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Scheme II. Synthesis of L-Xylose (4) and 2-Deoxy-D-a«r6mo-hexose 
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"(a) RAMA (EC 4.1.2.13); (b) AP (EC 3.1.3.2); (c) IDH (EC 
1.1.1.14, from Candida utilis)fSADH/¥DH (EC 1.2.1.2)/formate; 
(d) aqueous HC1/THF; (e) NaHB(OAc)3/HOAc; (f) IDH (EC 
1.1.1.14 from sheep liver/NAD+/GluDH (EC 1.4.1.3)/KG/NH4

+. 

to recycle NADH (0.017 mmol).12 Hydrolysis of the acetal with 
aqueous HCl (0.5 M)/THF (1:1) yielded 4 (95%), which was 
indistinguishable by 13C and 1H NMR (500 MHz) spectroscopy 
from the commercially available enantiomer D-xylose. 

To generate the opposite (D) stereochemistry on reduction of 
the ketone required an additional step (Scheme II). Ketone 6 was 
obtained in 66% yield by RAMA-catalyzed (250 units) reaction 
of l,3-dioxane-2-acetaldehyde (5)13 (3.8 mmol) and DHAP14 (3.5 
mmol) followed by dephosphorylation with AP (200 units). 
Compound 6 (2 mmol) was reduced with NaHB(OAc)3 (5 
mmol)15 in acetic acid. This reduction yielded a mixture of the 
desired (5R) and undesired (5S) diastereomers in a 2:1 ratio 
(NMR analysis) and 75% yield. The 55 diastereomer was re­
moved by treating the mixture of diastereomers 7 (0.9 mmol) with 
IDH (13 units)8 and NAD+ (0.005 mmol),16 using an L-glutamic 
dehydrogenase (GIuDH, 48 units)/2-ketoglutarate (KG, 0.3 
mmol), ammonium sulfate (0.3 mmol) cofactor recycling system.12 

The product of oxidation, 6 (15%), could, in principle, have been 
recycled to increase the yield of 8 but was, instead, discarded. 
Compound 8 was isolated in 55% yield (from 7). Deprotection 
of the aldehyde 8 with aqueous 1.0 M HC1/THF (1:1) yielded 
2-deoxy-D-araWrto-hexose (9, 95%), which was indistinguishable 
from authentic material by 13C and 1H NMR (500 MHz) 
spectroscopy. 

These two procedures demonstrate that RAMA accepts the 
half-protected aldehydes 1 and 5 as substrates and illustrate the 
application of this observation in syntheses of aldoses. These 
syntheses also show the value of IDH, or of NaHB(OAc)3 in 
combination with IDH, in generating alcohols of either stereo­
chemistry from the ketones derived from DHAP. 

We are now addressing the most important remaining limitation 
of aldolase-catalyzed synthesis—the restriction of the D-threo 
stereochemistry for the vicinal diol—by exploring aldolases having 
stereochemical preferences different from RAMA.6 

Supplementary Material Available: Experimental details for 
the synthesis of compounds 2-9 (5 pages). Ordering information 
is given on any current masthead page. 

(12) Chenault, H. K.; Whitesides, G. M. Appl. Biochem. Biotechnol. 1987, 
14, 147. 

(13) Aldehyde 5 was prepared by ozonolysis of the corresponding alkene. 
Experimental details are given in the supplementary material section. 

(14) DHAP was synthesized by a literature procedure: Effenberger, F.; 
Straub, A. Tetrahedron Lett. 1987, 28, 1641. We added DHAP rather than 
generating it in situ in order to minimize reaction time.6 Longer reaction times 
led to deactivation of RAMA in the presence of aldehyde 5. 

(15) Saksena, A. K.; Mangiaracina, P. Tetrahedron Lett. 1983, 24, 273. 
(16) Wong, C-H.; Mazenod, F. P.; Whitesides, G. M. J. Org. Chem. 1983, 

48, 3493. 
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The search for neutral, low-dimensional conducting materials2 

has kindled interest in the preparation and study of heterocyclic 
thiazyl radicals;3,4 recent attention has been focused on 1,2,3,5-
dithiadiazolyls I.5 These planar seven-7r-electron radicals are 
known to associate in the solid state in one of two modes, i.e., 2 
(R = Ph)5e and 3 (R = CF3,

5d NMe2,
5a Me6). To date, however, 

there is no evidence of the desired packing mode, i.e., vertical stacks 
of uniformly spaced radicals.7 In order to test the effect on 
interdimer interactions of the replacement of sulfur by selenium, 
we have prepared and structurally characterized the hitherto 
unknown 1,2,3,5-diselenadiazolyl 4 (R = Ph). 

S S Se Se 

l(7)\ l(?)\ 
T^ 1 I^ 4 

I©>CH©I 
1,2,3,5-Dithiadiazolium salts are accessible by a variety of 

routes.3'5d'8 We have found, however, that the reaction of the 

(1) (a) University of Guelph. (b) University of Arkansas. 
(2) (a) Haddon, R. C. Aust. J. Chem. 1975, 28, 2343. (b) Haddon, R. 

C. Nature (London) 1975, 256", 394. (c) Haddon, R. C; Wudl, F.; Kaplan, 
M. L.; Marshall, J. H.; Cais, R. E.; Bramwell, F. B. J. Am. Chem. Soc. 1978, 
100, 7629. (d) Canadell, E.; Shaik, S. S. Inorg. Chem. 1987, 26, 3797. 

(3) Oakley, R. T. Prog. Inorg. Chem. 1988, 36, 299. 
(4) (a) Wolmershauser, G.; Schnauber, M.; Wilhelm, T. / . Chem. Soc, 

Chem. Commun. 1984, 573. (b) Wolmershauser, G.; Schnauber, M.; Sut-
cliffe, L. H. Synth. Met. 1986, 14, 239. (c) Dormann, E.; Nowak, M. J.; 
Williams, K. A.; Angus, R. 0., Jr.; Wudl, F. / . Am. Chem. Soc. 1987, 109, 
2594. (d) Boere, R. T.; Cordes, A. W.; Hayes, P. J.; Oakley, R. T.; Reed, 
R. W.; Pennington, W. T. Inorg. Chem. 1986, 25, 2445. (e) Wolmershauser, 
G.; Wortmann, G.; Schnauber, M. J. Chem. Res., Synop. 1988, 358. (f) 
Wolmershauser, G.; Johann, R. Angew. Chem., Int. Ed. Engl. 1989, 28, 920. 

(5) (a) Cordes, A. W.; Goddard, J. D.; Oakley, R. T.; Westwood, N. P. 
C. J. Am. Chem. Soc. 1989, / / / , 6147. (b) Boere, R. T.; Oakley, R. T.; Reed, 
R. W.; Westwood, N. P. C. J. Am. Chem. Soc. 1989, / / / , 1180. (c) Fairhurst, 
S. A.; Johnson, K. M.; Sutcliffe, L. H.; Preston, K. F.; Banister, A. J.; 
Hauptmann, Z. V.; Passmore, J. J. Chem. Soc, Dalton Trans. 1986, 1465. 
(d) Hofs, H.-U.; Bats, J. W.; Gleiter, R.; Hartmann, G.; Mews, R.; Eckert-
Maksic, M.; Oberhammer, H.; Sheldrick, G. M. Chem. Ber. 1985, 118, 3781. 
(e) Vegas, A.; Perez-Salazar, A.; Banister, A.; Hey, R. G. J. Chem. Soc, 
Dalton Trans. 1980, 1812. 

(6) Banister, A. J.; Hansford, M. I.; Hauptmann, Z. V.; Wait, S. T.; Clegg, 
W. / . Chem. Soc, Dalton Trans. 1989, 1705. 

(7) But see ref 4f and see: Banister, A. J.; Clegg, W.; Hauptmann, Z. V.; 
Luke, A. W.; Wait, S. T. J. Chem. Soc, Chem. Commun. 1989, 351. 

(8) (a) Alange, G. G.; Banister, A. J.; Bell, B.; Millen, P. W. J. Chem. 
Soc, Perkin Trans. 1 1979, 1192. (b) Apblett, A.; Chivers, T. /. Chem. Soc, 
Chem. Commun. 1989, 96. 
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persilylated benzamidine PhC(NSiMe3)N(SiMe3)2
9 with excess 

SCl2 in acetonitrile provides an improved (yield 70%) method for 
R = Ph (eq 1). This same approach also allows access to the 
corresponding 4-phenyl-l,2,3,5-diselenadiazolium ring system, 
although more careful control of stoichiometry is needed. 
Preparation of [PhCN2Se2J

+Cl" requires the use of an equimolar 
mixture of SeCl4 and Ph3Sb, i.e., SeCl2 generated in situ. The 
product (yield 90%) can be readily converted by metathesis with 
NOPF6 into the corresponding PF6" salt.10,11 The structure of 
this latter salt (as its PhCN solvate) has been confirmed by X-ray 
crystallography.'2 

Se4 

.NSiMe3 N 

(D 
N[SiMe3). 

Cyclic voltammetry of [PhCN2E2I+PF6" (E = S, Se)13 in 
acetonitrile with 0.1 M Bu4N+PF6" supporting electrolyte shows 
single reversible one-electron-reduction waves at 0.68 V (E = S) 
and 0.61 V (E = Se), reference Ag/AgCl; in accord with simple 
electronegativity arguments, the heavier chalcogen-containing 
cation is slightly harder to reduce. Like [PhCN2S2]+Cl~, 
[PhCN2Se2]+Cr can be reduced chemically by Ph3Sb to yield the 
radical dimer [PhCN2Se2J2 as black microcrystalline needles, dec 
178 0C (yield 87%). This material dissociates (partially) in 
CH2Cl2 to the diselenadiazolyl radical 4 (R = Ph), which exhibits 
a broad unresolved ESR signal (at 295 K) with g = 2.0394.14 

The radical dimer [PhCN2Se2J2 can be sublimed at 100 °C/0.1 
Torr to afford small blocks suitable for X-ray crystallography.15 

An ORTEP drawing of a single dimer unit is shown in Figure 1. 
The two CN2Se2 rings are eclipsed, as in the corresponding sulfur 
dimer,5e with a dihedral angle between the rings of 5.5°. Com­
parison of the mean structural parameters within the two 
[PhCN2Se2] rings with those observed in the [PhCN2Se2]+ cation 
reveals a substantial lengthening of the Se-Se bond upon reduction 
(from 2.260 (5) A in the cation to 2.341 (5) A in the radical 
dimer); a smaller increase in the mean Se-N distance (from 1.76 
to 1.78 A) is also observed.16 Collectively the trends reflect the 
phase properties of the a2 orbital which accommodates the extra 
electron in the radical.5a Crystals of [PhCN2Se2J2 are ortho-
rhombic, space group Pbca, with the dimer units stacked along 
the c axis with the herringbone arrangement shown in Figure 2; 
the two distinct mean CN2Se2 planes lie at angles of 44.1° and 
47.7° with this axis. Within the dimers, the two rings are con­
nected by two unequal Se---Se contacts (3.160 (2) and 3.347 (2) 
A). The average of these two values is longer than the interannular 
contacts in [SeN2Se2]2

2+2AsF6" and [SN2Se2]2
2+2X" (range = 

3.12-3.18 A, X" = AsF6", SbF6")16'17 and also longer than the 

(9) Boere, R. T.; Oakley, R. T.; Reed, R. W. J. Organomet. Chem. 1987, 
331, 161. 

(10) [PhCN2Se2J
+Cl" forms fibrous red-orange needles (from CH3CN), 

dec > 180 0C. Treatment of this salt with NOPF6 affords the PF6" derivative, 
which crystallizes from benzonitrile as [PhCN2Se2]

+PF<f-PhCN (yield 80%), 
mp 125-130 0C. 

(11) Satisfactory elemental analyses were obtained for this and all other 
new compounds reported here. 

(12) Selected bond lengths (angstroms) and angles (degrees) within the 
cation: Sel-Se2, 2.260 (5); SeI-Nl, 1.74 (2); Se2-N2, 1.78 (2); Nl-Cl, 1.38 
(3); N2-C1, 1.33 (3); C1-C2, 1.45 (3); Se2-Sel-Nl, 91.3 (6); Sel-Se2-N2, 
93.0 (8); SeI-Nl-Cl, 117 (2); Se2-N2-Cl, 115 (2); N1-C1-N2, 124(3). 
The Se2N2C plane is twisted 12.6° from the plane of the phenyl group. 

(13) [PhCN2S2J
+PF6" was also prepared by metathesis of the chloride salt 

with NOPF6. 
(14) A value of gis0 = 2.0472 has been reported for the [SN2Se2]

,+ radical 
cation. See: Awere, E. G.; Passmore, J.; Preston, K. F.; Sutcliffe, L. H. Can. 
J. Chem. 1988,66, 1776. 

(15) Selected bond lengths (angstroms) and angles (degrees) in the radical 
dimer: Sel-Se2, 2.338 (2); SeI-Nl, 1.806 (12); Se2-N2, 1.792 (12); Se3-
Se4, 2.343 (3); Se3-N3, 1.759 (14); Se4-N4, 1.778 (12); Sel-Se3, 3.347 (2); 
Se2-Se4, 3.160 (2); Cl-Nl , 1.29 (2); C1-N2, 1.33 (2); C1-C3, 1.53 (2); 
C2-N3, 1.32 (2); C2-N4, 1.35 (2); C2-C9, 1.51 (2); SeI-SeI-Nl, 89.5 (4); 
Sel-Se2-N2, 91.1 (4); Se4-Se3-N3, 90.6 (5); Se3-Se4-N4, 91.1 (4); SeI-
Nl-Cl , 117 (l);Se2-N2-Cl, 115 (1); Se3-N3-C2, 117 (1); Se4-N4-C2, 
115 (1); N1-C1-N2, 128 (1); N3-C2-N4, 127 (2). 

(16) Awere, E. G.; Passmore, J.; White, P. S.; Klapotke, T. J. Chem. Soc, 
Chem. Commun. 1989, 1415. 

(17) Gillespie, R. J.; Kent, J. P.; Sawyer, J. lnorg. Chem. 1981, 20, 4053. 

Se1 

Figure 1. ORTEP drawing of a single dimer unit in [PhCN2Se2J2, showing 
atom numbering scheme. 

3.815 

Figure 2. Stacking of (CN2Se2J2 units along c axis. 

corresponding S---S distances in [PhCN2S2]2 (mean = 3.105 A).5c 

The dimer units are separated by secondary interactions SeI---Se4 
= 3.815 A and Se2---Se3 = 4.075 A.18 

The crystal packing of the [PhCN2Se2]2 dimer units can be 
viewed as arising from a severe Peierls distortion19 of the idealized 
perpendicular packing arrangement. Alleviation of this situation, 
to produce a more uniform, nonlocalized stack, may be possible 
by suitable modification of the exocyclic ligand or by the design 
of polyfunctional radicals. Toward the latter end, we have pre­
pared, starting from the bifunctional amidine (Me3Si)2N-
(Me3SiN)CC6H4C(NSiMe3)N(SiMe3)2

9 and using the synthetic 
procedure outlined above for [PhCN2E2]+, salts of the 1,4-
phenylene-substituted dications [(E2N2C)C6H4(CN2E2)]

2"1" (E = 
S, Se) 5.20 Cyclic voltammetry on these materials (as their SbF6" 
salts) reveals single, broad reduction waves21 in the same region 

(18) The van der Waals separation for two selenium atoms is 3.8 A. See: 
Bondi, A. J. Phys. Chem. 1964, 68, 441. 

(19) Peierls, R. E. Quantum Theory of Solids; Oxford: London, 1953; p 
108. 

(20) For structural details of the dications 5 see (for E = S): Liblong, S. 
W.; Oakley, R. T.; Cordes, A. W. Acta Crystallogr., Sect. C. In press. For 
E = Se, see: Cordes, A. W.; Oakley, R. T. Acta Crystallogr., Sect. C. In 
press. 

(21) (a) Polcyn, D. S.; Shain, I. Anal. Chem. 1966, 38, 370. (b) Flanagan, 
J. B.; Margel, S.; Bard, A. J.; Anson, F. C. J. Am. Chem. Soc. 1978, 100, 
4248. 
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as found for the monofunctional salts, i.e., the two heterocyclic 
rings are noninteracting. Characterization of the neutral species 
obtained by reduction of these dications is in progress. 
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Supplementary Material Available: Tables of crystallographic 
data (Sl), atomic coordinates (S2 and S3), bond lengths and 
angles (S4 and S5), and anisotropic thermal parameters (S6 and 
S7) for [PhCN2Se2]

+PF6"-PhCN and [PhCN2Se2]2 (11 pages); 
tables of observed and calculated structure factors (S8 and S9) 
for [PhCN2Se2I

+PF(T-PhCN and [PhCN2Se2J2 (24 pages). Or­
dering information is given on any current masthead page. 
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Mimicry of metalloprotein active sites lends insight toward 
structure-function relationships in biological systems as well as 
the development of abiotic catalysts. Reaction centers containing 
two or more transition-metal ions are of particular interest in 
studying the cooperative effects of redox-active or Lewis acid sites.2 

In these systems, synthetic macrocyclic ligands offer a convenient 
means of preorganization of ligands for controlling both metal 
ion and auxiliary ligand or substrate binding.3 Dinuclear com­
plexes as mimics of the nickel-containing enzyme urease would 
aid in deciphering the features that give rise to a 1014 rate ac­
celeration in urea hydrolysis.4 Here we report the design, syn­
thesis, and characterization of dicopper(II) and dinickel(II) 
macrocyclic complexes as a first step toward this goal. 

Recent magnetic measurements by Wilcox5 indicate that urease 
has a dinuclear Ni" center with weak antiferromagnetic coupling 
between the two distorted Oh sites due to a bridging ligand and 
also suggest coordination of bridging substrates. A proposed 

(1) (a) State University of New York at Stony Brook, (b) Universite Louis 
Pasteur. 

(2) Ibers, J. A.; Holm, R. H. Science (Washington, D.C.) 1980, 209, 
223-235. 

(3) Lindoy, L. F. The Chemistry of Macrocyclic Ligand Complexes; 
Cambridge University: Cambridge, 1989. 

(4) (a) Andrews, R. K.; Blakeley, R. L.; Zerner, B. In The Bioinorganic 
Chemistry of Nickel; Lancaster, J. R., Jr., Ed.; VCH: New York, 1988; pp 
141-165. (b) Blakeley, R. L.; Treston, A.; Andrews, R. K.; Zerner, B. J. Am. 
Chem. Soc. 1982, 104, 612-614. (c) Dixon, N. E.; Gazzola, C; Blakeley, R. 
L.; Zerner, B. J. Am. Chem. Soc. 1975, 97, 4131-4133. 

(5) Clark, P. A.; Wilcox, D. E. Inorg. Chem. 1989, 28, 1326-1333. 
(6) (a) Dixon, N. E.; Riddles, P. W.; Gazzola, C; Blakeley, R. L.; Zerner, 

B. Can. J. Biochem. 1980, 58, 1335-1344. (b) Blakeley, R. L.; Zerner, B. 
J. MoI. Catal. 1984, 23, 263-292. 

(7) Alternatively, Buchanan et al.! have proposed substrate bridging be­
tween two apical positions in a Ni2 model complex with a Ni-Ni separation 
of 3.42 A. 

(8) Buchanan, R. M.; Mashuta, M. S.; Oberhausen, K. J.; Richardson, J. 
F. J. Am. Chem. Soc. 1989, / / / , 4497-4498. 

mechanism involves binding of both urea and H2O between the 
metal ions, leading to a carbon tetrahedral intermediate with a 
three-atom bridge (0-C-O) spanning the metal centers.6 One 
arrangement of the relevant players would place the nickel ions 
at an internuclear separation of nearly 6 A.7 

,Ni /-. ^Ni 
' \ H2NNH2 / I V . 

< 6A * 

In order to construct a mimic of the urease active site, we sought 
a semirigid macrocyclic framework that would allow coordination 
of two Ni" ions in a nearly octahedral geometry with a three-atom 
separation for a bridging substrate (or intermediate). In this 
strategy, the N-C-N portion of imidazolate served as a mimic 
of the desired O-C-0 spacer. The well-known propensity for 
formation of ̂ -bridged imidazolate complexes of Cu"9 (and more 
rarely Ni11)10 led us to postulate the use of the Cu-Im-Cu (or 
Ni-Im-Ni) moiety in the template synthesis of the macrocyclic 
complex [LCu2(^-Im)](CF3S03)3-H20 (1). To our knowledge, 
this is the first use of a simple dinuclear metal unit as a template 
for macrocyclization. We have termed this reaction a (template)2 

synthesis to reflect the role of imidazolate in first defining the 
metal-metal distance, which subsequently results in organization 
and condensation of the Schiff base macrocycle around the sec­
ondary template,1' according to the following reaction: 

[Cu"-lm-Cu"]3+ + 2 H3aY^N<5YCH3 + 2 f ^ ^ > 1 

O O NH2 NH2 

The synthetic procedure consisted of addition of equimolar 
amounts of Cu(CF3S03)2 and imidazole in CH3OH to an equi­
molar solution of 2,6-diacetylpyridine and w-xylylenediamine in 
CH3OH. After 12 h at room temperature, a green precipitate 
was isolated in 82% yield and characterized.12 Recrystallization 
from propylene carbonate and THF yielded crystals suitable for 
X-ray crystallographic analysis. Substituting nickel in place of 
copper led to the formation of a yellow solid, proposed to be an 
analogous complex, [LNi2(Ai-Im)](N03)3-5H20.13 The usual 
method of synthesis of dinucleating Schiff base macrocycles entails 
the use of a single large metal ion template such as Pb2+, Sr2+, 
Ba2+, or Ag+,14 which, in our system, failed to give soluble non-
polymeric products; the rigidity of the w-xylyl groups is, in fact, 
likely to prevent templation around a single metal ion. Fur­
thermore, it is important to note that Cu2+ or Ni2+ ions in the 
absence of imidazole were ineffective toward macrocyclization.15 

(9) (a) Strothkamp, K. G.; Lippard, S. J. Ace. Chem. Res. 1982, 15, 
318-326. (b) Drew, M. G. B.; McCann, M.; Nelson, S. M. J. Chem. Soc, 
Dalton Trans. 1981, 1868-1878. (c) Drew, M. G. B.; Cairns, C; Lavery, A.; 
Nelson, S. M. / . Chem. Soc, Chem. Commun. 1980, 1122-1124. (d) 
Coughlin, P. K.; Dewan, J. C; Lippard, S. J.; Watanabe, E.; Lehn, J. M. J. 
Am. Chem. Soc. 1979, 101, 265-266. (e) Haddad, M. S.; Duesler, E. N.; 
Hendrickson, D. N. Inorg. Chem. 1979, 18, 141-148. (f) Sundberg, R. J.; 
Martin, R. B. Chem. Rev. 1974, 74, 471-517. 

(10) Costes, J. P.; Commenges, G.; Laurent, J. P. Inorg. Chim. Acta 1987, 
134, 237-244. 

(11) The precise sequence of template formation cannot be well-defined; 
however, it is certain that two Cu2+ and one Im" are required in the cavity 
before final ring closure may occur. 

(12) [LCu2(M-Im)](CF3SOj)3-H2O (82% yield): IR(KBrPeIIeI)1-IeSl 
(m, C=N), 1596 (m, phenyl), 1476 (m, pyridine), 3460 (s, OH), 1278 (s, 
(SO3J88, ionic CF3SO3"), 1248 (s, (S03)M, bound CF3SO3") cm"1. Anal. Calcd 
for C40H39N8O9S3F9Cu2: C, 40.50; H, 3.31; N, 9.45; Cu, 10.71. Found: C, 
40.10; H, 3.39; N, 9.15; Cu, 10.46. 

(13) The compound analyzed correctly for the formula [LNi2(^-Im)]-
(N03)3-5H20. Anal. Calcd for C37H47N11O14Ni2: C, 45.27; H, 4.87; N, 
15.88. Found: C, 45.01; H, 4.80; N, 15.61. 

(14) (a) Drew, M. G. B.; Yates, P. C; Murphy, B. P.; Nelson, J.; Nelson, 
S. M. Inorg. Chim. Acta 1986, 118, 37-47. (b) Abid, K. K.; Fenton, D. E. 
Inorg. Chim. Acta 1984, 95, 119-125. (c) Nelson, S. M. Pure Appl. Chem. 
1980, 52, 2461-2476. 

(15) Extensive attempts made in the absence of imidazole gave reprodu-
cibly poor yields. Specifically, extraction of copper from the reaction mixture 
with EDTA as described below" yielded mainly unidentified polymeric 
species; analysis by 1H NMR of the organic material taken up in CH2Cl2 
indicated that the macrocycle was formed in less than 5% yield, and the 
diacetylpyridine could be recovered in 15% yield. 
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