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lescence or broadening of the corresponding 'H NMR (80 MHz)
signals was not observed even at 78.0 °C, indicating that energy
barriers to rotation of the tert-butyl group and to the process A
= B are pretty high.’

The stereochemistry of 1g (Figure 1) was determined by X-ray
crystallography.!! The molecule situates on a crystallographic
mirror plane. The O(2) atom is located in either of two positions
that deviate by 0.68 A from the mirror plane. The lengths of two
O-O bonds are 1.361 and 1.428 A, respectively, and two C-O
bonds are 1.490 and 1.497 A, respectively. The O-0-O angle
of 113.3° is smaller than the value for ozone (116°).!° The
calculated value for the unsubstituted 1,2,3-trioxolane is 104.4
% 1.6°.12 The fact that the C(9)—C(8)-C(7) angle is larger than
the C(2)-C(3)—C(4) angle is ascribable to peri interaction between
the tert-butyl group and two hydrogen atoms at C(7) and C(7").

Thus the salient features of the stereochemistry of 1g are (1)
that the two O-O bond distances (1.361 and 1.428 A) are very
different from each other and are unusually short as compared
to O-O bonds of typical organic peroxides (1.48 A)!34 and (2)
that both of the C-O bonds (1.490 and 1.497 A) are definitely
longer than C-O bond for other alkyl peroxides (1.22-1.48
A).13b-=14 Tt is interesting to note that the thermal decomposition
of 1g was formally initiated by selective cleavage of the shorter
(stronger) peroxide bond, i.e., cleavage of O(2)-O(3) rather than
O(1)-0O(2) (eq 3). Further study to elucidate this point is in
progress.
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(7) Minimum barriers to the rert-butyl rotation and to the oxygen flipping
A = B were estimated as 20 and 19 kcal/mol, respectively, by using eq 4 (T

AG.* = -RT In (rhdv/(2Y%T)) (4)

= 351 K; Av = 2.4 Hz for the tert-butyl rotation and 14 Hz?® for the oxygen
flipping). These data suggest that optical resolution of 1g at room temperature
may be possible. Rotational barriers for the ters-butyl group are typically less
than 13 kcal/mol.® Boat—chair interconversion barrier of a cyclic trisulfide
has recently been estimated to be AG.* = 17.9 kcal/mol.*

(8) A similar Av value was obtained for 1b.2

(9) Sternhell, S. In “Dynamic Nuclear Magnetic Resonance Spectroscopy”;
Jackman, L. M., Cotton, F. A., Eds.; Academic Press: New York, 1975; p
163.

(10) Guttenberger, H. G.; Bestmann, H. J; Dickert, F. L.; Jorgensen, F.
S.; Snyder, J. P. J. Am. Chem. Soc. 1981, 103, 159.

(11) The crystal data of 1g were as follows: C,sH;,0;, tetragonal, space
group Pdyem,a = b = 15.516 (3), c = 6.384 2) A, Z =4, D, = 1.28 g/cm’.
The intensities in one octant were measured up to 28 = 120° on a four-circle
diffractometer with Ni-filtered Cu Ka radiation. The structure factors of 632
independent reflections with F > 2¢(F) were obtained after Lorentz and
polarization correlctions and averaging the intensities of equivalent reflections.
The structure was solved by the direct method (MULTAN), and refined by the
block-diagonal least-squares method to R = 0.039. The atomic scattering
factmis were taken from the “International Tables for X-ray Crystallography”,
Vol. IV.

(12) (a) Cremer, d. J. Chem. Phys. 1979, 70, 1898, 1911, 1928. (b)
Cremer, D. J. Am. Chem. Soc. 1981, 103, 3619,

(13) (a) Silbert, L. S. In “Organic Peroxides”; Swern, D., Ed.; Wiley: New
York, 1971; Vol. 2, p 649. (b) Numan, H.; Wieringa, J. H.; Wynberg, H,;
Hess, J.; Vos, A. J. Chem. Soc., Chem. Commun. 1977, 591. (c) Groth, P.
Acta Chem. Scand. 1970, 24, 2137. (d) Wilson, R. M.; Gardner, E. J.; Elder,
R. C.; Squire, R. H.; Florian, L. R. J. Am. Chem. Soc. 1974, 96, 2955. ()
Jeffery, J.; Mawby, R..J.; Hursthouse, M. B.; Walker, N. P. C. J. Chem. Soc.,
Chem. Commun. 1982, 1411.

(14) One of the referees pointed out that these structural features are
peculiar and appear inexplicable. At this stage we can only say that the
trioxide 1g is a peculiar species due to some interactions and constraints, which
are not entirely obvious.
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dinates and thermal parameters in crystalline 1g (3 pages).
Ordering information is given on any current masthead page.
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While the physical aspects of lipid bilayers and monolayers have
been the focus of considerable investigation,? use of bilayers as
oriented hosts for chemical reactants has received far less at-
tention.’ In this communication, we report the synthesis of a new
amphipathic diazene, 1, and the thermal decomposition of 1 in

2
CN C-OR

NN

, meso, (#)3 R=H

[ b

s meso, (%); R = CH,
phosphatidylcholine multilamellar vesicles (MLV’s).2* Our results
support the notion that reactivity and the stereochemical course
of reaction may be affected by utilizing lipid bilayers as the solvent
medium.

The free radical initiator, 1, was prepared by standard proce-
dures’® from methyl 6-oxododecanoate. The meso and (&) dia-
stereomers of 1% were readily separated by chromatography. The
isomer that eluted last on reverse-phase high-pressure liquid
chromatography (HPLC, C18: methanol/water/acetic acid;

(1) (a) Department of Chemistry. (b) Department of Anatomy.

(2) Tanford, C. “The Hydrophobic Effect: Formation of Micelles and
Biological Membranes”, 2nd ed.; Wiley: New York, 1980.

(3) Several researchers have utilized bilayers or micelles as solvents for
chemical reactions. Bilayer work has focused primarily on regioselectivity
while applications in micelles have had a broader focus. See, for example:
(a) Ross, A. H.; Radhakrishnan, R.; Robson, R. J.; Khorana, H. G. J. Biol.
Chem. 1982, 257,4152-4161. (b) Bayley, H.; Knowles, J. R. Biochemistry
1980, 19, 3883-3892. (c) Brunner, J,; Richards, F. M. J. Biol. Chem. 1980,
255,3319-3329. (d) Whitten, D. G.; Russell, J. C.; Schmehl, R. H. Tetra-
hedron 1982, 38, 2455-2474. (e) Breslow, R.; Kitabatake, S.; Rothbard, J.
J. Am. Chem. Soc. 1978, 100, 8156-8160. (f) Lee, H.; deMayo, P. Chem.
Commun. 1979, 493-494. (g) Okahata, Y.; Ihara, H.; Kunitake, T. Bull.
Chem. Soc. Jpn. 1981, 54, 2072-2076.

(4) Jain, M. K.; Wagner, R. C. “Introduction to Biological Membranes”;
Wiley: New York, 1980.

(5) The synthesis is a modification of procedures used for AIBN prepa-
ration. Methyl 6-oxododecanoate was reacted with hydrazine hydrate to give
the azine, which was then reacted with HCN(1) to afford the cyanohydrazine.
Bromine oxidation gave a mixture of 2 meso and 2 (). Overall yield was
30% for the three-step sequence.

(6) 1 meso: mp 108.5-110 °C; anal. (C,sHiN,O,) C, H. 1 (£): mp
114.5-116 °C. anal. (C,;sH4N,O4) C, H. Both diastereomers exhibited
similar 'H and '*C NMR. 13C (15 MHz, CD,Cl,) é 14.1 (CHjy), 22.9, 24.2,
24,6, 29.3, 31.8, 33.9, 37.2, 37.5, 77.5 (quaternary C), 117.9 (C=N), and
179.5 (COOH); 'H (250 MHz, CD,Cl,) 4 0.88 (t, 6 H, CH;'s), 1.3 (m, 2 H),
1.7 (m, 4 H), 2.0-2.3 (m, 8 H), 2.4 (m, 4 H); UV (CH;0H) A, = 345 (e
= 21).

(7) We carried out low-angle X-ray studies to convince ourselves that 1
does incorporate into the lipid bilayer. A discussion of the low-angle X-ray
work is presented in supplementary material to the manuscript.
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Table I. Rate Constants for the Decomposition of 1 and 2
at 60.00 + 0.02°C

diazene solvent? 105k, st b kmeso/k(t)
meso-2 C,H,Cl 155+ 0.6 1.1
(2)-2 C,H, A 14.0:1.4

meso-1 C,H (1 21.1 £ 0.4 1.5
()-1 C,H,Cl 14.5: 0.1

meso-1 DPPC 35.5+0.5 6.2
(£)-1 DPPC 5.7+0.2

@ Dijazenes were typically 0.002 M in chlorobenzene and 5-10
mol % in DPPC. ° The rates presented are weighted means from
N, evolution and HPLC analysis and are given + the standard error
of linear regression analysis.

CN CN

N=N CN
4 oty
n

CN
a b
CN CN
2%N=N§(CN R%"]yj\NzN \[42;
RR, CN
C d

Ry = (CH,),COOH Ry = (CHy)5CHy

Figure 1. Conformation of diazenes: (a) AIBN in non-S conformation;
(b) AIBN in S conformation; (c) meso-1 in non-S conformation; (d)
(£)-1 in S conformation.

850/150/2) was assigned the (&) structure by resolution with
(=)-quinine.

Decomposition of meso- and (£)-1 in chlorobenzene (0.002 M)
shows some rate differentiation, the meso compound decomposing
1.5 times faster than the () diastereomer (Table I). The greatest
diastereomeric kinetic differentiation, however, is seen when 1 is
decomposed in aqueous emulsions (pH 7) of DPPC (as multila-
mellar vesicles), a rate ratio of over 6 being observed. In a typical
experiment, DPPC (15 mM) and freshly purified 1 (0.75 mM)
in pH 7 phosphate buffer were vortexed to give a milky emulsion
of MLVs. Nitrogen evolution was then measured by a pressure
transducer,? or if HPLC was used to monitor the reaction, 0.90
mM lauric acid was added to the ML Vs as internal standard and
the decomposition was monitored by sampling from a vessel open
to the atmosphere.

One rationale for the kinetic differentiation observed® is the
possibility that the organizational properties of the lipid bilayer
influence the conformation of ground-state diazene or transition
state of decomposition. Diazenes similar to 1 such as AIBN have
been studied by single-crystal X-ray analysis.!® The nitriles,
diazene, and connecting quarternary carbons all lie in a plane in
what is termed the S conformation (Figure 1). As shown in the
figure, the (+)-diazene can adopt the S conformation and place
both hydrophilic carboxylate chains on one side of the diazene
plane and both hydrophobic hexyl groups on the other side of that
plane. The (+) diastereomer may thus adopt the S conformation
and satisfy the amphipathic requirements of the lipid bilayer. This
is not possible for the meso compound. It seems clear then, that
the oriented medium could have a dramatic and different effect

(8) We thank Drs. G. Burton and K. Ingold for their design of a pressure
measuring transducer.

(9) The kinetic differentiation of diastereomers we observe in chloro-
benzene is greater than has been observed for other diastereomeric diazenes.
See, for example: (a) Overberger, C. G.; Berenbaum, M. B. J. 4m. Chem.
Soc. 1951, 73, 2618-2621. (b) Scheppele, S. E.; Seltzer, S. Ibid. 1968, 90,
358-362. (c) Overberger, C. G.; Labianca, D. A. J. Org. Chem. 1970, 35,
1762-1770.

(10) (a) Jaffe, A. B.; Skinner, K. J.; McBride, J. M. J. Am. Chem. Soc.
1972, 94, 8510-8514. (b) Jaffe, A. B.; Malament, D. S.; Slisz, E. P.; McBride,
J. M. J. Am. Chem. Soc. 1972, 94, 8515-8521.

on ground- or transition-state geometries of the meso and (&)
diastereomers and thus influence the kinetics of decomposition.

The bilayer-induced diastereomeric differentiation reported here
indicates that lipid bilayer hosts may have a significant effect on
the course of reactions involving diastereomeric reactants and
transition states. Bilayer-induced selectivity in the formation of
diastereomeric products would also appear to be possible. These
aspects of bilayer-induced stereodifferentiation are currently under
investigation in our laboratories.

Supplementary Material Available: A discussion of low-angle
X-ray analysis of 1 incorporated into DPPC along with a figure
showing a bilayer electron density map is presented (2 pages).
Ordering information is given on any current masthead page.
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Myoglobin and hemoglobin are globular proteins which non-
covalently enfold protoheme IX. Considerable effort has been
extended toward defining their single-crystal structures!~* whose
unique conformations are the basis for the interpretation of
functional studies. The rates of the reversible reaction between
protoheme IX (E in Figure 1) and apomyoglobin and apo-
herioglobin have been studied by optical spectroscopy’~7 which
led to the currently accepted mechanism whereby both apoproteins
combine with protoheme IX to yield a single, native conformation
and this reaction is complete within a time scale of a millisecond.®®
The complete understanding of this reaction is not only highly
relevant to the biosynthesis of b-type hemoproteins!® but also has
important ramifications for the interpretation!!~'* of physico-
chemical measurements made on reconstituted proteins even when
using native protoheme IX.

We report herein a real time 'H NMR analysis of the recon-
stitution of myoglobin whose results are in essential variance with
both the presently accepted mechanism of the reconstitution as
well as the nature of the conformation of the native protein. Sperm
whale myoglobin was reconstituted'>!¢ in situ within a NMR tube
by mixing equivalent amounts of protohemin-IX or reduced!’
protoheme IX-CO with apomyoglobin, and the time course of
the reaction was followed by 'H NMR. A in Figure 1 shows that
the spectrum immediately after reconstitution consists of two sets
of heme resonances: the set X; arising from “native” metMbH,O
previously assigned by isotope labeling!® and a set Y;, whose

(1) Perutz, M. F. Nature (London) 1970, 228, 726-739.

(2) Kendrew, J. C.; Watson, H. C.; Strandberg, B. E.; Dickerson, R. E.;
Phillips, D. C.; Shore, V. C. Nature (London) 1961, 190, 666—672.

(3) Takano, T. J. Mol. Biol. 1980, 110, 537-568.

(4) Phillips, S. E. V. J. Mol. Biol. 1980, 142, 531-554.

(5) Gibson, Q. H.; Antonini, E. Biochem. J. 1960, 77, 328-341.

(6) Gibson, Q. H.; Antonini, E. J. Biol. Chem. 1963, 238, 1384-1388.

(7) Gibson, Q. H. J. Biol. Chem. 1964, 239, 7282-7287.

(8) Adams, P. Biochem. J. 1976, 159, 371-376.

(9) Adams, P. Biochem. J. 1977, 163, 153-158.

(10) Shen, L. L.; Hermans, J., Jr. Biochemistry 1972, 11, 1836-1841,
1842-1845, 1846-1849.

(11) Caughey, W. S. Annu. Rev. Biochem. 1967, 36, 611-644.

(12) Sugita, Y.; Yoneyama, Y. J. Biol. Chem. 1972, 246, 389-394.

(13) Yamamoto, H.; Yontetani, T. J. Biol. Chem. 1974, 249, 7964-7968.

(14) Padlan, E.; Eaton, W. A.; Yonetani, T. J. Biol. Chem. 1974, 250,
7069-7073.

(15) ApoMb was prepared by standard methods (Teale, F. W. J. Biochim.
Biophys. Acta 1959, 35, 543).

(16) Antonini, E.; Brunori, M.; Caputo, A.; Chiancone, E.; Rossi-Fanelli,
A.; Wyman, J. Biochim. Biophys. Acta 1969, 79, 284-292.

(17) The reduced protoheme IX—-CO complex was also used to eliminate
possible effects of aggregation, as discussed previously.5¢
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