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Resolution of the reaction mixture and isolation of the triester 
product can be accomplished by using HPLC (4.6 X 250 mm 
Hypersil-ODS with 0.02 M KH2PO4, pH 5.5, and a methanol 
gradient). Modification of the phosphorothioate was observed 
to be more efficient for the single-stranded d[CGCA(s)-
AAAAAGCG] fragment than the self-complementary eicosomer, 
d [CGTACTAGTT(s)AACTAGTACG]. This difference in re
activity was partially overcome when the reaction mixture was 
heated at 50 0C. In the absence of the phosphorothioate diester, 
control reactions using native oligodeoxynucleotides did not result 
in any significant labeling.12 

The unlabeled dodecamer helix, d[CGCA(s)-
AAAAAGCG]-d[CGCTTTTTTGCG], exhibited a Tm of 55 0C, 
and this was indistinguishable from the Tm values obtained for 
the PROXYL-labeled (a in Figure 1) or drug-labeled (b in Figure 
1) helices. The Tm value for the self-complementary eicosomer, 
d [CGTACTAGTT(s)AACTAGTACG]2, with two labels was also 
largely unchanged (68.5 0C) in comparison to the unlabeled 
fragment (Tm = 67 0C). 

The hydrolytic stability of the phosphorothioate triesters is an 
important practical consideration for the value of such derivatives 
in many studies. Hydrolysis of the triesters proceeded by de-
sulfurization (monitored by HPLC and confirmed by comparison 
with authentic standards). We have not yet examined the fate 
of the reporter group in these reactions. No detectable cleavage 
of the oligodeoxynucleotide at the point of attachment was ob
served. This agrees with the results of ethylated or hydroxy-
ethylated derivatives, which result in primarily desulfurization 
and only very minor amounts of chain cleavage.6 

Less than 5% of the Tp(s)T triester carrying the PROXYL spin 
label was hydrolyzed after 24 h at pH 7. At pH 8 this increased 
to 28%, and at pH 10 the triester was completely hydrolyzed within 
11 h. With longer fragments, the hydrolytic stability of the triester 
increased [the labeled dodecamer was hydrolyzed <1%, 30%, and 
99% at pH values 7, 8, and 10, respectively; the values for the 
eicosomer were <1%, 2%, and 63% (24 h)]. The triester prepared 
from a 7-bromo-a,/3-unsaturated carbonyl (b in Figure 1) exhibited 
stability similar to that of the PROXYL-labeled derivatives while 
that resulting from reaction with the aziridinyl sulfonamide (c 
in Figure 1) was more stable [the Tp(s)T-labeled triester was 
hydrolyzed <1% (pH 7), 5% (pH 8), and 34% (pH 10) after 24 
h at ambient temperature]. 

It is noteworthy that the triester produced from 1,5-1-AEDANS 
and Tp(s)T was significantly less stable than the PROXYL-labeled 
derivative although the triesters formed both resulted from io-
doacetamides.13 The AEDANS-labeled dimer exhibited 19% (pH 
7) and 88% (pH 8) hydrolysis (24 h); it was completely hydrolyzed 
within 2 h at pH 10. However, the AEDANS-labeled dodecamer 
(d in Figure 1) exhibited only <1%, 49%, and 99% hydrolysis at 
the same respective pH values (24 h). 

The ability to attach reporter groups (covalently) where desired 
on the DNA backbone should simplify studies involving protein 
binding, resonance energy transfer, structural analyses and nucleic 
acid dynamics. By employment of the appropriate functional 
group, it should additionally be possible to attach a variety of 
derivatives including, but not limited to, peptides and proteins, 

(12) At 50 0C, HPLC analysis of the dansylaziridine reaction indicated 
the presence of minor products, suggesting some nonspecific reaction with the 
DNA. Labeling conducted at 25 0C (pH 8.0) proceeded more slowly, but we 
were unable to detect the presence of any species other than the desired 
product and starting materials. However, we cannot exclude the possibility 
of some nonspecific modification of the DNA even at 25 0C. 

(13) An additional dodecamer was labeled with the bromoacetamido de
rivative i. Although the three acetamido-linked adducts are similar in 
structure, that prepared from i proved to be more stable than either a or d 
(Figure 1) (only 13% of the triester formed from i was hydrolyzed after 24 
h at pH 8.0). This variation in stability of the acetamido-linked probes is 
under continuing study. 

antibiotics, antineoplastics, and antivirials. 
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The synthetic utility of ring-opening reactions of cyclopropyl 
groups is rich.3 The rearrangement of cyclopropylcarbinyl or-
ganometallic species to homoallylic moieties has recently received 
much attention.4 However, the applications of these reactions 
in the synthesis of butadienes have been rare.5 To our knowledge, 
there has been no report with use of the cyclopropyl Grignard 
reagent as the allyl anion synthon in the synthesis of conjugated 
dienes. We recently uncovered several useful coupling reactions 
of dithioacetals with Grignard reagents in the presence of the nickel 
catalyst6 to afford the corresponding olefins7,8 or geminal dimethyl 
products.8'9 When cyclopropylmagnesium halide is employed in 
this coupling reaction, the organometallic intermediate 1 is ex
pected to rearrange4 to homoallylic organonickel species 2, which 
would rapidly undergo /3-elimination to give butadiene (eq 1). We 
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Table I. Reaction of Dithioacetal with Cyclopropyl Grignard 
Reagent 

Run Substrate RMgBr Product (%Yield) 

4a (88) 

O Q r ^ 
4d (75) 

W ^ p h 41(87) 

Ph S-
IO X >3h 

H S ^ 

4j (69) 

" 4 equiv of RMgBr were used unless otherwise specified. A, R = 
cyclopropyl, solvent benzene; B, R = (E)- and (Z)-2-butylcyclopropyl, 
solvent toluene; C, 2,2-diphenylcyclopropyl, solvent toluene. b E/Z = 
13. CE/Z = 5. dS equiv of RMgBr were employed. '4h/4h' = 1. 

describe here the unprecedented usage of such rearrangement in 
the synthesis of butadienes. 

• [NiI-H 
^-~^ (D 

In a typical procedure, dithioacetal was treated under nitrogen 
atmosphere overnight with 4 equiv of cyclopropylmagnesium 
bromide in the presence of 5 mol % of NiCl2(PPh3)2 in refluxing 
benzene or toluene. After the usual workup and chromatographic 
separation, the corresponding dienes were obtained in satisfactory 
yields. The results are summarized in Table I.10 Benzophenone 
dithioacetal (3a) gave 1,1-diphenylbutadiene (4a) in 88% yield 
(entry 1). Various dithioacetals of aromatic aldehydes reacted 
smoothly (entries 2 and 3). The reactions with 2-aryl-2-
methyldithiolanes behaved similarly to afford the corresponding 
dienes (entries 4 and 5). The stereochemistries of the C1-C2 

double bond in these products, whenever applicable, are predom
inantly, if not exclusively, in the E configuration. These assign
ments were based on the 1H NMR results (coupling constants 
and/or 2-D NOESY experiments). The observed selectivity is 
consistent with the requirement of cis coplanarity of the car
bon-nickel bond and the 18,7 bond in the cyclopropyl moiety, and 
the conformer 5a would be more stable than the conformer 5b. 

It is well-documented that aryl halide can couple with Grignard 
reagents under the reaction conditions.11 Consequently, substrates 
containing such functionality would also react, hence both cy-

(10) All new compounds gave satisfactory spectroscopic properties (1H and 
13C NMR, IR, and MS) and accurate mass measurements. The physical data 
of dienes and related compounds are summarized in the supplementary ma
terial. 

(11) Kumada, M. Pure. Appl. Chem. 1980, 52, 669. 

[Ni] INiI 
r n , 

R ' ~ 7 [Ni 

R J 

[Ni] 

6a R - Bu, R - H, 

R 3 - P h 

6b R 1 - R 2 - P h , 

R ! - Ph or H 

7a R = P h 1 R - H, 

R3 - Ph or H 

7b R1 - H , R 2 - Ph1 

R 3 - Ph or H 

clopropyl and butadienyl moieties being introduced in one step 
(entries 6 and 7). 

Cyclopropyl Grignard reagents having a substituent at the C2 

position expectedly gave a mixture of two regioisomers (entry 8). 
Intermediate 6a may undergo a nonselective ring-opening process 
followed by a rapid /3-hydride elimination to give the respective 
products. When both hydrogens at the C2 position were replaced 
by substituents, dienes having substituents at both terminal carbons 
were obtained as the sole products (entries 9 and 10). Intermediate 
6b may rearrange to 7a and 7b. Although 7b may be less crowded 
or more stable than 7a, it cannot undergo a further elimination 
reaction. Alternatively, 7a may proceed /3-elimination to give 
diene. 

The reactions with bicyclic Grignard reagent are interesting. 
A mixture of isomeric non-conjugated dienes 8 and 9 was obtained 
(eq 2). As mentioned before, cis coplanarity between the car-

Ph S - . 
X (CM;).' 

R S" O-MgBr 
'ro • Phro (2) 

a R - Ph n = 2 66 
b R - H n - 3 67 

40% 
60% 

bon-nickel bond and the carbon-carbon bond to be migrated is 
required for the ring-opening process, resulting in the formation 
of intermediate 10. /5-Hydride elimination of 10 will give 8. 
Isomer 9 was obtained from the isomerization of 8 by the addition 
and elimination of nickel hydride species generated in situ. The 
stereochemical requirement prohibits the migration of the double 
bond to conjugated diene. 

The reaction of tetralone dithioacetal (11) gave in 66% yield 
a mixture of vinyl cyclopropane (12) and butadiene (13) in a 2 
to 1 ratio. Presumably, the cyclopropylcarbinyl intermediate here 
is highly crowded, hence the ring-opening process and simple 
/3-hydride elimination step becoming nonselective. 

R 

[Nil S S 

O 05 
Throughout this investigation, we have never observed any 

cyclopropylidene derivatives. However, cyclobutylidene products 
14 were obtained as the sole products when cyclobutyl Grignard 
reagent was allowed to react with dithioacetals under similar 
conditions (eq 3). Apparently, the participation of the carbon-

R2 S^ 
MgBr 

o-:; (3) 

14a R - R - Ph 70% 

b R1 = 2-Naph, R ! - H 

carbon bond in the migration process is less favorable with 
four-membered-ring substrates than with three-membered-ring 
counterparts. 

In summary, we have demonstrated an unprecedented procedure 
using cyclopropyl anion as allyl anion synthon for the convenient 
synthesis of butadienes.12 The reaction is simple and starting 
materials are easily accessible. The application of this reaction 
in synthesis is in progress. 

(12) The use of allyl instead of cyclopropyl Grignard reagents gave a 
mixture of products including geminal diallylated compounds. Mei, N.-W.; 
Luh, T.-Y. Unpublished results. 
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As the primary source of atmospheric dioxygen, photosynthetic 
water oxidation is an essential process for aerobic organisms. This 
four-electron, four-proton reaction occurs at the photosystem II 
oxygen-evolving complex (PSII OEC) in green plants and algae. 
While it is known that four manganese atoms per PSII OEC are 
required for optimal oxygen evolution activity, there is no consensus 
as to the precise arrangement of the Mn atoms, nor is the 
mechanism of water oxidation well understood.2 One prevalent 
notion is that the manganese center functions to store four oxi
dizing equivalents at an electrochemical potential high enough 
(>0.8 V vs NHE at pH = 7) to carry out the oxidation of water 
to dioxygen.3 It is thought that two water molecules (or de-
protonated derivatives thereof) may be transformed to dioxygen 
by a concerted single oxidative process. In the Kok S-state scheme 
for the PSII OEC catalytic cycle,4 this four-electron process would 
occur between the S4 and S0 states. Within this conceptual 
framework, it is clear that one criterion for a functional synthetic 
analogue is that it should exhibit four high-potential redox pro
cesses. Several high-valent tetranuclear species have been re
ported;5""8 however, judging by conclusions from recent XAS 

(1) Abbreviations used: HTPHPN, A,,Ar,A",./V'-tetrakis(2-pyridyl-
methyl)-2-hydroxypropane-l,3-diamine; PSII OEC, photosystem II oxygen-
evolving complex; XAS, X-ray absorption spectroscopy; SSCE, saturated 
sodium calomel electrode; HBpz3, hydrotris(l-pyrazolyl)borate; tacn, 1,4,7-
triazacyclononane; bpy, 2,2'-bipyridine; L-Im, 2,6-bis[[[bis(l-methyl-
imidazol-2-yl)methyl]amino]methyl]-4-methylphenol; Him, imidazole. 

(2) (a) Dismukes, G. C. Photochem. Photobiol. 1986, 43, 99. (b) Amesz, 
J. Biochem. Biophys. Acta 1983, 726, 1. (c) Brudvig, G. W. J. Bioenerg. 
Biomembr. 1987, 19, 91. (d) Babcock, G. T. In New Comprehensive Bio
chemistry: Photosynthesis; Amesz, J., Ed.; Elsevier: Amsterdam, 1987; pp 
125-158. (e) George, G. N.; Prince, R. C; Cramer, S. P. Science 1989, 243, 
789-791. 

(3) See, for example: Luneva, N. P.; Knerelman, E. I.; Shafirovich, V. Ya.; 
Shilov, A. E. New J. Chem. 1989, 13, 107-110. 

(4) Kok, B.; Forbush, B.; McGloin, M. Photochem. Photobiol. 1970, //, 
457. 

Figure 1. Structure of |[Mn2(TPHPN)(O2CCH3)(H2O)I2OI4+ (1) 
showing the 40% probability thermal ellipsoids and atom labeling scheme. 
Hydrogen atoms are omitted for clarity. Unlabeled atoms are related 
to labeled ones by an inversion center. Selected interatomic distances (A) 
and angles (deg) are as follows: Mn(I)-O(I), 2.148 (3); Mn(l)-0(2), 
2.097 (3); Mn(l)-0(5), 2.174 (3); Mn(I)-N(I), 2.248 (5); Mn(l)-N(2), 
2.281 (4); Mn(l)-N(3), 2.246 (5); Mn(2)-0(1), 1.921 (3); Mn(2)-0(4), 
1.766 (1); Mn(2)-0(3), 2.096 (3); Mn(2)-N(4), 2.097 (4); Mn(2)-N(5), 
2.238 (4); Mn(2)-N(6), 2.092 (4); Mn(l)-Mn(2), 3.689 (1); Mn(2)» 
•Mn(2'), 3.532 (1); Mn(2)-0(4)-Mn(2'), 180.0; Mn(l)-0(1)-Mn(2), 
130.0 (2); 0(l)-Mn(l)-0(5), 173.7 (1); 0(l)-Mn(2)-0(4), 175.5 (1). 

Figure 2. Cyclic voltammogram of 1 in CH3CN using 0.1 M Et4NClO4 
as supporting electrolyte, a Pt working electrode, a Pt wire counter 
electrode, an SSCE reference electrode, and a scan speed of 50 mV/s. 

measurements on oriented samples of PSII OEC,2e none of these 
model complexes are structurally congruent with the native 
manganese aggregate, nor has it been reported that any of them, 
or any other polynuclear manganese complexes for that matter, 
exhibit multiple redox processes at high potential. In this report 
we describe the synthesis and structure of a novel mixed-valence 
[Mn!I

2Mnm
2] tetranuclear complex, ([Mn2(TPHPN)(O2CC-

H3)(H2O)J2O)(ClO4),, (1), which does indeed display several 
quasireversible oxidations between 0.8 and 1.4 V vs SSCE. 
Furthermore, complex 1 is the first high-valent tetranuclear species 

(5) Kulawiec, R. J.; Crabtree, R. H.; Brudvig, G. W.; Schulte, G. K. lnorg. 
Chem. 1988,27, 1309-1311. 

(6) Wieghardt, K.; Bossek, U.; Nuber, B.; Weiss, J.; Bonvoisin, J.; Cor-
bella, M.; Vitols, S. E.; Girerd, J. J. J. Am. Chem. Soc. 1988,110, 7398-7411. 
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H.-R.; Hendrickson, D. N. J. Chem. Soc, Chem. Commun. 1987, 236. (b) 
Christmas, C; Vincent, J. B.; Huffman, J. C; Christou, G.; Chang, H.-R.; 
Hendrickson, D. N. J. Chem. Soc., Chem. Commun. 1987, 1303. (c) Vincent, 
J. B.; Christmas, C; Chang, H.-C; Li, Q.; Boyd, P. D. W.; Huffman, J. C; 
Hendrickson, D. N.; Christou, G. J. Am. Chem. Soc. 1989, 111, 2086-2097. 
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