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Figure 5. A view of the [Rh14(CO)~s]~- anion. A fourfold crystallographic 
axis passes through atoms 1 and 5. 
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This new tetraanion has been isolated as thecrystalline Et4N+ 
salt in nearly quantitative yield. I R  spectra suggest that ad- 
dition of [Rh(C0)2(MeCN)2]BF4 to an acetonitrile solution 
of [Rh14(C0)25l4- results in quantitative conversion of the 
tetranion to the starting [Rhl5(C0)27I3- trianion. 

The metallic skeleton of the [Rh14(CO)25l4- tetraanion is 
illustrated in Figure 4a, while Figure 4b shows the coordination 
around the central metal atom. The metallic polyhedron cor- 
responds to an incomplete rhombic dodecahedron elongated 
along the crystallographic quaternary axis passing through 
atoms 1 and 5. Figure 4b clearly shows that this structure is 
essentially part of a body-centered cubic lattice. Of the inde- 
pendent metal-metal interactions 8 are  normal bonds ranging 
from 2.63 to 2.79 A (average 2.73 A), 2 are intermediate (3.00 
and 3.08 A) and 2 are  long (3.33 and 3.38 A) contacts. 

The complete anion is illustrated in Figure 5 .  There are  9 
terminal and 16 edge-bridging CO groups, and all of the 
skeletal metal atoms, except 5, are bonded to 3 carbonyls; the 
low coordination of atom 5 is apparently compensated by the 
formation of 4 strongly asymmetric CO bridges (Rh(5)-C = 
2.30 (4) A, Rh(3)-C = 1.75 (4) A). The mean values for the 
Rh-C and C - 0  bond lengths for the terminal and symmetric 
edge-bridging carbonyls are  1.77, 1.19 A and 2.00, 1.18 A, 
respectively. Comparison of Figures 3 and 5 shows that the 
metal atom which is removed on passing from the Rhl5 to the 
Rhl4 anion seems to be that labeled 15 in Figure 3, Le., the 
metal which has two terminal C O  groups. The disposition of 
the carbonyl groups in the remaining part of the Rh15 anion 
strictly resembles that in the Rh14 cluster and is similar to that 
previously observed in the [ R h 1 3 ( C 0 ) 2 4 H 5 - ~ ] ~ -  ( n  = 2, 3) 
anions. 

Comparison of the structures observed for the Rhl3 and 
Rhl4 clusters is analogous to the transformation between hcp 
and bcc lattices which is well known for many metals6 Com- 
parison of the structures of Rhl3 or Rhl4 with the Rhl5 struc- 
ture is analogous to surface reconstruction, which is again well 
known for a number of metals7 Both analogies are  in agree- 
ment with the belief that large clusters are real models of small 
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metallic crystallites covered (or poisoned) by ligands. 
Further work is in progress on these families of clusters. 
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Diel-Alder Cycloaddition of Juglone Derivatives: 
Elucidation of Factors Influencing 
Regiochemical Control 

Sir: 
In connection with studies directed toward tetracycline total 

synthesis, Inhoffen and Muxfeldt reported an interesting ob- 
servation: the nature of the oxygen function in 5-hydroxy- (1) 
and 5-acetoxy-l,4-naphthoquinone (2) profoundly influenced 
the regiochemistry of the cycloaddition with 1 -acetoxybuta- 
diene.] This general trend has been noted subsequently for a 
variety of diene systems by several groups, notably Birch,2 
Kelly,3 and T r ~ s t . ~ ~  

The rationale for this effect, alluded to initially by Inhoffen 
and further developed by Birch2 and Kelly,3 revolves around 
the concept that the strong hydrogen bond known to be present 
in quinone 1 serves as an "internal Lewis acid" polarizing the 
unsaturated system and resulting in the C-4 carbonyl serving 
as  the dominant director of cycloaddition. Alternatively, 
electron donation by the oxygen is considered to dominate in 
the acetate 2 (and methyl ether 6) leading to reversal of the 
regiochemical result. 
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(2) R=R2=H;  RI=OAc (1) R=H 

(2) R=Ac (2) R=RI=H; R2=OAc 

(6) R=CH 

( 5) 

3 (k) R=Ac; R 1 2  =H; R =OAc 

(fi) R=Ac; RI=OAc; R =H 

0 1978 American Chemical Society 



Communications to the Editor 7099 

Table l a  

R2<1 R3 

Ri R2 R3 A BF3.Et20 AIC1j6 A BF3eEt20 AIC13' A BF3.Et20 AIC13C 

7 OCH3 CH3 OCH3 1.1.8 1:4.5 4.7:1 2:1 4.7: l  2.75:l 1:1.9 1:2.4 1.3:1 
10 H OSi(CH3)l OCH3 only l l a  only 12a 
13 H OCH3 H 2.7:l 1:2.8. 
14 H CH3 H 1.2:l 1:7.3 1:4.5 2.6:l 2.0:l 1.4:1 I . ] : ]  
17 OAC CH3 OAc 1:1 1.2.1 2.1.1 3.1:1 1 : l . l  1:1 

a See note 1 1 .  For dienes 7.14, and 17. results are reoorted as ratios of 8:9 (anti:syn). See note 6. Ratio of 1lb:llc (anti:syn). e Ratio 
of 12b:12c ( an t i syn ) .  

Tahle 110 
~~ 

Ah B F3*Et206 
15 and 14 2.9:l 5.4:l 
16 and 14 I :2.0 1 :4.3 

a See note 1 1 .  Results are  reported as ratios of 8:9 ( a n t i s y n ) .  

Considering all the known uncatalyzed cases of high reg- 
iocontrol with dienophiles 1,2,5, and 6, the diene components 
were always significantly polarized, electron rich, and termi- 
nally substituted with a good x-electron-donating substituent. 
Consequently, it appeared to us that, for high regiocontrol to 
be obserued, proper choice of the diene component might be 
a much more crucial design feature. It is generally believed 
that diene-HOMO and dienophile-LUMO interactions are  
primarily responsible for the observed regiospecificity in cy- 
cloaddition processes such as these.s The expected differences 
in the coefficients for C-2 and C-3 of LUMO for 1,2, and 6 are 
not, however, obtained from molecular orbital calculations 
(CND0/2)  on these systems.6 These results and some pre- 
liminary experiments suggested that the electronic structure 
of the diene component may be much more important for re- 
giocontrol than the dienophile structure. 

To  test this idea further, and to learn more about ways to 
influence the observed regiospecificity in 5-oxygenated-] ,4- 
naphthoquinones for our own approach to anthracyclinone 
synthesis, we have undertaken the studies described below. 

W e  were interested in exploring the potential for regiose- 
lectivity in relatively unpolarized dienes. Our initial choice was 
1,4-dimethoxyisoprene (7),7a whose calculated polarization 
based upon terminal coefficients was ~ m a l I . ~ - ~  The results 
shown in Table I indicate that, in  the product mixture of8and 
9, the unexpected regioisomer predominates in the thermal 
process based upon the calculated direction of polarization of 
7 and the previously observed tendencies of 1 and 2 (vide 
supra)I0 (Table I ) .  

On the other hand, the strong and complementarily polar- 

( 1 5 )  - 1  R = i P h C H 3 p ;  R2'H 

(8)  Ri=CH 3 2  ; R =H (&) R l =  H;  R2=OH 

(2) R i = H ;  R2=CH 3 (s) R I =  OCH 3 ; R2= H (16) R,=H;  R2=!PhCHJP 

(z) R,=OH; RZ=H (s) R,=OCH R2=H (!&) Rl=  R 2 =  O C H 3  (18 )  - R , = S P h C H 3 p ;  RZ'H 

(s) R , = H ;  R =OCH 
3 

2 3  

ized diene 10 on reaction with 1 affords a single product (lla, 
mp 272-275 "C) in accord with p r e d i ~ t i o n . ~ . ~ ~  The expected 
reversal of regiocontrol, as was previously observed, does occur 
with 6 providing 12a (mp 185-186 "C) exclusively.I0 This case 
is analogous to those reported by Birch* and BranvilleI3 and 
strongly implicates the role of diene as the major factor in the 
observed regiospecificity. 2-Methoxybutadiene (13) would be 
expected to afford substantial regiocontrol based upon polarity 
as judged from the calculated terminal orbital  coefficient^.^,'^ 
However, the observed magnitude of that control is modest 
(Table I) .  The expected reversal occurs in going from 1 to 6 
and confirms the result reported p r e v i o u ~ l y . ~ ~  The case of 
isoprene (14) is also informative in that this diene lacks a 
a-activating substituent. I n  this case, all three dienophiles (1, 
2, and 6) are  largely unselective (cf. Table I )  and again the 
unexpected regioisomer predominates for 2 and 6. These results 
add further reinforcement to the idea that diene rather than 
dienophile structure dominates the regioselectivities for qui- 
nones 1, 2, and 6. Current theory cannot account completely 
for the relatively small changes in regioselectivities observed; 
however, consideration of secondary orbital effects permits one 
to rationalipe the greater part of the experimental re- 
sults.'6,'' 

In an attempt to test the effect of further polarizing the 
dienophile, sulfoxides 15 and 16 were prepared.18 The results 
of reaction of these much more strongly polarized dienophiles 
with isoprene (14) providing 8 and 9 are given in Table I I . I 9  
The observed regioselectivities are  in the anticipated direction 
based upon the apparent polarization, however, of much 
smaller magnitude (2-3-fold increase), again emphasizing the 
role of diene polarization.20 

Trost recently reported the effects of Lewis acids upon the 
reaction of 1 with several  diene^.^ We have concurrently been 
studying the effects of Lewis acids on the cycloadditions of 1, 
2, i n d  6 with several dienes. The results are reported in Table 
I .  It is most interesting that catalysis of the reaction between 
juglone (1) and diene 2 with AICl3 and BF3.Et20 leads to 
significantly increased regioselectivity but different predom- 
inant regioisomers (see Table I) .  These results can conceivably 
be attributed to different sites of complexation of BF3 and 
AIC13 with the dienophile. Although Trost has invoked a ra- 
tionale based upon an equilibrium among the sites of com- 
plexation of the dienophile and diene,4 Valenta's suggestion 
that steric hindrance plays a significant role in determining the 
site of complexation may also be important in this case.21 If 
one considers these results within the context of the Inhof- 
fen-Kelly model3 and assumes that polarization of the di- 
enophile occurs primarily by complexation of the syn carbonyl 
owing to chelation, the regiochemical result should be in the 
same direction as  the thermal result for both catalyzed reac- 
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tions of 1 and 7. The results (Table I ) ,  therefore, suggest that 
site of complexation in 1 differs for BF3.Et20 and AIC13 
and/or that the polarization of 7 has been significantly altered 
by complexation. The results with diene 177b are  consistent 
with this picture since diene 17 should be significantly less 
susceptable to complexation.2' Furthermore, for the corre- 
sponding reactions of isoprene (14) with 1, no reversal of or- 
ientation occurs in line with the expectation that ( 1 )  the less 
hindered carbonyl should be the site of preferential complex- 
ation2' and that (2) isoprene (14) should exhibit little or no 
tendency toward complexation.22 

Finally, it can be shown that substituents on the double bond 
are capable of influencing the site of complexation in the qui- 
nones. Catalysis of the reaction of 15 and 16 with isoprene (14) 
results in an increase in regiospecificity consistent with en- 
hanced complexation of the carbonyl syn to the sulfoxide. 
Remarkably, use of sulfide 18 with 14 a t  0 OC provides only 
8, although in low yield (20%). This would appear to be at  odds 
with the results based on expected Lewis b a ~ i c i t i e s . ~ ~  

Taking into consideration the above experiments and all 
other data available a t  this time, it becomes clear that the 
simple picture, developed by Inhoffen, Birch,2 and Kelly,3 of 
the factors influencing the regiospecificity of cycloaddition of 
juglone and related systems is inadequate for a broad range 
of dienes, although the rationale appears applicable to the class 
of highly activated, polarized dienes for which it was developed. 
Certainly, the actual picture is much more complex. However, 
several generalizations may apparently be drawn at  this time: 
( 1 )  the regiochemistry seems dominated by diene polarity; ( 2 )  
juglone (1) and related systems are relatively weakly polarized, 
and effects due to hydrogen bonding, resonance, etc., are  in- 
sufficient to exert substantial influence upon the regiochemical 
outcome except for strongly polarized dienes; (3) through the 
use of Lewis acid catalysis it is possible to markedly influence 
regiochemical control by proper choice of quinone and catalyst 
even for weakly polarized dienes; (4) complexation equilibria 
are highly substrate dependent, leading to dramatic reversals 
of regiospecificity; ( 5 )  diene complexation, previously impli- 
cated by T r ~ s t , ~ ~  may be the dominant factor in the observed 
regiospecificity of catalyzed reactions in some cases, although 
the observed results are not clearly correlatable with expected 
Lewis basicities. 

From a synthetic point of view, proper choice of the diene 
component is paramount, although significant improvement 
can be effected in regiocontrol by suitable choice of the di- 
enophile and the use of catalysis. Trost has suggested that a 
change in mechanism may be responsible in part for the ob- 
served r e s ~ l t s , ~  and it appears that charge-transfer complex- 
ation could also conceivably play a significant role in cases 
where the diene is a good K donor.24 These and other concepts 
remain to be tested as we continue to explore the range of 
control possible in these intriguing dienophiles. 
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