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of the diastereotopic olefin faces. 
Diastereoselection. In general, good levels of diast- 

ereoselection were achieved in the hydroboration of a- 
alkoxy-&y-unsaturated methyl esters with preference for 
the formation of the 2,3-anti product (entries 1-7). In 
contrast, the a-methyl-8,yunsaturated ester l h  (entry 8) 
afforded a statistical mixture of all possible isomers. 
Without activation of the ester moiety by the alkoxy group, 
the intermolecular olefin hydroboration pathway competes 
with ester reduction resulting in a complete loss of selec- 
tivity (entries 8, 9). The predominant formation of the 
2,3-anti-diastereomer is consistent with that expected for 
an intramolecular hydroboration of chiral homoallylic 
alcohols and is opposite to the model proposed by Kishi 
for intermolecular hydroboration of chiral allylic ethers.18 
The data obtained from these experiments indicate that 
the relative stereochemistry of the alkoxy substituent 
between the ester group and the double bond does not 
affect the sense of diastereoselection. For the cases shown 
in Table I, the hydroboration reactions of a-alkoxy esters 
proceded in a stereochemically consistant manner. The 
production of the 2,3-anti diastereomer is independent of 
the existing relative stereochemical relationships. The all 
syn-substrates showed slightly higher selectivity than the 
anti diastereomers. For instance, the syn and anti dia- 
stereomers lb  and IC are converted to the 2,3-anti diols 
with 1.05 equiv of BH3.SMe2 with ratios of 7:1-41, re- 
spectively. The difference in the stereoselectivity observed 
in the hydroboration reactions maybe a function of the 
degree of Alp3 strain associated with the respective dou- 
ble-bond rotamers in the transition states, AG* TSB > AG* 
TSA (Scheme I). It is interesting to note that the size of 

the alkoxy substituent does not effect the selectivity as 
shown with a-methoxy and benzyloxy groups; compare 
entries 1 and 2 with 4. 

In summary, we have shown that borane methyl sulfide 
is an effective reagent for the sequential reduction-hy- 
droboration of a-alkoxy-&y-unsaturated methyl esters 
affording l,&diols with useful levels of selectivity. With 
the data obtained from these initial experiments four linea 
of evidence have emerged supporting the notion of a 
heteroatom-directed hydroboration: (i) prior ester re- 
duction, (ii) opposite sense of diastereoselection is obtained 
from that which is expected from an intermolecular hy- 
droboration of an allylic ether,leJg (iii) the isolation and 
characterization of cyclic boronates 3a,b and 4a, and (iv) 
nonselective hydroboration of the homoallylic TBDMS 
ether derivative 6. The observations cited above support 
the assertion that the hydroboration is alkoxy directed 
however, the implication of a dialkoxy borane as the ef- 
fective hydroborating agent is in opposition to conventional 
wisdom that alkoxy boranes are too unreactive to hydro- 
borate olefine. Further studies and applications concerning 
the alkoxy-directed hydroboration are in progress and wil l  
reported in due course. 
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Summary: Transition-metal-promoted [6u + 4a] and [6a + 2u] higher-order cycloaddition reactions can be effected 
thermally or by employing a chromium metal catalyst. 
The resultant products are identical in all respects to those 
generated photochemically. 

Recently, we' and others2 have reported that a variety 
of transition-metal a complexes can be induced to undergo 
smooth and efficient higher-order cycloaddition via pho- 
tochemical activation (eq 1). The resultant adducts are 
particularly rich in stereochemical information and may 
serve as useful building blocks for natural product syn- 
thesis. 
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We now wish to disclose that thermal activation of 
(#-cycloheptatriene)tricarbonylchromiu(O) (1) and re- 
lated complexes in the presence of appropriate 4u and 2a 
partners also provides [6 + 41 and [6 + 21 cycloadducta, 
respectively, which are identical in all respects to those 
derived from the photoinduced process (eq 2). Further- 
more, we have demonstrated that these same transfor- 
mations can also be effected employing only a catalytic 
quantity of the transition metal. 

w n-BuzO. reflux n-BuzO. reflux 

82% m 
1 1 

The stoichiometric, thermal versions of these reactions 
can be achieved by simply heating a mixture of complex 
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cycloheptatrime and ethyl acrylate (135 "C, t-BuOMe, 20 
h) in the presence of 0.02 mol equiv of 1 provided a mixture 
of 3 and 4 (98:2) in a 55% yield. 

Interestingly, the corresponding [6 + 41 cycloaddition 
reactions, although much slower than the [6 + 21 version 
(36% conversion after 18 h), can be best effected by ex- 
posing a mixture of cycloheptatriene and the given diene 
partner to a catalyst in which one of the CO ligands has 
been replaced with Ph3.7 This observation is particularly 
significant in that it offers the opportunity to examine a 
range of chiral phosphine ligands with regard to promoting 
asymmetric induction during the cycloaddition. 

Other cyclic trienes undergo efficient catalytic metal- 
promoted cycloaddition as well. For example, N-(meth- 
oxycarbonyl)azepines reacts with excess ethyl acrylate in 
the presence of 9 mol % of (#-naphthalene)tricarbonyl- 
chromium(0) to produce the homotropane 54*9 as a single 
diastereomer in 77% yield. 

COzMe ,..COzEt 
I 0 + (C02Et Nwr(c0)3 (9ml%) - H  

H (4) 
n-Bu20. 150'C 

sealed tube 

77% d 

Np= naphthalene 
E = COOMe 

The catalytic cycle depicted in Figure 1 can satisfactorily 
explain many of the observations made to date. A coor- 
dinating solvent such as n-Bu20 can serve both to initiate 
ligand exchange at  the beginning of the process and to 
decomplex the resultant cycloadduct metal tricarbonyl 
complex and recycle the metal in the form of a very re- 
active 'Cr(C0)3" transfer agent.'O The reduced rate of the 
[6 + 41 addition as compared to the [6 + 21 reaction can 
be rationalized in terms of the stabilities of the respective 
adduct-metal comp1exes.l' It is worth noting that the 
putative "Cr(C0)3" carrier 6 has also been invoked as the 
actual catalytic agent in the facile chromium(0)-mediated 
1,Creduction of dienes in coordinating solvents.'2 

The capability of effecting a variety of higher-order 
cycloaddition reactions using only catalytic quantities of 
the metal center will greatly expand the utility of these 
powerful transformations. 

Acknowledgment. We thank the National Institutes 
of Health (GM-30771) for their generous financial support 
of this research. 

Supplementary Material Available: Experimental proce 
durea and compound characterization data (4 pages). This ma- 
terial is contained in many libraries on microfiche, immediately 
follows this article in the microfilm version of the journal, and 
can be ordered from the ACS see any current masthead page for 
ordering information. 

rE' 
L 

I 

Figure 1. 

1 with an excess of the 477 or 277 partner (2-10 equiv) 
(n-Bu20, reflux) for several hours.3 The formation of 
adducts Z4 and 3,4 depicted in eq 2, are typical. In each 
case examined the adduct was isolated metal free as a 
single, endo diastereomer! The production of metal-free 
adducts in the thermal reactions suggested the possibility 
of effecting these transformations using only a catalytic 
quantity of the "Cr(C0)3" source. 

- 10 ' + 'C02Et I (3) 

+ faEt 1 (15mol%) 

n-BuzO. ILW'C. 
sealed tube 

99% 

n-Bu20. I ~ C  

sealed tube 
65% 

1 0 1  ,111 - trace IMJOr  

In the event, heating cycloheptatriene and excess ethyl 
acrylate in the presence of a catalytic amount of complex 
1 (n-Bu20, 160 "C, sealed tube, 15 h) gave a mixture of 3 
and 44 in a 1O:l ratio and 99% yield. It is noteworthy that 
thermolysis of these same reactants under identical con- 
ditions in the absence of the metal catalyst gave a 65% 
yield of a mixture comprised principally of 4 with only a 
trace of compound 3 produced.6 The presence of the 
metal catalyst completely reverses the course of this cy- 
cloaddition process. Smaller quantities of catalyst 1 are 
also effective in promoting this cycloaddition with en- 
hanced discrimination in the formation of 3 and 4. Heating 
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