3802

Health), Division of Biomedical Research, Biomedical Re-
search Branch.

References and Notes

(1) R. Mechoulam, A. Shani, H. Edery, and Y. Grunfeld, Science, 169, 611
(1970).

(2) For leading references, see (a) S. H. Bursteln in "Marihuana”, R. Me-

choulam, Ed., Academic Press, New York, N.Y., p 167; (b) S. Agurell et

al. in "Cannabis and Its Derivatives™, W. D. M. Paton and J. Crown, Ed.,

Oxford University Press, London, 1972, p 16; (c) R. K. Razdan, Prog.

Org. Chem., 8, 79 (1973),

Based on the plethora of metabolites identified in animal studies,? this

number will certainly increase.

(4) (a) M. E. Wall, D. R. Brine, C. G. Pitt, and M. Perez-Reyes, J. Am. Chem.
Soc., 94, 8579 (1972); (b) M. E. Wall and D. R. Brine, Abstracts, Inter-
national Symposium on the Mass Spectroscopy of Biological Medicine,
Milano, ltaly, May 1973; (c) M. E. Wall, D. R. Brine, and M. Perez-Reyes,
International Congress of Pharmaceutical Science, Stockholm, Sweden,
Sept 1973.

(5) (a) I. M. Nilsson, S. Agurell, J. L. G. Nilsson, A. Ohisson, F. Sandberg,

and M. Wahlqvist, Science, 168, 1228 (1970); (b) M. E. Wall, D. R.

Brine, G. A. Brine, C. G. Pitt, R. I. Freudenthal, and H. D. Christensen, J.

Am. Chem. Soc., 92, 3466 (1970); (¢} H. D. Christensen, R. |. Freuden-

thal, J. T. Gidley, R. Rosenfeld, G. Boegli, L. Testino, D. R. Brine, C .G.

Pitt, and M. E. Wall, Science, 172, 165 (1971); (d} Z. Ben-2Zvi, R. Me-

choulam, H. Edery, and G. Porath, ibid., 174, 851 (1971); (e) L. Lember-

ger, R. E. Crabtree, and H. M. Rowe, ibid., 177, 62 (1972); (f) M. Perez-

Reyes, M. C. Timmons, M. A. Lipton, K. H. Davis, and M. E. Wall, ibid.,

177, 633 (1972).

For recent papers dealing with selective functionalization of allylic meth-

yl groups in alicyclic systems by metalation, see (a) R. J. Crawford, W.

F. Erman, and C. D. Broaddus, J. Am. Chem. Soc., 94, 4298 (1972); (b)

R. J. Crawford, J. Org. Chem., 37, 3543 (1972); (c) J. Klein and A. Me-

dlik, J. Chem. Soc., Chem. Commun., 275 (1973); (d) M. Schlosser.and

J. Hartmann, Angew. Chem., 85, 544 (1973); (e) G. L. Hodgson, D. F.

MacSweeney, and T. Money, J. Chem. Soc., Chem. Commun., 236

(1973); (f) B. M. Trost and T. J. Fullerton, J. Am. Chem. Soc.. 95, 292

(1973); (g) B. M. Trost, T. J. Dietsche, and T. J. Fullerton, J. Org. Chem.,

39, 737 (1974).

(a) R. L. Foltz, A. F. Fentiman, E. G. Leighty, J. L. Walter, H. R. Drewes,

W. E. Schwartz, T. F. Page, and E. B. Truitt, Science, 168, 844 (1970);

(b) J. L. G. Nilsson, I. M. Nilsson, S. Agurell, B. Akermark, and I. Lager-

lund, Acta Chem. Scand., 25, 768 (1971); (¢} T. Petrzilka, M. Demuth,

and W. Lusuardi, Acta Pharm. Suec., 8, 879 (197 1); (d) K. K. Weinhardt,

R. K. Razdan, and H. C. Dalzell, Tetrahedron Lett., 4827 (1971); (e) T.

Petrzilka and M. Demuth, Helv. Chim. Acta, 57, 121 (1974); (f) R. Me-

c

c

3

choulam in "Marihuana’, R. Mechoulam, Ed., Academic Press, New
York, NY.,p 1.

(8) For previous nonspecific synthesis of 1b, in 1-15% yields, see (a) Z.
Ben-Zvl, R. Mechoulam, and S. H. Burstein, Tetrahedron Lett., 4495
(1970); (b) C. G. PItt, F. Hauser, R. L. Hawks, S. Sathe, and M. E. Wall,
J. Am, Chem. Soc., 94, 8578 (1972); (c) R. K. Razdan, D. B. Uliss, and
H. C. Dalzell, ibid., 95, 2361 (1973).

(9) Although physiologically active, AB-THC is rarely found in marihuana.”

As such, metabolites of AB-THC are largely irrelevant to the physiologi-

cal activity of marihuana.

R. Mechoulam, H. Varconi, Z. Ben-2vi, H. Edery, and Y. Grunfeld, J. Am.

Chem. Soc., 94, 7930 (1972).

(a) A. C. Cope, H. H. Lee, and H. E. Petree, J. Am. Chem. Soc., 80,

2849 (1958); (b) A. C. Cope, G. A. Berchtold, P. E. Peterson, and S. H.

Sharman, ibid., 82, 6370 (1960); (c) A. C. Cope and J. K. Heeren, ibid.,

87, 3125 (1965); (d) A. C. Cope, M. Brown, and H. H. Lee, ibid., 80,

2855 (1958).

(a) J. K. Crandall, J. Org. Chem., 29, 2830 (1984); (b} J. K. Crandall and

L. Chang, ibid., 32, 435, 532 (1967); (¢} J. K. Crandall and L. C. Lin, J.

Am. Chem. Soc., 89, 4526, 4527 (1967); (d) J. Org. Chem., 38, 2375

(1968).

(a) B. Rickborn and R. P. Thummel, J. Org. Chemn., 34, 3583 (1969); (b)

R. P. Thummel and B. Rickborn, J. Am. Chem. Soc., 92, 2064 (197Q),

(c) J. Org. Chem., 36, 1365 (1971); (d) C. L. Kissel and B. Rickborn,

ibld., 37, 2060 (1972).

For other examgles of manipulation of the regiospecificity of thls well

documented'*'® epoxide-allylic alcohol rearrangement, see (a) B. M.

Trost and M. J. Bogdanowicz, J. Am. Chem. Soc., 95, 5311 (1973); (b)

B. M. Trost and S. Kumozumi, Tetrahedron Lett., 1929 (1974); (c) A.

Yasuda, S. Tanaka, K. Oshima, H. Yamamoto, and H. Nozaki, J. Am.

Chem. Soc., 96, 6514 (1974).

(15) (a) S. Winstein and W. G. Young, J. Am. Chem. Soc., 58, 104 (1936);
(b} P. B. D. de la ‘Mare in "'"Molecular Rearrangements”, Part 1, P. de
Mayo, Ed., Wiley, New York, N.Y., 1963, pp 30-76, and references
therein; (c) W. C. Young, F. F. Caserio, Jr., and D. D. Brandon, J. Am.
Chem. Soc., 82, 6163 (1960).

(16) H. L. Goering, T. D. Nevitt, and E. F. Silversmith, J. Am. Chem. Soc., 77,
4042 (1955).

(17) This ketone, a metabolite of AS-THC in squirrel monkey,“‘ has previous-
ly been synthesized in 10% yield.'°

(18) O. Gurny, D. E. Maynard, R. G. Pitcher, and R. W. Kierstead, J. Am.
Chem. Soc., 94, 7928 (1972).

(19) For previous syntheses of 2a and 2b in yields of 1-30%, see (a) Z.
Ben-2vi, R. Mechoulam, and $. Burstein, J. Am. Chem. Soc., 92, 3468
(1970); (b) ref 5d and 8b.

(20) E. J. Corey, N. W. Gilman, and B. E. Ganem, J. Am. Chem. Soc., 90,
5616 (1968).

(21) R. Mechoulam, Z. Ben-2vi, H. Varconi, and Y. Samuelov, Tetrahedron,
29, 1615 (1973).

(10

(11

(12

=
«

(14

Use of 'H Nuclear Magnetic Resonance Spectroscopy
for Sequence and Configuration Analysis of
Cyclic Tetrapeptides. The Structure of Tentoxin!-22-d
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Abstract: Tentoxin, a metabolite of A/ternaria tenuis Nees. which induces chlorosis in germinating seedlings of many di-
cotyledonous plant species, was previously shown to be a cyclic tetrapeptide containing one unit each of glycine, L-leucine,
N-methylalanine, and N-methyldehydrophenylalanine. Detailed analysis of !H NMR data from tentoxin and its dihydro,
N,N-dimethyl, and N.N-dimethyldihydro derivatives permits deduction of the full structure, sequence, and configuration of
the natural product as cyclo(L-leucyl-NV-methyl-(Z)-dehydrophenylalanyl-glycyl-N-methyl-L-alanyl), with the conforma-

tion depicted in structure 1,

Tentoxin is a phytotoxic metabolite of the pathogenic
fungus Alternaria tenuis Nees. [A. alternata (Fries) Keis-
sler] (ATCC 24127) which causes the cotyledons of germi-
nating cotton and many other dicotyledonous plants to de-
velop severe variegated chlorosis.® Additional interest in
tentoxin developed with its identification as a cyclic tetra-

peptide containing one unit each of glycine, L-leucine,
N-methylalanine, and N-methyldehydrophenylala-
nine, 2345 for previously no cyclic tetrapeptide had been
recognized in nature® and the presence of an «,3-unsatu-
rated a-amino acid unit in its structure placed tentoxin
among a small but growing group of antibiotic and phyto-
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Flgure 1. Conformation of the cyclotetrapeptide ring in cyclotetrasar-
cosyl.}2 Notations D and L denote the configuration of an amino acid
unit which will locate its a-alkyl group in the indicated outer (o) or
inner (i) conformation.

toxic peptides and related substances which contain this un-
usual type of functional system.” In this paper, we describe
in detail the interpretation of 'H NMR data which alone
allowed the initial deduction that tentoxin corresponds to
the complete amino acid sequence, configuration, and con-
formation shown in structure 1,'° Although this sequence

CH H T <|:H(cu,),
: N LCH 0
cHi— N .
% ° H N—CH;
o H T
H c
' \c,u,

1

and configuration have been amply confirmed by X-ray
structure determination of the dihydro derivative® and sub-
sequent synthesis,” we believe that these 'H NMR interpre-
tations remain of significant value in their own right. To the
best of our knowledge, 'H NMR spectroscopy has not been
previously utilized in this way for sequence and configura-
tion analysis in the cyclopeptide field, where conventional
sequencing methods often suffer from the absence of end
groups, and techniques similar to those illustrated here may
well be useful for exploitation in future cases.

The foundations for this analysis were derived from Dale
and Titlestad’s 'H NMR studies of cyclic tetrapeptides con-
taining glycyl and alanyl units, many of them N-methylat-
ed, which led to the proposal that in solution such systems
quite commonly adopt the conformation shown in Figure
1.10:11 This was also found by X-ray crystallography to cor-
respond to the structure of c-Sarg in the solid state.!? In
view of many resemblances between 'H NMR properties of
tentoxin and its derivatives and data reported by Dale and
Titlestad for the simpler systems, it seemed probable that
this conformation was also involved throughout the tentoxin
series, and thus this basic ring geometry was adopted as a
working hypothesis during formulation of the sequence and
configuration analysis. The absolute configuration of the
leucyl unit in tentoxin, previously determined by enzymatic
techniques to be L,4 was taken as a configurational refer-
ence point.

Before proceeding with the 'H NMR interpretations, it is
necessary to consider certain of the properties of this funda-
mental cyclotetrapeptide conformation.'® In the absence of
different substituents on the four a carbons and nitrogens,
the structure is centrosymmetric, and thus the eight sites
for a substituents fall into two enantiomeric sets of four
conformationally different locations (2 and 8 inner, 2 and 8
outer, 5 and 11 inner, and 5 and 11 outer!!). Primarily be-
cause of nonbonded interaction between the two syn inner
substituents on the same end of the ring, inner substituents
are more crowded than are outer substituents,!? so in the
absence of other effects a conformation in which bulky sub-
stituents are located in outer positions should be energeti-
cally preferred. An L-amino acid residue will have its large
a substituent in the outer conformation if it is located at po-
sition 2 or 5 (shown as oL in Figure 1) but in the inner con-

1l

|

—

Figure 2. Conformational interconversions available t0 a D-(Ra)-L-
(Rp)-L-(R¢)-D-(Rp) cyclotetrapeptide.

formation if it is located at 8 or 11 (ip); the converse is true
for a D-amino acid residue (op and ip).

Finally it should be observed that by means of two rota-
tional processes it is possible for the ring to be converted
from one conformation to an analogous one which has the
same basic skeletal arrangement but in which certain sub-
stituent conformations have changed from 2,8 to 5,11 types
and from inner to outer.'® One such process is a complete
inversion of the puckered 12-membered ring, similar to the
familiar cyclohexane chair-chair inversion. If the four «
substituents of conformer a are labeled A, B, C,and D as in
Figure 2, it will be seen that this converts conformer a into
conformer b, in which residue A is shifted from a type 2
conformational location to type 8, etc. The net result is that
positions 2 and 8 become interchanged as do 5 and 11, with
every substituent which was originally outer becoming inner
and vice versa. The other type of interconversion involves
rotation of the two cis amides to trans and vice versa, which
converts conformer a to ¢ (or b to d). This results in shifting
the amino acid which was at position 2 to position 5 and
that which was at position 8 to position 11 withour chang-
ing the inner and outer nature of their substituents, while
the amino acid which was at 5 moves to 8 and that from 11
moves to 2 with a change of outer substituents to inner and
vice versa. As shown in Figure 2, combinations of these two
rotations, which appear to usually have accessible activation
energies,'%'¢ should allow a given tetrapeptide to settle in
any of these four possible conformations (a, b, ¢, or d)
which best accommodates its particular steric and other in-
teractions.

Numerous features in the '"H NMR spectrum of tentoxin
(Table I) require location of its glycyl unit at position 2 or 8
of the basic framework rather than at 5 or 11. The combi-
nation of a large and a very small coupling constant be-
tween the glycyl NH and its a-CH’s is in good accord with
the pair of values expected from the experimental dihedral
angle-vicinal coupling relationship of Bystrov et al.!” for a
methylene group at the former but not the latter location.'8
The geminal CH» coupling is also in good agreement with
the 14.5-15 Hz reported by Dale and Titlestad for 2- and
8-methylenes in model systems!© but is unacceptably small
in comparison with the 18-19 Hz found for 5- or 11-methy-
lenes,'? where the CH; orientation allows better hypercon-
jugative spin interaction with the adjacent carbonyl = sys-
tem.'® Finally, the CH, protons have chemical shifts similar
to those reported for 2- or 8-methylenes in the model pep-
tides;!? particularly the inner proton shift and the separa-
tion of the two resonances differ drastically from those
characteristic of a 5- or 11-methylene.20

The leucyl unit of tentoxin also shows a large NH-C H
spin-coupling. This requires that an inner proton be in-
volved,'® and its location is thereby restricted to position 2
or position 5, where an L-amino acid can have an inner «
hydrogen.
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Table I. 'H NMR Properties of Tentoxin and Derivatives in
Deuteriochloroform Solution?
Compd 1# 2 3a 3b
Glycine unit
7 NR ~2.03 6.87 3.65 6.91
7 CH () 4.93 5.73 5.80 5.70
7 CH (0) 6.49 6.42 6.41 6.45
JCH, 15.0 17.5 17.2 17.6
JNH-C,H (1) 10.1 9.5
J NH-C,H (0) c 6.0
Alanine unit
7 NCH, 7.23 7.50 7.33 7.46
7 C,H 5.70 4.54 4.79 4.62
7 CCH, 8.48 8.72 8.80 8.76
Leucine unit
7 NR ~2.80 7.15 4.50 7.12
T CH ~5.84 ~5.53 ~6.00 ~5.72
7 CCH, 9.48 9.00 9.17 9.12
7 CCH, 9.39 9.00 9.17 9.12
J NH-C,H 8.9 8.1
Phenylalanine
unit
7 NCH, 6.86 6.81 7.18 7.22
7 CoH 4.34 4.38
7 CgH 2.43 3.10 6.86 6.78
7 CgH 6.97 7.06
7 CH, 2.73 2.74 2.80 2.79

a@Chemical shifts in 7 units +0.03 (20.05 where indicated ~),
coupling constants in Hz, +0.3. Where resonance assignments were
not completely apparent from chemical shifts and splitting patterns
alone, they were made with assistance of appropriate proton—proton
spin-decoupling and INDOR spectra and other data described in the
discussion. Chemical shifts and coupling constants of glycyl NHCH,
and N-methylphenylalanyl CHCH, systems were derived by fitting
spectra to theoretical ABC patterns using the program LAOCOON II
kindly provided by Professor A. A. Bothner-By of Carnegie-Mellon
University. ¥ Benzene free. ¢ Unresolved; less than 2 Hz.

Placement of the glycyl unit at 2 or 8 and the L-leucyl
unit at 2 or 5 leaves six possibilities for the amino acid loca-
tions in tentoxin, those with the 2,5,8,11 sequence (a) -Leu-
MeAPhe-Gly-MeAla-, (b) -Leu-MeAla-Gly-MeAPhe-, (c)
-Gly-Leu-MeAPhe-MeAla-, (d) -Gly-Leu-MeAla-
MeAPhe-, (e) -MeAPhe-Leu-Gly-MeAla-, and (f) -MeAla-
Leu-Gly-MeAPhe-. Each of these could involve either-a D-
or an L-N-methylalanyl unit and a Z or an E double bond
configuration so 24 potential structures for the toxin mole-
cule require further examination. However, the number of
reasonable possibilities becomes remarkably reduced upon
consideration of several additional features in the '"H NMR
spectrum.?'

The chemical shift of the leucyl a proton is = 5.84,
whereas those expected are about 7 5.1 for a 2i proton and
about 7 6.0 for a 5i proton.?? Thus if the leucyl unit is locat-
ed at position 5, its environment must be normal, but if it is
at position 2, its a proton must be subject to a considerable
shielding influence. That the latter situation is not implausi-
ble is evident from the very unusual shielding of the isobutyl
group’s anisochronous methyls. These resonances are 0.3-
0.5 ppm upfield from a normal position and from their posi-
tion in spectra of all other tentoxin derivatives we have ex-
amined. Only the styryl unit could reasonably produce this
shielding, and the methyls must therefore be oriented over
the plane of its = system. No matter what rotational ar-
rangement is taken within the isobutyl group, such a juxta-
position of its methyls and the styryl unit cannot be attained
by the relative leucyl-dehydrophenylalanyl locations -2-L-
Leu-11-(Z)-MeAPhe-, -5-L-Leu-8-(£)-MeAPhe-, or -5-
L-Leu-11-(Z)-MeAPhe-, and thus structures containing
these combinations are unacceptable.??

To return to the chemical shift of the leucyl a proton, the
shielding which it must experience if it is at C-2 is readily
interpretable if the benzylidene group is at C-5 (E or Z),
for the proton then lies directly over the double bond. How-
ever, such shielding cannot be accommodated by location of
the dehydro system at position 11, and this datum therefore
allows exclusion of all structures with -2-Leu-11-MeAPhe-.
If the leucyl unit is at position 5, its « proton chemical shift
is normal, not shielded; this would certainly be in accord
with simultaneous location of either a (Z)- or an (£)-ben-
zylidene group at 8 or 11, for in neither instance is the 5i
proton in the environment of the = system. Prediction of the
shielding effect of a 2-exo double bond on a 5i proton is dif-
ficult to make with assurance from models;?* accordingly
we did not exclude such structures from consideration on
the basis of this datum alone.

The chemical shift of the glycine 2i or 8i proton shows no
evidence of shielding by the = system. This would certainly
not be the case for the -8-Gly-11-MeAPhe- arrangement,??
so all such structure are excluded. Alanine’s C-methyl reso-
nance is likewise not at unusually high field (if anything it
is somewhat less shielded than normal), so its protons can-
not be over the unsaturation as would be required if an L-
N-methylalanyl unit and the dehydro system were paired in
either sense between positions 8 and 11. And finally, V-
methylalanine’s a proton chemical shift is at far too high a
field to be of the 2i or 8i type unless it is shielded by the
benzylidene group. A 2-L-N-methylalanyl unit is thus ex-
cluded, for this would require a shielding benzylidene group
at 5, and such a combination is inconsistent with the re-
quirements for 2- or 8-Gly and 2- or 5-Leu.

The only structures for tentoxin which are not rendered
highly improbable by at least one and usually more of the
foregoing 'H NMR criteria are (a) cyclo(-2-L-Leu-5-
MeAPhe-8-Gly-11-MeAla-) (four diastereomeric forms),
(b) cyclo(-2-MeAPhe-5-L-Leu-8-Gly-11-MeAla-) (four di-
astereomers), (c) cyclo(-2-Gly-5-L-Leu-8-D-MeAla-11-
(E)-MeAPhe-), and (d) cyclo(-2-Gly-5-L-Leu-8-(Z)-
MeAPhe-11-D-MeAla-). Although analysis of the tentoxin
spectrum alone can be pressed further, it is more expedient
at this point to turn to the spectrum of N,N-dimethylten-
toxin for further limitation of the possibilities.

Exposure of tentoxin to dimsyl sodium and methyl iodide
in dimethyl sulfoxide24 or to sodium hydride and methyl io-
dide in dimethylformamide?’ converts it cleanly to an
N.N-dimethy! derivative. Numerous 'H NMR spectral fea-
tures (Table I) as well as a 10-nm hypsochromic shift in its
ultraviolet absorption?® make it apparent that a conforma-
tional change (Figure 2) has occurred upon formation of
this derivative from tentoxin. The sarcosine CH; coupling
and CH shifts are now in accord with a 5 or 11 location of
that residue.?’” N-Methylalanine’s a proton chemical shift
is too far downfield to correspond to anything but an un-
shielded 2i or 8i proton, and this unit must thus be either L
and at 2 or D and at 8. It also must not be directly followed
in the sequence by the dehydro system, which would shield
its « proton from 5 or 11, respectively. These conclusions
alone, independent of the tentoxin analysis, are consistent
with but 12 structures and, of these, all but those with the
2,5,8,11 arrangements -L-MeAla-L-MeLeu-MeAPhe-Sar-
(two diastereomers), -MeAPhe-Sar-D-MeAla-L-MeLeu-
(two diastereomers), and -L-MeLeu-(Z)-MeAPhe-D-
MeAla-Sar- correspond to sequences and/or configurations
which had been discarded as incompatible with the tentoxin
data. Of the ten structures for tentoxin which were retained
after analysis of its spectrum, the four cyclo(-2-MeAPhe-
5-L-Leu-8-Gly-11-MeAla-) diastereomers contain the now
prohibited -MeAla-MeAPhe- sequence, as does cyclo(-2-
Gly-5-L-Leu-8-D-MeAla-11-(E)-MeAPhe-). The latter is
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also discordant with the conclusion that glycine and V-
methylalanine are adjacent (one at a 2,8 location and the
other ata 5,11 location in dimethyltentoxin).

If one considers the -2-MeAPhe-5-Sar-8-D-MeAla-11-L-
Mel eu- isomers of dimethyltentoxin from a conformational
point of view, they, too, may be dismissed. By the rotational
processes discussed above (Figure 2), they could become
-2-D-MeAla-5-L-MeLeu-8-MeAPhe-11-Sar-  conformers
with a 2i-methyl and So-isobutyl rather than the 8o-methyl-
1 li-isobutyl forms. Inasmuch as all other interactions in the
competitive conformations would be identical, it seems al-
most certain that those with the bulkier isobutyl outside
would be preferred. D-N-Methylalanine would thus be at 2,
not 8, and this is not in accord with the presence of a 2i al-
anyl « proton which is indicated by '"H NMR .28

Although again it is possible to carry analysis of this
spectrum further, a more direct process is to turn to the
spectrum of dihydrotentoxin, with the three remaining
possibilities for tentoxin (-L-Leu-MeAPhe-Gly-L-MeAla-
and -Gly-L-Leu-(Z)-MeAPhe-D-MeAla-) foremost in
mind. Hydrogenation of tentoxin in methanol over 5% pal-
ladium on carbon cleanly produces a single diastereomeric
dihydro derivative in which the carbon-carbon double bond
has been saturated. Analysis of its spectrum (Table I) is
particularly direct, because the anisotropic effect of the
double bond has been removed, and all four amino acids
have «a protons. The « proton resonances of N-methylphen-
ylalanine and N-methylalanine are too far downfield to be
anything but 2,8i types. Thus these two amino acids must
be of opposite absolute configurations, they must be nonad-
jacent in the peptide molecule, and the conformation of this
derivative contains either -2-L-MeAla-8-D-MePhe- or -2-
L-MePhe-8-D-MeAla-. This datum alone excludes numer-
ous possibilities, including the sequence -Gly-Leu-MePhe-
MeAla- which was involved in one of the structures remain-
ing after the foregoing analyses of tentoxin and dimethyl-
tentoxin. These conclusions are supported by the observa-
tions that leucine’s a proton chemical shift and its spin-cou-
pling to the NH are those expected for a 5i or 11i hydrogen,
and that glycine’s « protons have the proper chemical shifts,
mutual coupling, and NH-C,H couplings for a 5 or 11
location. Since leucine is L, it must be at the 5 rather than
the 11 position, and thus only two structures for dihydroten-
toxin satisfy its '"H NMR spectrum, cyclo(-2-L-MeAla-5-
L-Leu-8-D-MePhe-11-Gly-) and cyclo(-2-L-MePhe-5-L-
Leu-8-D-MeAla-11-Gly-). The latter sequence was exclud-
ed on several grounds from analysis of the spectrum of ten-
toxin alone.

Dihydrotentoxin may also be converted to an N,N-di-
methyl derivative, and the 'H NMR properties of this com-
pound are very similar to those of its precursor (Table I).
Analysis of the a proton chemical shifts and sarcosine’s
geminal coupling constant in this spectrum also leads to the
conclusions that the methylated phenylalanyl and alanyl
residues are distributed between positions 2 and 8 with their
« protons in the inner orientations, and that sarcosine and
N-methylleucine are in the 5,11 types of location.

- Thus only one amino acid sequence for tentoxin, -Leu-
MeAPhe-Gly-MeAla-, is mutually compatible with these
analyses of the '"H NMR and conformational behavior of
the natural product and its three derivatives, with the /v-
methylalanyl unit of the L configuration and the N-methyl-
phenylalanyl unit in dihydrotentoxin of the D configuration.
Accordingly we may assign the structure and conformation
cyclo(-2-L-Leu-5-MeAPhe-8-Gly-11-L-MeAla-) (1) to ten-
toxin, cyclo(-2-L-MeAla-5-L-MeLeu-8-MeAPhe-11-Sar-)
(2) to dimethyltentoxin, cyclo(-2-L-MeAla-5-L-Leu-8-D-
MePhe-11-Gly-) (3a) to dihydrotentoxin, and 3b to its di-
methyl derivative, respectively, and turn to the sole remain-

3805

H,

H, ] T
N N ,CHy
CH— N g -CeHs o >
o
A H  y——cCH,
o N
| W

CH, CH,
SHicny),
2
He LM T"’
4 N CH, o
rR—N H ° g
o] H N—"R
o cHY N ~
| | H
CeHs CH, CH,
CHI(CH,),
38: R=H
3b: R=CH,

ing question, that concerning the geometric isomerism at
the double bonds of tentoxin and its dimethyl derivative.
This configuration should not be altered by the N-methyl-
ation conditions and is therefore the same in the two sub-
stances.

The fact that tentoxin adopts conformation 1 in itself
serves as evidence regarding the double-bond configuration.
The 5-exocyclic double bond and the 6,7-amide group are
coplanar, or nearly so, and in such an arrangement there
would be a very serious nonbonded interaction between the
glycine NH and a cis- but not a trans-3-phenyl group. The
(E)-benzylidene system (cis) could adopt the alternative
conformation -2-L-MeAla-5-L-Leu-8-(E)-MeAPhe-11-Gly-
(cf. 2 with N-H rather than N-CHj; at 4 and 10 and an
(E)-MeAPhe unit), at the energetic cost of converting the
two CONH groups from- trans to cis and losing coplanarity
and any consequent conjugative stabilization of the benzyli-
dene and carbonyl groups,?® but with the energetic gain of
moving the alanine C-methyl from inside to outside and re-
lieving the NH-8-phenyl interaction. The NH-3-phenyl in-
teraction appears so severe that it would dominate this bal-
ance, and accordingly the fact that tentoxin is -5-MeAPhe-
8-Gly- rather than -8-MeAPhe-11-Gly- indicates that the
N-methyldehydrophenylalanyl unit is Z.2% This implication
is supported by the observation that the phenyl of a (Z)-
benzylidene system is appreciably better disposed than is
that of its £ isomer to produce the observed shielding of
leucine’s gem-dimethyl protons.*?

Additional evidence that the dehydro system is Z is
found in the remarkable chemical-shift difference between
the vinyl protons of tentoxin and its dimethyl derivative. In
structure 1 this proton is very close to and in the nodal
plane of the 6,7-amide = system, and on shifting to the 8-
location after dimethylation (2) it exchanges this very de-
shielding environment for one where, if anything, it is
slightly shielded by the 9,10-amide’s = system. The very
considerable upfield shift accompanying methylation is thus
in excellent accord with the (Z)-dehydro structures. It
would not be anticipated for an (£)-dehydro unit, for the
pair of structures involved in that instance would not alter
the environment of the vinyl proton in the required manner.

Thus these data lead to an assignment of the full struc-
ture of tentoxin as cyclo(L-leucyl-V-methyl-(Z)-dehydroph-
enylalanyl-glycyl-V-methyl-L-alanyl), with the conforma-
tion shown in structure 1, Correspondingly dimethyltentox-
in is formulated as the (Z)-dehydrophenylalanyl structure
2, It may be noted that in this analysis every other possibili-
ty has been discarded on the basis of several independent
lines of reasoning. It should be emphasized that with the ex-
ception of the absolute configuration of the leucyl residue,
this analysis has allowed deduction of a unique sequence,
configuration, and conformation of tentoxin and each of its
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derivatives solely from 'H NMR data. In principle, analo-
gous analysis should be possible for other cyclic tetrapep-
tides, provided the 'H NMR data provide reasonable assur-
ance that the basic ring geometry of Figure 1 is present,

These structures also accommodate other data which
have been mentioned without interpretation in the preced-
ing discussion. Foremost, perhaps, is the stereospecificity
with which tentoxin undergoes hydrogenation. The 5-N-
methyldehydrophenylalanyl unit of tentoxin (1) is quite
open to catalyst approach at its outer face, but approach to
the inner face would be extremely hindered. Thus hydroge-
nation would be expected to introduce a 5o proton, produc-
ing the D-configuration which has been deduced on inde-
pendent grounds.

The change in conformation which occurs upon methyl-
ation of tentoxin (1 — 2) is clearly a consequence of the
proximity of the N-7 substituent and the olefinic hydrogen
in structure 1, Whereas interaction of the olefinic hydrogen
with a 7-NH is energetically tolerable, the corresponding
interaction with a bulkier 7-/V-methyl is too costly in ener-
gy to remain. The change in conformation to remove this
interaction is in this case also facilitated by the fact that all
four peptide bonds are of the CONCHj type, so there is lit-
tle energetic preference as to which two are cis and which
two are trans.

The N-methyl chemical shifts of these peptides also cor-
relate well with those reported for simpler systems'? if one
takes into account appropriate perturbations due to the an-
isotropy of the phenyl and benzylidene groups. The glycyl
and leucyl N-methyl resonances of 2 and 3b are identified
by their absence from spectra of the corresponding di-
methyl-d¢ derivatives. With this information, particular
resonances can be readily assigned to the a-saturated amino
acid units (Table I) on the basis of analogy with the re-
ported data,'® which showed sarcosyl cis amide and trans
amide N-methyl resonances near = 6.95 and 7.15, respec-
tively, with the latter shifted to about = 7.35 by the 2o0-
methyl in an N-methylalanyl unit,'? provided it is assumed
that a So-alkyl group would produce an analogous upfield
shift of a cis amide N-methyl resonance, and that 20 and 5o
isobutyl and benzyl groups would have effects similar to
those of methyl. It may be noted that the dehydrophenyla-
lanyl N-methyl resonances of 1 and 2, for which no earlier
analogy is available, fall somewhat to low field from the
others; assessment of the relative significance of several fac-
tors in producing this deshielding will require further data.

The credibility of this 'H NMR analysis would obviously
be strengthened and the validity of the interpretative tech-
nique tested by independent and direct confirmation of the
configuration of the N-methylalanyl units in these com-
pounds and of the NV-methylphenylalanyl units in the dihy-
dro substances. Accordingly amino acid mixtures from hy-
drolysis of tentoxin and dihydrotentoxin were exposed to L-
leucine N-carboxy anhydride to produce corresponding
mixtures of L-leucyl dipeptides.?> Chromatographic com-
parison of the latter with appropriate authentic dipeptides
demonstrated the presence of L-leucine and L- N-methylala-
nine, but not their D enantiomers in both hydrolysates, and
of D-N-methylphenylalanine, but not its L enantiomer in
that from dihydrotentoxin.'®33 Very recently, we have also
demonstrated by X-ray crystallography that dihydrotentox-
in indeed corresponds to the full structure and conformation
3a.® The amino acid sequence, configurations and, in one
case, the conformation assigned from the 'H NMR analysis
are thus completely confirmed, and the validity of that
analysis is correspondingly supported. It is pertinent to note
that had the configurational results been available prior to
completion of the 'H NMR analysis (as in fact they were
not), they would have facilitated that analysis by allowing

immediate discard of all the contending structures with D-
N-methylalanyl and L-N-methylphenylalanyl units, rather
than depending upon 'H NMR interpretations to eliminate
these structures.'® However, we would emphasize that the
'H NMR technique as described can (and did) allow de-
duction of these configurations without relying on these
data, which we view as one of the substantial powers of the
'H NMR method. We would suggest, therefore, that the
general nature of the 'H NMR analysis is perhaps an even
more important result of this work than is per se the assign-
ment of a full and correct structure to tentoxin, for similar
analytical techniques would appear to have potentially wide
utility in deducing sequences, configurations, and confor-
mations in the cyclic peptide field.

Experimental Section®

Spectroscopic data were obtained with Perkin-Elmer 337 (ir),
Cary 14 (uv) and 60 (ord), and Varian A-60 and Bruker HFX-90
(NMR) spectrometers, the HFX-90 (90 MHz) being used for
INDOR and spin-decoupled 'H NMR spectra. The 'H NMR ref-
erence was MeySi as an internal standard. Medium resolution
mass spectra were obtained with a Hitachi RMU-6E double-focus-
ing spectrometer with direct sample introduction at an ionization
potential of 80 eV high resolution spectra were obtained from the
Florida State University Mass Spectrometry Center. Observed
masses of the molecular ion and the most abundant fragments are
reported, with parenthetical indication of compositions (if high res-
olution data were obtained) and relative intensities as percent of
base peak intensity. Automated ion-exchange analysis of amino
acids and peptides was carried out with a Beckman 120C amino
acid analyzer. Melting points were determined on a microscope hot
stage (indicated m) or under N in sealed capillaries (c) and are
corrected for stem exposure. Microanalyses are by Alfred Bern-
hardt, Mulheim, Germany (indicated B), Spang Microanalytical
Laboratory, Ann Arbor, Mich. (S), or Geller Laboratories,
Charleston, W. Va,. (G).

Isolation of Tentoxin (1).34 An 80% ethanol solution of crude
tentexin, obtained by continuous ether extraction of culture filtra-
tes®® from Alternaria tenuis,> was passed successively through
cation and anion exchange resins Dowex 50W-X8 (hydrogen form)
and Dowex 2-X8 (hydroxide form), evaporated, and the residue
was chromatographed with methanol over basic alumina. Fractions
showing chlorosis-inducing activity in the cucumber bioassay3°
were combined, crystallized, and recrystallized from benzene to af-
ford a benzene solvate of pure tentoxin as colorless prisms: mp
172-175° (m); ir (CHCls;) 3345, 1670, 1630 cm™!; ORD in
CH3;0H ([a] X 1073 in degrees (A, nm))3® —0.18 (380), —0.12
(370), —0.07 (360), +0.09 (350), +0.39 (340), +0.98 (330),
+1.86 (320, peak), +1.30 (310), —0.15 (300), —2.70 (290), —7.44
(280), —11.50 (270), —13.60 (258, trough), —3.83 (240), +1.58
(233, peak), —9.0 (225); 'H NMR (CDCls) 7 2.69 (intensity vari-
able, from CgHg of crystallization), otherwise similar to that de-
scribed in Table 1 with slight differences in some chemical shifts;!2
mass  spectrum 4142270 (Cy:H3oN4O4, 30), 188.0950
(C11H32N:0, 15), 132.0807 (CoHjoN, 15), 131.0733 (CoHgN,
21), 116.0498 (CgHgN, 20), 114.0559 (CsHgNO,, 18), 58.0657
(C3HgN, 100). Material of this purity, containing variable
amounts of C¢Hg of crystallization, was used in all degradation
and derivatization experiments. This procedure afforded 5 mg of
crystalline 1 per L. of culture filtrate.

Anal. Calcd for Cy3H39N4O4Y4CsHg (molecular ion 414.2266):
C, 65.03; H, 7.32; N, 12.91. Found (G) (molecular ion 414.2270):
C,65.01; H, 7.24; N, 12.66.

Benzene was removed by storage at 100° (3 mm) for 24 hr or by
recrystallization from ether-pentane to afford pure 1: mp 168~
172° (m); uv max (H,O) 285 nm (e 17,500%%); uv max (95%
C,HsOH) 282 nm (e 20,700); 'H NMR see Table 1.

Anal. Calcd for Cy;H3gN4O4: C, 63.75; H, 7.30; N, 13.52,
Found (B): C, 63.80; H, 6.98; N, 13.39.

N,N-Dimethyltentoxin (2). A mixture of 125 mg (5.21 mmol) of
NaH (prepared by repeatedly washing 250 mg of a 50% dispersion
in mineral oil with hexane) and 25 mg (60 umol) of 1 in 2 ml of di-
methylformamide (dried over molecular seive 4A) was stirred
under N at 20° for 15 min, treated with 0.23 ml (3.7 mmol) of
CH3l, stirred for 20 min at 20°, diluted with 5 ml of brine, and ex-
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tracted with CH,Cl, which was washed with brine, dried
(MgSQy,), and evaporated in vacuo.?® The residual 27 mg (100%)
of yellow oil was chromatographed on 8 g of 100-200 mesh silicic
acid (Bio-Sil A, Bio-Rad Laboratories, Inc.). Elution with chloro-
form removed mineral oil, and 95:5 chloroform-methanol afforded
the dimethyl derivative 2 as a pale-yellow oil which solidified after
dissolution in hot pentane and evaporation. Crystallization could
not be induced, but repeated dissolution in excess pentane, partial
evaporation to a cloudy emulsion, and chilling to effect formation
of a solid precipitate afforded an analytical sample of 2 as a color-
less amorphous powder: mp 88-107° (m); ir (CHCI3) 1680, 1645
cm™} uv max (H,0) 275 nm (e 15,100); 'H NMR see Table I,
mass spectrum 4422578 (C4HiaN4O4  40), 260.1407
(C14H1sN3O3, 30), 202.1105 (C12H14N20, 100), 201.1016
(C12H13N0, 42), 131.0735 (CsHN, 58), 116.0504 (CsHgN, 43),
114.0557 (CsHsNO;, 86).

Anal. Calcd for Cy3H34N4O4: C, 65.14; H, 7.74; N, 12.66.
Found (S): C, 64.69; H, 7.79; N, 11.90.

N, N-Bis(trideuteriomethyl)tentoxin, A mixture of 109 mg of a
50% dispersion of NaH in mineral oil (2.27 mmol of NaH) and 1
ml of Me;SO was heated at 85° for 30 min under N, frozen in ice,
treated with 27.8 mg (60 umoles) of 1 and 1 ml of Me,SO,%
brought to room temperature, and 0.4 ml of CD;I (Stohler Isotope
Chemicals, 99.5 atom % D) was added in two portions with cooling
to prevent boiling. The solution was stirred for 1.25 hr, diluted
with 5 ml of water, and extracted with CHCIl; which was dried
(MgSOy4) and evaporated. The residue was chromatographed with
80:20 chloroform-acetone on a silica gel GF thick-layer plate. Ex-
traction of the band at Ry 0.30 with chloroform-methanol and
evaporation left 13.4 mg of the dimethyl-d¢ derivative as an oil: 'H
NMR (CDCls) like 2 without 7 6.87 and 7.15 singlets; mass spec-
trum 448.2922 (Ca4H5DeN4Oy, 34), 263.1578 (C14H15D3N303,
24), 205.1285 (C12H;11D3N;0, 100), 204.1202 (Cy2H,0D3N,0,
44), 131.0732 (CoHgN, 64), 116.0499 (CgH¢N, 47), 1140551
(CsHsNO3,, 90).

Dihydrotentoxin (3a). A mixture of 50 mg (0.12 mmol) of 1 and
111 mg of 5% palladium on carbon®” in 5 ml of CH30H was
stirred for 50 hr at room temperature under 1 atm of H; and fil-
tered. A CH3OH suspension (25 ml) of the catalyst was refluxed
for 2 hr, filtered, and the combined CH3OH solutions were evapo-
rated to afford 50 mg (100%) of 3a as a colorless solid which re-
crystallized from chloroform-dimethyl sulfoxide or from methanol
as colorless prisms: mp 277-279° (m);3¢ ir (CHCl3) 1670 cm™};
IH NMR see Table I; mass spectrum 416.2392 (C22H33,N404, 1),
274.1314 (Ci1sH1sN2O3, 18), 269.1200 (CisHisN3O,, 15),
140.1442 (CoHjgN, 14), 134.0966 (CoH 2N, 100), 127.0615
(Ce¢HoNO3, 20).

Anal. Calcd for C;;H33N4Oy4: C, 63.44; H, 7.74; N, 13.45.
Found (B): C, 63.23; H, 7.56; N, 13.31.

N,N-Dimethyldihydrotentoxin (3b), Methylation of 25 mg (60
umol) of 3a as described for 1 afforded 24 mg (90%) of crude 3b as
a colorless oil. Chromatography on silica gel (CH3OH elution) and
repeated recrystallization from ether-pentane afforded the pure
dimethyl derivative 3b as a colorless powder, mp 132-133.5° (m),
or as colorless needles, mp 164-166° (m): ir (CHCI3) 1665 cm™};
TH NMR see Table I; mass spectrum 444.2744 (C24H3¢N 4Oy, 27),
288.1475 (CisH20N203, 100), 226.1190 (CjoH¢N3Os3, 29),
216.1021 (C13H14NO;, 70), 156.0890 (C7H3N;,04, 45), 134.0966
(CsHi2N, 27), 127.0634 (C¢HoNO3, 31), 100.1126 (C¢H 4N, 43).

Anal. Caled for CyyH3¢N4Oy4 C, 64.84; H, 8.16; N, 12.60.
Found (B): C, 64.68; H, 8.11; N, 12.60.

The corresponding N,N-bis(methyl-ds) derivative was prepared
identically and chromatographically purified but not crystallized:
'"H NMR (CDCls) like 3b without 7 6.91 and 7.12 singlets; mass
spectrum 450.3135 (C24H30D6N404, 30), 291.1674
(C16H17D3N,03, 79), 229.1382 (C1oH13D3N;03, 23), 216.1023
(C13H14NO;, 54), 159.1987 (C7HoD3N,0,, 27), 134.0997
(CsH 2N, 17), 127.0683 (C¢HoNO3, 16), 103.1307 (CsHy1D2N,
26).

Amino Acid Composition and Configuration Analysis of Pep-
tides,! A solution of ca. 10 mg of peptide and 2 ml of 6 N HCl in a
sealed ampoule was heated at 100° for 21-24 hr, cooled, and evap-
orated in vacuo. The residue was separated by two-dimensional
TLC on silica gel using 69:31 1-propanol-water (R/?), followed by
85:15 phenol-water (R/)3%2 products being detected by ninhy-
drin-copper nitrate spray38® and identified by comparison of color
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and mobility with independently chromatographed authentic sam-
ples (DL-MeAla prepared by reaction of a-bromopropionic acid
with methylamine?® or by N-methylation of Z-L-Ala *® saponifica-
tion, and treatment with HBr-acetic acid;*! other synthetic refer-
ences described below). Spots (R/2, R/b, color) from the hydroly-
sate of 1 corresponded to Gly (0.30, 0.20, yellow), Leu (0.51, 0.45,
purple), Sar (0.20, 0.34, yellow), MeAla (0.25, 0.40, pink), and
CH;NH,-HCI (0.00, 0.26, pink). Spots from the hydrolysate of
the platinum-catalyzed hydrogenation product of 1 (below) corre-
sponded to Gly, Leu, MeAla, MePhe (0.44, 0.63, pink), /V-methyl-
B-cyclohexylalanine (0.54,0.77, pink), and CH3;NH,-HCI.

A chilled (2°) solution of the evaporated hydrolysate corre-
sponding to 20 umol of peptide in 2 ml of pH 10.2 borate buffer??
was stirred at high speed in a Vortex stirrer, treated with 3.5 mg
(22 umol) of L-leucine NV-carboxy anhydride (prepared from Z-L-
Leu by the PCls-ether procedure*? and recrystallized from n-hex-
ane), stirred for an additional 2.00 min with momentary interrup-
tion and shaking eachr 0.5 min, and quickly treated with 0.80 ml of
of 1.0V HCI, all operations being conducted as described by Man-
ning and Moore32 in a cold room (5°). Such solutions were refrig-
erated pending ion-exchange chromatography, which was conduct-
ed on a 0.9 X 55 cm column of Beckman PA-28 resin with buffers
0.2 N in sodium citrate, using one or more of the following systems
of pH, temperature, and flow rate conditions as necessary: (A)
5.42, 55°, 68.2 ml/hr; (B) 4.14, 52°, 69.8 ml/hr; (C) 4.10 for the
first 200 min and then 5.40, 40°, 54.5 ml/hr. L-Leucyl dipeptide
peaks were identified by comparing elution volumes with those of
identically L-leucylated and chromatographed authentic samples
as follows (system, elution volume in milliliters): Gly (B, 227); Sar
(B, 160 and 185); L-Leu (A, 86; B, 113; appears in all chromato-
grams from coupling of the NV-carboxy anhydride); D-Leu (A, 99;
B, 113); L-MeAla (B, 300); DL-MeAla (B, 261 and 300):43 L-
MePhe (C, 658); D-MePhe (C, 639). The hydrolysate from 1
showed peaks corresponding to dipeptides from Gly, Sar, L-Leu,
and L-MeAla but none of the other aforementioned amino acids;
that from 3a showed peaks corresponding to dipeptides from Gly,
L-Leu, L-MeAla, and D-MePhe, but not the others.

Platinum-Catalyzed Hydrogenation of Tentoxin.!# A solution of
20 mg of 1in 200 ml of 95% ethanol containing 10 mg of PtO, was
hydrogenated at | atm for 1.5 hr, 282 nm absorption decreasing to
less than 1% of its initial value. Filtration and evaporation left 18
mg of a mixture of dihydro-, hexahydro-, and octahydrotentoxin as
a colorless solid: '"H NMR (CDCl;) contains aromatic and vinyl
resonance; mass spectrum shows molecular ions at m/e 416, 420,
and 422, This sample was hydrolyzed without further purification.

L-N-Methylalanine and L- and D-N-Methylphenylalanine,!
These amino acids were prepared from L-Ala, L-Phe, and D-Phe
respectively by N-benzylation (benzaldehyde-NaBH, “Method
A"}, N-methylation, and debenzylation using the procedures of
Quitt, Hellerbach, and Vogler.#* L-MeAla had mp 300-301° (c),
[«)?D 10.1° (¢ 1, 6 N HCI) (lit.4* mp 270° dec, [«)?'D 11.5° (¢
1, 6 N HCl)). L-MePhe had mp 253-254° with sublimation (m),
[«])?*D 26.5° (¢ 1, 6 N HCI) (lit.** mp 260° dec, [«]?!D 26.6° (¢
1, 6 N HCI)). D-MePhe had mp 250-253° with sublimation (m),
[2]?D —24.7° (c 1, 6 N HCI).

DL- N-Methyl-3-cyclohexylalanine,!2 An 85-mg sample of crude
DL-MePhe (mp 238-250°; prepared from DL-Phe by the sequence
described above**) in 5 ml of glacial acetic acid containing 15 mg
of PtO; was hydrogenated at room temperature (1 atm) for 4 hr,
the theoretical amount of H, being absorbed. Filtration and evapo-
ration in vacuo left 87 mg (100%) of the saturated amino acid as a
colorless solid: mp 195-197°; !H NMR (CDCl3) no aromatic or
vinyl resonance. This sample was used without further purification
in chromatographic identification of hydrolysis products from hy-
drogenated tentoxin.
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6.0 Hz (0) for a 5- or 11-CHj, and to NH-CHR couplings of 9.9, 1.7, 7.8,
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Approximate values used in this analysis for the chemical shifts charac-
teristic of the various a-proton types were developed from consider-
ation of the data reported in ref 10 and are as follows (7 scale, chloro-
form): 2i-CHa, 5.1 (Gly) or 4.7 (Sar); 20-CHj, 6.6 (Gly) or 6.8 (Sar); 5
CHgz, 5.7 (Gly or Sar); 50-CH,, 6.4 (Gly or Sar); 2i-CHR, 5.1 (NHCHR) or
4.7 (NMeCHRY); 5i-CHR, 6.0. Derivation of values in this group for proton
types not included among the compounds of ref 10 and types which in
that work were not examined in chloroform involved the following as-
sumptions, justified as indicated: (a) 5,11-CH; shifts of Gly units should
be nearly the same as those of Sar units (cf. the similarity between dihy-
drotentoxin and dimethyldihydrotentoxin, Table I); (b) N-1 methylation will
probably cause the same 0.4-0.5 ppm downfield shift on a 2i-CHR as it
does on a 2i-CH; (the effect is probably largely a consequence of an al-
teration of the anisotropy of the C-12-N-1 amide 7 system, in the nodal
plane of which the 2i proton lies); (c) the inner proton of a Leu or Phe
unit will approximately resemble that of an Ala unit; and (d)} a change
from chloroform to trifluoroacetic acid as solvent will have approximate-
ly the same influence on an Ala 5i proton as it has on a Sar 5i proton
(data in ref 10 suggest that the corresponding solvent effect does ap-
pear to be constant for 2i protons in Gly, Sar, and Ala units). These
values will surely be subject to some refinement as data from additional
substances become available.

Most of the features about to be discussed are also incompatible with
some structures which have been already discarded by the deduction
that glycine is at 2 or 8 and leucine is at 2 or 5 and thus provide further
important evidence against those alternatives. For brevity, throughout
the remainder of this paper spectral features will usually be explicitly
discussed only in terms of structures which have not been eliminated
earlier in the discussion, even though they may also militate against pre-
vious dismissed possibilities. Nonetheless, it is an interesting exercise to
consider each piece of data with respect to all possible combinations of
sequence and configuration, to realize the full weight of data against
every structure except that which is ultimately assigned.

That such strong shielding would be observed for a number of other
combinations is improbable, for they involve either rather unlikely rota-
tional arrangements of the isobutyl group or distances between the
methyls and the 7 system which seem rather great. However, in this de-
velopment of the analysis, we have chosen to exclude at this point only
those structures for which shielding appears virtually impossible rather
than only improbable.

An exocyclic double bond at C-5 projects almost directly down from the
ring, as does a 2i proton, so the latter is aimost directly over the double
bond’s center and would surely be shielded. However, a 2-exo double
bond is oriented well out from the ring, and the 5i proton is much closer
to the borderline between the shielding and deshielding regions of the
olefinic bond and phenyl group. That in fact such an orientation of the
benzylidene group is almost without effect on the 5i proton will be seen
below from the spectrum of dimethyltentoxin, in which the glycine 11i
proton has a normal chemical shift.
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proton shielded by the benzylidene group not only ignores the geminal
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or 8,11, and every structure containing a -Gly-Me APhe- sequence was
inconsistent with the foregoing analysis of the tentoxin spectrum.
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ylalanyl units not followed by the dehydrophenylalanine indicates that
conformations -2-MeAla-5-Sar-8-MeAPhe-11-MeLeu-, -2-MeAla-5-Sar-
8-MelLeu-11-MeAPhe-, and -2-Meleu-5-(F)-MeAPhe-8-MeAla-11-Sar-
would also be energetically unfavorable with respect to alternatives
which are available, and they could have been ruled out on that basis.
These sequences were also incompatible with the tentoxin 'H NMR
data, however.

The -5-MeAPhe-8-Gly- arrangement also provides an explanation for
the fact that addition of dimethyl sulfoxide to the CDClz 'H NMR solution
produces a strong downfield shift in leucine’s NH resonance but little or
no shift of the glycine NH absorption; the dehydro unit can sterically hin-
der Me,SO’s approach and solvation at the latter group.

This is a stronger piece of evidence than it might at first seem to be. If
the benzylidene group were £ in spite of the apparently unfavorable en-
ergetic situation, the nonbonded NH-phenyl interaction would certainly
cause the phenyl group to rotate out of the plane of the C—C—CONH
system. In such an arrangement, it could shield the gem-methyls little if
at all. Furthermore, it should shield both the 8-outer proton and the NH
of glycine, but such effects are not observed, the former being normal
in chemical shift and the latter considerably deshielded compared with
the leucine NH, as would be expected from its location in the nodal
plane of the 7 system.?’
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(31) Had this deshielding of the glycine NH been introduced as evidence for
the partial structure -5-MeAPhe-8-Gly- (or -11-MeAPhe-2-Gly-) in de-
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Abstract: Unsymmetrical phosphodiesters [(RO)(R’O)P(O)(OH)] are readily synthesized from the alcohols, ROH and
R’OH, by means of the new reagent acetoin enediol cyclopyrophosphate. When one of the two alcohols is a diol with a pri-
mary and a secondary hydroxyl, the primary function is selectively phosphorylated in the presence of the unprotected secon-
dary function. The method holds promise in the synthesis of oligonucleotides.

Methyl acetoin enediol cyclophosphate (2-methoxy-4,5-
dimethyl-1,3,2-dioxaphosphole 2-oxide, 2) was first ob-
tained from the hydrolysis of the oxyphosphorane?? 1,
(Scheme I).

Scheme 1
CHy ) chy
CH 0
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o
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A more practical synthesis of CEP-OCH3# (2), based on
the ability of the oxyphosphorane 1 to undergo C-acylation’
or exocyclic O-acylation under different conditions, was an-
nounced recently® (Scheme 11).7

Scheme 11
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This paper describes the conversion of CEP-OCH; (2)
into a cyclic pyrophosphate which can be used as reagent
for the synthesis of unsymmetrical phosphodiesters
[(RO)(R'O)P(O)(OH)].8-'® The reagent needs no addi-
tional activation to carry out the double phosphorylation
and does not generate, in most cases, symmetrical phospho-
diesters as by-products. The primary alcohol of a diol can
be phosphorylated selectively in the presence of an unpro-
tected secondary alcohol. These properties suggest possible
applications of the new reagent to the synthesis of oligonu-
cleotides,?0-23

Results

Preparation of (N-Methylpyridinium)* ~OCEP (3). This
salt (3) (Scheme III) is obtained in high yield from the

Scheme II1
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reaction of the ester CEP-OCH; (2) with pyridine. The
data summarized in Table I support the cyclic structure of
the salt (3); note the similarity of its 3'P NMR shift and
that of CEP-OCHj (2). The shifts of the acyclic analogs
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