =
0.0754,wR, = 0.2012 ( > 20(l)), GOF= 1.053.

1-Na(THF): CssHagNaGs; FW = 540.73, triclinic,P-1, colorlessa

= 9.6261(9) A,b = 10.5597(10) A,c = 16.1138(15) Ao =

30.0, 28,6, 27.9, 27.2, 26.9, 25.99, 25.96, 25.85, 24.8, 21.6. HRMS 76,720(2y, 8 = 88.816(2}, y = 69.497(2}, Z= 2, Ry = 0.0513WR,

(El) calcd for GiHso 282.2348, found 282.2350. Anal. Calcd for
CoHzo: C, 89.30; H10.70. Found: C, 89.51; H, 10.79.

Preparation of 1-M and 2-M. A General Procedure. In a dry
glovebox, appropriate amount (3@5 mg; 0.038-0.15 mmol) of5 or
6 and 1.0 equiv of a base (LINEtNaNH,, or KH) were placed into an

= 0.1294 ( > 20(l)), GOF = 1.048.

2—Na(THF): CssHsaNaOs; FW = 520.74, triclinic,P-1, colorlessa
= 9.6126(11) A,b = 10.2370(12) A,c = 16.5405(19) A o =
98.989(2), 8 = 102.266(2), y = 107.440(2), Z = 2, R, = 0.0450,
WR, = 0.1132 ( > 20(l)), GOF= 1.026.

NMR tube connectable to a vacuum line. The tube was evacuated, and5: CasHag; FW = 302.44, triclinic,P-1, colorlessa = 6.214(3) A,b

then 0.75 mL of THFds, which had been dried over N& alloy and
had degassed by three freezmump-thaw cycles, was vapor-
transferred directly into the tube cooled with liquid nitrogen. After all

=11.624(5) Ac = 13.218(8) A = 113.393(10), f = 100.585(11,
y = 98.552(7, Z= 2, Ry = 0.0555WR, = 0.1400 { > 20(1)), GOF
= 0.979.

of the solvent was transferred, the tube was sealed under vacuum. The Kinetic Measurements.To observe the chemical shifts for the split

solution of the mixture o6 and LINEt was warmed at 56C for 2 h
to give2—Li. The suspension of the mixture Bfor 6 and NaNH was
sonicated for 1 or 50 h to givé—Na or 2—Na, respectively. The
reactions of the other mixture$ é@nd LINEb) (5 or 6 and KH) were
found to be completed within 5 min at room temperature.
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signals of methylene carbons, which were necessary in the line shape
analysis, low-temperatuféC NMR measurements were conducted in
THF-ds, at —60 °C for 1—Li (0.05 M), at—10 °C for 2—Li (0.2 M),

and at—100 °C for 2—K (0.05 M). However, sufficient splitting was

not observed fol—Na, 1-K, and2—Na in THF-dg even at—100°C.
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