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CH,Cl, at =60 °C followed by warming up to —40 °C during |
h, rapid workup with ice-cold NaHCO, solution, drying over
K,CO,, and concentration in vacuo at 0 °C gave 6 in 34% yield.
Compound 6 is a colorless solid of formula C¢H (S,0, (decom-
position point 48 °C; high-resolution EI-Ms 178.0121, caled
178.0122; FD-MS also indicates the parent ion at 178) with IR
bands at 1103 and 1120 cm™. The 'H and '*C NMR spectra
in CDCl, are identical with those of 6 isolated from onion. Upon
changing of the solvent to C;Dy, the 'H NMR spectrum of 6
showed peaks at 6 7.06 (d, J = 9.6 Hz, 2 H), 3.3 (m, 2 H), and
0.60 (d, 6.3 Hz, 6 H). The '3C and 'H NMR data for 6 in CDCl,
and C¢Dg are in good agreement with analogous data for 12 and
are consistent with 6 having all-Z stereochemistry at the C=S
bonds. Sequential treatment of synthetic 6 with ozone /=50 °C,
H,0,-HCOOH, and MeOH-H,S0O, gave in 88% yield a com-
pound identical by GC-MS and '*C NMR with authentic d,/-
dimethyl 2,3-dimethylsuccinate (d,/-12) and different from au-
thentic meso-12,7 thereby establishing synthetic/natural 6 as
(Z,Z)-d i-2,3-dimethyl-1,4-butanedithial S,S"-dioxide (d,/-6).
Compound 6 shows moderate in vitro inhibition of 5-lipoxygenase
in porcine leucocytes.?

We suggest that in the presence of excess oxidant (E,E)-9 is
converted into 10. The anti conformation of the oxygen atoms
depicted in 10, which correlates upon rearrangement with Z CSO
geometry, follows theoretical predictions that this conformation
represents an energy minimum.® Compound 10 should undergo
a particularly facile [3,3]-sigmatropic rearrangement due to the
weakness of the S-S bond (ca. 36 kcal)® and the rate-enhancing
effect of the two zwitterionic sulfinyl functions.® The exclusive
formation of d,/-6 from dioxidation of (E,E)-9 is consistent with
concerted [3,3]-sigmatropic rearrangement of 10 and with previous
observations on the stereospecificity of products from mono-
oxidation of isomers of 9.3 Unexpectedly, dioxidation of (E,Z)-
and (Z,Z)-9 gives mixtures of d,/- and meso-6,'0 suggesting a
change to a stepwise mechanism when the disulfide oxidation
and/or [3,3]-process is retarded by Z C=C stereochemistry.'?

How is bis(sulfine) 6 formed in onion extracts? An attractive
possibility would involve “thiophilic” addition of 2 to 1 (see Scheme
111, path a) followed by nucleophilic attack of a second molecule
of 2 on a-disulfoxide intermediate 13. The formation of (E)-1-
propenyl propyl vic-disulfoxide (13) illustrated in Scheme 11, path
a, is the reverse of the reaction observed in the decomposition of
aliphatic vic-disulfoxides (Scheme IV, path a)$&!! while the re-
action of 13 with 2 is analogous to the reaction of sulfenic acids

(7) Prepared by methylation of authentic samples of d,/- and meso-2,3-
dimethylsuccinic acids purchased from Aldrich Chemical Company.

(8) (a) Wagner, H.; Breu, W., unpublished results. Determination of the
I1C,; of 6 and structure—activity studies are in progress. (b) 5-Lipoxygenase
inhibitors are of interest as potential antiinflammatory agents: Cashman, R.
Pharm. Res. 1985, 253.

(9) Monoxidation of (E,E)-9, (Z,2)-9, and (E,Z)-9 affords, respectively,
trans-5, 4b~trans-8, and da—cis-5, by processes that must involve cyclization
by two competitive concerted mechanisms (a modification of our earlier
mechanism??).10

(10) (a) Block, E.; Bayer, T.; Naganathan, S., unpublished results. (b)
For related cyclizations, sce: Ishii, A.; Nakayama, J.; Ding, M.; Kotaka, N.;
Hoshino, M. J. Org. Chem. 1990, 55, 2421.

(11) As previously noted by Freeman,® oxidation of dipropy! disulfide with
2 equiv of MCPBA in CH,Cl; at -20 °C gives 1, among other products.
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with thiosulfinates (Scheme 1V, path b).!2 The alternative
“carbophilic” mode of addition of 2 to 1 (Scheme III, path b)
would generate an a-(alkenylsulfinyl)propanesulfenic acid 14, a
likely intermediate in the formation of “cepaene™ 15.!314

Compound 6 could also originate via homolytic decomposition
of 13 into n-propanesulfinyl and (E)-1-propenesulfinyl radicals
followed by self-coupling of the latter. However, the likelihood
of the occurrence of such radical recombination on a significant
scale in onion extracts is small. Furthermore, model studies!®
involving 13 generated by oxidation of 1-propenyl propyl disulfide
indicate formation of characteristic products in addition to 6 and
in amounts comparable to 6, which we have been unable to detect
in onion extracts. Efforts to establish the mechanisms of for-
mation, determine biological properties and reactions, and achieve
syntheses of the remarkable organosulfur compounds found in
onion extracts are continuing.
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(12) Block, E.; O’'Connor, J. J. Am. Chem. Soc. 1974, 96, 3929.

(13) (a) Bayer, T.; Wagner, H.; Wray, V.; Dorsch, W. Lancet 1988, 906.
(b) Bayer, T.; Breu, W.; Seligmann, O.; Wray, V.; Wagner, H. Phytochem-
istry 1989, 28, 2373. (c) For a related compound which in our opinion should
also be termed a “cepaene™ (RS(O)CHEtSSR’), see: Kawakishi, S.; Morim-
itsu, Y. Lancet 1988, 330.

(14) For examples of thiophilic and carbophilic addition to sulfines, see:
(a) Yagami, M.; Kawakishi, S.; Namiki, M. Agric. Biol. Chem. 1980, 44,
2533. (b) Block, E. In Organic Sulfur Chemistry, Freidlina, R. K., Skorova,
A. E., Eds.; Pergamon Press: Oxford, 1981; pp 15-34. (c) Block, E.; Aslam,
M. Tetrahedron Lett. 1988, 26, 2259 (carbophilic addition of a sulfenic acid
to a thione).
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Blue (or type 1) copper proteins' are characterized by two
unique spectroscopic properties,>* an intense absorption envelope
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(1) For recent reviews, see: (a) Fee, J. A. Struct. Bonding (Berlin) 1975,
23, 1-60. (b) Lappin, A. G. In Metal Ions in Biological Systems. Copper
Proteins, Sigel, H., Ed.; Marcel Dekker: New York, 1981; Vol. 13, pp 15-71.
(¢) Gray, H. B.; Solomon, E. 1. In Copper Proteins; Spiro, T. G., Ed.; Wiley:
New York, 1981; Vol. 3, pp 1-39. (d) Adman, E. T. In Topics in Molecular
and Structural Biology. Metalloproteins; Harrison, P. M., Ed.; Macmillan:
New York, 1985; Vol. 6, pp 1-42. (e) Solomon, E. I.; Penfield, K. W.; Wilcox,
D. E. Struct. Bonding (Berlin) 1983, 53, 1-57.

(2) These unique spectral features are believed to arise from the combi-
nation of a highly distorted tetrahedral coordination geometry and the ligation
of a single cysteinyl thiolate group to the copper.

(3) For structural and spectroscopic studies on blue copper proteins, see:
(a) Norris, G. E.; Anderson, B. F.; Baker, E. N. J. Mol. Biol. 1983, 165,
501-521. (b) Norris, G. E.; Anderson, B. F.; Baker, E. N. J. Am. Chem. Soc.
1986, 108, 2784-2785. (c¢) Guss, J. M.; Freeman, H. C. J. Mol. Biol. 1983,
169, 521-563. (d) Adman, E. T.; Jensen, L. H. Isr. J. Chem. 1981, 2/, 8-12.
(e) Adman, E. T; Stenkamp, R. E,; Sieker, L. C.; Jensen, L. H. J. Mol. Biol.
1978, 123, 35-47. (f) Solomon, E. 1.; Hare, J. W.; Dooley, D. M.; Dawson,
J. H.; Stephens, P. J.; Gray, H. B. J. Am. Chem. Soc. 1980, 102, 168-178.
(g) Penfield, K. W.; Gay, R. R.; Himmelwright, R. S.; Eickman, N. C;
Norris, V. A.; Freeman, H. C.; Solomon, E. 1. J. Am. Chem. Soc. 1981, 103,
4382-4388. (h) Penfield, K. W.; Gewirth, A. A.; Solomon, E. . J. Am. Chem.
Soc. 1985, 107, 4519-4529. (i) Dawson, J. H.; Dooley, D. M,; Clark, R,;
Stephens, P. J.; Gray, H. B. J. Am. Chem. Soc. 1979, 101, 5046-5053. (j)
Ainscough, E. W.; Bingham, A. G.; Brodie, A. M,; Ellis, W. R.; Gray, H. B.;
Loehr, T. M.; Plowman, J. E.; Norris, G. E.; Baker, E. N. Biochemistry 1987,
26, 71-82 and references cited therein.
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Figure 1. (a) View down the 3-fold symmetry axis of one-half of the
Zn(I1)-R¢ insulin hexamer showing the structural arrangement of the
three subunits that form one zinc site. The locations of the protein-bound
phenol molecules are shown also. Reprinted with permission from ref
9. Copyright 1989 Nature. (b) A schematic representation of one metal
chelate site in the R, insulin hexamer showing the ~8-A-long channel
which extends from the metal to the hexamer surface. The metal is
coordinated by three insulin B10 histidine residues and an exchangeable
fourth ligand (denoted L) in a distorted tetrahedral geometry.

in the region 600~630 nm (e = 3000~5000 M cm™) and an ESR
spectrum possessing an unusually small hyperfine coupling con-
stant (4, < 70 X 10 cm™). These curious spectral features are
markedly different from those exhibited by normal copper(II)
complexes and appear to be associated intimately with the
properties essential to the redox function of blue copper proteins.
The important goal of understanding the behavior of blue copper
proteins in biochemical systems has provided much of the impetus
for scrutinizing the origins of the unusual spectroscopic features.
The challenge to develop model systems has consequently gen-
erated much activity;** however, success in this area has been
severely limited, largely due to the intractability of the Cu-
(1I)-S(thiolate) interaction. We report the preparation of a
Cu(11)-substituted human insulin hexamer complex incorporating
coordinated pentafluorothiophenol (PFTP) which constitutes a
remarkably accurate facsimile of the blue copper center.

We have reported recently® that the Co(II)-substituted insulin
hexamer undergoes the phenol-induced T¢ to R4 conformational
transition’ in solution. This transition involves the binding of
phenol to six well-defined, hydrophobic pockets within the hex-
amer, extensive structural changes in the hexamer surface to-
pography, and large geometrical changes in the coordination
environment of the metal ions.®® In our study,® we concluded

(4) (a) Bharadwaj, P. K.; Potenza, J. A.; Schugar, H. J. J. Am. Chem. Soc.
1986, /08, 1351-1352. (b) John, E.; Bharadwaj, P. K.; Potenza, J. A,;
Schugar, H. J. Inorg. Chem. 1986, 25, 3065-3069. (c) Aoi, N.; Takano, Y.;
Ogino, H.; Matsubayashi, G.; Tanaka, T. J. Chem. Soc., Chem. Commun.
1985, 703-704. (d) Addison, A. W.; Sinn, E. Inorg. Chem. 1983, 22,
1225-1228. (e) Maret, W.; Zeppezauer, M.; Sanders-Loehr, J.; Loehr, T. M.
Biochemistry 1983, 22, 3202-3206. (f) Aoi, N.; Matsubayashi, G.; Tanaka,
T. J. Chem. Soc., Dalton Trans. 1983, 6, 1059-1066. (g) Anderson, O. P;
Perkins, C. M.; Brito, K. K. Inorg. Chem. 1983, 22, 1267-1273 and references
cited therein.

(5) Evidence has been presented suggesting that the cysteinyl dithiolate
CuS;NO center of copper(11)-substituted liver alcohol dehydrogenase possesses
spectral characteristics comparable to those of blue copper proteins. (a)
Maret, W.; Dietrich, H.; Ruf, H.; Zeppezauer, M. J. Inorg. Biochem. 1980,
12, 24]1-252. (b) Maret, W.; Zeppezauer, M.; Desideri, A.; Morpurgo, L.;
Rotilio, G. Biochim. Biophys. Acta 1983, 443, 200-206. (c) Dietrich, H.;
Maret, W.; Kozlowski, H.; Zeppezauer, M. J. Inorg. Biochem. 1981, 14,
297-311. (d) Maret, W.; Shiemke, A. K.; Wheeler, W. D.; Loehr, T. M.;
Sanders-Loehr, J. J. Am. Chem. Soc. 1986, 108, 6351-6359.

(6) Roy, M,; Brader, M. L,; Lee, R. W.-K,; Kaarsholm, N. C.; Hansen,
J. F.; Dunn, M. F. J. Biol. Chem. 1989, 264, 19081-19085.

(7) The nomenclature Tg, T3R;, R¢ has been introduced by one of us
(M.E.D.) to designate the three crystallographically identified allosteric
conformations of hexameric zinc insulin and is described in ref 6, herein and
also in the following: Kaarsholm, N. C.; Ko, H.-C.; Dunn, M. F. Biochemistry
1989, 28, 4427-4435. M-T;and M-R denote the metal-substituted insulin
Te and Rg hexamers, respectively, where M may be Zn(1I), Co(I1), or Cu(1l).
Two metal ions are bound per hexamer.
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Table I. UV-Visible Electronic Absorption Data for the
M-R-Thiolate Complexes

compd M L  color
1 Cu(ll) PFTP blue

Amaxs MM {€par,? M~ cm™)

377 (1400), 408 (1400), 626
(2000), 910 (500)
2 Co(ll) PFTP purple 333 (3400), 374 (1200), 398 (sh)
(900), 528 (500), 596 (br) (700)
3 Cu(ll) TP  green 370 (400), 442 (300), 696 (900),
910 (400)
4 Cu(ll) TC  green 390 (sh) (1400), 430 (sh) (900),
702 (1800), 910 (1200)
§ Co(ll) TP  green 345 (2000), 402 (1600), 524 (500),
610 (br) (700)
6 Co(ll) TC  green 350 (2600), 410 (2100), 522 (800),
610 (br) (700)
330 (2600), 380 (1100), 531 (300),
641 (500)°

“PFTP = pentafluorothiophenol, TP = thiophenol, TC = p-
thiocresol. ¢ ey, extinction coefficient calculated with respect to metal
ion concentration; br = broad, sh = shoulder. “Reference 14.
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Figure 2. The electronic absorption spectrum of 1 (—) and 2 (—=), each
0.2 X 10> M prepared in 25 mM Tris-ClO,” buffer, pH = 8.0.1
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Figure 3. ESR spectrum (77 K, v = 9.21 GHz) of 1, 4, = 80 x 107
em™, g, =2.281, g, =2.079. Recorded for a 0.3 X 10 M solution of
hexamer complex'* prepared in 25 mM Tris-ClO,~ buffer, pH = 8.0.

that the Co(II)-substituted T- and R-state hexamers, Co(II)-T,
and Co(l1)-Rg, respectively, are structurally analogous to the
crystallographically identified Zn(II)-T,® and Zn(II)-R¢® (Figure
1) hexamers. The coordination of Zn(II)° or Co(II)% in the R,
structure is afforded by a tetrahedral arrangement of three his-
tidine nitrogen atoms and one aqua ligand or chloride ion. In
Co(II)-R, the Co(Il) center undergoes ligand-exchange reactions

(8) (a) Cutfield, J. F.; Cutfield, S. M.; Dodson, E. J.; Dodson, G. G.;
Reynolds, C. D.; Vallely, D. Structural Studies on Molecules of Biological
Interest; Dodson, G., Glusker, J. P, Sayre, D., Eds.; Oxford: London, 1981;
pp 527-546. (b) Peking Insulin Structure Research Group. Sci. Sin. (Engl.
Ed) 1974, |7, 779-792. (c) Blundell, T. L.; Dodson, G. G.; Hodgkin, D. M;
Mercola, D. A. Adv. Protein Chem. 1972, 26, 279-402. (d) Sakabe, N.;
Sakabe, K.; Sasaki, K. Structural Studies on Molecules of Biological Interest,
Dodson, G., Glusker, J. P., Sayre, D., Eds.; Oxford: London, 1981; pp
509-526. (e) Baker, E. N.; Blundell, T. L.; Cutfield, J. F.; Cutfield, S. M,;
Dodson, E. J.; Dodson, G. G.; Crowfoot-Hodgkin, D. M.; Hubbard, R. E,;
Isaacs, N. W,; Reynolds, C. D.; Sakabe, K.; Sakabe, N.; Vijayan, N. M.
Philos. Trans. R Soc. London, 1988, 319, 369-456.

(9) Derewenda, U.; Derewenda, Z.; Dodson, E. J.; Dodson, G. G.; Rey-
nolds, C. D.; Smith, G. D.; Sparks, C.; Swensen, D. Nature 1989, 338,
594-596.
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in which the aqua ligand can be replaced by a variety of coor-
dinating anions.5®

Copper-substituted insulin has been crystallized and studied
in detail'' via X-ray diffraction and ESR spectroscopy under
T-state conditions (octahedral Cu(II) coordination). From these
studies it has been concluded that Cu(II}-insulin crystals are
isomorphous with Zn(I1)-T crystals and that the crystal structures
of copper and zinc insulin are essentially the same. Our results
indicate that in solution the Cu(1I)-insulin hexamer'? undergoes
the Ty to R conformational transition in a manner analogous to
that established for the Co(II) and Zn(II) hexamers, producing
a Cu(1I)-R species upon the addition of a methanol solution of
PFTP. This gives rise to an intense blue color, which is attributable
to the PFTP complex of the Cu(II)-R¢ hexamer'? (compound 1).
The UV-visible absorption spectrum of 1 (Figure 2, Table I)
displays an intense band at 626 nm and is similar to those reported
for blue copper proteins. The ESR spectrum of 1 (Figure 3)!
displays a hyperfine coupling constant 4, of 80 X 10™* cm™, a
value significantly lower than those usually reported for low
molecular weight copper(1I) complexes (viz., 4, = 130-220 X
10—4 cm—l)'le

Cobalt(11) substitution is well recognized to give an extremely
sensitive spectroscopic probe of the geometrical and donor
characteristics of the metal chelate sites in many metalloproteins.'
The UV-visible absorption spectrum obtained for the Co(II)-R¢
complex of PFTP (compound 2) is given in Figure 2 and Table
I. There is an extraordinary resemblance between this spectrum
and those of the Co(lI)-substituted blue copper proteins, azurin
(Table 1), plastocyanin, and stellacyanin.!® Spectral data for the
Cu(11)-R4 and Co(IT)-R4 complexes obtained with several thio-
phenol derivatives (compounds 3-6) are presented in Table I. The
spectral variation displayed by this series shows that substitutions
in the aromatic ring of thiophenol alter the donor properties of
the coordinated thiolate sulfur atom and thereby influence the
spectroscopic features of the copper(II) center.

Collectively, the present results strongly suggest that the peculiar
spectra exhibited by 1 arise from the combination of copper-
(11)-thiolate (PFTP) ligation in conjunction with the ligand field
imposed by the His-B10 site of the R insulin hexamer. According
to all the spectroscopic criteria thus far examined, this particular
donor arrangement evidently generates a chemical environment
in which the electronic energy states of the copper(II) ionsin 1
are very similar to those of the copper(II) ions in blue copper
proteins.

We conclude that complexes formed via the interaction of
thiophenol derivatives with the Cu(II)-Rg insulin hexamer provide
a useful model system through which the spectrochemical features
of the blue copper center may be systematically probed.!” Current
investigations'® indicate that similar experiments performed using
copper(1I)-substituted carbonic anhydrase manifest spectroscopic
information that will enhance these studies.
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Except in special cases, (n-allyl)palladium complexes tend to
adopt a syn configuration (s), while the less stable anti isomer
(a) is generally present in less than 10%.! It appeared to us that
a rigid bidentate ligand, shaped to “embrace” the metal as in 1,
should interfere more sterically with a syn substituent, leading
to a preference for the anti configuration.? Provided isomerization

a R=H R'=Me
s R=Me R =H

is sufficiently fast, this offers the possibility of obtaining Z products
in palladium-promoted reactions of allylic substrates, irrespective
of the configuration of the starting material. Following this idea,
we prepared complexes of general formula Pd(N-N)(CH,—
CH—CRR’)]* (1, R=H,R’ =Me; 2,R = H, R’ = Et; 3, R
=H,R =nPr;4 R =H R =iPr; 5§ R =Me R =
CH,CH,CH=CMe,),’ from the n*-allyl-chloride complexes,
AgBF,, and 2,9-dimethyl-1,10-phenanthroline (dmphen) using
established procedures.* Except for the geranyl-neryl complex
5, which has a disubstituted allyl group, the syn isomer was indeed
the less stable, and at equilibrium, the anti/syn ratio was about
70/30. The pure syn complex could be obtained by addition of

(1) (a) Maitlis, P. M.; Espinet, P.; Russel, M. J. H. Comprehensive Or-
ganometallic Chemistry;, Wilkinson, G., Ed.; Pergamon: Oxford, 1982; Vol.
6, p 385. (b) Faller, J. W.; Thomsen, M. E.; Mattina, M. J. J. Am. Chem.
Soc. 1971, 93, 2642, (c) Lukas, J.; Ramakers-Blom, J. E.; Hewitt, T. G.; De
Boer, J. J. J. Organomet. Chem. 1972, 46, 167. (d) Ohta, T.; Hosokawa, T;
Murahashi, S.-1.; Miki, K.; Kasai, N. Organometallics 1985, 4, 2080.

(2) A related effect was recently found to promote formation of trigo-
nal-bipyramidal Pd(II) and Pt(II) species (Cucciolito, M. E.; De Felice, V.;
Panunzi, A.; Vitagliano, A, Organometallics 1989, 8, 1182).

(3) The complexes were characterized by NMR and elemental analyses.

(4) (a) Akermark, B.; Krakenberger, B.; Hansson, S.; Vitagliano, A. Or-
ganometallics 1987, 6, 620. (b) Murral, N. W.; Welch, A. J. J. Organomet.
Chem. 1986, 301, 109.
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