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conditions applied. As seen from the table, 9 and 10, 
which are susceptible to self-condensation under basic 
conditions, gave DL-threonine and ^-hydroxy DL-
leucine in good yield, even under these mild reaction 
conditions. 

Detailed investigations of this reaction and those 
with complexes composed of other metal species and 
the application of these complexes to the synthesis of 
polyhydroxy amino acids and related compounds are 
now in progress in our laboratory. 
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Synthesis of Nucleotide Coenzymes via 
Nucleoside 5'-Phosphorothioate Intermediates 

Sir: 

Unsymmetrical diesters of pyrophosphoric acid, to 
which class the nucleotide coenzymes belong, have 
been synthesized via nucleoside phosphoromorpholi-
dates,1 phosphoroimidazolidates,2 phosphorochlori-
dates,3 diphenylphosphoric anhydrides,4 and 5-ethyl 
phosphorothioates.5 We now wish to report a syn
thesis of nucleotide coenzymes via nucleoside 5'-phos-
phorothioate intermediates as shown in the following 
equation. 
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HO OH 
R = nucleoside residue 
R ' = nucleoside or sugar residue 

When 1 equiv of the bis[tri-n-butyl]ammonium salt 
of 2',3'-0-dibenzoyluridine 5'-phosphorothioate6 was 
treated with 1.2 equiv of the disilver salt of a-D-glucose 
1-phosphate in dry pyridine at room temperature for 5 
hr, uridine diphosphoglucose (UDPG) [X*°° 262 
In1U (e 10,00O)] was isolated in 70% yield as the di-
lithium salt after removal of protecting group. 

According to this method, uridine diphosphogalac-
tose (UDPGaI) [\££ 262m/x (« 10,000)], flavin 
adenine dinucleotide (FAD) [h™ 264, 375, 450 
mju; X26o/X375 = 4.00; X375/X45o = 0.95; X260/X450 = 
3.80], P^-nitrophenyl i>2-uridine 5'-pyrophosphate 
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[X*°° 267 m/a (e 14,000)], ^-p-nitrophenyl i>2-aden-
osine 5'-pyrophosphate [X°«° 262 my. (« 18,400)], 
and f'-n-butyl />2-adenosine 5'-pyrophosphate [X^° 
260 va.fi (e 15,400)] were obtained in 63, 51, 86, 54, 
and 6 1 % yields, respectively. The structures were 
confirmed by paper electrophoresis, paper chromato-
grams, and ultraviolet spectra, and by detection of the 
corresponding nucleotides on hydrolysis. 

It is noted that this method has three advantageous 
points, namely: (1) no symmetrical diester of pyro
phosphoric acid was detected when only 1.2 equiv 
of disilver salt of nucleotide was treated with 1 equiv 
of nucleoside 5'-phosphorothioate; (2) satisfactory 
yields of nucleotide coenzymes and their analogs are 
maintained even when the relatively insoluble disilver 
salts of nucleotides, such as flavin mononucleotide 
(FMN), are empolyed; (3) these coenzymes and their 
analogs can be prepared on a relatively large scale 
by conventional organic techniques. 

A complete report of these results will be published 
later. 
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MINDO/2 Study of the Cope Rearrangement 

Sir: 
As Doering and Roth1 first pointed out, the Cope re

arrangement of biallyl (I) can take place by either of two 
geometrically distinct reaction paths, the corresponding 
transition states II and III being analogous to the chair 
and boat forms of cyclohexane. The reaction is of 
considerable topical interest since, whereas both pro
cesses are "allowed" in terms of arguments based on the 
conservation of orbital symmetry,23 that proceeding 
via II should be favored in terms of the treatment of 
electrocyclic reactions based on aromaticity of the tran
sition state,6 for the interaction between the AO's of the 
"para" carbon atoms, a and b, in III is predicted to be 
antibonding. The course of the reaction indicates1 

that the transition state does indeed have the "chair" 
geometry II. 

Recent work8 in these laboratories has led to the 
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a) EQUATORIAL b) AXIAL 

AH f= 43.39 kcal/M A H f = 49.96 kcol/M 

Figure 1. Calculated geometries (bond lengths in A, angles in deg) 
and heats of formation (A/ft, kcal/mol) for (a) II and (b) III. 

development of a semiempirical SCF MO treatment 
(MINDO/2) which gives good estimates of heats of 
atomization and other ground-state properties of mole
cules and which has also been shown to give satisfactory 

O 
predictions of potential surfaces for a number of reac
tions of hydrocarbons. Here we report its application 
to the Cope rearrangement of I. It was assumed that 
the transition state has a symmetrical structure, II or 
III, with, respectively, C2h or C2v symmetry. The ener
gies of I, II, and III were minimized with respect to vari
ation of all the bond lengths and bond angles, using a 
computer program which will be described in detail 
elsewhere; approximately 200 configurations had to be 
calculated for each structure. The parameters used in 
the MINDO/2 treatment were those of ref 6b. 

The calculated geometries and heats of formation of 
the two transition states are shown in Figure 1. It will 
be seen that II is correctly predicted to have the lower 
energy. The calculated difference in energy between 
the two transition states is 6.6 kcal/mol; the experi
mental evidence indicates the difference in the case of 
the 3,4-dimethyl derivative of I to be greater than 5.7 
kcal/mol.l The calculated activation energy (24 kcal/ 
mol) is less than that observed (35.5 kcal/mol7); the 
MINDO/2 method is known to overestimate the stabil
ity of six-membered rings by 5-10 kcal/mol, and the 
same might be expected to hold for each of the cyclic 
transition states II and III. 

Note that whereas the central hydrogen atoms of each 
allyl moiety in Figure la are coplanar with the carbon 
atoms, those in Figure lb are tilted out of the planes 
toward one another. This might be expected if the 
interaction between the corresponding carbon 2p AO's 
is antibonding, for the effect will be to replace the 2p 
AO's by hybrids with less mutual overlap. A similar 
situation accounts for the transition from linear to 
bent geometries in triatomic molecules with more than 
16 valence electrons,8 and for the nonlinear geometry 
of the ir-ir* excited state of acetylene.9 
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AH f = 39.40 kcal/M AHf= 41.39 kcal/M 

Figure 2. Bond lengths (A), angles (deg), and heats of formation 
(A//f, kcal/mol) for (a) "equatorial" and (b) "axial" methyl deriva
tives of II. 

In a recent study10 of interactions between isolated 
lone-pair AO's or r MO's, it was shown that the origin 
of the observed couplings could be established by seeing 
what happened when the corresponding matrix elements 
were omitted in a MINDO/2 treatment. When the 
Fab elements in II and III were omitted, the energy dif
ference between II and III indeed vanished; moreover 
the central allylic hydrogen atoms in III now reverted 
to the corresponding C-C-C planes. This entirely 
confirms the interpretation of the course of the reaction 
in terms of Evans' principle.5 

A final calculation was concerned with the effect of 
"axial" or "equatorial" substituents on the stability 
of the favored "chair" transition state II. Figure 2 
shows calculated geometries and heats of formation for 
the corresponding methyl isomers; it will be seen that 
the equatorial isomer is predicted to be the more stable 
by 2.0 kcal/mol, in excellent agreement with experiment 
(1.5 kcal/mol11). The difference is incidentally very 
close to the observed difference in heat of formation be
tween the equatorial and axial conformers of methyl-
cyclohexane (1.9 kcal/mol12). 

The calculations reported here took approximately 5 
hr of computer time on a CDC 6600; the experimental 
studies19 needed to establish the course of the reaction 
must have cost much more than this. Since the system 
studied here is quite a complicated one, since the 
MINDO/2 method has proved effective in a number of 
other connections, and since the method is certainly 
capable of further refinement, it seems likely that it 
will prove of practical value as an aid in the elucidation 
of reaction mechanisms. 
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