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Abstract: Bicyclo[2.2.1]hepta-2,5-diene (2,5-norbornadiene) dimerizes in the presence of a catalytic amount
of Ru(1-2:5-6-η-cyclooctadiene)(1-6-η-cyclooctatriene) (Ru(cod)(cot)) and an electron-deficient olefin such
asN,N-dimethylacrylamide, dimethyl fumarate, or dimethyl maleate in toluene or tetrahydrofuran (THF) to
give a new compound, pentacyclo[6.6.0.02,6.03,13.010,14]tetradeca-4,11-diene (PCTD), in high yield along with
a small amount of a knownendo-endodimer, heptacyclo[6.6.0.02,6.03,13.04,11.05,9.010,14]tetradecane (HCTD),
which is a major product in the reaction in DMSO. Ru(cod)(cot)-dimethyl fumarate in THF was the most
efficient catalyst, and the yield of PCTD was 96% even at 40°C. The structure of PCTD was determined by
X-ray analysis of its derivative, [AgOTf(PCTD)]n. PCTD was found to be derived viaendo-endodimerization
of 2,5-norbornadiene. Formation of PCTD from two molecules of 2,5-norbornadiene involves the cleavage of
two carbon-carbon bonds. Dimerization of 7-tert-butoxy-2,5-norbornadiene gave the correspondingexo- and
endo-4,9-disubstituted PCTD derivatives. Ru(cod)(cot) reacts with dimethyl fumarate to give a novel complex,
Ru(cot)(dmfm)2 (dmfm ) dimethyl fumarate), in high yield. The structure of the complex was determined by
X-ray analysis. At 40°C in toluene, Ru(cot)(dmfm)2 itself catalyzes the dimerization of 2,5-norbornadiene to
give PCTD in excellent yield in the absence of olefinic additives. The mechanisms of the formation of PCTD
are discussed.

Introduction

Recently, transition metal complex-catalyzed organic syn-
theses involving carbon-carbon bond cleavage1-16 have re-
ceived much attention. Some of these reactions involve the
oxidative addition of a carbon-carbon single bond to low-valent

metal complexes,2-10 andâ-alkyl elimination11-14 to give the
products. These reactions often provide versatile, novel methods
to prepare useful compounds. Most of the catalytic carbon-
carbon bond cleavage reactions that have been reported so far,
except for the metathesis of olefins, have been due to ring
strain,2-5,11 prearomaticity,12 intramolecular addition in which
the carbon-carbon bond is forced into close proximity to the
metal,6-8,13or combinations of these phenomena.9,10,14The first
ruthenium15 and tin16 complex-catalyzed deallylations of tertiary
homoallyl alcohols have been reported quite recently.

On the other hand, highly selective ruthenium complex-
catalyzed carbon-carbon bond-forming reactions have been
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intensively developed.17-27 We have previously reported the
highly selective ruthenium complex-catalyzed codimerization

of olefins or dienes with acetylenes.24,25 In the course of our
study on the codimerization of bicyclo[2.2.1]hepta-2,5-diene
(2,5-norbornadienes,1a) with electron-deficient olefins, we
observed the unexpected dimerization of1a, rather than
codimerization, to form pentacyclo[6.6.0.02,6.03,13.010,14]tetradeca-
4,11-diene (PCTD,2a).28

Several dimerization reactions of1a have been reported to
give various dimers, as shown in Chart 1. It has been reported
that dimerization of1a is effectively catalyzed by a variety of
metal complexes such as Fe(CO)5,29,30Fe2(CO)9,30 Fe3(CO)12,30

Fe(CO)2(NO)2,31 Fe2(AsMe2)(CO)6(NO),32 Co2(CO)8,30,33 Zn-
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Chart 1. Reported Dimers of 2,5-Norbornadiene
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[Co(CO)4]2,34 Co2(CO)6(PPh3)2,35 CoBr(PPh3)3,36 Rh/C,37 RhCl-
(PPh3)3,37c RhCl(cyclooctene)2,38 Ni(CO)4,39,40 Ni(acryloni-
trile)2,41 and Mo(CO)6.42 In most cases, more than five isomeric
dimers and/or their carbonylated compounds are produced
simultaneously. In all of these products, except for2a, the
structure of1a is retained. The dimerization of1a to 2a is a
novel type of reaction that involves the cleavage of at least two
carbon-carbon bonds to give a new carbon skeleton. In this
study, the details of the ruthenium complex-catalyzed dimer-
ization of 1a were examined, and we found that the products
dramatically depend on the ruthenium complexes, additives, and
solvents. When Ru(cod)(cot)-dimethyl fumarate was used as a
catalyst in tetrahydrofuran (THF),2a was obtained in excellent
yield. Thus, the ruthenium complex can catalyze carbon-carbon
bond cleavage and reconstruction of a novel carbon skeleton
under very mild conditions. Preliminary results have been
reported in a communication.28

Results and Discussion

2,5-Norbornadiene (1a) dimerized in the presence of a
catalytic amount of ruthenium complexes such as Ru(1-2:5-6-
η-cyclooctadiene)(1-6-η-cyclooctatriene), [Ru(cod)(cot)], to-
gether with electron-deficient olefins under mild reaction
conditions to give a novel dimer2a in excellent-to-high yield
along with a small amount of a known dimer, heptacyclo-
[6.6.0.02,6.03,13.04,11.05,9.010,14]tetradecane (HCTD,42 3a) as a
byproduct (eq 1).

Catalysts, Additives, and Solvents.The catalytic activities
of various ruthenium complexes were examined with regard to
the dimerization of1a in the presence of an electron-deficient
olefin such asN,N-dimethylacrylamide or dimethyl fumarate,
and the results are summarized in Table 1. The zerovalent
ruthenium complex, Ru(cod)(cot), was the best catalyst for this
reaction (runs 1-4). In N-methylpiperidine, Ru(cod)(cot)-N,N-
dimethylacrylamide catalyzed the dimerization of1a at 80°C
to give2a in 83% yield (run 1), and a higher temperature (120
°C) decreased the selectivity for2a (run 2). In toluene at 120
°C, the yield of2a increased to 93% (run 3). Ru(cod)(cot) in
the presence of dimethyl fumarate in THF catalyzed the reaction
even at 40°C to give2a in 96% yield (run 4). The presence of
an electron-deficient olefinic additive was essential. In the
absence of electron-deficient olefins,2a was still formed, but
the amount corresponded to the amount of the catalyst (yield
ca. 2%). A divalent ruthenium complex, Ru(1-5-η-cycloocta-
dienyl)2, which is an isomer of Ru(cod)(cot), catalyzed the
dimerization at 120°C (run 5). In THF at 40°C, however, Ru-
(1-5-η-cyclooctadienyl)2 did not show catalytic activity (run 6).
This suggests that a higher temperature is required to generate
the catalytically active species from Ru(1-5-η-cyclooctadienyl)2
for the dimerization of1a. Ru3(CO)12 with dimethyl fumarate
gave2a in good yield in toluene (run 7), while Ru3(CO)12 with
N,N-dimethylacrylamide inN-methylpiperidine at 80°C gave
only 2% of2a, and theexo-trans-exodimer of1a, pentacyclo-
[8.2.1.14,7.02,9.03,8]tetradeca-5,11-diene (4),35 in 63% yield (run
8).

The catalytic activities of various ruthenium complexes and
other transition metal complexes for the dimerization of1a in
the presence of dimethyl fumarate were examined. A ruthenium
hydride complex, RuH2(PPh3)4, and trinuclear ruthenium anion
complexes, [PPN][Ru3H(CO)11] and [PPN][Ru3Cl(CO)10] ([PPN]
) bis(triphenylphosphine)iminium cation), were effective in
producing2a in moderate yield in the presence of dimethyl
fumarate (43-55%). Other ruthenium complexes such as
[RuCl2(cod)]n, [RuCl2(CO)3]2, [RuCp(CO)2]2 (Cp ) cyclopen-
tadienyl), [RuCp*(CO)2]2, [RuCp*Cl2]2 (Cp* ) 1,2,3,4,5-
pentamethylcyclopentadienyl), and Ru(acac)3 (acac) acetyl-
acetonato anion) showed no catalytic activity under these
reaction conditions. Other metal complexes such as Pd(PPh3)4,
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Table 1. Ruthenium Complex-Catalyzed Dimerization of1a in the Presence ofN,N-Dimethylacrylamide or Dimethyl Fumaratea

yield, %d

run catalyst olefinic additiveb solventc temp.,°C time, h 2a 3a 4

1 Ru(cod)(cot) DMAc NMP 80 10 83 2 0
2 Ru(cod)(cot) DMAc NMP 120 15 82 6 0
3 Ru(cod)(cot) DMAc toluene 120 15 93 5 0
4 Ru(cod)(cot) DMFm THF 40 1 96 2 0
5 Ru(1-5-η-cyclooctadienyl)2 DMFm toluene 120 2 92 2 0
6 Ru(1-5-η-cyclooctadienyl)2 DMFm THF 40 24 1 trace 0
7 Ru3(CO)12 DMFm toluene 120 2 73 9 3
8 Ru3(CO)12

e DMAc NMP f 80 10 2 0 63

a 2,5-Norbornadiene, 5.0 mmol; catalyst, 2.0 mol % as metal; olefinic additive, 20 mol %; solvent, 3.0 mL in a sealed glass tube at 80 or 120
°C, or in a 20 mL two-necked flask at 40°C. b DMAc, N,N-dimethylacrylamide; DMFm, dimethyl fumarate.c NMP, N-methylpiperidine; THF,
tetrahydrofuran.d GC yield. e 6.0 mol % as Ru atom.f 0.30 mL.
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Pd(OAc)2, RhCl(PPh3)3, RhH(PPh3)4, and RhCp*(C2H4)2 showed
no catalytic activity. Thus, the reaction was characteristic of
ruthenium complexes.

For high catalytic activity, the combination of a ruthenium
complex with an electron-deficient olefin and a solvent turned
out to be very important. The effects of olefinic additives and
solvents are summarized in Tables 1 and 2. The Ru(cod)(cot)-
catalyzed dimerization of1a was performed in the presence of

various olefinic additives. When dimethyl fumarate or dimethyl
maleate was used in THF (runs 4 and 9), the yield of2a
increased to 96% even at 40°C for 1 h. (Caution! This reaction
sometimes occursViolently eVen at 40°C in THF. The reaction
should be performed behind a heaVy wall.) Methyl acrylate and
methyl vinyl ketone were also effective (runs 10 and 11).N,N-
Dimethylacrylamide was effective (runs 1-3); however, methyl-
substitutedN,N-dimethylacrylamide gave lower yields (2-11%).

Figure 1. 1H/13C σ-σ heteronuclear correlation NMR spectrum of2a (CDCl3; 1H, 400 MHz; 13C, 100 MHz).

Table 2. Effects of Olefinic Additives and Solvents on the Ruthenium Complex-Catalyzed Dimerization of1aa

yield, %d

run catalyst olefinic additiveb solventc temp.,°C time, h 2a 3a

9 Ru(cod)(cot) DMMl THF 40 1 96 2
10 Ru(cod)(cot) MAc toluene 120 2 48 7
11 Ru(cod)(cot) MVK toluene 120 2 76 6
12 Ru(cod)(cot) DMAc n-hexane 80 10 81 4
13 Ru(cod)(cot) DMAc pyridine 120 2 50 2
14 Ru(cod)(cot) DMAc DMI 120 2 78 5
15 Ru(cod)(cot) DMAc DMF 120 15 71 3
16 Ru(cod)(cot) DMFm DMF 40 1 91 1
17 Ru(cod)(cot) DMFm NMP 120 2 13 trace
18 Ru(cod)(cot) DMAc DMSO 120 2 23 70
19 Ru(cod)(cot) DMFm DMSO 120 2 26 66
20 Ru3(CO)12 DMAc DMSO 120 2 11 26
21 Ru3(CO)12 DMFm DMSO 120 2 25 66

a 2,5-Norbornadiene, 5.0 mmol; catalyst, 2.0 mol % as metal; olefinic additive, 20 mol %; solvent, 3.0 mL in a sealed glass tube at 80 or 120
°C, or in a 20 mL two-necked flask at 40°C. b DMAc, N,N-dimethylacrylamide; DMFm, dimethyl fumarate; DMMl, dimethyl maleate; MAc,
methyl acrylate; MVK, methyl vinyl ketone.c NMP, N-methylpiperidine; THF, tetrahydrofuran; DMI,N,N-dimethylimidazolidone; DMF,N,N-
dimethylformamide; DMSO, dimethyl sulfoxide.d GC yield.
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The effects of the solvent on the Ru(cod)(cot)-catalyzed
dimerization reaction of1a were examined. The reaction
proceeded in both nonpolar and polar solvents such asn-hexane,
pyridine,N,N-dimethylformamide (DMF), and 1,3-dimethylimi-
dazolidone (DMI) (runs 12-16), as well as in THF or in toluene.
N-Methylpiperidine (NMP) was a good solvent forN,N-
dimethylacrylamide (runs 1 and 2), but not for dimethyl fumarate
(run 17). Interestingly, in dimethyl sulfoxide (DMSO),3a was
obtained as a major product in place of2a (runs 18 and 19).
Similarly, in the case of Ru3(CO)12 with N,N-dimethylacryla-
mide or dimethyl fumarate in DMSO,3awas formed as a major
product in moderate yield (runs 20 and 21).

Spectroscopic Data of Dimer 2a.The 1H-13C COSY
spectrum of2a is shown in Figure 1. These data together with
the DEPT spectrum show that2a hasCs symmetry in solution,
and the structure was inferred to be pentacyclo[6.6.0.02,6.03,13.010,14]-
tetradeca-4,11-diene. The high-resolution solid-state13C NMR
(CPMAS) spectrum was measured. The chemical shifts were
almost the same as those in solution, and two methylene carbons
were equivalent (see below).

Structure of 2a. The structure of2a inferred from its spectral
data was confirmed by X-ray analyses of two derivatives. One
derivative was a tetrabromide of PCTD, the structure of which
was previously confirmed by X-ray analysis.28 Dimer2a reacted
with an excess of bromine to give the corresponding tetrabro-
mide, 4,5,11,12-tetrabromopentacyclo[6.6.0.02,6.03,13.010,14]tetra-
decane5, in 72% yield selectively (eq 2). The addition of
bromine istrans, and the bromines at the 4 and 12 positions
are orientedexoto reduce steric hindrance. Since we could not
completely rule out the possibility that5 may be derived via
cationic rearrangement from some bromonium ion, another
derivative of2a was prepared.

The reaction of2a with silver triflate in THF gave a colorless
complex, polymeric [AgOTf(PCTD)]n (6) (eq 3). 1H and 13C
NMR spectra of6 were slightly shifted from those of2a,
showing that this silver complex has a coordinated PCTD.
Recrystallization from THF gave single crystals, the structure
of which was determined by X-ray analysis. The results are
shown in Figures 2 and 3. Crystal data and the details of the
data collection are given in Table 3, while a list of selected

bond lengths and angles is provided in Table 4. The inferred
structure of PCTD was confirmed. It has five five-membered
rings with two olefinic groups on both sides at the 4 and 11
positions. The coordination around the silver ion is highly
distorted from a tetrahedral coordination. Both olefinic moieties
of the PCTD coordinate to two silver atoms, so PCTD bridges
two silver atoms, and the triflate ligand forms another bridge
between two silver atoms. Consequently,6 is a two-dimensional
gridiron-like polymer. A characteristic structure of the complex
is the alternative orientation of PCTD. The open side of the
cage structure of PCTD (A) in Figure 2 is oriented to the
backside, and that of PCTD (B) is oriented to the front side.
The PCTD molecule in6 is not symmetric (Figure 3). The two
five-membered rings C8-C1-C2-C6-C7 and C8-C1-C14-
C10-C9 are envelope-shaped. One of the two methylene groups
(C7) is orientedexoand the other (C9) is orientedendo. The

Figure 2. ORTEP drawing of polymeric complex6.

Table 3. Summary of Crystal Data, Collection Data, and
Refinement of6 and7

6 7

formula C15H16F3O3SAg C20H26O8Ru
formula weight 442.21 495.49
crystal system orthorhombic monoclinic
space group Pca21 P21/c
color of crystal colorless yellow
habit needle prismatic
a, Å 19.708(4) 7.816(5)
b, Å 7.742(4) 25.190(5)
c, Å 9.858(4) 11.050(6)
R, deg 90 90
â, deg 90 109.01(4)
γ, deg 90 90
V, Å3 1504(1) 2056(1)
Z 4 4
D (calcd), g cm-3 1.948 1.600
crystal size, mm 0.10× 0.10× 0.40 0.10× 0.10× 0.05
data collection temp,°C 23.0 23.0
diffractmeter Rigaku AFC7R Rigaku AFC7R
radiation graphite-monochromated Mo KR

(λ ) 0.710 69 Å)
µ (Mo KR), cm-1 15.19 8.06
scan mode ω-2θ ω
scan width, deg 0.79+ 0.30 tanθ 0.52+ 0.30 tanθ
scan speed, deg min-1 8.0 16
2θ range, deg 28.2-29.8 29.4-30.0
no. of measd reflections 2015 4967
no. of obsd reflections 1499 (I > 2.00σ(I)) 2892 (I > 3.00σ(I))
no. of parameters refined 225 288
R, %a 2.9 4.0
Rw, %a 3.0 4.1
GOF 1.28 0.66

a R ) ∑||Fo| - |Fc||/∑|Fo
2|; Rw ) [∑w(|Fo| - |Fc|)2/∑wFo

2]1/2.

Figure 3. ORTEP drawing of the partial structure of6. Thermal
ellipsoids are shown at the 30% probability level.
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dihedral angle between planes C8/C1/C2/C6 and C6/C7/C8 is
150.3°, and that between planes C8/C1/C14/C10 and C10/C9/
C8 is-153.1°. The structure of6 was fully consistent with the
spectral data described above. Although the two methylene
groups of coordinated PCTD in silver complex6 are nonequiva-
lent, the CPMAS spectrum of free PCTD did not indicate
nonequivalency of the two methylene groups.

Reaction of Ru(cod)(cot) with Dimethyl Fumarate. The
reaction of Ru(cod)(cot) with dimethyl fumarate in toluene
generated yellow microcrystals of Ru(cot)(dmfm)2 (dmfm )
dimethyl fumarate)7 in 76% yield (eq 4). The reaction of
Ru(cod)(cot) with dimethyl maleate gave the same complex7.
1H- and13C NMR spectra of7 showed that the cyclooctadiene
in Ru(cod)(cot) was replaced by two molecules of dimethyl
fumarate and that none of the protons of the cyclooctatriene

ligand are equivalent, which indicates that the structure of Ru-
(cot)(dmfm)2 is 7. The structure of7 was confirmed by X-ray
analysis (Figure 4).

Crystal data and the details of data collection are given in Table
3, and a list of selected bond lengths and angles is provided in
Table 5. The structure is represented by a highly distorted
trigonal bipyramid or a highly distorted square pyramid. The
molecule does not have a symmetry plane. In the molecular
structure of7, the coordinated triene moiety of theη6-C8H10
ligand is characterized by C-C bond lengths that do not
significantly differ from each other. A similar bonding pattern
indicating substantial electron delocalization within the conju-
gatedπ-system has previously been observed for the triene
fragment of Ru(cod)(cot), which likewise does not exhibit a
marked C-C/CdC change in its carbon-carbon bond lengths.43

In the (1-6-η-C8H10)Ru moiety in 7, the metal-to-carbon
distances are between 2.229(6) and 2.285(6) Å and are slightly
longer than those in Ru(cod)(cot) (2.196(5) and 2.259(8) Å).
The distances between ruthenium and the olefinic carbons of
dimethyl fumarate ligands in7 are shorter than those betweenRu
and the olefinic carbons of the cyclooctatriene ligand because
of the enhanced back-donation from ruthenium to electron-
deficient olefins.

It has been reported that the cyclooctatriene ligand in Ru-
(cod)(cot) is often replaced by appropriate ligands to give

(43) Frosin, K.-M.; Dahlenburg, L.Inorg. Chim. Acta1990, 167, 83.

Table 4. Selected Bond Distances (Å) and Bond Angles (deg) for
6

Bond Distances
Ag(1)-O(1) 2.448(5) Ag(1)-O(2) 2.346(4)
Ag(1)-C(4) 2.509(5) Ag(1)-C(5) 2.435(6)
Ag(1)-C(11) 2.459(6) Ag(1)-C(12) 2.474(5)
C(1)-C(2) 1.564(8) C(1)-C(8) 1.552(9)
C(1)-C(14) 1.519(9) C(2)-C(3) 1.556(9)
C(2)-C(6) 1.554(8) C(3)-C(4) 1.513(9)
C(3)-C(13) 1.568(8) C(4)-C(5) 1.341(9)
C(5)-C(6) 1.52(1) C(6)-C(7) 1.527(9)
C(7)-C(8) 1.530(9) C(8)-C(9) 1.534(9)
C(9)-C(10) 1.538(8) C(10)-C(11) 1.494(9)
C(10)-C(14) 1.551(8) C(11)-C(12) 1.339(8)
C(12)-C(13) 1.47(1) C(13)-C(14) 1.539(9)

Bond Angles
O(1)-Ag(1)-O(2) 85.0(2) O(1)-Ag(1)-C(4) 102.7(2)
O(1)-Ag(1)-C(5) 121.9(2) O(1)-Ag(1)-C(11) 101.3(2)
O(1)-Ag(1)-C(12) 88.7(3) O(2)-Ag(1)-C(4) 100.5(2)
O(2)-Ag(1)-C(5) 123.6(2) O(2)-Ag(1)-C(11) 129.5(2)
O(2)-Ag(1)-C(12) 100.1(2) C(4)-Ag(1)-C(5) 31.4(2)
C(4)-Ag(1)-C(11) 125.8(2) C(4)-Ag(1)-C(12) 157.2(2)
C(5)-Ag(1)-C(11) 95.5(2) C(5)-Ag(1)-C(12) 126.1(2)
C(11)-Ag(1)-C(12) 31.5(2) C(2)-C(1)-C(8) 106.7(5)
C(2)-C(1)-C(14) 108.4(5) C(8)-C(1)-C(14) 108.1(5)
C(1)-C(2)-C(3) 106.8(4) C(1)-C(2)-C(6) 105.7(5)
C(3)-C(2)-C(6) 108.0(5) C(2)-C(3)-C(4) 103.1(4)
C(2)-C(3)-C(13) 106.7(5) C(4)-C(3)-C(13) 116.4(5)
Ag(1)-C(4)-C(5) 71.2(3) C(3)-C(4)-C(5) 113.0(6)
Ag(1)-C(5)-C(4) 77.3(4) C(4)-C(5)-C(6) 112.6(6)
C(2)-C(6)-C(5) 103.2(6) C(2)-C(6)-C(7) 107.0(6)
C(5)-C(6)-C(7) 115.4(6) C(6)-C(7)-C(8) 105.8(5)
C(1)-C(8)-C(7) 105.1(5) C(1)-C(8)-C(9) 105.2(5)
C(7)-C(8)-C(9) 115.1(6) C(8)-C(9)-C(10) 106.1(5)
C(9)-C(10)-C(11) 112.4(5) C(9)-C(10)-C(14) 106.2(5)
C(11)-C(10)-C(14) 103.7(5) Ag(1)-C(11)-C(12) 74.9(3)
C(10)-C(11)-C(12) 110.7(7) Ag(1)-C(12)-C(11) 73.6(3)
C(11)-C(12)-C(13) 113.7(8) C(3)-C(13)-C(12) 115.5(6)
C(3)-C(13)-C(14) 107.4(5) C(12)-C(13)-C(14) 103.3(5)
C(1)-C(14)-C(10) 107.0(5) C(1)-C(14)-C(13) 108.7(5)
C(10)-C(14)-C(13) 105.3(5)

Figure 4. ORTEP drawing of the structure of7. Thermal ellipsoids
are shown at the 30% probability level.
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reactive species in the early stage of catalytic reactions.
Cyclooctatriene ligands are replaced by arenes in the reaction
under hydrogen to give Ru(arene)(cod).44 Ru(cod)(cot) reacts
with an excess of CO to yield Ru(cod)(CO)3,45 and with tertiary
phosphine ligands (P) to give complexes of the type Ru(cod)-
P3, such as Ru(cod)(η1-dppm)(η2-dppm) [dppm ) 1,2-bis-
(diphenylphosphino)methane].46,47The preferential liberation of
the cyclooctatriene ligand in Ru(cod)(cot) is believed to occur
in all of the reactions of Ru(cod)(cot). Recently, S. Komiya

and co-workers reported the first example of the selective
displacement of cyclooctadiene from Ru(cod)(cot) by trimeth-
ylphosphine to give Ru(II)(6-η1:1-3-η3-C8H10)(PMe3)3, but in
this complex, the Ru(II) atom is coordinated by the 6-η1:1-3-
η3-C8H10 ligand, not by the conjugatedη6-cyclooctatriene
ligand.48 Thus, complex7 is the first example that is derived
from Ru(cod)(cot) by replacement of the cyclooctadiene ligand
by 2 mol of an olefin, and retaining the 1-6-η-cyclooctatriene
ligand.

Complex7 itself has catalytic activity for the dimerization
of 1a. At 40 °C in toluene in the presence of 2 mol % of7, the
yield of 2a was about 40%. The addition of dimethyl fumarate
dramatically increased the yield of2a to 96%. When the amount
of 7 was increased to 5 mol %, the product was obtained in
96% yield at 40°C even in the absence of dimethyl fumarate.

Time courses of the catalytic reaction using Ru(cod)(cot)/
dimethyl fumarate or dimethyl maleate, or Ru(cot)(dmfm)2 (7)/
dimethyl fumarate are shown in Figure 5. Complex7/dimethyl
fumarate showed very high activity without an induction period.
Ru(cod)(cot)/dimethyl fumarate was also very active; however,
a short induction period was observed. Ru(cod)(cot)/dimethyl
maleate showed a longer induction period, but the yield of the
product was 91% after 120 min. This strongly suggests that
dimethyl maleate is isomerized to dimethyl fumarate during the
reaction.

Relationship between the Structures of 2a and 3a.The
relationship between the structures of2a and 3a should be
examined. Although these structures look very different, they
are actually quite closely related. If the two carbon-carbon
bonds in3a are cleaved and a hydrogen H* is transferred as
shown in eq 5,3a would be transformed into2a. This means
that 2a is a derivative of anendo-endodimer of 1a, and the
two bridge carbons in1a come into the 4 and 9 positions or 7
and 12 positions in2a. This strongly suggests that during the
dimerization of1a to 2a, at least two carbon-carbon bonds
are cleaved. However, this does not mean that3a is a precursor

(44) (a) Pertici, P.; Vitulli, G.; Lazzaroni, R.; Salvadori, P.J. Chem.
Soc., Dalton Trans.1982, 1019. (b) Vitulli, G.; Pertici, P.; Salvadori, P.J.
Chem. Soc., Dalton Trans.1984, 2255. (c) Vitulli, G.; Pertici, P.; Bigelli,
C. Gazzetta Chim. Ital.1985, 115, 79. (d) Vitulli, G.; Bertozzi, S.; Lazzaroni,
R. Inorg. Chim. Acta1988, 149, 235.

(45) Deganello, G.; Mantovani, A.; Sandrini, P. L.; Pertici, P.; Vitulli,
G.J. Organomet. Chem.1977, 135, 215.

(46) (a) Chaudret, B.; Commenges, G.; Poilblanc, R.Chem. Commun.
1982, 1388. (b) Chaudret, B.; Commenges, G.; Poilbanc, R.J. Chem. Soc.,
Dalton Trans.1984, 1635.

(47) Pertici, P.; Vitulli, G.; Porzio, W.; Zocchi, M.; Barili, P. L.;
Deganello, G.J. Chem. Soc., Dalton Trans.1983, 1553.

(48) Hirano, M.; Marumo, T.; Miyasaka, T.; Fukuoka, A.; Komiya, S.
Chem. Lett.1997, 297.

Table 5. Selected Bond Distances (Å) and Bond Angles (deg) for
7

Bond Distances
Ru(1)-C(1) 2.155(5) Ru(1)-C(2) 2.169(5)
Ru(1)-C(7) 2.204(5) Ru(1)-C(8) 2.190(5)
Ru(1)-C(13) 2.261(6) Ru(1)-C(14) 2.256(6)
Ru(1)-C(15) 2.274(6) Ru(1)-C(16) 2.256(6)
Ru(1)-C(17) 2.229(6) Ru(1)-C(18) 2.285(6)
C(1)-C(2) 1.431(7) C(7)-C(8) 1.408(8)
C(13)-C(14) 1.407(9) C(13)-C(20) 1.498(9)
C(14)-C(15) 1.43(1) C(15)-C(16) 1.42(1)
C(16)-C(17) 1.42(1) C(17)-C(18) 1.401(8)
C(18)-C(19) 1.513(8) C(19)-C(20) 1.503(9)

Bond Angles
C(1)-Ru(1)-C(2) 38.7(2) C(1)-Ru(1)-C(7) 89.4(2)
C(1)-Ru(1)-C(8) 114.8(2) C(1)-Ru(1)-C(13) 89.4(2)
C(1)-Ru(1)-C(14) 124.9(2) C(1)-Ru(1)-C(15) 157.1(2)
C(1)-Ru(1)-C(16) 145.1(3) C(1)-Ru(1)-C(17) 108.2(2)
C(1)-Ru(1)-C(18) 83.7(2) C(2)-Ru(1)-C(7) 84.6(2)
C(2)-Ru(1)-C(8) 89.5(2) C(2)-Ru(1)-C(13) 128.0 (2)
C(2)-Ru(1)-C(14) 163.2(3) C(2)-Ru(1)-C(15) 159.6(3)
C(2)-Ru(1)-C(16) 123.7(3) C(2)-Ru(1)-C(17) 94.6(2)
C(2)-Ru(1)-C(18) 91.8(2) C(7)-Ru(1)-C(8) 37.4 (2)
C(7)-Ru(1)-C(13) 101.1(2) C(7)-Ru(1)-C(14) 92.9(2)
C(7)-Ru(1)-C(15) 103.3(2) C(7)-Ru(1)-C(16) 122.7(2)
C(7)-Ru(1)-C(17) 150.2(2) C(7)-Ru(1)-C(18) 172.5 (2)
C(8)-Ru(1)-C(13) 125.6(2) C(8)-Ru(1)-C(14) 98.5(2)
C(8)-Ru(1)-C(15) 85.9(2) C(8)-Ru(1)-C(16) 89.4(2)
C(8)-Ru(1)-C(17) 113.4(3) C(8)-Ru(1)-C(18) 149.5 (2)
C(13)-Ru(1)-C(14) 36.3(2) C(13)-Ru(1)-C(15) 69.6(3)
C(13)-Ru(1)-C(16) 96.5(3) C(13)-Ru(1)-C(17) 102.3(2)
C(13)-Ru(1)-C(18) 75.9(2) C(14)-Ru(1)-C(15) 36.8 (3)
C(14)-Ru(1)-C(16) 71.4(3) C(14)-Ru(1)-C(17) 95.6(3)
C(14)-Ru(1)-C(18) 88.7(2) C(15)-Ru(1)-C(16) 36.5(3)
C(15)-Ru(1)-C(17) 69.2(3) C(15)-Ru(1)-C(18) 82.3 (2)
C(16)-Ru(1)-C(17) 36.9(3) C(16)-Ru(1)-C(18) 64.7(2)
C(17)-Ru(1)-C(18) 36.1(2) Ru(1)-C(1)-C(2) 71.2(3)
C(2)-C(1)-C(3) 121.7(5) Ru(1)-C(2)-C(1) 70.1 (3)
C(1)-C(2)-C(4) 120.9(5) Ru(1)-C(7)-C(8) 70.8 (3)
C(8)-C(7)-C(9) 119.7(5) Ru(1)-C(8)-C(7) 71.9 (3)
C(7)-C(8)-C(10) 123.2(5) Ru(1)-C(13)-C(14) 71.7 (4)
Ru(1)-C(13)-C(20) 111.4(4) C(14)-C(13)-C(20) 125.3(6)
Ru(1)-C(14)-C(13) 72.1 (3) Ru(1)-C(14)-C(15) 72.3(4)
C(13)-C(14)-C(15) 131.5(6) Ru(1)-C(15)-C(14) 70.9 (3)
Ru(1)-C(15)-C(16) 71.0(3) C(13)-C(14)-C(15) 134.9(6)
Ru(1)-C(16)-C(15) 72.4 (4) Ru(1)-C(16)-C(17) 70.5(3)
C(15)-C(16)-C(17) 128.6(6) Ru(1)-C(17)-C(16) 72.6 (4)
Ru(1)-C(17)-C(18) 74.1(4) C(16)-C(17)-C(18) 119.1(6)
Ru(1)-C(18)-C(17) 69.7 (4) Ru(1)-C(18)-C(19) 110.8(4)
C(17)-C(18)-C(19) 124.5(6) C(18)-C(19)-C(20) 107.6 (5)
C(13)-C(20)-C(19) 101.4(6)

Figure 5. Time dependence of the dimerization of1a catalyzed by
Ru complexes. Reaction conditions: (a) 5.0 mmol1a, 2.0 mol % Ru-
(cod)(cot), 10 mol % dimethyl maleate, 3.0 mL THF;O andb represent
the conversion of1a and the yield of2a, respectively. (b) 5.0 mmol
1a, 2.0 mol % Ru(cod)(cot), 10 mol % dimethyl fumarate, 3.0 mL
THF; 4 and 2 represent the conversion of1a and the yield of2a,
respectively. (c) 5.0 mmol1a, 2.0 mol % Ru(cot)(dimethyl fumarate)2

(7), 6 mol % dimethyl fumarate, 3.0 mL THF;0 and9 represent the
conversion of1a and the yield of2a, respectively.
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of 2a. When2aand3awere treated under the catalytic reaction
conditions, they were not interconverted into each other.

The reaction of 7-tert-butoxynorbornadiene (1b) in the presence
of Ru(cod)(cot)/dimethyl fumarate gave a mixture ofexo-
and endo-4,9-di-tert-butoxypentacyclo[6.6.0.02,6.03,13.010,14]-
tetradeca-4,11-diene (2b) and 7,12-di-tert-butoxyheptacyclo-
[6.6.0.02,6.03,13.04,11.05,9.010,14]tetradecane (3b)49 in a total of 40%
yield (eq 6,2b/3b ) 4:1). Treatment of the mixture by GPC
(gel permeation chromatography) gave pureendo-2b (9%) and
a mixture ofexo-2b and3b (18%, ca. 2:1 ratio). Separation of
exo-2b and3b was unsuccessful. The substituents,tert-butoxy
groups, were found at the expected positions.1H and13C NMR,
DEPT, 1H-1H COSY, and1H-13C COSY spectra showed that
in 2b two tert-butoxy groups are located at the 4 and 9 positions.

The reaction of 7-methylbicyclo[2.2.1]hepta-2,5-diene1c did
not give the corresponding product2c. In this case, a mixture
of isomers of 12-methylene compounds,endo- and exo-7-
methyl-12-methylenepentacyclo[6.6.0.02,6.03,13.010,14]tetradec-4-
ene,endo- andexo-8 was obtained in a total 90% yield (endo/
exo ) 1:1.1) along with 2% of 7,12-dimethyl heptacyclo-
[6.6.0.02,6.03,13.04,11.05,9.010,14]tetradecane (3c) (eq 7). Treating
the mixture by GPC for separation gave pureendo-8 (38%) and
a mixture ofexo-8 and its unidentified isomer (50%, ca. 10:1
ratio).

Kinetics of the Dimerization of 1a to 2a.A kinetic study
was performed on the dimerization of1a to 2a in the presence
of Ru(cod)(cot)/N,N-dimethylacrylamide in toluene. The Ru-
(cod)(cot)/dimethyl fumarate catalyst was too active, and the
reproducibility was unsatisfactory. The time course of this
reaction is shown in Figure 6, and the rate of formation of2a
was revealed to be first-order for the concentration of Ru(cod)-
(cot), [Ru], and third-order for [1a], i.e. d[2a]/dt ) kobs[Ru]-
[1a]3 (see Supporting Information for the linear plot of (1/[1a]2

- 1/[1a]0
2) vs. time and dependence of [Ru(cod)(cot)]0 on d[2a]/

dt).
Mechanism of the Dimerization of 1a to 2a.The mechanism

of the formation of2a is not yet clear. The three reaction
pathways summarized in Scheme 1 should be considered. The
first involves the cleavage of a carbon-carbon bond of 2,5-
norbornadiene on the ruthenium complex followed by building
up of the PCTD skeleton (path A). Examples of the cleavage
of a carbon-carbon bond in 2,5-norbornadiene on a metal
complex have been reported previously,50,51however, once the
cleavage occurs, building up the PCTD structure requires so
many steps that this pathway seems unlikely. The second
pathway is the formation of anendo-endodimer and subse-
quent carbon-carbon bond cleavage to give PCTD (path B).
Severalendo-endodimers, such as3aor 9,37 prepared by other
methods were treated under the catalytic reaction conditions for
the preparation of2a and did not give any PCTD. Thus, path B

(49) (a) Marchand, A. P.J. Org. Chem.1984, 49, 1660. (b) Marchand,
A. P.; Hayes, B. R.Tetrahedron Lett.1977, 1027.

(50) (a) Suzuki, H.; Kakigano, T.; Fukui, H.; Tanaka, M.; Moro-oka, Y.
J. Organomet. Chem.1994, 473, 295. (b) Kakigano, T.; Suzuki, H.; Igarashi,
M.; Moro-oka, Y.Organometallics1990, 9, 2192.

(51) Bennett, M. A.; Nicholls, J. C.; Rahman, A. K. F.; Redhouse, A.
D.; Spencer, J. L.; Willis, A. C.Chem. Commun.1989, 1328.

Figure 6. Representative plots of conversion of1a and yield of2a.
The reaction was carried out at 120°C in sealed tubes, where the
amounts of1a, Ru(cod)(cot),N,N-dimethylacrylamide, and toluene were
5.0 mmol, 0.10 mmol, 1.0 mmol, and 3.0 mL, respectively.O andb
represent the conversion of1a and yield of2a, respectively.
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also appears to be unlikely. The last pathway involves Ru(η1-
endo-endodimer) (path C).

Concerning theendo-endodimerization of1a, K. Itoh and
co-workers reported the reaction of1a with a [RuCl2(2,5-
norbornadiene)]n in the presence of zinc powder and alumina.
They isolated several Ru(η1-endo-endo dimer) complexes
which have further coordinated1a, such as10.52 Complex1053

is closely related to the key intermediate of our reaction and

seems to be consistent with the results of the kinetic study
described above. The results of the kinetic study strongly suggest
that the rate-determining step of the reaction is the coordination
of the three molecules of1a on the ruthenium center, and path
C is much more plausible than paths A and B.

A hypothetical reaction pathway for the formation of2a
which involves the cleavage of two carbon-carbon bonds via
oxidative addition of a carbon-carbon bond andâ-alkyl
elimination on a rutheniumη1-dimer complex is illustrated in
Scheme 2. First, (η1-endo-endodimer) ruthenium complex10′,
which is an analogue of10, may be formed, followed by the
insertion of two olefinic groups of 2,5-norbornadienes to form
complex 11. In complex11, oxidative addition of a closely
located carbon-carbon bond occurs to give12, and reductive
elimination gives13. â-Carbon elimination in complex13gives
14, which has aâ-hydrogen that can be eliminated. Once14 is
formed,â-hydrogen elimination occurs to give2a irreversibly.
Several attempts were made to isolate the reaction intermediates

(52) Ito, K.; Oshima, N.; Jameson, G. B.; Lewis, H. C.; Ibers, J. A.J.
Am. Chem. Soc.1981, 103, 3014.

Scheme 1.Three Pathways for the Formation of2a

Scheme 2.Plausible Mechanism of the Formation of2a
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to confirm the hypothetical mechanism, but they have not yet
been successful.

Conclusions

Ru(cod)(cot) is widely used as one of the most versatile
zerovalent ruthenium complexes. The combination of Ru(cod)-
(cot) with suitable ligands provides many useful catalytic
systems.26,27,54,55The catalytically active complex consisting of
Ru(cod)(cot)/electron-deficient olefin, such as dimethyl fuma-
rate, dimethyl maleate orN,N-dimethylacrylamide, can cleave
the C-C bond of 2,5-norbornadiene to give a novel compound,
pentacyclo[6.6.0.02,6.03,13.010,14]tetradeca-4,11-diene (PCTD).
PCTD has five five-membered rings with two olefinic groups
on both sides. It may be possible to introduce functional groups
to the olefinic groups, which would make PCTD a useful
monomer for new polymers.

A novel complex, Ru(cot)(dmfm)2, which possesses a 1,3,5-
cyclooctatriene and two electron-deficient olefinic ligands, is
considered to be a catalyst precursor for the dimerization of
2,5-norbornadiene. It has excellent activity and selectivity for
the formation of PCTD under mild reaction conditions.

In conclusion, ruthenium complexes catalyze carbon-carbon
bond cleavage and this represents a novel tool for organic
syntheses.

Experimental Section

Materials or Methods. All manipulations were performed under
an argon atmosphere using standard Schlenk techniques. Ru(cod)(cot),56

Ru(1-5-η-cyclooctadienyl)2,56b RuCl2(PPh3)3,57 RuH2(PPh3)4,58 RuH2-
(CO)(PPh3)3,59 RuCp*Cl(cod),60 [RuCp*Cl2]2,60 [RuCp*(CO)2]2,61 [RuCp-
(CO)2]2,62 [RuCl2(CO)3]2,63 [RuCl2(cod)]n,64 [PPN][Ru3H(CO)11],65

[PPN][Ru3Cl(CO)10],66 Pd(PPh3)4,67 RhCl(PPh3)3,68 RhH(PPh3)4,69 and
RhCp*(C2H4)2

70 were synthesized as described in the literature. 2,5-
Norbornadiene and all solvents were distilled under argon over
appropriate drying reagents (sodium, calcium hydride, or sodium
benzophenone ketyl). 7-tert-Butoxy-2,5-norbornadiene (1b)71 and 7-meth-
yl-2,5-norbornadiene (1c)72 were prepared as described in the literature.
Methyl acrylate, methyl vinyl ketone, and dimethyl maleate were
distilled just before use. RuCl3‚nH2O, Ru3(CO)12, Ru(acac)3, Pd(OAc)2,
N,N-dimethylacrylamide, dimethyl fumarate, bromine, and silver triflate
were obtained commercially and used without further purification.N,N-
Dimethyl-2-methylacrylamide andN,N-dimethylbut-2-enamide were
prepared from methyl-substituted acryloyl chloride and dimethylamine.
All new compounds are characterized below.

Physical and Analytical Measurements.Analytical gas chroma-
tography was performed on a Shimadzu GC-14A gas chromatograph
with FID detection and a Shimadzu C-R6A Chromatopac recorder/
integrator using a 3.2-mm i.d. column with 2% w/w silicone OV-17
liquid phase on a Chromosorb WAW DMCS support in 60/80 mesh.
GPC was performed on a JAI (Japan Analytical Industry) Recycling
Preparative HPLC LC-908 with a UV and RI detector and a JAI SS-
250F2 recorder using JAIGEL-1H (20 mm i.d., 600 mm) and JAIGEL-
2H (20 mm i.d., 600 mm) columns. NMR spectra were recorded on
either a JEOL GSX-270 (FT, 270 MHz (1H), 68 MHz (13C)) a JEOL
EX-400 (FT, 400 MHz (1H), 100 MHz (13C)) instrument. Chemical
shifts (δ) for 1H and13C are referenced to internal solvent resonances
and reported relative to SiMe4. A solid-state13C NMR spectrum was
recorded on a GSX-270. IR spectra were recorded using a Nicolet
Impact 410 FT-IR spectrometer. GC-MS studies were conducted on a
Shimadzu GCMS-QP5000 instrument with 70-eV electron impact
ionization. High-resolution mass spectra (HRMS) were obtained on a
JEOL JMS-SX102A mass spectrometer. Elemental analyses were
performed at the Microanalytical Center of Kyoto University.

Synthesis of Pentacyclo[6.6.0.02,6.03,13.010,14]tetradeca-4,11-diene
(2a). To a 20-mL, two-necked flask with a stirring bar, Ru(cod)(cot)
[32 mg (0.10 mmol)] and dimethyl fumarate [0.14 g (1.0 mmol)] were
added in an argon atmosphere. THF (3.0 mL) and 2,5-norbornadiene
(1a) [0.46 g (0.51 mL), 5.0 mmol] were then added. The mixture was
stirred at 40°C for 1 h. GC analysis of the reaction mixture showed
the formation of2a in 96% yield. The resulting solution was evaporated
in vacuo, and Kugelrohr distillation gave2a as a white solid (0.40 g,
88% yield). Since dimer2a was sensitive to air and a satisfactory
elemental analysis was not obtained, the HRMS spectrum was
measured.

2a. Colorless solid, mp 102-104°C. MS (m/z): 184 (M+). HRMS
(EI) m/zcalcd for C14H16 184.1252, found 184.1248. IR spectrum (KBr)
3041, 2931, 2896, 1605, 1450, 1346, 847, 723, cm-1. 1H NMR (400
MHz, CDCl3): δ 5.51 (dd, 2H, 4- and 12-H,J ) 5.6, 2.2 Hz), 5.34 (d,
2H, 5- and 11-H,J ) 5.6 Hz), 3.35 (m, 4H, 2-, 3-, 13- and 14-H), 3.05
(m, 2H, 6- and 10-H), 2.89 (m, 1H, 1-H), 2.57 (qt, 1H, 8-H,J ) 8.6,
5.6 Hz), 1.75 (dt, 2H, 7- and 9-exo-H, J ) 13.2, 8.6 Hz), 1.43 (dt, 2H,
7- and 9-endo-H, J ) 13.2, 5.6 Hz).13C NMR (100 MHz, CDCl3): δ
134.5 (C4 and C12), 129.9 (C5 and C11), 58.0 and 56.6 (C2, C3, C13
and C14), 55.5 (C1), 52.2 (C6 and C10), 48.2 (C8), 36.8 (C7 and C9).
13C NMR (68 MHz, solid): δ 134.8 (C4 and C12), 130.4 (C5 and C11),
59.0 and 57.6 (C2, C3, C13 and C14), 53.1 (C1), 51.8 (C6 and C10),
49.1 (C8), 37.8 (C7 and C9).

Transition Metal Complex-Catalyzed Dimerization of 1a. A
solution of 0.46 g (0.51 mL, 5.0 mmol) of1a, 0.10 mmol of transition
metal complex, and 1.0 mmol ofN,N-dimethylacrylamide or dimethyl
fumarate in 3.0 mL of toluene, THF, orN-methylpiperidine was stirred
at 40-120 °C for 1-11 h in a heavy-walled glass ampule, or in a
20-mL, two-necked flask under an argon atmosphere. Conversion of

(53) Complex10 or its cationic derivative formed by the treatment of
10 with AgOTf in CH3CN (ref 52) was not an active catalyst for the
dimerization of1a to 2a. These facts suggest that a neutral complex without
a halogen ligand is a catalytically active species.

(54) (a) Kondo, T.; Hiraishi, N.; Morisaki, Y.; Wada, K.; Watanabe, Y.;
Mitsudo, T.Organometallics1998, 17, 2131. (b) Watanabe, Y.; Morisaki,
Y.; Kondo, T.; Mitsudo, T.J. Org. Chem.1996, 61, 4214. (c) Mitsudo, T.;
Suzuki, N.; Kondo, T.; Watanabe, Y.J. Org. Chem.1994, 59, 7759. (d)
Kondo, T.; Akazome, M.; Tsuji, Y.; Watanabe, Y.J. Org. Chem.1990,
55, 1286. (e) Hori, Y.; Mitsudo, T.; Watanabe, Y.Bull. Chem. Soc. Jpn.
1988, 61, 3011. (f) Hori, Y.; Mitsudo, T.; Yamakawa, Y.; Watanabe, Y.J.
Organomet. Chem.1987, 321, 397. (g) Kondo, T.; Tsuji, Y.; Watanabe, Y.
Tetrahedron Lett.1987, 28, 6229. (h) Mitsudo, T.; Hori, Y.; Yamakawa,
Y.; Watanabe, Y.Tetrahedron Lett.1987, 28, 4417. (i) Tsuji, Y.; Huh,
Keun Tae; Ohsugi, Y.; Watanabe, Y.J. Org. Chem.1985, 50, 1365.

(55) (a) Fukuoka, A.; Nagano, T.; Furuta, S.; Yoshizawa, M.; Hirano,
M.; Komiya, S.Bull. Chem. Soc. Jpn.1998, 71, 1409. (b) Ohgomori, Y.;
Ichikawa, S.; Sumitani, N.Organometallics1994, 13, 3758. (c) Maruyama,
Y.; Sezaki, T.; Tekawa, M.; Sakamoto, T.; Shimizu, I.; Yamamoto, A.J.
Organomet. Chem.1994, 473, 257. (d) Wakatsuki, Y.; Yamazaki, H.;
Kumegawa, N.; Satoh, J. Y.J. Am. Chem. Soc.1991, 113, 9604. (e)
Wakatsuki, Y.; Yamazaki, H.; Kumegawa, N.; Johar, P. S.Bull. Chem.
Soc. Jpn.1993, 66, 987. (f) Airoldi, M.; Deganello, G.; Dia, G.; Gennaro,
G. Inorg. Chim Acta1983, 68, 179. (g) Pertici, P.; Vitulli, G.; Carlini, C.
J. Mol. Catal. 1981, 11, 353. (h) Airoldi, M.; Deganello, G.; Dia, G.;
Gennaro, G.J. Organomet. Chem.1980, 187, 391.

(56) (a) Itoh, K.; Nagashima, H.; Ohshima, T.; Oshima, N.; Nishiyama,
H. J. Organomet. Chem.1984, 272, 179. (b) Pertici, P.; Vitulli, G.J. Chem.
Soc., Dalton Trans.1980, 1961.

(57) Hallman, P. S.; Stephenson, T. A.; Wilkinson, G.Inorg, Synth.1970,
12, 237.

(58) Young, R.; Wilkinson, G.Inorg, Synth.1977, 17, 75.
(59) Parshall, G. W.Inorg, Synth.1974, 15, 48.
(60) Oshima, N.; Suzuki, H.; Moro-oka, Y.Chem. Lett.1984, 1161.
(61) Nelson, G. O.; Summer, C. E.Organometallics1986, 5, 1983.
(62) Humphries, A.; Knox, S. A. R.J. Chem. Soc., Dalton Trans.1975,

1710.
(63) Mantovani, A.; Cenini, S.Inorg. Synth.1976, 16, 51.
(64) Bennett, M. A.; Wilkinson, G.Chem. Ind.1959, 1516.
(65) Keister, J. B.; Shapley, J. B.; Strickland, D. A.Inorg. Synth.1990,

27, 196.

(66) Lavigne, G.; Kaesz, H. D.J. Am. Chem. Soc.1984, 106, 4647.
(67) Coulson, D. R.Inorg. Synth.1972, 13, 121.
(68) Osborn, J. A.; Wilkinson, G.Inorg. Synth.1967, 10, 67.
(69) Burch, R. R.; Muetterties, E. L.; Day, V. W.Organometallics1982,

1, 188.
(70) Maitlis, P. M.; Kang, J. W.; Moseley, K. J.J. Chem Soc. A1970,

2875.
(71) Story, P. R.J. Org. Chem.1961, 26, 287.
(72) Story, P. R.; Fahrenholtz, S. R.J. Org. Chem.1963, 28, 1716.
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1a and the yields of2a, 3a, and4 were determined by GC analysis of
the reaction mixture, usingn-tetradecane or mesitylene as an internal
standard.

Selective Ru(cod)(cot)-Catalyzed Preparation of Heptacyclo-
[6.6.0.02,6.03,13.04,11.05,9.010,14]tetradecane (3a).A solution of 0.49 g
(0.54 mL, 5.3 mmol) of1a, 32 mg (0.10 mmol) of Ru(cod)(cot), and
99 mg (0.10 mL, 1.0 mmol) ofN,N-dimethylacrylamide in 3.0 mL of
DMSO was stirred at 120°C for 15 h in a sealed, heavy-walled glass
ampule under argon. After cooling to room temperature, the resulting
white precipitate was filtered off and washed with DMSO. Kugelrohr
distillation gave3a as a white solid (220 mg, 45% yield), which was
identified by1H and13C NMR.42

Selective Ru3(CO)12-Catalyzed Preparation of theexo-trans-exo
Dimer of 1a, Pentacyclo[8.2.1.14,7.02,9.03,8]tetradeca-5,11-diene (4).
A solution of 0.46 g (0.51 mL, 5.0 mmol) of1a, 64 mg (0.10 mmol)
of Ru3(CO)12, and 99 mg (0.10 mL, 1.0 mmol) ofN,N-dimethylacry-
lamide in 0.30 mL ofN-methylpiperidine was stirred at 80°C for 10
h in a sealed, heavy-walled glass ampule under argon. Kugelrohr
distillation gave4 as a white solid (0.24 g, 51% yield), which was
identified by1H and13C NMR.35

Ru(cod)(cot)-Catalyzed Dimerization of 7-tert-Butoxy-2,5-nor-
bornadiene, 1b.To a 20-mL, two-necked flask equipped with a reflux
condenser and a stirring bar, Ru(cod)(cot) [64 mg (0.20 mmol)] and
dimethyl fumarate [0.29 g (2.0 mmol)] were added in an argon
atmosphere. THF (6.0 mL) and 7-tert-butoxy-2,5-norbornadiene (1b)
[1.67 g (1.78 mL), 10.2 mmol] were then added. The mixture was
refluxed with stirring for 12 h. Kugelrohr distillation of the reaction
mixture gave 675.4 mg of white solid (40% yield), which was a mixture
of three isomers. The isomers were separated by GPC to give pure
endo-4,9-di-tert-butoxypentacyclo[6.6.0.02,6.03,13.010,14]tetradeca-4,11-
diene (endo-2b, 151 mg, yield 9%) and a mixture ofexo-4,9-di-tert-
butoxypentacyclo[6.6.0.02,6.03,13.010,14]tetradeca-4,11-diene (exo-2b)
and 7,12-di-tert-butoxyheptacyclo[6.6.0.02,6.03,13.04,11.05,9.010,14]tetradecane
(3b) (303 mg, yield 18%) in a ratio of ca. 2:1.

endo-2b. Colorless solid, mp 99-100°C. MS (m/z): 328 (M+), 272
(M+ - 56), 216 (M+ - 112). HRMS (EI)m/z calcd for C22H32O2

328.2402, found 328.2403. IR spectrum (KBr): 3049, 2974, 2933, 2900,
1458, 1389, 1365, 1181, 1096, 713 cm-1. 1H NMR (400 MHz,
CDCl3): δ 5.77 (dt, 1H, 12-H,J ) 5.4, 2.2 Hz), 5.50 (dt, 1H, 11-H,J
) 5.4, 2.2 Hz), 4.42 (d, 1H, 5-H,J ) 2.4 Hz), 4.06 (t, 1H, 9-H,J )
7.3 Hz), 3.40 (dt, 1H, 13-H,J ) 9.8, 2.2 Hz), 3.25 (q, 1H, 2-H,J )
9.3 Hz), 3.15 (dd, 1H, 3-H,J ) 9.8, 9.3 Hz), 3.10 (dd, 1H, 10-H,J )
7.3, 2.2 Hz), 3.08 (td, 1H,14-H,J ) 9.8, 7.3 Hz), 2.89 (dtd, 1H, 6-H,
J ) 9.8, 9.3, 2.4 Hz), 2.67 (dt, 1H, 1-H,J ) 9.8, 9.3 Hz), 2.47 (dtd,
1H, 8-H, J ) 10.3, 9.3, 7.3 Hz), 1.69 (ddd, 1H, 7-exo-H, J ) 13.7,
10.3, 9.8 Hz), 1.60 (dt, 1H, 7-endo-H, J ) 13.7, 9.3 Hz), 1.37 (s, 9H,
Me), 1.19 (s, 9H, Me).13C NMR (100 MHz, CDCl3): δ 152.7 (C4),
132.3 (C11), 132.0 (C12), 102.9 (C5), 76.7 (CMe3), 76.0 (C9), 72.6
(CMe3), 57.7 (C3), 56.0 (C13), 55.9 (C10), 55.1 (C2), 52.7 (C14), 51.7
(C8), 50.6 (C1), 49.1 (C6), 35.1 (C7), 28.4 (Me), 28.0 (Me).

The mixture ofexo-2b and3b. Colorless solid, mp 86-88 °C. Anal.
Calcd. for C22H32O2: C, 80.44; H, 9.82. Found: C, 80.16; H, 9.98. IR
spectrum (KBr): 3056, 2971, 2965, 2933, 1629, 1458, 1385, 1362,
1195, 1182, 1086, 1060, 1023, 719 cm-1.

exo-2b. MS (m/z): 328 (M+), 272 (M+ - 56), 216 (M+ - 112).1H
NMR (400 MHz, CDCl3): δ 5.64 (dt, 1H, 12-H,J ) 5.8, 2.0 Hz),
5.58 (dt, 1H, 11-H,J ) 5.8, 2.0 Hz), 4.40 (br d, 1H, 5-H,J ) 2.4 Hz),
3.82 (dd, 1H, 9-H,J ) 3.4, 2.9 Hz), 3.48 (dt, 1H, 14-H,J ) 10.3, 9.3
Hz), 3.32 (ddd, 1H, 13-H,J ) 9.8, 9.3, 2.0 Hz), 3.24 (td, 1H, 2-H,J
) 9.8, 9.3 Hz), 3.14 (dd, 1H, 3-H,J ) 9.8, 9.3 Hz), 3.03 (dt, 1H,1-H,
J ) 10.3, 9.8 Hz), 2.97 (dd, 1H, 10-H,J ) 9.3, 2.9 Hz), 2.95 (qd, 1H,
6-H, J ) 8.3, 2.4 Hz), 2.44 (dddd, 1H, 8-H,J ) 9.3, 8.8, 6.3, 3.4 Hz),
1.84 (dt, 1H, 7-exo-H, J ) 13.2, 8.8 Hz), 1.54 (dt, 1H, 7-endo-H, J )
13.2, 6.3 Hz), 1.36 (s, 9H, Me), 1.16 (s, 9H, Me).13C NMR (100 MHz,
CDCl3): δ 153.2 (C4), 132.4 (C11), 131.8 (C12), 103.5 (C5), 83.8
(C9), 76.8 (CMe3),72.9 (CMe3), 61.4 (C10), 57.2 (C8), 57.1 (C3), 56.3
(C13 and C14), 55.2 (C2), 53.4 (C1), 48.2 (C6), 37.2 (C7), 29.8 (Me),
28.0 (Me).

3b.49 MS (m/z): 328 (M+), 313 (M+ - Me), 255 (M+ - But). HRMS
(EI) m/z calcd for C22H32O2 328.2402, found 328.2396.1H NMR (400
MHz, CDCl3): δ 4.27 (br s, 2H), 2.74 (br s, 4H), 2.33 (br s, 6H), 2.16

(br s, 2H), 1.17 (d, 18H).13C NMR (100 MHz, CDCl3): δ 86.0 (OCH),
72.7 (CMe3), 55.7 (CH), 53.2 (CH), 51.8 (CH), 51.2 (CH), 48.9 (CH),
48.3 (CH), 28.6 (Me).

Ru(cod)(cot)-Catalyzed Dimerization of 7-Methyl-2,5-norborna-
diene (1c). To a 20-mL, two-necked flask equipped with a reflux
condenser and a stirring bar, Ru(cod)(cot) [32 mg (0.10 mmol)] and
dimethyl fumarate [0.14 g (1.0 mmol)] were added in an argon
atmosphere. Benzene (3.0 mL) and 7-methyl-2,5-norbornadiene (1c)
[0.54 g (0.58 mL), 5.1 mmol] were then added. The mixture was
refluxed with stirring for 10 h. The reaction mixture was concentrated
in vacuo and chromatographed on Florisil and on alumina with hexane
as an eluent. After concentration of the eluted solution at room
temperature in vacuo, the resulting isomers were separated by GPC to
give pureendo-7-methyl-12-methylenepentacyclo[6.6.0.02,6.03,13.010,14]-
tetradec-4-ene (endo-8, 206 mg, yield 38%) and a mixture ofexo-7-
methyl-12-methylenepentacyclo[6.6.0.02,6.03,13.010,14]tetradec-4-ene (exo-
8) and an unidentified isomer (272 mg, yield 50%) in a ratio of ca.
10:1. Although 7,12-dimethylheptacyclo[6.6.0.02,6.03,13.04,11.05,9.010,14]-
tetradecane (3c) could not be isolated, GPC analysis of the reaction
mixture showed the formation of3c in ca. 2% yield.3c was identified
using GCMS by comparison with an authentic sample which was
synthesized by the Ru(cod)(cot)-catalyzed dimerization of1c in the
presence ofN,N-dimethylacrylamide in DMSO.

endo-8. (The atomic numbering is different from that according to
IUPAC. See eq 7.) Colorless liquid, bp 80°C/0.5 mmHg. MS (m/z):
212 (M+), 197 (M+ - Me). HRMS (EI)m/zcalcd for C16H20 212.1565,
found 212.1555. IR spectrum (neat): 3063, 3041, 2934, 2874, 1708,
1647, 1453, 1431, 1374, 881, 863, 741, 718 cm-1 1H NMR (400 MHz,
CDCl3): δ 5.72 (dt, 1H, 12-H,J ) 5.7, 2.2 Hz), 5.62 (dt, 1H, 11-H,J
) 5.7, 2.2 Hz), 4.99 (br s, 1H,dCH), 4.80 (br s, 1H,dCH), 3.46 (dd,
1H, 3-H, J ) 11.2, 9.8 Hz), 3.43 (ddq, 1H, 13-H,J ) 11.2, 10.7, 2.2
Hz), 3.33 (ddd, 1H, 14-H,J ) 10.7, 8.8, 8.3 Hz), 3.14 (dt, 1H, 2-H,J
) 9.8, 8.8 Hz), 3.00 (ddq, 1H, 10-H,J ) 8.3, 7.8, 2.2 Hz), 2.91 (dt,
1H, 1-H,J ) 10.3, 8.8 Hz), 2.51 (ddt, 1H,5-exo-H, J ) 16.6, 7.3, 2.7
Hz), 2.35 (m, 1H, 6-H), 2.32 (dddd, 1H, 8-H,J ) 11.7, 10.3, 8.3, 7.8
Hz), 2.22 (d, 1H, 5-endo-H, J ) 16.6 Hz), 2.17 (tq, 1H, 9-H,J ) 7.8,
7.3 Hz), 1.42 (ddd, 1H, 7-H,J ) 13.2, 8.3, 7.8 Hz), 1.29 (ddd, 1H,
7-H, J ) 13.2, 11.7,8.8 Hz), 1.01 (d, 3H, Me,J ) 7.3 Hz).13C NMR
(100 MHz, CDCl3): δ 156.2 (C4), 132.3 (C11), 132.1 (C12), 107.8
(dCH2), 58.8 (C2), 56.9 (C14), 56.8 (C10), 56.1 (C1), 56.0 (C3), 55.3
(C13), 53.3 (C8), 45.2 (C6), 41.7 (C5), 41.3 (C9), 34.2 (C7), 14.1 (Me).

The mixture ofexo-8 and its unidentified isomer. Colorless liquid,
bp 80 °C/0.5 mmHg. IR spectrum (neat): 3064, 3036, 2947, 2885,
1648, 1454, 1373, 880, 742, 717 cm-1.

exo-8. (The atomic numbering is different from that according to
IUPAC. See eq 7.) MS (m/z): 212 (M+), 197 (M+ - Me). HRMS (EI)
m/z calcd for C16H20 212.1565, found 212.1567.1H NMR (400 MHz,
CDCl3): δ 5.58 (d, 1H, 11-H,J ) 5.4 Hz), 5.54 (d, 1H, 12-H,J ) 5.4
Hz), 4.97 (br s, 1H,dCH), 4.79 (br s, 1H,dCH), 3.43 (m, 3H, 3-, 13-
and 14-H), 3.14 (dt, 1H, 2-H,J ) 8.8, 8.3 Hz), 3.08 (q, 1H, 1-H,J )
8.3 Hz), 2.83 (m, 1H, 10-H), 2.49 (ddt, 1H,5-exo-H, J ) 16.6, 8.3, 2.7
Hz), 2.34 (dq, 1H, 6-H,J ) 8.8, 8.3 Hz), 2.20 (d, 1H, 5-endo-H, J )
16.6 Hz), 2.11 (dt, 1H, 8-H,J ) 11.2, 8.3 Hz), 2.08 (q, 1H, 9-H,J )
7.3 Hz), 1.68 (dt, 1H, 7-H,J ) 13.2, 8.3 Hz), 1.34 (ddd, 1H, 7-H,J )
13.2, 11.1, 8.8 Hz), 0.91 (d, 3H, Me,J ) 7.3 Hz). 13C NMR (100
MHz, CDCl3): δ 156.3 (C4), 135.0 (C11), 130.6 (C12), 107.6 (dCH2),
61.0 (C10), 58.8 (C2), 56.7, 56.4 and 55.5 (C3, C13 and C14), 56.4
(C8), 55.3 (C1), 44.8 (C6), 44.1 (C9), 41.6 (C5), 38.9 (C7), 23.5 (Me).

Ru(cod)(cot)-Catalyzed Preparation of 7,12-Dimethylheptacyclo-
[6.6.0.02,6.03,13.04,11.05,9.010,14]tetradecane (3c).A solution of 0.53 g
(0.57 mL, 5.0 mmol) of 7-methyl-2,5-norbornadiene (1c), 32 mg (0.10
mmol) of Ru(cod)(cot) and 99 mg (0.10 mL, 1.0 mmol) ofN,N-
dimethylacrylamide in 3.0 mL of DMSO was stirred at 120°C for 20
h in a sealed, heavy-walled glass ampule under argon. After cooling
to room temperature, 7,12-dimethylheptacyclo[6.6.0.02,6.03,13.04,11.05,9.010,14]-
tetradecane (3c) was isolated by Kugelrohr distillation (82 mg, 15%
yield) and identified by1H and13C NMR.

3c.Colorless liquid, bp 80°C/0.5 mmHg. HRMS (EI)m/z calcd for
C16H20: 212.1565. Found: 212.1562. MS (m/z): 212 (M+), 197 (M+

- Me). IR spectrum (neat): 2943, 2883, 2871, 1455, 1452, 1375 cm-1.
1H NMR (400 MHz, CDCl3): δ 2.57 (m, 4H), 2.41 (m, 4H), d 2.34 (q,
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2H, J ) 6.8), 2.19 (br s, 2H), 2.11 (br s, 2H), 0.91 (d, 6H,J ) 6.8,
Me). 13C NMR (100 MHz, CDCl3): δ 56.5, 55.4, 53.1, 53.0, 50.6
(CMe), 50.4, 15.5 (Me).

Preparation of [AgOTf(PCTD)] n (6). PCTD (94.6 mg, 0.513 mmol)
and 251.1 mg (0.977 mmol) of silver triflate were dissolved in THF
(15 mL) in a 100-mL, two-necked flask under argon, and the resulting
solution was allowed to stand for 48 h. To this solution was added 50
mL of n-pentane to give a white solid, which was filtered off, washed
twice with 10 mL ofn-pentane and three times with 10 mL of diethyl
ether, and then dried in vacuo at room temperature to give 179.2 mg
of 6. Single crystals for X-ray analysis were obtained from THF-
pentane solution, and they were dried under a stream of argon.

Complex6. Colorless solid, mp (dec) 165-167 °C. 1H NMR (400
MHz, THF): δ 5.79 (d, 2H, 4- and 12-H,J ) 3.9 Hz), 5.36 (d, 2H, 5-
and 11-H,J ) 5.4 Hz), 3.39 (m, 4H, 2-, 3-, 13- and 14-H), 3.12 (m,
2H, 6- and 10-H), 2.95 (q, 1H, 1-H,J ) 9.3 Hz), 2.61 (qt, 1H, 8-H,J
) 9.3, 5.4 Hz), 1.78 (dt, 2H, 7- and 9-exo-H, J ) 13.2, 8.8 Hz), 1.48
(dt, 2H, 7- and 9-endo-H, J ) 13.2, 5.4 Hz).13C NMR (100 MHz,
THF): δ 134.0 (C4 and C12), 129.4 (C5 and C11), 58.8 and 57.8 (C2,
C3, C13 and C14), 56.6 (C1), 53.3 (C6 and C10), 49.1 (C8), 37.5 (C7
and C9). Anal. Calcd for C136H144Ag10F30O30S10 as a AgOTf-(PCTD-
AgOTf)9: C, 38.64; H, 3.43; F, 13.48. Found: C, 38.65; H, 3.47; F,
13.34. Yield of6 was 72% based on the amount of2a.

Synthesis of Ru(cot)(dimethyl fumarate)2 7. To a 20-mL, two-
necked flask was added a solution of 2.09 g (6.6 mmol) of Ru(cod)-
(cot) and 1.91 g (13.2 mmol) of dimethyl fumarate in 7.0 mL of toluene,
and the mixture was stirred at 60°C. A yellow powder precipitated
immediately. After 2 h, the product was separated by filtration, washed
with toluene, and dried under vacuum to give7 (2.50 g, yield 76%).
An elemental analysis gave satisfactory data without recrystallization.

Complex7. Yellow solid, mp (dec) 177-178 °C. Anal. Calcd for
C20H26O8Ru: C, 48.48; H, 5.29. Found: C, 48.22; H, 5.23. IR spectrum
(KBr disk): 1706, 1695, 1307, 1166, 1028 cm-1. 1H NMR (400 MHz,
CD2Cl2): δ 6.75 (ddd, 1H, 4-H of cot,J ) 8.3, 5.9, 1.0 Hz), 5.84 (dq,
1H, 1-H of cot,J ) 9.8, 2.0 Hz), 5.58 (dd, 1H, 3-H of cot,J ) 9.8, 8.3
Hz), 4.97 (dd, 1H, 5-H of cot,J ) 7.3, 5.9 Hz), 4.33 (t, 1H, 2-H of
cot, J ) 9.8 Hz), 4.21 (d, 1H,dCH of fumarate,J ) 9.8 Hz), 3.88
(dtd, 1H, 6-H of cot,J ) 10.7, 7.3, 1.0 Hz), 3.76 (s, 3H, Me), 3.62 (s,
3H, Me), 3.57 (d, 1H,dCH of fumarate,J ) 10.7 Hz), 3.544 (s, 3H,
Me), 3.538 (s, 3H, Me), 3.23 (tdd, 1H, 8-H of cot,J ) 15.1, 5.4, 2.0
Hz), 2.64 (br d, 1H, 8-H of cot,J ) 15.1 Hz), 2.31 (d, 1H,dCH of
fumarate,J ) 9.8 Hz), 2.15 (d, 1H,dCH of fumarate,J ) 10.7 Hz),
1.16 (ddd, 1H, 7-H of cot,J ) 12.7, 7.3, 5.4 Hz),-0.46 (dddd, 1H,
7-H of cot,J ) 15.1, 12.7, 10.7, 2.0 Hz).13C NMR (100 MHz, CD2-
Cl2): δ 175.8 (CdO), 175.1 (CdO), 174.4 (CdO), 171.9 (CdO), 114.4
(C2 of cot), 106.5 (C3 of cot), 102.3 (C5 of cot), 100.6 (C1 of cot),
99.5 (C4 of cot), 92.7 (C6 of cot), 56.1 (dCH of fumarate), 51.8 (Me),

51.7 (Me), 51.3 (Me), 51.2 (Me), 49.8 (dCH of fumarate), 48.8 (d
CH of fumarate), 46.8 (dCH of fumarate), 40.8 (C8 of cot), 22.5 (C7
of cot).

Crystallographic Study of 6 and 7. The crystal data and experi-
mental details for6 and7 are summarized in Table 3. Diffraction data
were obtained with a Rigaku AFC-7R. The reflection intensities were
monitored by three standard reflections at every 150 measurements.
No decay correction was applied. Reflection data were corrected for
Lorentz and polarization effects. Azimuthal scans of several reflections
indicated no need for an absorption correction. The structures were
determined by direct methods using SHELX8673 and refined anisotro-
pically for non-hydrogen atoms by full-matrix least-squares calculations.
Atomic scattering factors and anomalous dispersion terms were taken
from the literature.74 No hydrogen atoms were refined except for the
four hydrogens on C(1), C(2), C(7), and C(8) of7, which was refined
isotropically. The finalR andRw values were 0.029 and 0.030 for6
and 0.040 and 0.041 for7, respectively. The calculations were
performed on IRIS Indigo and O2 computer using the program system
teXsan.75

The final atomic parameters for non-hydrogen atoms of6 and7 are
given in the Supporting Information, and selected bond lengths and
angles are summarized in Tables 4 and 5, respectively.
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