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Table I. 13C Nuclear Magnetic Resonance Assignments" 

position 

C-I 
C-2 
C-3 
C-4 
C-5 
C(CHj)3; 

ring position 
in parentheses 

C(CH3)3; 
ring position 

in parentheses 

la* 

159.1 
123.7 
156.1 
119.4 
39.1 
33.1 (1) 
32.1 (3) 

29.7 (1) 
30.9 (3) 

lb" 

155.8 
123.2 
123.2 
155.8 
38.2 
33.1 (1) 

30.9(1) 

2 

159.6 
129.2 
153.5 
126.2 
62.9 
34.0 (5) 
33.8 (1) 
31.8 (3) 
32.0(1) 
30.3 (3) 
29.6 (5) 

"Assignments made by 13C SAT (Varian), 'H-13C NOE difference, 
and DEPT techniques. 'Analysis performed on a mixture of la and 
lb. The relative intensities of peaks in each region of the spectrum 
were used to assign resonances to either la or lb. 

composition. Chromatography of the crude material over silica 
gel yielded di-ferf-butylcyclopentadiene; overall calculated yield, 
90% based on starting cyclopentadiene. 

Although tri-fert-butylcyclopentadiene can be prepared directly 
by the reaction of cyclopentadiene and tert-butyl bromide, we have 
found it more convenient to prepare it by /ert-butylation of di-
rer/-butylcyclopentadiene. The procedure is essentially the same 
as described above, but 55% aqueous KOH is used. The reaction 
is monitored by GC, and additional tert-butyl bromide and Adogen 
464 are added as needed until about half of the mixture has been 
converted to 2. After workup to remove KOH, Adogen 464, and 
amines, the di- and tri-fert-butylcyclopentadienes can be separated 
by distillation, yielding 50% recovered 1, bp 100-105 0C at 30 
Torr, and 30% 2, bp 135-140 0C at 30 Torr. 

Structure proofs relied primarily on 13C NMR, although ele
mental analyses are consistent with the empirical formulas, C13H22 

for di-tert-butylcyclopentadiene and C n H 3 0 for tri-fevr-butyl-
cyclopentadiene. Chemical shifts and assignments are recorded 
in Table I. The 13C NMR spectrum of la has previously been 
reported." 

Di-ferr-butylcyclopentadiene exists as a mixture, the two major 
isomers being la and lb in a 3:1 ratio as determined by gas 
chromatography. The identity of the two isomers was easily 
assigned from the 13C NMR spectra of mixtures by the relative 
intensities of the resonances and the symmetry of lb.21 

Tri-rert-butylcyclopentadiene exists as a single isomer, 1,3,5-
tris( 1,1 -dimethylethyl)cyclopentadiene. The downfield position 
of the ring C-5, 62.9 ppm, compared with that found in la and 
lb, 39.2 ppm and 38.3 ppm, respectively, clearly signals that one 
of the ferf-butyl groups is on C-5. The reported position of the 
C-5 carbon in tetra-tert-butylcyclopentadiene, 64.1 ppm,20 in which 
one /erf-butyl is also presumed to be on C-5, supports the as
signment. 

The predominance of the 1,3,5-isomer arises since it is the only 
arrangement that does not put ferr-butyl groups on three adjacent 
carbons nor two terr-butyl groups on adjacent sp2 carbons. For 
less sterically bulky substituents, n-alkyl groups, trialkyl derivatives 
are also predominantly single isomers, but they are the 1,2,4- rather 
than 1,3,5-isomers,1 placing all three alkyl groups on sp2 carbons. 

The conditions under which these reactions are run, strong base 
in the presence of a phase-transfer catalyst, inevitably favor 
elimination reactions with tertiary substrates.12"14 Consequently, 
the operation of previously recognized substitution mechanisms 
involving tertiary halides seems unlikely. The fact that alkylation 
competes so favorably with elimination argues for a unique re-

(21) A small amount of a third isomer, probably 2,5-6\-tert-buiy\cyc\o-
pentadiene (Ic) is also apparently present. Our colleague Dr. J. S. McKennis 
observed that, on standing, a sample of 1 yielded a crystalline precipitate, 3, 
mp 120-123 0C. Gas chromatography showed a single peak, neither la nor 
lb, but at only a slightly longer retention time, suggesting an isomeric CnH22 
compound. Dr. McKennis believes that all of this data is consistent with 3 
being the self-Diels-Alder dimer of Ic. The 13C NMR spectrum of 3 showed 
at least 17 unique carbons of the 18 expected for the dimer. Note that Ic has 
both a diene and an ene with no (erf-butyl substituents on the reactive carbons. 
Work to confirm the structure of 3 is in progress. 

action pathway involving cyclopentadiene prior to the rate-de
termining step. Although the delineation of the mechanism of 
this unique transformation would be interesting, we have no plans 
to do so at this time. 
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The pyridinone ring is an integral unit of many important 
molecules. 2-Pyridinones in particular have therapeutic value'3,2 

and are versatile synthetic intermediates for many alkaloids.2 A 
continuing need exists for improved synthetic routes to pyridinones 
that tolerate a wide variety of substituents with a high degree of 
regiospecificity in ring substitution. Previous organometallic routes 
to 2-pyridinones have generally involved regiospecific coupling 
of two alkynes with an isocyanate, yielding tri- or pentasubstituted 
products.3 Reported herein is a complementary but mechanis
tically different metal-assisted route to mono-, di-, and trisub-
stituted 2-pyridinones involving reaction of Fe2(ju-CH2)(CO)8 with 
phosphinimines and alkynes. 

We earlier reported the high-yield reaction of Fe2(M-CH2)(CO)8 

with phosphinimines to form the binuclear complexes 1 shown 
in Scheme I.4 These complexes have since been found to readily 
insert alkynes into the Fe-carbon bond under photochemical 
conditions5 to give the ferrapyridine complexes 2a-g. These latter 
species were isolated in 72-87% yields as microcrystalline solids 
and have been spectroscopically characterized,6 with complex 2e 
(R1, R2, R3 = Ph) fully defined by an X-ray diffraction study, 
Figure I.7 Terminal alkynes insert regiospecifically into the 

(1) (a) Earl, R. A.; Vollhardt, K. P. C. J. Org. Chem. 1984, 49, 4786 and 
references therein, (b) Tieckelmann, H. In Pyridine and its Derivatives; 
Abramovitch, R. A., Ed.; Interscience: New York, 1974; Vol. 14 Supplement, 
Part 3, Chapter 12, p 597 and references therein, (c) Smith, D. M. In Rodd's 
Chemistry of Carbon Compounds, 2nd ed.; Coffey, S., Ed.; Elsevier: Am
sterdam, 1976; Vol. 4F, Chapter 24. 

(2) (a) Pierce, J. B.; Ariyan, Z. S.; Ovenden, G. S. J. Med. Chem. 1982, 
25,131. (b) Gadekar, S. M. Ger. Patent 2,362,958, 1974; Chem. Abstr. 1974, 
81, 152022u. (c) Gadekar, S. M. Ger. Patent 2,555,411, 1976; Chem. Abstr. 
1976, SJ, 198163b. (d) Witzel, B. E.; Dorn, C. P.; Shen, T. Ger. Patent 
1,810,822, 1969; Chem. Abstr. 1969, 71, 12427Oy. (e) McNulty, P. J.; Bayer, 
H. 0.; Seidel, M. C. U.S. Patent 3,838,155, 1974; Chem. Abstr. 1974, 81, 
152008u. 

(3) Schore, N. E. Chem. Rev. 1988, 88, 1081 and references therein. 
(4) Mirkin, C. A.; Lu, K.; Geoffroy, G. L.; Rheingold, A. L.; Staley, D. 

J. Am. Chem. Soc. 1989, 111, 7279. 
(5) Photolyses were conducted in Pyrex Schlenk vessels by using an un-

filtered Hanovia 450-W medium-pressure Hg discharge lamp (Ace Glass, Inc.; 
catalog no. 7825-35) in a Pyrex water-cooled immersion well by placing the 
Schlenk vessel with a CH2CI2 solution of alkyne and complex 2 adjacent to 
the lamp at the midpoint of the lamp's arc. 

(6) 2e: Anal. C, H. IR (CH2Cl2): »co = 2061 (m), 2013 (vs), 1988 (s), 
1956 (w) cm"1. MS: m/z = 575 (M+). 1HNMR(CD2Cl2): 5 8.13 (d, 1 
H, J = 5.1 Hz, CH), 7.59-6.92 (m, 10 H, 3Ph), 3.64 (d, I H , / = 5.1 Hz, 
CH). 13C NMR (C6D6): 6 211.0, 208.7, 208.0 (CO), 181.0 (dd, N=CH, 
'yCH = 167.7 Hz, 27CH = 2.6 Hz), 179.0 (m, CPh), 154.9-121.8 (Ph), 109.0 
(d, CPh, 2/CH = 4.0 Hz), 54.1 (dd, CH, >JCH = 158.9 Hz, 2JCH = 12.0 Hz). 
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Table I 

Figure 1. Molecular structure and labeling scheme for 2e (40% thermal 
ellipsoids). Fe(l)-Fe(2), 2.632 ( I )A; Fe(I)-N, 2.028 (5) A; Fe(I)-C-
(10), 2.028 (5) A; Fe(2)-C(8), 2.102 (5) A; Fe(2)-C(9), 2.085 (5) A; 
Fe(2)-C(10), 2.111 (5) A; N-C(7), 1.283 (7) A; C(7)-C(8), 1.451 (8) 
A; C(8)-C(9), 1.455 (8) A; C(9)-C(10), 1.404 (7) A. 
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Fe-carbon bond of 1 to give only the isomer with the substituted 
carbon adjacent to the iron center. For example, the ferrapyridine 
complex formed from reaction of 1 (R1 = Ph) with PhC=CH 
shows three 1H NMR resonances for the ring hydrogens at 5 8.26 
(d, J = 5.5 Hz), 5.6 (d, J = 6.1 Hz), and 3.34 (dd), with the 
coupling pattern implying adjacent hydrogen atoms. 

As illustrated in Scheme I, free 2-pyridinones are readily re
leased from the ferrapyridine complexes by heating THF solutions 
under 600 psi of CO in the presence of 1 equiv of [PPN]Cl or 
by refluxing acetonitrile solutions in air overnight. The 2-
pyridinones 3a-g shown in Table I were isolated in moderate to 
high yield by silica gel chromatography and were spectroscopically 
characterized.8 Due to the regiospecificity of the alkyne insertion 
step, monosubstituted alkynes gave 2-pyridinones substituted only 
in the 3-position. As illustrated by the entries for 3h and 3i in 
Table I, the NBu' pyridinones can be converted in high yield into 
NH pyridinones by refluxing in neat CF3CO2H followed by 
aqueous K2CO3 workup. The NH pyridinones constitute an 
important class of biologically active molecules, with 3i being a 
patented antiinflammatory agent.M Furthermore, NH pyridinones 
give potentially wide substituent variability at the nitrogen atom 
by employing known methods for alkyl, acyl, and aryl substitution 
at this position.lb'2b,c The use of HC=CSiMe3 to prepare 3g is 
significant since the SiMe3 functionality allows for further ma
nipulation at the 3-position by known organic methods.9 

(7) 2e: PlJn, a = 10.797 (3) A, b = 19.580 (4) A, c = 12.454 (2) A, /S 
= 103.61 (2)°, V = 2559.1 (10) A3, Z = 4, RF = 4.78%, RwF = 4.80% for 
1915 reflections (F0 > 5<r(f0)). 

(8) 3a: Anal. C1H. MS(EI): mjz for M+ 227.1310 (calcd), 227.1309 
(found). 1H NMR (CDCI3): S 7.39, 7.36 (m, 5 H, Ph), 7.33 (dd, 1 H, 3J 
= 7.0 Hz, V = 2.1 Hz, CH), 7.26 (dd, 1 H, 3J = 6.7 Hz, V - 1.9 Hz, CH), 
6.18 (dd, I H 1 V = 7.0, 6.7 Hz, CH), 1.38 (s, 9 H, Bu'). IR (CH2CI2): vco 
= 1653 cm"1. 

(9) (a) Fleming, I. In Comprehensive Organic Chemistry The Synthesis 
and Reactions of Organic Compounds; Barton, D., Ollis, W. D., Eds.; Per-
gamon Press: New York, 1979; Vol. 4, Part 13, p 539. (b) Colvin, E. W. 
Silicon Reagents in Organic Synthesis; Academic Press: London, 1988. (c) 
Colvin, E. W. Silicon in Organic Synthesis; Butterworth: London, 1981. 

compd 

3a 
3b 
3c 
3d 
3e 
3f 
3g 
3hc 

3i< 

R1 

Ph 
Bu' 
Bu' 
Bu' 
Ph 
Bu' 
Bu' 
H 
H 

R2 

Bu' 
Bu' 
Ph 
Ph 
Ph 
Et 
SiMe3 

Bu' 
Ph 

R3 

H 
H 
H 
D 
Ph 
Et 
H 
H 
H 

yield," % 

87 
86 
79 
79 
34 
76 
79 
81 
68 

yield,* % 

57 
66 
57 
57 
16 
61 
73 
62 
54 

" Isolated yields based on conversion from 2. k Isolated yields based 
on conversion from Fe2(M-CH2)(CO)8.

 c3h and 3i were synthesized by 
using the same methodology to produce 3b and 3c followed by a 48-h 
reflux in neat CF3CO2H. 

The reactions of Scheme I offer a convenient synthesis of 
substituted 2-pyridinones from alkynes, phosphinimines, and the 
readily available Fe2(^-CH2)(CO)8.

10 The method appears to 
have considerable substituent variability at the 1- and 3-positions, 
and the yields of the sequential reactions are high. If desired, 
the entire reaction can be conducted without isolation of any of 
the intermediates, giving the overall yields from Fe2(^t-CH2)(CO)8 
shown in Table I. Finally, the starting complex Fe2(M-CH2)(CO)8 
and the intermediate metallacycles are not particularly air sen
sitive, and the reactions can be readily conducted under tank N2. 
Its present limitation is that only mono-, di-, and trisubstituted 
pyridinones can be formed as the substituents in the 5- and 6-
positions are restricted to hydrogen atoms.4 
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(10) Sumner, C. E., Jr.; Collier, J. A.; Pettit, R. Organometallics 1982, 
/, 1350. 

Synthetic and Structural Studies of Sapphyrin, a 
22-ir-Electron Pentapyrrolic "Expanded Porphyrin" 

Jonathan L. Sessler,* Michael J. Cyr, and Vincent Lynch 

Department of Chemistry, University of Texas 
Austin, Texas 78712 

Ellen McGhee and James A. Ibers* 

Department of Chemistry, Northwestern University 
Evanston, Illinois 60208 

Received November 29, 1989 

Sapphyrin, 1, first discovered serendipitously by Woodward,1 

is one of the more intriguing products to emerge from initial studies 
directed toward the synthesis of vitamin B12.

1"3 It is a 22-TT-
electron pentapyrrolic macrocycle that forms a dark blue solid 
(hence the name sapphyrin) which exhibits an intense Soret-like 
band at ca. 450 nm (CHCl3) along with weaker Q-type transitions 

(1) (a) First reported by R. B. Woodward at the Aromaticity Conference, 
Sheffield, U.K., 1966 (see ref lb), (b) Bauer, V. J.; Clive, D. R.; Dolphin, 
D.; Paine, J. B., Ill; Harris, F. L.; King, M. M.; Loder, J.; Wang, S.-W. C; 
Woodward, R. B. J. Am. Chem. Soc. 1983, 105, 6429-6436. To date only 
tetracoordinated metal complexes have been prepared from these potentially 
pentadentate ligand systems. 

(2) Broadhurst, M. J.; Grigg, R.; Johnson, A. W. J. Chem. Soc, Perkin 
Trans. 1 1972, 2111-2116. 

(3) Grigg, R. In The Porphyrins; Dolphin, D., Ed.; Academic Press: New 
York; 1978, Vol. II, pp 327-391. 
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