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silica gel. Trituration of the fraction enriched in the 17 0 
isomer with hexane gave 62 mg of pure substance 2,3 mp 
133-134°.9 The remaining fraction of tetracyclic material 
(30 mg) consisted of a mixture of 17a and 17/J epimers. 
Both epimers could be used for the succeeding steps of the 
synthesis. The failure to detect any ll/S-hydroxy tetracyclic 
product indicates a stereochemical behavior like that ob­
served in the 11-methyl series.la The stereoselectivity of the 
cyclization portends well for obtaining a single optically ac­
tive cyclization product from enantiomerically pure sub­
strate.16 

The 17/3 epimer 23 was acetylated (pure acetate, mp 
108-110°9), then submitted to ozonolysis5 to give the 
trione 12,3 followed by cyclodehydration.5 The alkaline con­
ditions of this last step effected saponification of the acetate 
and equilibration at C-17 giving, after chromatography on 
silica gel, an 84% yield8,13 of racemic lla-hydroxyproges-
terone 133 admixed with its 17a epimer (ratio ca. 76:24 by 
VPC). Crystallization from methanol gave the 17/3 form, 
mp 190-1960.9 The NMR, solution ir, mass spectrum, and 
VPC (coinjection) behavior were identical with the corre­
sponding properties of authentic (-t-)-lla-hydroxyproges-
terone. 

Thus a total synthesis of racemic lla-hydroxyprogester-
one has been achieved in ca. 15% overall yield in 16 steps 
from simple compounds. This represents approximately a 
7% overall (22 steps) yield of ("racemic") hydrocortisone 
acetate.4 Our synthesis may be compared with a well-
known17 total synthesis, which leads to optically active cor­
tisone in " 1 % overall yield in 27 steps." 18 
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Determination of Signs of Long-Range Carbon-Carbon 
Coupling Constants. The SPT-Difference 
Spectroscopy Method 

Sir: 

In a recent investigation on correlations between long-
range 13C-13C, 13C-1H, and 1H-1H NMR spin-spin cou­
plings in geometrically equivalent systems, Marshall et al.1 

synthesized a tri-13C-labeled methyl tetrolate (15-step 
scheme) in order to determine the signs of the 13C-13C cou­
pling constants involving the labeled sites using double or 
triple resonance techniques. Although the preparation of 
multiply 13C-labeled compounds is both tedious and expen­
sive, it was indicated that such multiple labeling work is 
being extended to other compounds for determination of 
signs of Jcc and JCC/JQH- We wish to demonstrate that 
the signs of 13C-13C couplings may often be obtained most 
conveniently from mono- 13C-labeled compounds2 using 
various 13C-J1Hj double resonance techniques. For small 
molecules, such as methyl [l-13C]tetrolate (1), with first-
order 1H and 13C spectra both (1) the selective population 
transfer (SPT) method3 and (2) the off-resonance (selec­
tive) proton decoupling technique4 are useful whereas for 
second-order systems method 2 is in general preferable.5 

H3C—C=C—CO2CH3 
5 4 3 2 1 6 7 

1 

The methyl tetrolate 1, enriched with >90% 13C at posi­
tion Cl only and synthesized in three steps from propyne 
and >90% 13C-enriched barium carbonate, serves to illus­
trate the determination of signs of 13C-13C couplings from 
monolabeled compounds. Magnitudes of the 13C-13C and 
13C-1H couplings were obtained from first-order analysis 
of the proton decoupled and/or coupled 13C spectra.6 

The signs of 'Jci-C2, 2Jc\-C3, and 3/Ci-C4 (127.5, 20.28, 
and 1.90 Hz, respectively) were all determined relative to 
that of 4Jo-HS using 13C-J1Hj SPT experiments;3 i.e., se­
lective SPT x pulses were applied to transitions in the H5 
proton region (corresponding to definite spin states for car­
bon Cl) prior to observing the C2, C3, and C4 spectra, re­
spectively. For all three cases Jc\-cx {X = 2, 3, and 4) and 
4-^ci-H5 were found to be of opposite sign. The determina­
tion of 27c3-ci * 4^ci-H5 < 0 from the C3 spectrum (dou­
blets of quartets, |2/c3-ci| = 20.28 Hz and \2JCI-HS\ = 
10.74 Hz) is illustrated in Figure 1. Application of selective 
•K pulses to the high frequency transition in the 13C3-H5 
proton satellite spectrum (doublet of doublets, |27C3-HS| = 
10.74 Hz and I4JcI-HsI = 1-96 Hz) gives rise to emission 
and enhanced absorption within the low frequency quartet 
of the C3 spectrum (Figure lb). The same effects are ob­
served in the high frequency quartet when the gated pertur­
bation is applied at 2.0 Hz lower frequency (Figure Ic). 
Thus2./c3-ci XVC i -H5<0. 
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J I U LL. 

Figure 1. 13C FT SPT NMR spectra of carbon C3 in 1 illustrating the 
determination of a negative sign for Vc3-ci x 4Ja-HS (see text), (a) 
Stick plot showing the normal coupled C3 spectrum as a doublet of 
quartets (|2./c3-ci| = 20.28 Hz and|27C3-H5| = '0-74 Hz). In (b) and 
(c) selective ir pulses have been applied at the positions +6.35 Hz (b) 
and +4.35 Hz (c) to higher frequency from the methyl proton (H5) 
chemical shift, i.e., at the positions of the high-frequency doublet, cor­
responding to two different spin states for Cl , in the H5 spectrum 
(doublet of doublets, | 2 7 C 3-HS | = 10.74 Hz and I4Jc I-HS| = 1.96 Hz). 
Besides the -11:—9:15:13 pattern expected theoretically311 for only one 
of the quartets in each experiment, the spectra (b) and (c) show minor 
SPT effects for the other quartet due to partial perturbation of the de­
generate H5 transitions corresponding to opposite Cl spin state. For 
both spectra 7H2/2X = 0.2 Hz; acquisition time, 4 s; pulse delay, 0 s; 
number of transients, 400. 

Similarly, from 13C6-{1H7j SPT experiments it was easi­
ly shown that 2/c6-o-ci X 3/ci-H7 < 0; neither the abso­
lute nor the relative signs of these two coupling constants 
were considered in the experiments of Marshall et al.1 Fi­
nally, all the above mentioned relative sign combinations 
were also obtained by method 2. 

Experimental results and theoretical calculations have 
shown that 'Jc-c's,7 '8 like ' /C-H'S,8 '9 are positive in sign. 
Thus from the present results for 1 it may be concluded that 
4^Ci-Hs is negative while both 2Jci-C3 and 37ci-C4 are pos­
itive. 

In order to obtain the absolute signs of Vci-C6 and 
3^ci-H7 we investigated the possibility of determining the 
sign of Vci-o-C6 * '7c6-H7 from observation of the C1-C6 
satellites in the Cl carbon spectrum after SPT T pulses 
have been applied selectively to H7 proton transitions for 
definite spin states of carbon C6. However, the C1-C6 sat­
ellite spectrum, a doublet (|2/ci-o-C6| = 2.28 Hz) of multi­
ples (quartet of quartets, |3/ci-H7| = 4.17 Hz and 
14^Ci-HsI = 1.96 Hz), is hidden under the strong Cl signal 
from the enriched carbon in 1, thus impeding its observa­
tion. This problem was overcome using the pulse sequence 
recently described for the observation of hidden lines by 
combination of the SPT method and difference spectrosco-
py- 1 0 

Figure 2 illustrates the C1-C6 satellite patterns observed 
in the Cl spectral region using the SPT-difference spectros­
copy method and shows complete elimination of the strong, 
overlapping Cl signal from 1. Gated irradiation of the high­
est frequency line in the C6-H7 proton satellites (doublet of 
doublets, 'JC6-H7 = 147.7 Hz and |3Jci-H7| = 4.17 Hz) 
gives rise to a difference spectrum (Figure 2a) showing only 
net SPT intensity enhancements for the low frequency Cl 

Figure 2. 13Cl-I1HVj SPT-difference spectra showing the C1-C6 satel­
lite patterns obtained by application of selective ir pulses at the C6-H7 
proton satellite transitions: (a) gated irradiation at the transition at 
highest frequency; (b) gated irradiation at 147.7 Hz (= lJc6-m) lower 
frequency. The spectra illustrate that 2/ci-o-C6 X 1Ja-W < 0 (see 
text). For both experiments 7H 2 /2TT = 0.8 Hz; acquisition time, 4 s; 
number of (FID1-FIDo) cycles,10 2000. 

multiplet. Application of the SPT -K pulse at 147.7 Hz 
C^C6-H7) lower frequency results in a similar difference 
spectrum which, however, is shifted 2.3 Hz (| Vci-0-C6|) t 0 

higher frequency (Figure 2b). This shows Vci-o-C6 * 
1Ja-W < 0 and thus it may be concluded that 2/ci-o-C6 < 
0and 3 /C i -H7>0. 

From similar 13Cl-j'H5j SPT-difference spectroscopy 
experiments, which involved the satellite spectra from 13C4, 
it was shown that 3/ci-C4 X '̂ C4-H5 > 0, thus confirming 
the above conclusions based on 1JcI-Ci > 0. 

Our results agree with those of Marshall et al.1 apart 
from minor deviations in the magnitudes for some of the 
couplings. Furthermore, we determined a negative sign for 
the small Vci-0-C6 coupling and a positive sign for 
3^ci-H7- A negative sign has earlier been suggested for 
2Jc-O-C in dimethyl ether11 and more recently this sign has 
been verified for 2Zc-O-C in methyl chloroformate from 
1H-(13CI Torrey oscillation experiments.12 

The present experiments have shown that in many cases 
the signs of 13C-13C couplings may be most conveniently 
determined from mono-13C-labeled compounds thus elimi­
nating the need for multiple labeling. 
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Table II. Intramolecularity of Hydrogen Transfer from the 
a-Carbon to C-3 Indole in the Tryptophanase-Catalyzed 
Decomposition of Tryptophan 

Label in 
tryptophan 

Q-H 
O-D 
Q-D 

Solvent 
% H/% D at C-3 

of indole 

D2O 
H2O 
D,O 

63.5/36.5 
92.1/7.9 

0/100 

% intramolecular 
transfer 

63.5 
7.9 

n.a. 

Stereochemistry and Mechanism of Reactions Catalyzed 
by Tryptophanase and Tryptophan Synthetase 

Sir: 

The stereochemistry of some pyridoxal phosphate-cata­
lyzed enzymatic /3-replacement reactions of amino acids has 
recently been studied in several laboratories including this 
one. The synthesis of tryptophan from serine and indole or 
indole glycerol phosphate catalyzed by tryptophan synthe­
tase (native or 02 protein),1,2 the formation of L-tyrosine 
from L-serine and phenol,3 and the conversion of L-tyrosine 
to L-Dopa,4 both catalyzed by tyrosine phenol-lyase, were 
all found to proceed with retention of configuration at C-3 
of the amino acid side chain. We can now add to this list of 
examples another reaction, the synthesis of L-tryptophan 
from indole and L-serine catalyzed by tryptophanase. Using 
previously established methodology1 and tryptophanase 
from E. coli, {2S,3R)- and (25,35*)-serine-t/-14C-5-r' 
(T/ 1 4 C 7.9 and 5.3) gave samples of tryptophan (T/ 1 4C 7.7 
and 5.0), which were analyzed for their configurations at 
C-3 by feeding them to cultures of Streptomyces griseus 
ATCC 12648 to produce two samples of the antibiotic in-
dolmycin of T/ 1 4C 7.8 and 0.1, respectively. It had been 
previously established1'5 that in the biosynthesis of indolmy-
cin the pro-R hydrogen from C-3 of the tryptophan side 
chain is eliminated and the pro-S hydrogen is retained. 
Thus the above result shows that the tryptophanase-cata-
lyzed synthesis of tryptophan from serine also occurs with 
retention of configuration at C-3. 

We now wish to report on the steric course of the a,0-
elimination reactions catalyzed by two enzymes, E. coli 
tryptophanase (Sigma Chemical Corp.) and tryptophan 
synthetase 02 protein purified from E. coli mutant A2/ 
F'A2. The deamination of L-serine to pyruvate and ammo­
nia by either enzyme was examined using (25,3i?)- and 
(2S,,3S')-serine-14C-3-t and the deamination of L-trypto­
phan to indole, pyruvate, and ammonia by tryptophanase 
was studied with (2S,3R)- and (2S,3S)-tryptophan-3-
,4C-3-t.' The reactions were carried out in D2O, and the re­
sulting pyruvate was trapped as lactate using an excess of 
lactate dehydrogenase and NADH. The lactate samples 
were isolated by paper chromatography (Whatman # 3 , 1-
propanol:concentrated N m O H ^ O 6:3.1) and oxidized to 

acetate.6 The chirality of the methyl group in the acetate 
samples was then determined by the method of Cornforth et 
al.7 and Arigoni et al.,8 following Eggerer's procedure.7 In 
this analysis procedure, which involves conversion to malate 
with malate synthetase followed by reaction with fumarase, 
(i?)-acetate-2-^i-2-/i gives rise to malate, which retains 
more than half of its tritium in the fumarase reaction, 
whereas the S1 isomer produces malate which retains less 
than half of its tritium in the fumarase reaction. The results 
of these experiments, which are summarized in Table I, 
show that in both deamination reactions catalyzed by tryp­
tophanase the protonation at C-3 of the amino acid side 
chain occurs stereospecifically with retention of configura­
tion. This finding parallels observations by Yang et al.9 on 
the deamination of D-threonine by D-serine dehydratase 
and by Kapke10 on the deamination of L-threonine by L-ser­
ine dehydratase, both of which also proceed with retention 
of configuration. In contrast, in the deamination of serine 
catalyzed by tryptophan synthetase 02 protein, OH is re­
placed by hydrogen nonstereospecifically, suggesting as the 
most plausible explanation that the protonation at C-3 is in 
this case nonenzymic." Although both types of enzymes 
operate through the same a-aminoacrylate-pyridoxal phos­
phate Schiffs base intermediate, these results point to a 
possible subtle difference between the enzymes primarily 
catalyzing a,/3-eliminations and those primarily catalyzing 
/3-replacement reactions: the presence in the former and ab­
sence in the latter of a base which can protonate C-3 of this 
common intermediate. 

Finally, we determined the origin of the hydrogen at C-3 
of the indole produced from tryptophan by tryptophanase. 
By carrying out the reaction with nonlabeled tryptophan in 
D2O and with tryptophan-(alanine-2-d) in H2O and D2O 
and analyzing the indole for deuterium content at C-3 by 
FT-proton NMR it was established (Table II) that this hy­
drogen originated from C-2 of the amino acid side chain by 
a partially intramolecular transfer. These results suggest 
the following conclusions: ( I ) A single base on the enzyme 
catalyzes the proton abstraction from C-2 of the side chain, 
protonation of C-3 of the indole moiety, and, most likely, 
also protonation of C-3 of the aminoacrylate intermediate, 
(b) The proton transfer must be suprafacial. (c) The a,0-
elimination of the indole is a syn elimination. 

Table I. Stereochemistry of the Protonation at the (3-Carbon Atom of Serine and Tryptophan in the Deamination Reaction Catalyzed by 
Tryptophanase or Tryptophan Synthetase 02 Protein in D2O 

T/'4C of 

Substrate 
Lactate 
Acetate 
Malate 
Fumarate 

% T-retention of 
fumarase 
tion 

reac-

Serine-5-
3R 

7.87 
8.11 
7.93 
7.94 
5.66 

71.2 

Tryptophanase 

"C-3-t 
35 

5.29 
5.73 
5.46 
7.01 
2.84 

40.6 

Tryptophan- 3-
3R 

79.3 
76.0 
71.9" 

5.62 
1.96 

34.8 

"C-3-t 
35 

83.6 
79.8 
74.3^ 

7.06 
5.71 

80.8 

Tryptophar 

Serine-
3R 

2.00 
2.09 
3.02 
2.56 
1.31 

51.1 

1 synthetase /32 

U- '4C-J-? 
35 

2.00 
2.04 
2.90 
2.47 
1.27 

51.4 

Control 

Acetate-2-
2R 

— 
7.60 
6.12 
4.42 

72.2 

'"C-2-d, -2-t 
25 

— 
8.15 
6.68 
2.25 

33.7 

aT/14C ratio readjusted by addition of 14C reference compound. 
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