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shown that the hydrogenolysis of chiral benzylamines over Pd 
catalysts tends to proceed with inversion of config~rat ion,~ the 
stereoselectivity is not necessarily high and sometimes racemi- 
zation1° and even retention of configuration" are observed, and 
the rationalization for those results is still controversial.I2 The 
present results provide the first clear evidence for the stereo- 
chemical course (complete inversion) of the hydrogenolysis of 
strained chiral benzyl-amide bonds over Pd catalysts.13 

The significance of the present findings is not only the eluci- 
dation of the stereochemistry of the reaction but also its application 
to the synthesis of deuterium- or tritium-labeled homochiral 
peptides14 since regiospecific and stereoselective labeling of C, 
positions of a-amino acid residues is extremely difficult based on 
conventional organic  transformation^.^^ The C,-labeled homo- 
chiral peptides will play an important role (i) for the study of 
metabolism since C3-labeling does not disappear through race- 
mization (C2-labeling will be lost by racemization), (ii) for the 
conformational analysis of physiologically active peptides in their 
binding sites by NMR spectroscopy, and (iii) for the mechanistic 
study of oxygenases which may produce phenylserine derivatives 
since such oxidation by enzymes will proceed stereoselectively 
distinguishing two diastereotopic benzyl protons. Although we 
demonstrate the usefulness of our stereoselective as well as regio- 
and stereospecific labeling method only with deuterium, its ex- 
tention to tritium labeling is straightforward. In fact, we were 
successful in the stereoselective synthesis of C,-tritiated dipeptides 
following the above-mentioned procedure with the use of T2 instead 
of D2 and THF instead of methanol-dl.16 The results will be 
reported elsewhere. 

Further studies along this line are actively under way. 
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The remarkable enzyme regulatory effects of fructose 2,6-di- 
phosphate ( Fru-2,6-P2) have been revealed only recently.Is2 This 
bioregulator (1) is a potent positive effector for phosphofructo- 

1 2a R = .H 
2b R =-PO' 3 

kinase (EC 2.7.1.1 1)  and inhibits 1,6-diphosphofructo-l-phos- 
phatase (EC 3.1.3.1 l)., These enzymes are of major importance 
in controlling metabolic flux in the glycolytic pathway and the 
net effect of Fru-2,6-P2 is to increase the rate of glycolysis and 
decrease the rate of gluconeogenesis. Analogues of fructose or 
fructose phosphates are therefore interesting potential agents for 
controlling diseases caused by errors in regulation of glycoly~is.~ 
This paper describes the first total syntheses of 2a and 2b, car- 
bocyclic analogues of D-fructofuranose and 6-phospho-~-fructose, 
re~pectively.~ Preliminary enzymological data for this new 
analogue of 6-phospho-~-fructose is also described. 

Logical retrosynthetic considerations based on key ideas 
presented in our earlier work6 suggested that the penultimate 
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H2, ethanol. 

target, i, a selectively protected derivative of carba-D-fructo- 
furanose (Za), might be obtained via cyclization of the radical 
ii. The radical ii would arise from addition of a one-carbon 
synthon, iii, to the ketose derivative iv. The use of this unitive 
synthon iii in conjunction with the radical cyclization strategy 
would allow an inexpensive D-arabinose derivative v to be effi- 
ciently transformed into the ultimate targets. 

H b  

i i  

In practice, commercially available 2,3,5-tri-O-benzyl-~- 
arabinose (3) afforded, in two steps, the olefinic ketose 5 and its 
E isomer in 88% overall yield. These isomers (3:2, Z:E)' were 
simply separated by chromatography (SiO,, EtOAc/Skelly B). 
Exploratory investigations wherein ketone 5 was treated with 
Grignard reagents, Wittig-type reagents, and alkyllithium reagents 
provided an expected result: anionic intermediates in these ad- 
ditions undergo intramolecular 1 ,rl-addition and afford C-glycoside 
products or cause isomerization of the olefinic system. Further 
experimentation revealed that deprotection of the ester with 
trifluoroacetic acid provided acid 6a and the carboxylate anion 

of this acid (6b) afforded good yields of ketone nucleophilic ad- 
dition products without the complications observed with the ester. 

The stage was thus prepared for the addition of the essential 
unitive synthon and closure of the cyclopentanoid ring. A search 
for synthetic reagents equivalent to iii resulted in the discovery 
that (dibromomethyl)lithium* reacts with keto carboxylate 6b 
(formed in situ from 6a and lithium diisopropylamide) to afford 
a single product stereoisomer, ester 7, in 93% overall yield from 
keto ester 5 (based on recovery of 22% unreacted ketone). 
Subsequent cyclization of the unsaturated geminal dibromide 7 
provided the desired hydroxy ester 8 in high yield. Preliminary 
data indicate that a cyclopentanoid bromohydrin intermediate is 
formed in this reaction but the rate of formation and the rate of 
debromination of this intermediate are closely c~mpet i t ive .~  

Notably, this new protocol (featuring a unitive one-carbon 
synthon) results in a completely stereospecific conversion of the 
acyclic linear keto olefin into the desired cyclopentanoid ring in 
two efficient and consecutive carbon-carbon bond-forming steps. 
The relative stereochemistry about the two new stereogenic nuclei 
is confirmed by the fact that hydroxy ester 8 readily affords lactone 
9. Results of nuclear Overhauser experiments confirm the assigned 
structure for lactone 9 and do not support the alternative possi- 
bility. The stereochemical outcome of the nucleophilic addition 
is in accord with expectations based on stereoelectronic consid- 
erations. The stereochemical outcome of the radical cyclization 
is consistent with our earlier hypothesis on stereocontrol in such 
reactiom6 

Barbier-Wieland degradation of ester 8 afforded the key in- 
termediate 10, a selectively protected derivative of carba-D- 
fructofuranose. At this stage the appropriateness of having begun 
with 2,3,5-tri-O-benzyl-~-arabinose may be appreciated: the three 
benzyl groups of the commercially available starting material are 
positioned on the D-fructose analogue exactly as required for 
formation of the desired phosphate derivatives. Hydrogenolytic 

( 6 )  Wilcox, C. S.; Thomasco, L. M. J .  Org. Chem. 1985, 50, 546-547. 
(7) This ratio may be compared with the 9:l ( Z : E )  ratio obtained under 

similar conditions for 5-0-[ferf-butyldimethyIsilyl]-2,3-0-( I-methyl- 3010. 
ethylidene)-o-ribose.s Obviously, these anomalously high Z E  ratios are not 
due solely to the presence of an a-alkoxy substituent. 

(8) Taguchi, H.; Yamamoto, H.; Nozaki, H. J .  Am. Chem. SOC. 1974, 96, 

(9) Related processes which may afford practical syntheses of halohydrins 
are under investigation. 
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deprotection of 10 affords 2a, carba-D-fructofuranose, in excellent 
yield (Scheme I).Io Phosphorylation of 10 with dibenzyl- 
chlorophosphate and complete deprotection provided 2b, carba- 
D-fructose 6-phosphate. 

The important result from biological testing of 2b is that these 
carba analogues of fructose are indeed substrates for the relevant 
enzymes of the glycolytic pathway." Analogue 2b is an excellent 
substrate for phosphofructokinase and 6-phosphofructo-2-kinase, 
with K,,, from 5-20 times larger than that of the natural substrate, 
Fru-6-P. The analogue inhibits fructose-2,6-bisphosphatase with 
Ki about 500 times higher than that of Fru-6-P. Finally, pre- 
liminary results reveal that the diphosphate generated from 2b 
by the action of 2-kinase is a potent positive effector for phos- 
phofructokinase. 

This work demonstrates a practical synthetic approach to im- 
portant new analogues of fructofuranoid enzyme regulators. The 
synthesis illustrates an interesting heuristic principle that can be 
used to plan future syntheses: the acyclic, unbranched, chiral, 
and elaborately functionalized carbon chains that are readily 
available from carbohydrates can be neatly converted to poly- 
hydroxylated and branched carbocycles by the use of appropriate 
unitive synthons. Further applications of this concept are under 
investigation. 
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Dihydro derivatives of retinal were first used by Nakanishi et 
aL2 in their pioneering development of a point charge model to 
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Table I. Absorption Maxima and Bacterio Opsin Shifts for Retinal 
Analogues 

5,6-dihydro 7,8-dihydro 

aldehyde, nm' 381 370 368 338 340 
protonated Schiff 440, 465d 425 428 395 385 

pigment, nmc 568 476 415 400 445 
opsin shift, cm-I 5100, 3900d 2500 2300 1000 3500 

"Synthesis described in ref 8. bChloride salt of the n-butylamine 
Schiff base in methanol. 'The sample consisted of membrane sheets 
suspended in H 2 0  a t  1.5 O C 9  "These values are for a planar 6-s-trans 
PSB as the reference state for the opsin shift rather than the twisted 
6-s-cis conformer found in solution.I0 

chromophore native ref 2 this work ref 2 this work 

base, nmb 

A 
A- 

Figure 1. Model for the bacterio opsin binding site where the 6-s-trans 
chromophore interacts with a pair of opsin charges near C5.. -C7 The 
opsin shift data presented here support the idea that the retinal chro- 
mophore is perturbed by a negative charge near C ,  and a positive charge 
near C,. However, it is also evident that the tendency for the negative 
charge near C5 to red-shift the absorption is largely canceled out by the 
presence of the positive charge near C,. This shows that much of the 
opsin shift is caused by protein-chromophore interactions near the Schiff 
base. 

explain how bacteriorhodopsin (BR) shifts the absorption max- 
imum of its retinal protonated Schiff base (PSB) chromophore 
to the red. They measured the protein-induced shift of the ab- 
sorption maximum (the "opsin shift") for selectively saturated 
chromophores. The opsin shift was reported to drop from 4870 
cm-I in the native chromophore, to 2500 cm-' in the 5,6-dihydro 
derivative, and to only 1000 cm-' in the 7,8-dihydro derivative. 
These data indicated that a negative bacterio opsin charge located 
near Cs=Cs of the @-ionone ring is responsible for the opsin shift. 
A variety of BR analogue experiments have been performed 
subsequently to test the point charge modeL3 In our own ex- 
p e r i m e n t ~ ~  it was useful to reexamine the 5,6- and 7,8-dihydro- 
retinal data. While our 5,6-dihydro spectra are in agreement with 
the earlier work, our measured opsin shift for the 7,8-dihydroretinal 
derivative (3500 cm-') is larger than the originally published value. 
A large opsin shift for the 7,8-dihydro derivative would not be 
expected to result from a single negative point charge perturbation 
located near CS=C6. Thus it is evident that the current picture 
for the mechanism of the opsin shift in BR must be revised. I3C 
NMR experimentsS have supported the initial proposal that there 
is a negative protein charge near C,=C, and have suggested that 
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