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closely similar (Scheme IV). Whichever mechanistic classification 
may be followed, the reaction must involve 3*+/2, given the gross 
difference in ionization potentials and the difficulty of ionizing 
2. The [3 + 2] reaction could produce two diastereoisomeric 
adducts (7a,b), while the [ 4 + 1 ] cycloaddition should produce 
a single diastereoisomer (8). In fact, both the aminium salt 
initiated and photosensitized cross additions of 2 and 3 produce 
all three isomers in the ratios 7a:7b:8 = 0.5:0.7:1.0. The [3 + 
2]:[4 + 1] ratio is therefore 1.2:1. 

The assumption that the more readily ionized diene is the 
hole-carrying species in these reaction systems can be justified 
quantitatively. The rate constant for the cyclodimerization 1*+/1 
has been measured (3 X 108 mol L"1 s"1).9 The analogous reaction 
l ' + / 2 is estimated to have a rate constant of at least 1.5 X 108 

on the basis that even the relatively more stabilized (more selective) 
/rans-anethole cation radical adds (in the Diels-Alder mode) to 
1 and 2 at the relative rate of only 2:1. A species of higher hole 
energy, such as 1 ,+, would be presumed to react with 1 and 2 even 
less selectively. The corresponding role-inverted reaction 2*+/l 
requires the generation of 2*+, which is qualitatively indicated to 
be quite difficult by the observation that 2 is essentially inert under 
the aminium salt conditions. Given the measured oxidation po
tentials of 1,2, and 3, the rate of generation of 2 , + must be a factor 
of 105 slower than the rate of generation of 1*+ at 0 0C.10 For 
the overall rate of the 2 , + / l reaction to compete with that of the 
l , + /2 reaction, the rate constant for the cycloaddition 2 , + / l would 
then have to be at least 1013, or 103 faster than the maximum 
diffusion-controlled rate. In the case of the 2*+/3 reaction, the 
even larger difference in ionization potentials (0.49 V) and the 
correspondingly greater ratio of the rates of formation of 3*+ 

relative to 2 , + (107) would require a 2*+/3 cycloaddition rate of 
1015. The virtual absence of the dimer of 2 as a product of any 
of these reactions also independently supports the proposed 
mechanistic role assignments. Since 2 , + has high hole energy and 
is not sterically stabilized, its reactions with 2 vs 1 or 3 should 
be quite rapid and unselective. The amount of dimer formation 
is therefore an approximate measure of the amount of cross adduct 
formed via the 2 ' + / l or 3 mechanism. 

These studies suggest that orbital symmetry allowedness/for-
biddenness has no discernible effect on role selectivity in the cation 
radical Diels-Alder reaction. Although the factors that determine 
adduct selectivity are not as yet completely defined, they appear 
to correlate with product development control (e.g., adduct strain 
energies) and to vanish for adduct structures that are quite similar. 
The apparent irrelevance of orbital symmetry effects is consistent 
with the facility of such formally symmetry forbidden cation 
radical reactions as cyclobutanation (S/S stereochemistry) and 
the cation radical vinylcyclobutane rearrangement (S/R stereo
chemistry). The failure of orbital symmetry to exert even a small 
effect on role selectivity is interesting theoretically, and the fol
lowing factors may be involved: (i) activation energies for cation 
radical cycloadditions generally are miniscule in comparison with 
neutral cycloadditions; differential effects may thus be vanishingly 
small; (ii) cation radical cycloadditions are highly nonsynchronous; 
orbital symmetry effects on such reactions should be minimal. 
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The structure of the oxygen evolving center (OEC) in photo-
system II of plants and the mechanism of water oxidation are still 
unknown. Recent biological results have been reviewed in ref 1. 
Chemists can contribute to this study by synthesizing new man
ganese clusters and studying the electronic properties of those 
complexes; then useful comparisons can be made with the spec
troscopic properties of the natural system. This approach led, for 
instance, to the synthesis of [Mn4O3Cl]6+ cores2,3 and of ada-
mantane-like [Mn406]4+ cores.4-5 Chemical results have been 
reviewed in ref 6. We report here the synthesis and magnetic 
studies of a new type of manganese cluster made of a triangular 
[Mn3O4]

4"1" core with two mono-M-oxo bridges and one di-M-oxo 
bridge. 

Synthesis was carried out under argon. A solution of MnCl2 

(1.8 mmol) in 4 mL of DMF10 and a solution of bipy (4 mmol) 
and TsOH (3.2 mmol) in 4 mL of DMF were mixed. Before any 
precipitate appeared, this solution was added to a solution of 
NEt4MnO4 (1.2 mmol) in 8 mL of DMF; a dark brown solution 
was obtained. After 16 h, addition of (NEt4J2MCl4 (1 mmol) 
(M = Mn or Cd) in 14 mL of DMF afforded brown powders of 
stoichiometry [Mn304(bipy)4Cl2]MCl4-3DMF after washing with 
acetonitrile (M = Mn (1), Cd (2)).7 Crystals of 1 were obtained 
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Figure 1. Structure of [Mn3O4(WPy)4Cl2J
2+ showing atom-labeling 

scheme (only the N atoms of bipy are shown). Selected interatomic 
distances (angstroms) and angles (degrees): Mn(l)-0(12), 1.758 (9); 
Mn(I)-O(13), 1.766 (9); Mn(2)-0(12), 1.833 (10); Mn(2)-0(32), 
1.834 (10); Mn(2)-0(23), 1.809 (9); Mn(2)-Cl(2), 2.330 (5); Mn(3)-
0(13), 1.833 (10); Mn(3)-0(32), 1.785 (10); Mn(3)-0(23), 1.849 (9); 
Mn(3)-Cl(3), 2.343 (5); Mn(l)-0(12)-Mn(2), 128.9 (5); Mn(I)-O-
(13)-Mn(3), 128.7 (5); Mn(2)-0(32)-Mn(3), 95.6 (4); Mn(2)-0-
(23)-Mn(3), 94.3 (4). 

in DMF. The crystal structure of 1 was determined.8 

The structure is made of trinuclear cationic entities [Mn3O4-
(bipy)4Cl2]2+ (see Figure 1) with tetrahedral [MnCl4]2- as 
counterions. The Mn atoms of the cations occupy the corners of 
an isosceles triangle: Mn(l)-Mn(2) = 3.241 (3) A, Mn(l)-Mn(3) 
= 3.245 (3) A, and Mn(2)-Mn(3) = 2.681 (3) A. Two single 
oxo bridges relate Mn( 1) to Mn(2) and Mn(3), while Mn(2) and 
Mn(3) are linked by a double oxo bridge. The single-bridge 0(12) 
and 0(13) atoms are in the plane of the triangle, while the 
double-bridge 0(23) and 0(32) atoms form a segment perpen
dicular to it. The dihedral angle along 0(23)-0(32) is equal to 
16.2 (8)°. The manganese coordinations are octahedrally com
pleted by four bipyridine N atoms for Mn(I) and by two bipyridine 
N atoms and one Cl atom for Mn(2) and Mn(3). Both analysis 
and crystal structure demonstrate that the cluster contains three 
Mn(IV) ions. The metal-metal distances correspond to those 
observed in the OEC9 in the S1 state." Compound 2 is iso-
morphous to compound 1. 

Measurement of the magnetic susceptibility was done for 1 and 
2. The results for 2 are shown in Figure 2. The product X M ^ 
per mole of 2 is equal to 1.79 cm3 mol'1 K at 293.2 K and de
creases to 0.37 cm3 mol-1 K at 3.9 K. This behavior is charac
teristic of strong antifeiromagnetic coupling between the electronic 
spins of the three metallic ions leading to a spin 5 = ' / 2 ground 
state. The product X M ^ P W mole of 1 is equal to 6.16 cm3 mol"1 

K at 292.1 K and decreases to 4.79 cm3 mol"' K at 3.8 K. At 
high temperature, X M ^ of 1 is exactly the sum of XM T of 2 and 
4.375 cm3 mol"1 K, which is the value associated with the spin 
5 = 5 /2 of the MnCl4

2" anion. At lower temperature, some 
nonadditivity appeared, which was reproducible and which we 
attributed to an interaction between the cluster spin and the 
counteranion spin. We analyzed only the data for 2. Using a 
Hamiltonian of the type 

H = -JXS^S2 + S1Sy) - JS2Sy (1) 

a good fit (Figure 2) was found with J = -171 cm"1 and J' = -108 
cm-1, keeping g fixed at 2. The ground state is thus \S2) = 1 , 5 , 

= V2. s = V2)-
The EPR spectrum of 2 was recorded in water at 7.7 K in the 

presence of glycerol (Figure 3). The richness of its hyperfine 
structure is by itself an indication that the cluster is maintained 
in aqueous solution. More precisely, we interpreted the spectrum 
from the ground state observed in the solid sample. Calculation 

(11) S1 or S2 refers here to one of the five states of the OEC and not to 
a spin value; see, for instance, ref 1 for an introduction to this nomenclature. 

] . 5 

Figure 2. Powder magnetic susceptibility of 2 (O) under the form %uT 
versus temperature. The line corresponds to the fitting (see text) with 
J13 = J = -171 cm-1 and J11 = J13 = J'= -108 cm-1. The ground state 
is a spin doublet. 
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Figure 3. (A) X-band EPR spectrum of 2 in water +20% glycerol at 7.7 
K. (B) Simulation using \AlxJ = 118 G, M11I = 121 G, IA2xJ = 26 G, 
| / y = 24 G, \A}XJ = 25 G, M3l| = 22 G, gxjl = 2, and gl = 1.995; line 
width = 17 G. 

of the hyperfine constants for the ground state IS23 -1,Sx-
 3/2, 

S = V2) gives A2 = A3 = -(l/3)a and A1 = (?/3)a, where a stands 
for the mononuclear value of the hyperfine coupling for a Mn(IV) 
ion. Simulation of the spectrum affords the values \AixJ = 118 
G, \AU\ = 121 G, IA2xJ = 26 G, \A2l\ = 24 G, [A3xJ = 25 G, 
\A3z\ = 22 G, gXJ/ = 2, and g2 = 1.995. With a = 72 G, the |S23 

= 1 ,5!= 3/2, 5 = V2) w a v e function gives A2 = A3 = -24 G 
and Ax = 120 G, which are very close to the values got by sim
ulation. The EPR simulation suggests a slight dissymmetry in 
solution between site 2 and site 3 which is beyond the sensitivity 
of powder magnetic susceptibility measurement. A IS23 = 2, S1 

= 3 / 2 , 5 = '/2> ground state (which is the only other spin doublet 
eigenfunction of eq 1) would lead to A1 = A3 = a and A1 = -a; 
no simulation of the observed spectrum was possible with such 
values, which confirms our analysis of magnetic data. 

The possibility of interpreting the EPR spectrum of a spin 5 
= ' /2 state resulting from the magnetic coupling of the manganese 
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atoms in the core [Mn3O4]
4"1", using the spin coupling model 

without the zero-field splitting (zFS) effect, is noteworthy: J values 
are so large that the ground state is a real spin doublet. There 
is general agreement12'14'15 on a S = l/2 origin of the multiline 
EPR signal observed for the S2 state" of the OEC. A detailed 
study13 showed that the g-anisotropy of this signal was very small 
and proved the S = '/2 nature of the state implied. Recently16 

it was demonstrated that anisotropy in the OEC signal arises from 
anisotropy in the hyperfine coupling. Our result strongly suggests 
that this OEC signal could be interpreted on the basis of spin 
coupling as suggested earlier by some authors14,15 with anisotropic 
effects treated as perturbation only. We are working on simu
lations of the OEC signal along those lines. 

A cubane-type structure of the OEC was proposed by Brudvig12 

and Christou;2,3 a distorted cubane structure and a structure made 
of a manganese triangle linked to a manganese atom were proposed 
recently9 for the Si state. Such a 3 + 1 structure of the copper 
cluster in ascorbate oxidase (which catalyzes the reverse reaction 
of OEC) was found through X-ray diffraction by Huber," who 
also proposed that the OEC could have a 3 + 1 arrangement of 
the manganese atoms. Our result shows that manganese-oxo 
triangular units exist. We are investigating the possibility of 
assembling this Mn(IV)3 entity with a Mn(III) ion. 
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In 1981 Still and Galynker1" reported the stereoselective al-
kylations of a number of monosubstituted 8-12-membered-ring 
ketones and lactones. Invariably these reactions proceeded with 
high selectivity, to yield one of the two possible diastereomeric 
products. In order to rationalize the high diastereoselectivity of 
these reactions, Still and co-workers' used MM2 calculations.2 

The model that emerged from these studies1 assumed that attack 
of a reagent from the more open face of the macrocycle gave rise 
to product ratios that were closely related to the conformational 
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Toronto, Ontario, Canada M5S IAt. 
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Scheme I" 

1<X 
3 R = H 
4 R = CH3 

j^O^-PCKOCHjk 

(CH3O)2OP 

°(i) CH3PO(OCH3)2, 2 equiv of BuLi, THF, -78 0C; (ii) BnO-
(CH2)6COOH, DCC, DMAP, DMF; (iii) H2, 10% Pd/C, EtOH; (iv) 
DCC, DMSO, Cl2HCCOOH; (v) K2CO3, 18-crown-6, toluene; (vi) 
H2, 10% Pd/C, EtOH. 

Table I. Reduction of 9-Oxo-13-tetradecanolide (1) with Various 
Reducing Agents 

reducing agent 
NaBH4 
K-Selectride 
L-Selectride 
L-Selectride 
LS-Selectride 
predicted selectivity 
MAD 

yield, 
89 
89 
85 
93 
85 

% 

(MM2) 
63 

temp, 0C 
-78 
-78 

O 
-78 
-78 
-78 
-78 

stereoselectivity 
9 

{R*,S*) 
50 
78 
80 
89 
90 
94 
30 

10 
(S*,S*) 

50 
22 
20 
11 
10 
6 

70 

energies of the starting materials or intermediates (for an early 
transition state) or to the products themselves (for a late transition 
state). 

More recently, a slightly different approach was used to ra
tionalize the diastereoselective reactions of cyclodecenes. Vedejs 
and co-workers3 eliminated the need for a full conformational 
analysis of the starting material or product by concentrating only 
on the immediate environment of the functional group. This local 
conformer approach has been very successful in rationalizing 
conformationally controlled epoxidations and osmylations. 

We have been interested in studying the reactivity of 14-
membered lactones4 with the hope of developing a model40 to 
rationalize and eventually predict the stereoselective reactions in 
these ring systems. This communication reports our results on 
the reductions and conformational properties of 9-oxo-13-tetra-
decanolide (1) and 10,10-dimethyl-9-oxo-13-tetradecanolide (2). 

Our starting materials for this study, macrolides 1 and 2, were 
synthesized in 22% and 20% overall yields, respectively, starting 
from lactones 35 and 4, by the sequence outlined in Scheme I.6 

5-Lactone 4 is available from 2,2-dimethyl-5-oxohexanoic acid7 

through sodium borohydride reduction. 
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