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Figure 2. 3D NOESY-COSY spectroscopy: The top spectrum shows the NH-C,H cross-peak region of a 300-MHz soft-NOESY experiment on 
buserilin. Same acquisition and processing parameters as for the 3D COSY-COSY.) The spectrum was recorded in 96 h.  The three inserted blocks 
give cross sections parallel to uI(CEIH) and u,(NH) axes of a 3D NOESY-COSY experiment. Peaks are labeled with the one-letter codes of the amino 
acids forming origin and destination of coherence transfer. Contours are drawn for positive and negative intensities. 

A soft-NOESY spectrum, again of buserilin, showing the 
NH-C,H cross-peak region is given in Figure 2. Severe overlap 
of intra- and interresidue NOE cross peaks makes the interpre- 
tation difficult. In particular the overlap of the peaks 
NH(R)-C,H(R) and NH(W)-C,H(H) as well as of NH(R)-C,H(L), 
NH(L)-C,H(L), and NH(U-C,H@), should be noted. The NOE- 
SY-COSY experiment involving the coherence transfer processes 

intra intra 
N H  - C,H - N H  

provides a spread in the third dimension by the intraresidue J 
correlation of C,H and N H  protons. The pulse sequence reads 
(~ /2)"~ ' - ( r ) -A- t  1 - (r/ 2 h m - ( r /  2)(CnH)-t *-( @)-t3. The 
-(r)-A-refocusing element removes peak shape distortions. Three 
cross sections parallel to o2 and w3 through the 3D spectrum are 
included in Figure 2. Because the N H  resonances of R and H,  
and of L and 5, do not overlap, it is possible to separate all 
mentioned coincidences except for the peaks NH(R)-C,H(L)( R/L) 
and NH(L)-C,H(L)(L/L) that overlap even in the 3D spectrum, 
because NH(R) and NH(L) are almost isochronous. However, the 
small L/L + R/L cross peaks in the 2D section (a) compared 
to (b) indicate that the L/L correlation is much weaker than the 
R / L  correlation. A more complete separation of the R / L  and 
L/L cross peak can be achieved in a different part of the full 3D 
spectrum, involving the transfer 

NOE J 
C,H - NH - C,H 

that is not displayed here. 
Selective 1 1.9-ms Hermite-shaped pulsess were used. 3D ab- 

sorption peakshapes are obtained by independent time proportional 
phase incrementation (TPPI) of all pulses preceding the first and 
second mixing sequences, respectively. 

The results obtained with 3D N M R  spectroscopy applied to 
a small peptide are encouraging in view of application to medi- 
um-size proteins where more severe overlap among cross peaks 

(8) Warren, W. S. J .  Chem. Phys.  1984, 81, 5437. 

calls for additional resolution. 
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Organic azides are powerful reagents in heterocyclic chemistry 
and have been the focus of a considerable number of  paper^.^^^ 
On the contrary, chemistry of metal coordinated azides is scarce, 
and few reported works demonstrate that the reactivity of such 
ligands is comparable to organic azides."s The biological interest 

(1) (a) UniversitB de Dijon. (b) Universite de Nancy. (c) University of 

( 2 )  L'Abb6, G. Chem. Rev. 1969, 69, 345 and references therein. 
(3) Scriven, E. F. V .  Azides and Nitrenes, Reactiuity and (irility; Aca- 

(4) Dori, Z.; Ziolo, R. F. Chem. Rea. 1973, 73, 247 and references therein. 
(5) Buretto, L.; Palazzi, A,; Ros, R. Inorg. Chim. Acta 1975, 13, 233 .  

Tanta. 

demic Press: Orlando, FL, 1984. 
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Electronic absorption spectral data in tetrahydrofuran of the 
investigated compounds in this study]’ are comparable to those 
of the (P)InX complexes where X is an anionic ligand like Cl-.18$’9 
So, the (tetrazo1ato)indium porphyrin complexes have electronic 
absorption spectra belonging to the “normal” class.20 

The typical vibrational frequencies of the compounds 1-4 are 
in good agreement with the proposed molecular formula (P)In- 
[(N4C)R].I7 The vibrations in the ranges 785-808 cm-’ and 
1315-1380 cm-’ are due to the asymmetric and symmetric tet- 
razole ring deformations, re~pectively.*l-~~ For the complexes 
1 and 2 three other absorption bands close to 673, 736, and 3068 
cm-’ are observed which are unambiguously attributable to the 
phenyl substituent. At lower wavenumbers, a broad band due 
to the indium-nitrogen vibrator23 is observed at 305 cm-’ when 
the macrocycle is the octaethylporphyrin ring. On the basis of 
these above results,17 it appears that only one isomer is formed. 
However, the 1-3 dipolar cycloaddition of azido complexes with 
nitriles can lead to two isomers, i.e., an axial coordinated 4-R or 
5-R ligand may be formed (Scheme I).6,24-26 

The low field chemical shifts of axial ligand protons agree well 
with a large distance between these protons and the metal center 
favoring the 4-substituted isomer. The spectra are also in good 
agreement with a coplanar arrangement of the phenyl substituent 
and the tetrazole ring since two or three different signals are 
observed for the ortho, meta, and para  proton^.'^ However, a 
definitive structure cannot be established by ’H NMR results 
because the two coordination schemes are virtually energetically 
equivalent27 and already reported in organometallic c h e m i ~ t r y . ~ ~ ~ ~ . ~ ~  

To establish definitively the linkage mode, the molecular crystal 
structure of (OEP)In[(N4C)C6H5] has been solved by an X-ray 
diffraction experiment.28 Figure 1 shows the ORTEP view of 
complex 1. The tetrazole ligand coordinated to the indium atom 
is substituted by the aryl group in the 4-position. The five- 
membered ring is planar and nearly perpendicular to the porphyrin 
four nitrogen plane. The In-N,, distance (2.183 ( 5 )  A) is slightly 
larger than the In-C,, distance previously reported for the group 
13 u-bonded porphyrin c ~ m p l e x e s . ~ ~ - ~ ’  The more significant 
difference concerns the metal out-of-plane distance (A4N = 0.463 
(0) A; APor = 0.494 (0) A) which is lower than those already 
reported for pentacoordinated indium(II1)  porphyrin^.^' The 
doming character is weak, and the ORTEP view of 1 could explain 
why the isomer I formation is sterically promoted. The dihedral 
angle between the phenyl and tetrazole rings is only 1 1.6’ favoring 
an orbital conjugation between the two cycles which was already 

(18) Kadish, K. M.; Cornillon, J.-L.; Cocolios, P.; Tabard, A,; Guilard, R. 

(1 9) Tabard, A.; Guilard, R.; Kadish, K. M. Inorg. Chem. 1986, 25,4277. 
(20) Gouterman, M. In The Porphyrins; Dolphin, D., Ed.; Academic Press: 

(21) Jonassen, H. B.; Terry, J. 0.; Harris, A. D. J .  Inorg. Nucl. Chem. 

(22) Holm, R. D.; Donnelly, P. L. J .  Inorg. Nucl. Chem. 1966, 28, 1887. 
(23) Garber, L. L.; Sims, L. B.; Brubaker, C. H., Jr. J .  Am. Chem. SOC. 

1968, 90, 2518. 
(24) Beck, W.; Fehlhammer, W. P.; Bock, H.; Bauder, M. Chem. Ber. 

1969, 102, 3637. 
(25) Kreutzer, P. H.; Weis, J. C.; Bock, H.; E r k ,  J.; Beck, W. Chem. Ber. 

1983, 116, 2691. 
(26) Redfield, D. A.; Nelson, J. H.; Henry, R. A.; Moore, D. W.; Jonassen, 

H. B. J .  Am. Chem. SOC. 1974, 96, 6298. 
(27) Nelson, J. H.; Schmitt, D. L.; Henry, R. A,; Moore, D. W.; Jonassen, 

H. B. Inorg. Chem. 1970, 9, 2678. 
(28) Crystal data for (OEP)In[(N4C)C6H,](C,,H,,N81n): purple crystal, 

monoclinic P2,/c, a = 12.897 (2) A, b = 12.695 (9) A, c = 24.50 (2) A, p 
= 79.26 (3)O, V =  3941.61 (6) A’, Z = 4, p(AgKa) = 3.38 cm-l. Reflections 
(7530) were collected at ambient temperature with AgKa radiation (En- 
raf-Nonius CAD 4F, w scan, sin O / A  < 0.61 No absorption corrected 
was needed. Unique reflections (3992) with I > 3u(I) were used in the 
solution (Patterson) and refinement. Final refinement involved anisotropic 
non-hydrogen atoms and fixed isotropic hydrogen atoms. For 469 parameters, 
RF = 3.7%, RwF = 4.1%, w = (u2 + 0.04P)-l, GOF = 1.139. SDP package 
program was used. 

(29) Lecomte, C.; Protas, J.; Cocolio, P.; Guilard, R. Acta Crystallogr., 
Sect. B: Struct. Crystallogr. Cryst. Chem. 1980, 836,  2769. 

(30) Henrick, K.; Matthews, R. W.; Tasker, P. A. Inorg. Chem. 1977, 16, 
3293. 

(31) Guilard, R.; Lecomte, C.; Kadish, K. M. Struct. Bonding, 1987,64(1), 
205. 

Inorg. Chem. 1985, 24, 3645. 

New York, 1978; Vol. 111, Chapter I ,  and references therein. 

1963, 25, 1239. 

Scheme I 

Isomer I Isomer I I  

P2- z OEP” , TPP” ; R r CH3, C6Hg, 

of the metal-nitrogen bond is well known,g but in metalloporphyrin 
series only the thermal and photochemical decomposition of the 
axial azide ligand has been reported.’@I4 We report here the 
first investigation related to an (azide)indium(III) porphyrin unit 
((OEP)InN, or (TPP)InN3) toward organic nitriles (C6HSCN 
or CH,CN). Such a reaction leads to a five-membered heterocycle 
bonded to the metal atom. To date the axial ligand of a me- 
talloporphyrin system has never been implicated in a classical 
organic reaction. 

The starting material, (P)InN315J6 (10.30 mmol) was refluxed 
under inert atmosphere in freshly distilled benzonitrile (30 cm3) 
or a mixture of acetonitrile methylene chloride (3/1). The reaction 
was monitored by IR spectroscopy in the range 1800-2200 cm-’ 
to observe the dissapearance of the v,,(N,) vibration mode; the 
reaction was complete in 10 h. Then the solution was evaporated 
to dryness under vacuum, and the crude product was recrystallized 
from toluene. The yield was close to 60%. The compounds 1-4 
were characterized by elemental analyses, mass spectrometry, 
UV-vis, IR and ’H N M R  spectro~copy.’~ 

Elemental analysis and mass spectral data of 1-4 suggest the 
molecular formula (P)In[(N,C)R], where R = CH3 or C6H5. 

(6) Rigby, W.; Bailey, P. M.; McCleverty, J .  A,; Maitlis, P. M. J .  Chem. 

(7) Kemmerich, T.; Nelson, J. H.; Takach, N. E.; Boehme, H.; Jablonski, 

(8) La Monica, G.; Ardizzoia, G.; Cenini, S.; Porta, F. J .  Organomer. 

SOC., Dalton Trans. 1979, 37 1 .  

B.; Beck, W. Inorg. Chem. 1982, 21, 1226. 

Chem. 1984. 273. 263. 
(9) See, for example: Groves, J. T.; Takahashi, T. J .  Am. Chem. SOC. 

(10) Summerville, D. A,; Cohen, I. A. J .  Am. Chem. SOC. 1976,98, 1747. 
(11) Buchler, J .  W.; Dreher, C.; Lay, K. L. Z .  Naturforsch., B Anorg. 

1983, 105, 2073. 

Chem.. Ora. Chem. 1982. 378,  1155. 
(12) BGhler, J. W.; Dreher, C.; Lay, K. L. Chem. Ber. 1984, 117, 2261. 
(13) Buchler, J. W.; Dreher, C. 2. Naturforsch, B Anorg. Chem., Org. 

Chem. 1984, 398, 222. 
(14) Groves, J. T.; Takahashi, T.; Butler, W. M. Inorg. Chem. 1983, 22, 

884. 
( 1 5 )  The investigated porphyrins, P, were OEP2- and TPP2-, which rep- 

resent the dianions of octaethylporphyrin and tetraphenylporphyrin, respec- 
tively. 

(16) The starting materials, (P)InN,, were obtained from (P)InCl com- 
plexes. A typical experiment is described as follows: to a solution of (P)InCI 
(0.55 mmol) in methylene chloride was added NaN, (18.5 mmol). The 
reaction mixture was stirred for 12 h at room temperature, then the solution 
was filtered off, and the solvent was removed in vacuo. The crude product 
was recrystallized from toluene. The yield was close to 60%. 

(17) Elemental analysis and s ectroscopic data of (OEP)In[(N,C)C,H,J, 
1: UV-vis A,,, nm (c  X M-‘%n-l) 385 (69.7), 407 (460.3). 539 (18.4), 
576 (20.6) (in THF); IR Y (cm-l) 305, 678, 737, 785, 1363, 3066 (CsI pellet); 
‘H NMR 6 (ppm) 6.68 (2 H, d, o-H), 6.44 (2 H, m, m-H), 6.41 (1 H, m, 
p-H), 10.42 (4 H, s, meso-H), 3.95 (16 H, m, a-CHz), 1.80 (24 H, t, P-CH,) 
(in C6D, from SiMe, at 294 K). Anal. Calcd for C,3H,9N81n: C, 65.2; H, 
6.2; N, 14.1. Found: C, 65.2; H, 6.1; N, 13.6. (TPP)I@(N,C)C,H,J, 2: 
UV-vis A,,, nm ( e  X 10” M‘lan-l) 402 (30.9), 425 (394.7), 560 (11.9), 600 
(5.6) (in THF); IR Y (cm-’) 668, 735, 1365, 3070 (CsI pellet); IH NMR 6 
(ppm) 6.87 (2 H, m, o-H), 6.56 (3 H, m, m, p-H), 9.04 (8 H, s, pyrr-H), 8.02 
(8 H, m, o-H ), 7.45 (12 H, m, m, p-Hp) (in C6D6 from SiMe, at 294 K). 
Anal. Calcd &r CSIH3,N,In: C, 70.2; H, 3.8; N, 12.8. Found: C, 69.6; H, 
3.9; N, 12.5. (OEP)I@(N,C)CH,], 3: UV-vis A,,, nm ( E  X lo-, M-l-cm-’) 
386 (70.4), 407 (483.6), 539 (20.0), 577 (22.9) (in THF); IR Y (cm-I) 805, 
1315 (CsI pellet); IH NMR 6 (ppm) 0.38 (3 H, s, CH,), 10.39 (4 H, s, 
mesc-H), 3.95 (16 H, m, a-CH2), 1.81 (24 H, t, P-CH,) (in C6D6 from SiMe, 
at 294 K). Anal. Calcd for C3,H,,N81n: C, 62.5; H, 6.4; N, 15.3. Found: 
C, 62.4; H, 6.6; N, 14.8. (TPP)In[(N,C)CH,], 4: UV-vis A,,, nm ( e  X 10‘) 
M-’.cm-’) 402 (49.0), 424 (591.5), 560 (18.0), 600 (7.1) (in THF); IR Y 
(cm-I) 808, 1255, 1380 (CsI pellet); ‘H NMR 6 (ppm) -0 .33  (3 H, s, CH,), 

from SiMe, at 294 K). Anal. Calcd for 846H31N81n: C, 68.0; H, 3.8; N, 13.8. 
Found: C, 67.3; H, 3.7; N, 13.0. 

9.09 (8 H, S, pyrr-H), 8.03 (8 H, m, 0-H ), 7.44 (12 H, m, m, p-H,) (in C6D.5 
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Figure 1. ORTEP view of the complex 1. Selected bond distances (A) and 
angles (”) are as follows: In-N(l), 2.126 (4); In-N(2), 2.129 (4); In- 
N(3), 2.132 (4); In-N(4), 2.125 (4); In-N(5), 2.183 (5); N(I)-In-N(2), 
87.0 (2); N(l)-In-N(3), 155.0 (2); N(1)-In-N(4), 87.6 (2); N(1)-In- 
N(5), 99.0 (2); N(2)-In-N(3), 87.2 (2); N(2)-In-N(4), 154.8 (2); 
N(2)-In-N(5), 102.7 (2); N(3)-In-N(4), 87.3 (2); N(3)-In-N(5), 106.0 
(2); N(4)-In-N(5), 102.4 (2). 

predicted by ‘H N M R  data. Finally, it is therefore likely that 
the compounds 2-4 bear a 4-substituted tetrazole. However, no 
definitive mechanism can be established. 

The (azide)indium(III) porphyrins exhibit a similar reactivity 
toward other dipolarophiles like benzyne leading to (benzotri- 
azolato)indium(III) porphyrins. Such reactions of azido me- 
talloporphyrins are also observed when the central atom is a 
transition metal. Also the synthesis and the characterization of 
the corresponding iron(II1) complexes are underway. 
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Dimerization of norbornadiene with metal complexes has been 
actively investigated in recent years from mechanistic and synthetic 
perspectives.’ As many as five novel dimers have been charac- 
terized, but the true, face-to-face, 2 + 2 dimer 1 (”garudane”),2 

(1) (a) Lemal, D. M.; Shim, K. S. Tetrahedron Lett. 1961, 368. (b) Bird, 
C. W.; Colinese, D. L.; Cookson, R. C.; Hudec, J.; Williams, R. 0. Tetra- 
hedron Lett. 1961, 373. (c) Jolly, P. W.; Stone, F. G. A,; Mackenzie, K. J .  
Chem. SOC. 1965, 6416. (d) Katz, T. J.; Acton, N. Tetrahedron Lett. 1967, 
2601. (e) Schrauzer, G. N.; Ho, R. K. Y . ;  Schlesinger, G. Tetrahedron Lett. 
1970, 543. (f) Acton, N.; Roth, R. J.; Katz, T. J.; Frank, J. K.; Maier, C .  
A.; Paul, I. C. J .  Am. Chem. SOC. 1972, 94, 5446. (g) Ennis, M.; Manning, 
A. R. J .  Organomet. Chem. 1976,116, C31. (h) Neely, S. C.; van der Helm, 
D.; Marchand, A. P.; Hayes, B. R. Acta Crystallogr., Sect. B: Struct. 
Crystallogr. Cryst. Chem. 1976, 832, 561. (i) Marchand, A. P.; Hayes, B. 
R. Tetrahedron Lett. 1977, 1027. 6 )  Chow, T. J.; Liu, L.-K.; Chao, Y .  S. 
J .  Chem. SOC., Chem. Commun. 1985, 700. (k) Hargittai, I.; Brunvoll, J.; 
Cyvin, S. J.; Marchand, A. P. J .  Mol. Struct. 1986, 140, 219. (I) Chow, T. 
J.; Chao, Y.-S . ;  Liu, L.-K. J .  Am. Chem. SOC. 1987, 109, 797. 
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formally a 1,4-bishomohexaprismane of DZh symmetry, has re- 
mained elusive. In fact, for over a quarter of a century now,’a,bvk 
the structure 1 has been repeatedly considered for one of the 
ubiquitous heptacyclic dimers of norbornadiene, but on incisive 
structural scrutiny has always yielded to the alternative formu- 
lation 2 (“isogarudane”).lf~hJ,k Understandably, the union of two 
norbornadiene moieties to furnish 1 is disfavored both on entropic 
as well as strain energy  consideration^.^ Nevertheless, 1 is ar- 
chitecturally a fascinating, heptacyclic, CI4Hl6 hydrocarbon, and 
its synthetic design constitutes an attractive and challenging 
proposition. Looking further ahead, 1 and its derivatives are 
particularly promising precursors for hexaprismane through ring 
contraction  protocol^.^ In this communication, we disclose our 
synthetic strategy leading to the first synthesis of 1,4-bishomo- 
hexaprismane (1). 

1 - 

2 - 
Among the various strategic options for attaining 1, that con- 

ceptualized in 3 and involving a formal 2C5 (1,3-~yclopentadiene) 
+ C4 (cyclobutadiene) union through thermal 4 + 2 and photo- 
chemical 2 + 2 cycloaddition processes appealed to us the most. 
Imparting practical shape to this theme required deployment of 
a cyclobutadiene equivalent that could twice function as a 2 
component in the 4 + 2 cycloadditions, control the stereochemistry 
to facilitate the intramolecular 2 + 2 photocycloaddition, and, 
finally make the functional group adjustment to the hydrocarbon 
level. Synthetic logic and literature precedences5 led to the 
identification of approach 4, the ”2,5-dibromobenzoquinone be- 
tween the two cyclopentadienes” as the stratagem for achieving 
1,4-bishomohexaprismane (1). 

2+2 
hv 
3 - 4 - 

Our synthetic pursuit commenced from the readily available 
but previously overlooked tricyclic quinone 5.6a,b Diels-Alder 
reaction of 5 with cyclopentadiene furnished the desired endo, syn 
adduct 6 and the undesired endo, anti adduct, 65:35, in quantitative 
~ i e l d . ~ ~ , ~  The ene-dione moiety in 6 was regio- and stereose- 

(2) The protruding bridges (“wings”) in 1 are reminiscent of “Garuda” 
(Sanskrit), the mythological Hindu demi-god, part-bird, part-man, see: En- 
cyclopaedia Britannica, Micropaedia 1981; Vol. IV, p 425. According to the 
von Baeyer system of nomenclature: heptacyclo- 
(9.3.0.02~5.03~13.04~8.06~10.09~12)tetradecane. 

(3) The strain energy of 1 and 2 has been estimated to be 93.00 and 49.24 
kcal/mol according to the MM-2 calculations performed by Professor E. 
Osawa, Hokkaido University, Japan. 

(4) For an alternate approach to hexaprismane, see: Mehta, G.; Padma. 
S. J .  Am. Chem. SOC. 1987, 109, 2212. 

(5) Barborak, J. C.; Watts, L.;Petit, R. J .  Am. Chem. SOC. 1966,88, 1328. 
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