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precipitate of sodium chloride was centrifuged, and solvent was
evaporated. The crude product was purified by means of prep-
arative thin-layer chromatography on silica gel: yield 220 mg,
oil (62%); [«]®p -122.1° (¢ 2.1, benzene); MS m/z 189 (base peak),
92 (60%); 'H NMR (CD4CN, external Me,Si): 7.7 (br s), 7.44 (br
8), 4.31 (br s), 3.64 (q). 'H NMR spectra were also recorded in
CCl,, C¢Dg, CDCl3, and CD3COCD;. In all cases we were unable
to observe nonequivalence either of benzylic protons or of 2-
methoxy protons in diastereoisomeric benzyl-1-d-MPTA thiolo
esters,
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Bicyclo[2.2.1]hept-2-ene and its derivatives react with dimethyl acetylenedicarboxylate in the presence of
ruthenium complex catalysts in benzene at 80-100 °C to give [2 + 2] cross adducts, exo-tricyclo[4.2.1.0%*Inon-3-ene
derivatives. RuH,(CO)[P(p-PhF);]35, RuHy(CO)(PPhg);, RuHy(PPhs),, and (cyclooctatriene)(cyclooctadiene)-
ruthenium are effective catalysts. The reaction of 7-oxabicyclo[2.2.1]hept-2-enes affords 9-oxa-exo-tricyclo-
[4.2.1.0%]non-3-enes. The 1:2 mixture of cyclopentadiene or furan derivatives and dimethyl acetylenedicarboxylate
also gives the corresponding tricyclo[4.2.1.0>°|nonene derivatives in the presence of the catalysts. Novel linear
hexa- and heptacyclo compounds were prepared by using this reaction.

Two plus two cycloaddition of olefins and/or acetylenes
is a valuable route to cyclobutane derivatives. The reaction
is formally envisaged as a thermally forbidden process,’
and the reaction is achieved photochemically? or by the
use of transition-metal catalysts.?

As for the [2 + 2] cross-addition of olefins with acety-
lenes, inefficient photoaddition of bicyclo[2.2.1]hept-2-ene
{(norbornene) with dimethyl acetylenedicarboxylate® (yield
<10%) and a transition-metal-catalyzed addition of nor-
bornadiene with acetylenes’ have been reported. Thus
there have been no reports on the efficient [2 + 2] cross-
addition of norbornene with acetylenes.

On the other hand, ruthenium complexes are well-known
to be excellent catalysts for hydrogen transfer reactions;?
however, there have been only a few reports on catalytic

(1) R. B. Woodward and R. Hoffmann, Angew. Chem., 81, 797 (1969).

(2) For example: (a) G. O. Schenk, W. Hartmann, and R. Steinmetz,
Chem. Ber., 96, 498 (1963); (b) D. Scharf and F. Korte, ibid., 97, 2425
(1964); (c) P. Eaton, J. Am. Chem. Soc., 84, 2344, 2454 (1962); (d) D.
Sharf and F. Korte, Tetrahedron Lett., 821 (1963); (e) M. Hara, Y.
Odaira, and T. Tsutsumi, Tetrahedron, 22, 95 (1966); (f) R. L. Cargill
and M. R. Willcott, J. Org. Chem., 31, 3958 (1966), and references cited
therein.

(3) For example: (a) C. W. Bird, R. C. Cookson, and J. Hudec, Chem.
Ind. (London), 20 (1960); (b) P. W. Jolly, F. G. A. Stoue, and K.
Mackenzie, J. Chem. Soc., 3416 (1965); (¢) G. N. Schrauzer, Adv. Catal.,
18, 373 (1968); (d) F. J. Weigert, R. L. Baird, and J. R. Shapley, J. Am.
Chem. Soc., 92, 6630 (1970); (e) P. Binger, Angew. Chem., 84, 352 (1972);
(f) A. Greco, A. Carbonaro, and G. Dollasta, J. Org, Chem., 85, 271 (1970);
(g) D. R. Coulson, ibid., 37, 1253 (1972); (h) L. G. Cannel, J. Am. Chem.
Soc., 94, 6867 (1972); (i) R. Noyori, T. Ishigami, N. Hayashi, and H.
Takaya, ibid., 95, 1674 (1973).

(4) For example: (a) J. Halpern, J. F. Harrod, and B. R. James, J. Am.
Chem. Soc., 83, 753 (1961); (b) H. Imai, T. Nishiguchi, and K. Fukuzumi,
J. Org. Chem., 41, 665, 2688 (1976); (c) H. Horino, T. Ito, and A. Yam-
amoto, Chem. Lett., 17 (1978); (d) Y. Sasson and J. Blum, J. Org. Chem.,
40, 1887 (1975); (e) P. S. Hallman, B. R. McGarvey, and G. Wilkinson,
J. Chem. Soc. A, 3143 (1968); () D. R. Fahey, J. Org. Chem., 38, 3343
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Dalton Trans., 46 (1973).
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carbon—carbon bond formation: e.g., carbonylation of
olefins or acetylenes,® telomerization of olefins with alkyl
halides,® polymerization and oligomerization of olefins’ or
acetylenes,® and homologation of methyl acetate.?

(5) C. W. Bird, “Transition Metal Intermediates in Organic
Syntheses”, Logos Press—Academic Press, London, 1967; R. A. Sanchez-
Delgado, J. S. Bradley, and G. Wilkinson, J. Chem. Soc., Dalton Trans.,
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(6) E. F. Magoon, H. C. Volgen, W. W. Spooncer, J. L. V. Winkle, and
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Table I. [2 + 2] Cross-Addition of Norbornenes with Dimethyl Acetylenedicarboxylate Catalyzed by Ru Complexes®
norbornene
run deriv catalyst reactn reactn yield,?
no (amt, mmol) (amt, mmol) temp, °C time, h prod %
1 2a (10) 1(0.20) 80 24 7a 52 (65)
2 2a (10) 4 (0.20) 100 6 7a (78)
3 2a (10) 5 (0.20) 100 6 7a (56)
4 2a (10) 6 (0.24) 100 6 7a (87)
5 2a (10) 14 (0.20) 100 6 7a (10)
C4(CO,Me), (18)
6 2b (20) 1 (0.40) 80 48 7b 50
' 2
7 7b (5) 1(0.10) 80 20 7’ 21
8 2c¢ (10) 1(0.10) 100 6 Te 39
gd 2¢ (10) 1(0.20) 100 6 7c (55)
10 2¢ (10) 1(0.20) 100 6 Tc 48 (64)
11 2¢ (10) 6 (0.24) 100 6 7c (88)
12 2c¢ (10) 13 (0.40) 100 6 Tc 40 (52)
13 2¢ (10) A 100 6 7c (29)
14 2¢ (10) B¢ 100 6 7c (5)
15 2d (10) 1(0.10) 100 20 7d 57
16 2d (10) 13 (0.40) 100 6 7d (67)
17 2e (10) 1(0.20) 100 6 7e 68
18 2f (5) 6 (0.24) 100 6 7f 15
f 15
19 2f (5) 6 (0.20) 100 8 7t 54
20 2g (10) 1(0.20) 100 6 e 59
21 2h (10) 1(0.20) 100 6 Th 21
22 2h (10) 6 (0.10) 100 6 7h 84
23 2i (10) 1(0.20) 100 8 7i 10

% The mole ratio of 2/3 is 1:1 except for run 9, Y Isolated yields based on the norbornene derivatives. GLC yields are

given in parentheses.
NaBH, (0.4 mmol)-dioxane (10 mL). ¢ 2f/3=1:2.

These facts prompted us to investigate the carbon-
carbon bond formation reaction catalyzed by ruthenium
complexes. Recently, it has been briefly reported that
RuH,(PPh;), (1) catalyzes a [2 + 2] cross-addition of
norbornene derivatives with dimethyl acetylenedi-
carboxylate, affording a novel route to the exo-tricyclo-
[4.2.1.0%5]nonene system.!® In this report, the recent
progress of the catalysts and the scope of this reaction will
be described.

Results and Discussion

Norbornene (2a) readily reacted with an equimolar
amount of dimethyl acetylenedicarboxylate (3) in the
presence of a catalytic amount of RuH,(PPhg), (1),
RuH,(CO)(PPh;); (4), RuH,[P(p-PhF);), (5), or RuH,-
(CO)[P(p-PhF)]; (6) in benzene at 80-100 °C to give the
corresponding [2 + 2] cross-adduct dimethyl exo-tricy-
clo[4.2.1.0%]non-3-ene-3,4-dicarboxylate (7a) in yields of
87-56% (Table I). The structure of 7a was assigned on
the basis of the spectral and microanalytical data, and it
was confirmed by the following method. The hydrogen-
ation of 7a catalyzed with 5% Pd/C gave a hydrogenated
product 8, which was also obtained by the hydrogenation
of 7b prepared by the reaction of quadricyclane (9) with
3.1 The melting point of 8 (63 °C) is different from those
of 10 (84 °C) and 11 (78 °C) reported, and the stereo-
chemistry of 8 shown in Scheme I was deduced on the basis
of its 'TH NMR spectrum which is fully consistent with the
structure. The exo structure of the adduct 7a was con-
firmed by the tH NMR spectrum: the signal of the protons
of the cyclobutene ring does not couple with that at the
bridgehead.!**? The reaction was highly selective (>95%),

(10) T. Mitsudo, K. Kokuryo, and Y. Takegami, J. Chem. Soc., Chem.
Commun., 772 (1976).

(11) C. D. Smith, J. Am. Chem. Soc., 88, 4273 (1966).

(12) J. Meinwald, J. C. Meinwald, and T. N. Baker, J. Am. Chem. Soc.,
86, 4074 (1964).

¢ A, RuCl,(PPh;), (0.2 mmol)-NaBH, (0.8 mmol)-diglyme (10 mL); B;RuCl,-3H,0 (0.2 mmol)-

and byproducts such as cyclohexadiene derivatives!® (1:2
adduct of 2 and 3) or a homodimer of the olefins® were
not detected. To our knowledge this is the first example
of [2 + 2] cross-addition of unsubstituted norbornene with
acetylenes catalyzed by transition-metal complexes. In the
reaction of norbornadiene (2b) with 3, in addition to the
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Table II. Reaction of Cyclopentadiene or Furan
Derivatives with Dimethyl Acetylenedicarboxylate
Catalyzed by Ru Complexes®

run catalyst yield,
no. substrate (amt, mmol) prod  %®

24 cyclopentadiene
25 cyclopentadiene

1(0.05) Te 66
6(0.10) 7e 63

26 furan 1(0.10) 7h 13
27 furan 4(0.10) 7h 57
28 furan 5(0.10) 7h 29
29 furan 6 (0.10) 7h 73
30 2-methylfuran 1(0.10) 7i ~0
31 2-methylfuran 6 (0.10) Ti 10

¢ Five millimoles of the substrate and 10 mmol of 3 were
used in each run; reaction time, 6 h; reaction temperature,
100°C. b Isolated yields based on the substrate.
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1:1 [2 + 2] cross-adduct 7b (yield 50%), a 1:2 adduct 7b’
derived by the double [2 + 2] addition was also obtained
(2%). The increase of the mole ratio of 3/2b did not
increase the yield of 7b"; only the oligomer of 3 was formed.
The adduct 7b’ was obtained in a moderate yield by the
reaction of 7b with 3 (run 7, Table I). The present [2 +
2] cross-addition is generally successful for norbornene
derivatives; 2¢—e also gave the corresponding adducts,
7c—e, in fairly good yields. The results were summarized
in Table I. Using this reaction, we synthesized linear
polycyclo compounds. The exo,trans-exo dimer of nor-
bornadiene, 2f, reacted with 1 mole equiv of 3 to give a 1:1
adduct 7f (a hexacyclo compound) and 1:2 adduct 7f’ (a
heptacyclo compound), both in 15% yields. At the mole
ratio 3/2f = 2, 7 was obtained in 54% yield, and 7f could
not be isolated. The derivatives of 7-oxabicyclo[2.2.1]-
hept-2-ene such as 2g-i also gave the corresponding [2 +
2] cross adducts, 7g-i.

A 1:2 mixture of cyclopentadiene or a furan derivative
(12¢, 12h, or 12i) and 3 also gave 7e, 7h, or 7i in fairly good
yields. Results were summarized in Table II. In these
reactions, the Diels-Alder adduct 2e, 2h, or 2i is formed
in the first step, and then the [2 + 2] cross-addition oc-
curred (Scheme II). Although 7e and 7h have been pre-
pared by the reaction of quadricyclane derivatives with
dimethyl acetylenedicarboxylate,!41% the facile reaction
procedure and the high yield of the products in the present
reaction afford a novel synthetic route to tricyclo{4.2.-
1.025]non-3-enes.

In these reactions, in addition to RuH,(CO),(PAr;),.,
(n = 0 or 1), (cyclooctatriene){cyclooctadiene)ruthenium(0)
(13) was a considerably effective catalyst. Although
RuCl3-3H20—NaBH4—diglyme or Ruclz(PPh3)4_NaBH4‘
dioxane systems were also effective, only the lower activ-
ities were observed. In the case of Ru(CO);(PPh;), (14),
a small amount of the [2 + 2] cross-adduct was obtained,
and the major product was hexamethoxycarbonylbenzene.
These results were also summarized in Table I. Bis(cy-
clooctadiene)iron and RhC1(PPhg); were inactive, and only
the starting materials were recovered.

(14) W. Eberbach, Chem. Ber., 107, 3287 (1974).
(15) V. H. Prinzbach, M. Arguelles, P. Vogel, and W. Eberbach, An-
gew. Chem., 79, 1103 (1967).
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As for acetylene derivatives, unfortunately only dimethyl
acetylenedicarboxylate was successful. Methyl acetyle-
necarboxylate reacted, affording an amorphous black
compound containing none of the norbornene moiety. In
the reaction of diphenylacetylene, phenylacetylene, or
1-octyne, only the starting materials were recovered, or a
small amount of product which is supposed to be a dimer
of the acetylene was detected by GLC. The optimum
reaction temperature was 8¢-100 °C, and the yield of the
[2 + 2] adduct considerably decreased above 120 °C or
below 60 °C.

Although the mechanism of the [2 + 2] cross-addition
is not clear at the present time, one of the possible reaction
routes may be explained by assuming the formation of a
zerovalent complex 15 by the reaction of RuH,(CO),-
(PAry),, (n = 0 or 1) with 2 or 3 (Scheme III). It has been
reported that RuH,(PPh;), reacts with olefins such as
ethylene or styrene to give Ru(R—C==C)(PPhy); (16),6 the
structure of which was recently pointed out to be RuH-
(R—C=C)(PC¢H;Ph,)(PPh,), (17).'” In any way, a zer-
ovalent ruthenium complex is reasonably considered to be
formed in the early step of the reaction of RuHy(CO),-
(PAr;),_, with 2 or 3. The successive formation of Ru’-
(nor)(acet)(CQ),(PArs),, (18; nor = norbornene and acet
= gcetylene) and a metallacyclopentene complex 19, fol-
lowed by the reductive elimination reaction, could afford
the [2 + 2] cross-adduct 7 and a Ru(0) species 15 again
(Scheme III). The fact that the zerovalent complex 13
effectively catalyzes the [2 + 2] reaction also supports the
Ru(0) = Ru(Il) catalytic cycle.!®* Concerning the me-
tallacyclopentene intermediate, the related reaction in-
termediates in the homodimerization of norbornadiene
with Ir'® or Ni?® catalyst have been isolated. The activity
of the catalyst increased when one of the phosphine ligands
in 1 and 5 is substituted with a carbon monoxide. One
plausible explanation for this effect is the prevention of
the orthometalation of the triphenylphosphine in the
zerovalent intermediate 15. The enhanced =-acceptor
character of carbon monoxide may cause the decrease of
the electron density on the ruthenium atom, and the
formation of 17, which may be converted into inactive
species, would be partially disturbed.?

(16) S. Komiya, A. Yamamoto, and S. Ikeda, J. Organomet. Chem., 42,
C65 (1972); Bull. Chem. Soc. Jpn., 49, 2552 (1976).

(17) D. J. Cole-Hamilton and G. Wilkinson, J. Chem. Soc., Chem.
Commun., 59 (1977).

(18) The possibility of the Ru(Il) = Ru(IV) catalytic cycle could not
be ruled out completely.

(19) A. R. Fraser, P. H. Bird, S. A. Bezman, J. R. Sharpley, R. White,
and J. A, Osborn, J. Am. Chem. Soc., 95, 597 (1973).

(20) M. J. Doyle, J. McMeeking, and P. Binger, J. Chem. Soc., Chem.
Commun., 376 (1976).

(21) J. K. Stille and K. 8. Y. Lau, Acc. Chem. Res., 10, 434 (1977).
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Experimental Section

All melting points and boiling points were uncorrected. Infrared
spectra were taken on a Hitachi Model EPI-G2 or 215 spec-
trometer either as films or in potassium bromide disks. Proton
nuclear magnetic resonance spectra were obtained on a JEOL
MP-60 or Varian HR-220, HA-100, or JNM-FX-100 spectrometer
as 1-10% solutions using tetramethylsilane as an internal ref-
erence. Mass spectra were taken on a JMS-01SG mass spec-
trometer. Microanalyses were performed by the Laboratory for
Organic Elemental Microanalysis at the Faculty of Pharmaceutical
Science at Kyoto University. Gas chromatographic analysis (GLC)
were carried out on a 1.5 m X 3 mm stainless-steel column packed
with 5% SE-30 on 60/80-mesh Shimalite. All the catalytic re-
actions were carried out in an atmosphere of argon.

Norbornene (2a), norbornadiene (2b), furan, 2-methylfuran,
dimethyl acetylenedicarboxylate, and benzene were commercial
samples and were purified by distillation in an atmosphere of
argon before use. The norbornene derivatives 2¢,2 2d,2 2e, 2f,%
2g,2 2h and 2i,%® RuHy(CO)(PPhy); (4),”” and (cycloocta-
triene)(cyclooctadiene)ruthenium (13)# were prepared by the
methods described in the literature. RuH,(PPhy), (1) was pre-
pared in two ways: from RuCly3H,0% and from RuCly(PPhy),. %
Although the complex obtained by the former method (mustard
yellow) contains a small amount of contaminants, both complexes
showed the same catalytic activity, and the complex prepared by
the facile former method was used.

Dihydridotetrakis[tris(p-fluorophenyl)phos-
phine]ruthenium (5) was prepared by a method similar to that
for 1.2 Yellow microcrystals of 5 were obtained in a yield of 60%:
mp 157-160 °C dec; vgyyy 2020 cm™'; 'H NMR (100 MHz,
benzene-dg) = 20.56 (2 H, m, RuH,). Anal. Calcd for
CroHyF P Ruw: C, 63.21; H, 3.68. Found: C, 62.11; H, 3.96.

Carbonyldihydridotris[tris(p-fluorophenyl)phos-
phine]ruthenium (6) was prepared by a method similar to that

Haq
e
pd—'RU_Hb
P
¢ o
6

for 4.7 Colorless microcrystals of 6 were obtained in 96% yield:
mp 202-205 °C dec; vpy-n 2030, vo=o 1940 cm™'; 'H NMR (100
MHz, benzene-dg) 7 16.82 [1 H, J(H,P4) = 16.6 Hz, JH,P,) =
30.0 Hz, J(H,H;) = 6.2 Hz], 18.61 [1 H, JH,Py) = 75.2 Hz,
J(HP,) = 29.0 Hz, J(H,H,) = 6.2 Hz], RuH,.¥ Anal. Calcd for
CssHasOFP:Ru: C, 61.17; H, 3.565. Found: C, 62.08; H, 3.82.

Dimethyl exo-Tricyclo[4.2.1.025]non-3-ene-3,4-dicar-
boxylate (7a). A mixture of 1 (0.23 g, 0.20 mmol), benzene (10
mL), 2a (0.94 g, 10 mmol), and 3 (1.42 g, 10 mmol) was heated
in a sealed tube at 80 °C for 24 h. Distillation of the reaction
mixture afforded 1.2 g (562%) of 7a: bp 83-86 °C (0.25 torr); IR
(neat) 1720, 1632 cm™%; '"H NMR (CCl,, 220 MHz) § 3.72 (s, 6 H,
OMe), 2.60 (s, 2 H, endo-cyclobutene), 2.25 (s, br, 2 H, bridgehead),
1.61 (d, J = 6.9 Hz, 2 H, endo), 1.34 (d, J = 10.6 Hz, 1 H, bridge),
1.13 (d, J = 6.9 Hz, 2 H, exo), 1.06 (d, J = 10.6 Hz, 1 H, bridge);
MS m/e 236, 205, 204, 203. Anal. Caled for C,;H,404 C, 66.09;
H, 6.83. Found: C, 65.85; H, 7.05.

(22) R. S. Monson, “Advanced Organic Synthesis”, Academic Press,
New York, 1971, p 78.

(23) L. Friedman and F. M. Logullo, J. Org. Chem., 34, 3089 (1969).

(24) G. Kaupp and H. Prinzbach, Chem. Ber., 104, 182 (1971).

(25) D. R. Arnold, D. J. Trecker, and E. B. Whipple, J. Am. Chem.
Soc., 87, 2596 (1965).

(26) H. Prinzbach, M. Arguelles, and Druckrey, Angew. Chem., 78,
1057 (1966).

(27) N. Ahmad, J. J. Levison, and S. D. Robinson, Inorg. Synth., 15,
48 (1974).

(28) P. Pertici, G. Vitulli, and L. Porri, J. Chem. Soc., Chem. Com-
mun., 846 (1975).

(29) J. J. Levison and 8. D. Robinson, J. Chem. Soc. A, 2947 (1970).

(30) R. O. Harris, N. K. Hota, L. Sasaroy, and J. M. C. Yuen, J.
Organomet. Chem., 54, 259 (1973).

(31) H. Schindlbauer, Chem. Ber., 100, 3432 (1967).

(32) C. D. Smith, Org. Synth., 51, 133 (1971).
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Hydrogenation of 7a and 7b. 7a (1.8 g, 7.8 mmol) was hy-
drogenated under an atmospheric pressure of hydrogen in the
presence of 0.5 g of 5% Pd/C in methyl acetate (10 mL). In the
course of 24 h, a quantitative amount of hydrogen was absorbed,
and distillation of the reaction mixture afforded 8 as a colorless
liquid (1.3 g, 73%) which gradually crystallized: bp 95-98 °C (0.08
torr); mp 63-64 °C; IR (KBr) 1738 cm™; 'H NMR (CCl,, 220 MHz)
5 3.54 (s, 6 H, OMe), 3.43 (m, 2 H, cyclobutane), 2.46 (s, 2 H,
bridgehead), 2.39 (m, 2 H, cyclobutane), 2.00 (d, 1 H, J = 10.5
Hz, bridge), 1.45 (d, br, J = 7.3 Hz, 2 H, endo), 1.17 (d, 1 H, J
= 10.5 Hz, bridge), 0.95 (dd, J = 7.3, 2.0 Hz, exo0). Anal. Calcd
for C13H1304 C, 65.53; H, 7.61. Found: C, 65.70; H, 7.64. The
identical compound was also obtained by a similar hydrogenation
of the 1:1 adduct of quadricyclane and dimethyl acetylenedi-
carboxylate (7b)!! (yield 60%).

Dimethyl exo-Tricyclo[4.2.1.02°]nona-3,7-diene-3,4-di-
carboxylate (7b). A mixture of 1 (0.46 g, 0.40 mmol), benzene
(20 mL), 2b (2.0 mL, 20 mmol), and 3 (2.84 g, 20 mmol) was heated
in a sealed tube at 80 °C for 48 h. Distillation of the reaction
mixture afforded 2.4 g (50%) of 7b: bp 94-96 °C (0.26 torr); IR
(neat) 1710, 1630 cm™%; 'TH NMR (CCl,, 60 MHz) 6 6.17 (m, 2 H,
olefinic), 3.75 (s, 6 H, OMe), 2.72 (s, br, 2 H, bridgehead), 2.52
(s, 2 H, endo), 1.40 (s, br, 2 H, bridge); MS m/e 234, 203. Anal.
Calced for C3H,,04 C, 66.66; H, 6.02. Found: C, 66.90; H, 5.75.
The residue of the distillation was chromatographed (preparative
TLC, silica gel); elution with benzene—diethyl ether (2:3) and
recrystallization from methanol afforded colorless needles of 7b’
(0.15 g, 2%) (see below for the spectral and analytical data for
7b’).

Tetramethyl exo,exo-Tetracyclo[4.4.1.025,071%undeca-
3,8-diene-3,4,8,9-tetracarboxylate (7b’). A mixture of 1 (0.12
g, 0.10 mmol), benzene (5 mL), 7b (1.2 g, 5.0 mmol), and 3 (0.71
g, 5.0 mmol) was heated in a sealed tube at 80 °C for 20 h. The
reaction mixture was concentrated to ca. 2 mL and cooled at 5
°C overnight. Recrystallization of the formed crystals from
methanol gave colorless needles (0.40 g, 21%) of 7b”: mp 142-143
°C; IR (KBr) 1747, 1702, 1622 cm™'; 'TH NMR (CCl,, 60 MHz) &
3.70 (s, 12 H, OMe), 2.70 (s, 4 H, endo), 2.37 (s, br, 2 H, bridge),
1.37 (s, br, 2 H, bridgehead); MS m/e 376, 345, 311. Anal. Calcd
for C;gHoqOg: C, 60.64; H, 5.36. Found: C, 60.88; H, 5.57.

Tetramethyl exo-Tricyclo[4.2.1.02%]nona-3-ene-3,4-
endo-7,8-tetracarboxylate (7¢). A mixture of 1 (0.23 g, 0.20
mmol), 2¢ (2.10 g, 10 mmol), benzene (10 mL), and 3 (1.42 g, 10
mmol) was heated in a sealed tube at 100 °C for 6 h. Distillation
of the reaction mixture afforded a colorless liquid which crys-
tallized in several hours to afford 1.68 g (48%) of 7¢c: bp 148-150
°C (1.1 torr); mp 98-99 °C; IR (KBr) 1737, 1699, 1626 cm™; 'H
NMR (CCl,, 60 MHz) 6 3.76 (s, 6 H, OMe), 3.67 (s, 6 H, OMe),
3.38 (s, 2 H, endo), 3.15 (m, 2 H, exo), 2.67 (s, br, 2 H, bridgehead),
1.43 (AB q, J = 11.2 Hz, 2 H, bridge); MS m/e 352, 321. Anal.
Calcd for C1;HxO0gs: C, 57.95; H, 5.72. Found: C, 57.84; H, 5.93.

Dimethyl 7,8-benzo-exo-tricyclo[4.2.1.0>°]non-3-ene-3,4-
dicarboxylate (7d) was obtained in a manner similar to that
described above as a colorless liquid which crystallized in 1 h: 1.65
g, 57%; bp 134-135 °C (0.45 torr); mp 94-95 °C; IR (KBr) 1728,
1713, 1628 cm™; 'H NMR (CCl,, 60 MHz) 4 7.1 (m, 4 H, Ar), 3.80
(s, 6 H, OMe), 3.23 (s, br, 2 H, bridgehead), 2.68 (s, 2 H, endo),
1.77 (s, br, 2 H, bridge); MS m /e 283, 252, 224. Anal. Caled for
Ci7Hs04 C, 71.82; H, 5.67. Found: C, 71.74; H, 5.49.

Tetramethyl exo-Tricyclo[4.2.1.025]nona-3,7-diene-
3,4,7,8-tetracarboxylate (7e). A mixture of 1 (0.23 g, 0.20 mmol),
benzene (10 mL), 2e (2.1 g, 10 mmol), and 3 (1.42 g, 10 mmol)
was heated in a sealed tube at 100 °C for 6 h. The reaction mixture
was concentrated to ca. 3 mL and cooled at 5 °C for several hours,
Recrystallization of the formed precipitates from methanol af-
forded colorless crystals of 7e: 2.4 g, 68%; mp 89-90 °C (lit.14
mp 88 °C); IR and 'H NMR spectra were identical with those
reported.’* Anal. Caled for C;;H,40s C, 58.28; H, 5.18. Found:
C, 58.14; H, 5.18.

Tetramethyl exo,exo,trans-exo,exo-Heptacyclo[10.-
4.1.1,0211,0310,058,01318]octadeca-6,14-diene-6,7,14,15-tetra-
carboxylate (7f’) and Dimethy! exo,trans-exo,exo-Hexa-
cyclo[10.2.1.14%,0211,0310, 0581 hexadeca-6,13-diene-6,7-di-
carboxylate (7f). A mixture of 6 (0.26 g, 0.24 mmol), benzene
(20 mL), 2f (0.92 g, 5.0 mmol), and 3 (0.71 g, 5.0 mmol) was heated
in a sealed tube at 100 °C for 6 h. The reaction mixture was
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concentrated to ca. 3 mL, and then 10 mL of methanol was added.
The formed precipitates were collected, and recrystallization from
hot methanol-benzene gave colorless crystals of 7f” (0.35 g, 15%).
The solvent of the filtrate was evaporated, and the residual solid
was extracted with 10 mL of ether-benzene (1:1) and the extract
filtered. The filtrate was concentrated to ca. 1 mL, and the
recrystallization of the formed precipitates from methanol gave
0.24 g (15%) of 7f. The yield of 7f’ increased when the mole ratio
of 2f/3 was 1:2. A mixture of 6 (0.26 g, 0.24 mmol), 2f (0.92 g,
5 mmol), benzene (5 mL), and 3 (1.42 g, 10 mmol) was heated in
a sealed tube at 100 °C for 8 h. The reaction mixture was allowed
to stand at room temperature overnight. Recrystallization of the
formed colorless crystals from benzene-methanol (3:2) gave 1.26
g (54%) of 7f". From the filtrate, 7f could not be isolated. 7f:
mp 110-111 °C; IR (KBr) 3065, 1735, 1710, 1625 cm™'; 'H NMR
(CDCl,, 100 MHz) 6 5.97 (m, 2 H, olefinic), 3.77 (s, 6 H, OMe),
2.64 (m, 2 H), 2.58 (s, 2 H), 2.15 (s, 2 H), 1.78, 1.22 (AB q, 2 H,
J = 8.5 Hz, bridge), 1.70, 1.21 (AB q, 2 H, J = 11.5 Hz, bridge),
1.48 (s, 4 H, cyclobutane). Anal. Calcd for C50H,,0,: C, 73.60;
H, 6.79. Found: C, 73.03; H, 6.98. 7f: mp 259-260 °C; IR (KBr)
1730, 1708, 1630 cm™; 'H NMR (CDCl;, 60 MHz) 6 3.77 (s, 12
H, OMe), 2.53 (s, 4 H, endo-cyclobutene), 2.13 (s, br, 4 H,
bridgehead), 1.70 (s, 4 H, cyclobutane), 1.60 (AB q, J = 11.4 Hz,
4 H, bridge); mol wt (cryoscopic in benzene) 420 (468.5). Anal.
Caled for CogHyOg: C, 66.67; H, 6.02. Found: C, 66.46; H, 6.02.

Dimethyl 7,8-benzo-8-oxatricyclo[4.2.1.0>°]non-3-ene-3,4-
dicarboxylate (7g) was prepared from 2g (10 mmol) and 3 (10
mmol) in the same manner used in the preparation of 7e (yield
59%). 7g: mp 151-152 °C; IR (KBr) 1731, 1714, 1638 cm™; 'H
NMR (CDCl;, 60 MHz) & 7.23 (m, 4 H, Ph), 5.16 (s, 2 H,
bridgehead), 3.83 (s, 6 H, OMe), 2.93 (s, 2 H, endo); MS m/e 286,
255, 227. Anal, Caled for CgH,,O5: C, 67.13; H, 4.93. Found:
C, 66.92; H, 4.95.

Tetramethyl 7-0xa-exo-tricyclo[4.2.1.0*°]nona-3,7-diene-
3,4,7,8-tetracarboxylate (7h) was prepared from 2h (10 mmol)
and 3 (10 mmol) in the same manner used in the preparation of
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7e (yield 21%). 7Th: mp 160-161 °C (lit.* mp 157-158 °C); IR
and 'H NMR spectra were identical with those reported.® Anal.
Caled for C;¢H¢Og: C, 54.55; H, 4.58. Found: C, 54.58; H, 4.38.
Tetramethyl 1-methyl-7-oxa-exo-tricyclo[4.2.1.02%]nona-
3,7-diene-3,4,7,8-tetracarboxylate (7i) was prepared in the same
manner described above: yield 10%; mp 102-103 °C; IR (KBr)
1730, 1715, 1633 cm™; 'H NMR (CDCl;, 60 MHz) § 5.03 (s, 1 H,
bridgehead), 3.87 (s, 3 H, OMe), 3.80 (s, 3 H, OMe), 3.10 (s, 2 H,
endo), 1.63 (s, 3 H, Me); MS m/e 366, 335. Anal. Calcd for
C7H;30q: C, 55.74; H, 4.95. Found: C, 55.91; H, 4.92.
Reaction of Furan Derivatives or Cyclopentadiene with
3. The reaction of furan is representative. A mixture of 6 (0.11
g, 0.10 mmol), benzene (5 mL), furan (0.36 mL, 5 mmol), and 3
(1.42 g, 10 mmol) was heated in a sealed tube at 100 °C for 6 h.
The solvent of the reaction mixture was evaporated, and the
formed precipitates were collected on a glass filter and washed
with a small amount of methanol. Recrystallization from methanol
gave colorless crystals of 7h (yield 1.29 g, 73%). The reaction
of 2-methylfuran or cyclopentadiene with 3 was carried out sim-
ilarly. Yields of the products were summarized in Table IL
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The reactions of addition of MeO~ to the title cations, 1 and 2, respectively, have been studied spectropho-
tometrically in MeOH. Owing to the high reactivity of these cations, buffers have been used for the kinetic
measurements. The system Et;N/Et;NH* has been found suitable because of the low reactivity of Et;N toward
the substrates. Rate and equilibrium constants for the addition to position 4 of 1 and to positions 2 and 4 of
2 have been determined or estimated at 25 °C. The equilibria are well shifted toward the adducts, much more
than in the additions of MeO~ to N-substituted pyridinium cations. The lower rate of addition to the meth-
oxy-bearing position of 2 with respect to that of addition to the hydrogen-bearing position of 1 is discussed in
terms of electronic and other structural effects and also in comparison with related data for the addition to the

trinitrobenzene and dinitrothiophene systems.

The formation of anionic ¢ adducts (Meisenheimer ad-
ducts) from neutral, suitably substituted aromatic mole-
cules and negatively charged nucleophiles has been in-
tensively investigated in physical organic studies.!
Quantitative work has also been carried out in more recent

years with similar adducts from heteroaromatic six- and
five-membered ring substrates.?*

Adduct formation may also occur in reactions of a dif-
ferent charge type, such as the ones involving cationic
substrates, and negatively charged nucleophiles to give
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