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tography of the mixture on silica gel allowed the isolation of 5a 
in 60% yield, based on unrecovered starting material. 

In order to form the tetrahydro and dihydrofuran rings in 
phytuberin, diol 5b, which was prepared by hydrogenolysis of the 
benzyl groups in 5a, was reacted with 3.5 equiv of DIBAL-H (-40 
0C, 1.0 h; 0 0C, 0.5 H), as described for the reduction of the 
related formylspirobutenolide.3 Workup of the mixture with 2 
N NaOH gave deacetylphytuberin (lb), [a]24

D -34.6° (c 0.1, 
EtOH), in 63% yield. This material exhibited identical spectral 
properties with those reported previously.2,3 Acetylation of lb 
(Ac2O, Et3N, catalytic amount of 4-iV,Ar-dimethylaminopyridine14) 
gave 71% of (-)-phytuberin (la), [a]24

D -34.0 ° (c 0.25, EtOH), 
having IR and NMR spectral properties and TLC behavior 
identical with those of an authentic sample.9 

(13) Since the best yield of the butenolide was obtained when 1 equiv of 
lithium dimethylcuprate was used, it is possible that the conjugate addition 
reaction was effected primarily via the mixed methylalkoxycuprate derived 
from reaction of lithium dimethylcuprate with the hydroxy group in 10. For 
examples of conjugate additions using mixed alkylalkoxycuprates, see Posner, 
G. H.; Whitten, C. E.; Sterling, J. J. / . Am. Chem. Soc 1973, 95, 7788. 

(14) Hofle, G.; Steglich, W.; Vorbruggen, H. Angew. Chem., Int. Ed. Engl. 
1978, 17, 569. 
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Extension of the Woodward-Hoffmann Rules to 
Heterocyclic Systems: Stereospecific Thermal 
Isomerization of 1-Azacyclobutene 1-Oxides 

Sir: 
In a recent publication Snyder1 predicts, on the basis of cal

culated potential surfaces for isomerization of heteracyclobutenes, 
that 1-azacyclobutenes will undergo ring opening in a conrotatory 
mode similar to cyclobutenes. This possible extension of the 
Woodward-Hoffmann rules to the isomerization of heteracyclo
butenes has, to our knowledge, hitherto not been confirmed ex
perimentally. A number of 2,3-dihydroazetes are known,2-6 and 
Cantrell4 and recently Harnisch and Szeimies5 have reported that 
several derivatives of these heterocycles are thermally unstable. 
Attempts to isolate the corresponding 2-aza-l,3-butadienes were 
unsuccessful, probably because of rapid polymerization or hy
drolysis if water is present. 

We wish to report in this communication the stereospecific 
thermal isomerization of 2,3-dihydroazete 1-oxides together with 
the X-ray structure determination of one of the corresponding 
2-aza-l,3-butadiene 2-oxides. Recently we have obtained a 
number of 2,3-dihydroazete 1-oxides from reactions of nitroalkenes 
and 1-aminoacetylenes (ynamines). The structure of one of these 
four-membered cyclic nitrones, 2-(iV,iV-diethylcarbamoyl)-2,4-
dimethyl-3-phenyl-2,3-dihydroazete 1-oxide (la), has been de-

C e H 5 

^NFf5R-4 

a R '=R 2 =CH 3 , R3=R4=CH2CH3 

b R'=CH3 , R2=C6H5 , R 3 R 4 = -(CH 2) , -
c R '=H, R^=C6H5, R 3R 4= -(CH 2 ) , -

(1) Snyder, J. P. J. Org. Chem. 1980, 45, 1341-1344. 
(2) Levy, A. B.; Hassner, A. / . Am. Chem. Soc. 1971, 93, 2051-2053. 
(3) Yang, N. C; Kim, B.; Chiang, W.; Hamada, T. J. Chem. Soc., Chem. 

Commun. 1976, 729-730. 
(4) Cantrell, T. S. J. Org. Chem. 1977, 42, 4238-4245. 
(5) Harnisch, J.; Szeimies, G. Chem. Ber. 1979, 112, 3914-3933. 
(6) Marchand-Brynaert, J.; Moya-Portuguez, M.; Lesuisse, D.; Ghosez, 

L. J. Chem. Soc, Chem. Commun. 1980, 173-174. 

Figure 1. ORTEP drawings of la and 2a. 

Table 1. Rate Constants for the Isomerizations of 1 to 2 

temp, 0C 

51.5 
61.1 
71.9 

la 

0.48 ± 0.01 
1.50 ±0.1 
5.71 ±0.2 

10$k, s 

lb 

9.60 ± 0.3 

Ic 

77 ± 3 

termined by X-ray crystallography.7 This revealed the stereo
chemistry of la and showed that the two bulkiest substituents, 
the phenyl and the A^TV-diethylcarbamoyl group, are on the same 
side of the almost flat four-membered ring. When a chloroform 
solution of this 2,3-dihydroazete 1-oxide was heated at reflux, 
isomerization to /Y-[l-(./V,./V-diethylcarbamoyl)-ethylidene]-l-
phenyl-l-propen-2-amine /Y-oxide (2a) took place as indicated 
by 1H NMR. After 20 h we isolated 2a from the reaction mixture 
as a white crystalline solid (40%):8'9 mp 117-120 0C; IR 
(KBrVc=C, "c-o. and V0-N

 1660> 1 6 5 0> a n d 1 6 3° c"1"1; ' H N M R 

(CDCl3) 6 0.98 and 1.23 (t, 6 H, NCCH3), 2.32 (s, 6 H, =C— 
CH3), 3.34 and 3.39 (q, 4 H, NCH2-), 6.58 (s, 1 H, C=CH), 
7.2-7.4 (m, 5 H, Ph); 13C NMR (CDCl3) 6 125.1 (=CH-), 142.0 
and 143.1 (C=N and =CN), 164.1 (C=O). The structure of 
2a was determined by single-crystal X-ray analysis, and this 
unambiguously proved the E,E stereochemistry of 2a.11 This 
means that ring opening has taken place in a conrotatory mode 
in line with the isomerization of cyclobutenes. 

Orthorhombic crystals of 2a belong to space group Pnalx with 
a = 15.93(1), 6 = 8.41 (1), c = 11.74 (1) A, Z = 4. Intensities 
were measured with Mo Ka radiation (X = 0.7107 A) on a sin
gle-crystal diffractometer in w-26 scan mode (3° < 9 < 20°); 1450 
reflections were measured, of which 869 were significant (/ > <r(7), 
counting statistics). The structure was solved by direct methods.12 

Full-matrix least-squares refinement13 of positional and anisotropic 
parameters of the nonhydrogen atoms resulted in a final RK factor 
of 5.5%. The structure of 2a14 is given in Figure 1. 

The rate of the isomerization of la to 2a in chloroform was 
measured by 1H NMR spectroscopy at temperatures of 51.5, 61.1, 
and 71.9 0C. The rates were calculated from the decrease of the 
intensity of the singlet at 3.98 ppm corresponding to H-3 in la. 
The data fitted first-order kinetics, and from a plot of the rates 
vs. T~\ we obtained the activation parameters of the isomerization 
reaction (AH* 27 ± 1 kcal mor1 and AS* - 2 ± 3 eu). The rates 
of isomerization of two other 2,3-dihydroazete 1-oxides were also 
determined at 61.1 0C in chloroform (see Table I). The isom-

(7) de Wit, A. D.; Pennings, M. L. M.; Trompenaars, W. P.; Reinhoudt, 
D. N.; Harkema, S.; Nevestveit, O. J. Chem. Soc, Chem. Commun. 1979, 
993-995. 

(8) Prolonged heating of 2a in chloroform at reflux caused polymerization; 
this accounts for the low isolated yield. 

(9) In view of these results it is unlikely that 2#-l,2-oxazete 2-oxides are 
the intermediates in the formation of nitrones from 3-nitrobenzo[6]thiophene 
or 4-nitroisothiazole and ynamines.10 

(10) Reinhoudt, D. N.; Kouwenhoven, C. G. Reel. Trav. Chim. Pays-Bas 
1976, 95, 67-73. 

(11) Due to steric interactions in the transition state, the formation of the 
E,E isomer is favored over the formation of the Z,Z isomer of 2a. 

(12) Germain, G.; Main, P.; Woolfson, M. M. Acta Crystallogr., Sect. A, 
1971, A27, 368-376. 

(13) Busing, W. R.; Martin, K. O.; Levy, H. A. ORFLS, Report ORNL-
TM-305, Oak Ridge National Laboratory, Tennessee, 1962. 

(14) Johnson, C. K. ORTEP, Report ORNL-3794, Oak Ridge National 
Laboratory, Tennessee, 1965. 
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erizations of both lb and Ic are faster reactions than the conversion 
of la to 2a. These results demonstrate that substitution of a methyl 
group at C-4 in la by a phenyl group (lb) and substitution of a 
methyl group at C-2 in lb by a proton (Ic) both increase the rate 
of isomerization of the 1-azacyclobutene 1-oxides. These ob
servations are consistent with the known effects of substitution 
at the various positions of cyclobutenes on the rate of isomeri
zation.15 Taking into account these known substituent effects 
on the rate of isomerization of cyclobutenes and assuming that 
the A^N-diethylcarbamoyl group at C-4 will decrease the activation 
energy by 1-2 kcal mol"1,16 we have calculated a value of 28-29 
kcal mol"1 for the activation energy of the isomerization of the 
unknown cyclobutene that corresponds with the 2,3-dihydroazete 
1-oxide (la). Therefore we conclude that substitution of an 
sp2-hybridized carbon atom of a cyclobutene ring by an N-O 
group has only a small effect on the activation energy of the 
isomerization reaction. More important, this substitution does 
not change the stereochemical pathway of the reaction, which 
means that the Woodward-Hoffmann rules can be extended to 
electrocyclic reactions of 1-azacyclobutene 1-oxides. 
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(15) Willcott, M. R.; Cargill, R. L.; Sears A. B. Prog. Phys. Org. Chem. 
1972, 9, 25-98. 

(16) The decrease in activation energy caused by COOCH3 substitution 
at C-4 is 2-3 kcal mol-1. See: Dalrymple, D. L.; Russo, W. B. J. Org. Chem. 
1975, 40, 492-495. 
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Catalytically Active Models for the Active Site in 
Carbonic Anhydrase 

Sir-
Carbonic anhydrase (CA) is a ubiquitous enzyme which cat

alyzes the interconversion of CO2 and HCO3". Its active site 
consists of a Zn2+ ion bound pseudotetrahedrally to three histidine 
imidazoles and either a water molecule or OH" ion.2 The activity 
of CA is governed by the ionization of at least one group with 
a pATa around 7.1 Recently some model systems exhibiting CO2 
hydration catalysis have been reported,3 but as yet no catalytically 
active model which attempts to approximate the known Zn2+ 

binding site for CA has appeared. Herein we report preliminary 
results concerning two models for the active site of CA which show 

(1) For recent reviews, see: Lindskoget al. Enzymes, 3rd Ed. 1971, 5, 587. 
(b) Pocker, Y.; Sarkanen, S. Adv. Enzymol. Relat. Areas Mol. Biol. 1978, 
47, 149. (c) Golding, B. T.; Leigh, G. J. Inorg. Biochem. {London), 1979, 
/, 50. (d) Kannan, K. K.; Petef, M; Cid-Dresdner, H.; Lovgren, S. FEBS Lett. 
1977, 73, 115. 

(2) Notstrand, B.; Vara, I; Kannan, K. K. Isozymes, Curr. Top. Biol. Med. 
Res. 1975, /, 575. 

(3) (a) Tabushi, I.; Kuroda, Y.; Mochizuki, A. J. Am. Chem. Soc. 1980, 
102, 1152. (b) Woolley, P. Nature (London) 1975, 258, 677. (c) Harrowfield, 
J. McB.; Norris, V.; Sargeson, A. M. J. Am. Chem. Soc. 1976, 98, 7282. 

Table I. Rates of CO2 Hydration Catalyzed by Complexes 
1-Zn2+ and 2-Zn2+ a 

catalyst PH *cat>b M- /KM, M-' s-' 

(imidazole)2Zn2+c 

1-Zn2+ 

1-Zn2+ 

2a-Zn2+ 

2b-Zn2+ 

2c-Zn2+ 

2e-Zn2+ 

human CABe 

human CAC6 

7.5 
6.5 
7.5 
7.5 
7.5 
6.5 
7.0 

2.0 
7.6 ±0.5 X 102 

2.4 ± 0.2 X 102 

d 
d 
d 
2.0 ± 0.4 X 102 

1 X 10' 
8 X 101 

a Determined under pseudo-first-order conditions (with respect 
to CO2) at 25 °C in 76% ethanol-H20 according to procedures 
outlined in ref 6. Experiments with 2a-Zn2+ and 2b-Zn2+ for 
reasons of solubility were performed in H2O. pH values are 
those directly read from electrode immersed in solution. 
6 *cat = (*obsd - *uncat)/[cat], [cat] = 5 X 10"4 M. c Reference 
3a. d fcobsd did not differ from that observed in the absence of 
catalyst. e Khalifah, R. G./ . Biol. Chem. 1911,246, 251, ref 6. 

catalytic activity toward CO2 hydration. 
Ligand I4 in the presence of 1 equiv of Zn2+ shows reversible 

OH 

V I 
V H 

1 

2a, R = H 
b, R = CH3 

c, R = CH(CH3), 

consumption of 1 equiv of OH" with an apparent pK„ of 6.5 in 
76% ethanolic H2O.5 CO2 hydration6 in the presence of 1-Zn2+ 

shows catalysis at pH 6.5 (Table I) which diminishes at pH >7 
to a final £«,, of 240 ± 20 M"1 s"1 at pH 7.5. No catalysis by 1 
is observed in the absence of Zn2+. Although we do not have good 
evidence for the nature of the catalytically active species, UV 
spectra of 1-Co2+ show the presence of what might be interpreted 
as tetrahedrally coordinated Co2+.7 The fact that the apparent 
catalysis is reduced at higher pH's indicates to us that the re
versible titration is best explained by complex hydrolysis4 leading 
to a less active species. 

In order to circumvent this hydrolysis which we feel is probably 
due to relatively poor binding of Zn2+ by I,4 we turned to 
phosphines 2a-c8 which appear from models to be reasonable 
tridentate ligands for the CA metal binding site. 1H NMR spectra 
of 2c in methanol-d4-D20 as a function of increasing [Zn2+] show 
the appearance of a well-defined 1:1 complex when [2c]/[Zn2+] 
= 1; no 2:1 complex is observed.8b UV spectra of 2a and 2b in 
the presence of CoCl2 show little if any evidence for 4-coordinate 
ligation.9 On the other hand, the isopropyl phopsphine 2c in the 
presence of CoCl2 shows reversible formation of a tetrahedral 
species at increasing pH with bands appearing at 588 (285), 622 
(450), 646 (516), 662 (501) nm (e).9c The 2c-Co2+ spectra are 
highly anion dependent (Figure 1), reminiscent of the situation 
for the Co2+-enzyme.10 In the presence of ClO4" and NO3" the 

(4) Brown, R. S.; Huguet, J. Can. J. Chem. 1980, 58, 899. 
(5) In a less polar medium the pKa is reduced to 5.8 (60% aqueous dioxane) 

pH's were determined directly from electrode readings in these media. 
(6) Gibbons, B. H.; Edsall, J. T. / . Biol. Chem. 1963, 238, 3502. 
(7) This observation is tempered by the fact that the UV spectra of 1-Co2+ 

are not completely reversible (reproducible) as a function of pH. 
(8) (a) Curtis, N. J.; Brown, R. S. J. Org, Chem. 1980, 45, 4038-4040. 

(b) The 1H NMR spectra of 2c and 2c-Zn2+ in CH3OH-(Z4-D2O show res
onances at S 1.22 (36 H, d, J = 7 Hz), 3.00 (6 H, sept J = 7 Hz) and 1.22 
(18 H, d, J = 7 Hz), 1.34 (18 H, d, J = 7 Hz), 3.17 (3 H, m), 3.53 (3 H, 
m), respectively. 

(9) (a) Carlin, R. L. In "Transition Metal Chemistry"; Marcel Dekker: 
New York, 1965; Vol 1, p 1. (b) Ciampolini, M. Struct. Bonding (Berlin) 
1969, 6, 52. (c) 10-' M, CoCl2, 10"3 M, 2c, 4.1, ethanol-H20. 

(10) (a) Lindskog, S. / . Biol. Chem. 1963, 238, 945. (b) Bertini, I.; Canti, 
G.; Luchinat, C; Scozzafava, A. J. Am. Chem. Soc. 1978, 100, 4873. (c) 
Lindskog, S., Struct. Bonding (Berlin) 1970, 8, 153. 
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