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to lH NMR analysis consisted of 11 and 12 in a ratio of 4:l. The 
oil also contained a small amount (less than 6%) of di- 
benzylideneacetone as an impurity. 
11: 'H NMR (200 MHz) (assigned peaks in mixture with 12) 

6 5.9-5.6 (m, 4 H, olefinic), 3.75 (9, 3 H, one of C02Me), 3.74 (s, 
3 H, one of C02Me), 3.51 (d, J = 8.8 Hz, 1 H, CH(C02Me)2), 3.18 
(m, 1 H, CHCH(C02Me)2), 2.45-2.3 (m, 2 H, allylic CHJ, 1.95-1.75 
(m, 2 H, CHJ. 
12: 'H NMR (200 MHz) (assigned peaks in mixture with 11) 

6 5.9-5.6 (m, 3 H, olefinic), 4.12 (s, 1 H, CH(C02Me)2), 3.75 (s, 
6 H, C02Me), 2.45-2.3 (m, 4 H, allylic CH2), 1.95-1.75 (m, 2 H, 

CHz). 
Registry No. 1, 96039-90-6; 2, 96039-91-7; 3, 82736-52-5; 4, 

110418-98-9; 5, 39495-94-8; 7, 110455-97-5; 8, 110455-98-6; 9, 
15833-44-0; 10, 110418-99-0; 11, 91550-40-2; 12, 110419-00-6; 
Pd(dppe),, 31277-98-2; Pd(dba)2, 81141-80-2; dimethyl malonate, 
108-59-8; (E)-(R*,R*)-2-acetoxy-5-chloro-3-hexene, 95177-49-4; 
(E)-(R*,S*)-2-acetoxy-5-chloro-3-hexene, 95177-50-7; sodium 
dimethyl malonate, 18424-76-5; cis-l-acetoxy-4-chloro-2-cyclo- 
hexene, 82736-39-8; cis-l-acetoxy-4-chloro-2-cycloheptene, 
82736-40-1; dimethyl diazomalonate, 6773-29-1; (E,E)-2,4-hexa- 
diene, 5194-51-4. 
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By the use of proton NMR spectroscopy, in particular of coupling constant and NOE data, it is shown that 
the cyclic tripeptide antibiotic WS-43708A has S stereochemistry at the a-carbon atom of all three amino acids 
and that the carbon atom at the benzylic position of residue 3 has R stereochemistry. The conformational preference 
of the biphenyl system has also been determined. Although WS-43708A appears to be the only reported antibiotic 
outside the vancomycin group to possess a biphenyl group, no evidence for binding of WS-43708A to the cell 
wall analogue N-Ac-D-Ala-&Ala has been found. It is concluded therefore that WS-43708A exerts its antibacterial 
activity other than by binding to mucopeptide precursors terminating in D-Ala-D- Ala. 

A covalent structure (1) for the cyclic tripeptide anti- 
biotic WS-43708A has been reported by Hashimoto and 
co-workers. The only stereochemical information which 
was available from their study was that residue 2 corre- 
sponds to erythro- y-hydroxy-L-ornithine.' In view of a 
possible structural analogy between this structure and 
parts of the structures found for vancomycin group anti- 
biotics,2 we have fully determined and now report the 
stereochemistry of WS-43708A. Our interest in this 
stereochemistry was also initially aroused by the possibility 
that WS-43708A acts by inhibiting cell wall biosynthesis, 
as do also members of the vancomycin group.* We 
therefore wished to establish whether WS-43708A has a 
geometry suitable to bind mucopeptide precursors ter- 
minating in D-Ala-D-Ala.' 

The earlier structural work on WS-43708A had been 
carried out in D20/DC1 and CD,OD/D,O. Since we 
wished to utilize NOE and coupling data for the amide 
protons, it was desirable to work in DMSO-d6 solution. As 
the dihydrochloride of the antibiotic (kindly provided by 
Dr. Hashimoto) was not soluble in DMSO-d6, it was con- 
verted to the free base by dissolving in an aqueous solution 
of ammonium carbonate. The solution was then lyophi- 
lized several times to remove excess ammonium carbonate. 

Proton NMR spectra of the above free base were ob- 
tained in DMSO-d6 solution on a Bruker AM-400 spec- 
trometer. Two and three bond proton-proton couplings 
were determined from a double quantum filtered phase- 
sensitive COSY spectrum. This spectrum also exposed the 
four bond couplings between benzylic protons and protons 
ortho to the benzylic position. Chemical shifts and cou- 
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Table I. lH NMR Chemical Shifts and Coupling Constants 
for WS-437083A" 

1 
proton chem shift, 6 J. Hz 
w2 
0 3  
3b 
Id, 3d 
l b  
IC, 3c 
P 3  
012 

a3 
a1 
Y2 
81 
P1' 
62 

6,' 
P 2 1  Pz' 

8.94 
8.40 
7.44 
7.18 
6.94 
6.9 
5.72 
5.04 
4.52 
4.14 
3.92 
3.24 
3.02 
2.98 
2.78 
1.84 

9.2 
9.7 
2.6 
m 
2.2 
7.5 

m 
9.7 
m 
m 
15, 6 
15, 3 
13, 3 
13, 8 
m 

S 

aspectrum of the free base in DMSO-d6 at 330 K: m = multi- 
plet: s = singlet. The amino acid residues are coded 1, 2, and 3 
from the N- to the C-terminus. 

pling constants are summarized in Table I, by using the 
proton code given in 1, and are in accord with the reported 
structure. Phase-sensitive NOESY and CAMELSPIN3 

0 1987 American Chemical Society 



5436 J.  Org. Chem., Vol. 52, No. 24, 1987 

Table 11. NOEs Observed from Phase Sensitive NOESY' 
and CAMELSPIN' Spectra of WS-437083Aa 

w2 - 011 lh - 8,' Y2 - (82.8;) 
0 2  (82, 84) 8s - ea YP - 62 
ua - UP - (8~+82'l 81 - SI' 
ws - 3b a, - 81 62 - 012 
3h - aJ a, - 81' 62 - &' 
3h - lh 

*Obtained in DMSO-d, at normal probe temperature (29C-293 
K). 'Obtained in DMSO-d, containing 2% "FA (v/v) at 320 K, 
with a spin-locking duration of 200 ms; the experiment was re- 
peated with a different transmitter offset to check for any false 
enhancement.' (All NOES were negative in the NOESY spectrum; 
their magnitudes lay in the range 2-1570. The CAMELSPIN 
NO& are positive. 

spectra were obtained in the enme solvent (but the latter 
after addition of 2% v/v TFA). The latter spectrum is 
useful in obtaining specifc NOES even in cases where spin 
diffusion is normally a problem, and in cases where the 
NOE would be near zero because o,r, 'Y 1. The NOE data 
obtained from these spectra are summarized in Table 11. 
Since the pattern of NOEs was essentially the same from 
both types of experiment, it is clear that significant spin 
diffusion had been avoided at the mixing time (0.3 a) used 
in the NOESY experiment. It is also clear from these data 
that the conformation of the antibiotic, in the regions in 
which NOES are observed, is essentially the same for the 
protonated form (after addition of TFA) and for the free 
base. 

The vicinal coupling constants between the amide NH 
protons of amino acid residues 2 and 3 (w2 and 03) and 
their respective a-CHs both lie in the range %lo Hz. 

Kannan and Williams 

2 - 

These facts, coupled with the observation that neither of 
the a-CH protons shows an NOE to the amide NH of its 
own residue, indicate that the a-CHNH protons are ap- 
proximately trans-orientated (see 2). Additionally, the 
strong NO& a1 -a2 and 01, - w3 indicate that these two 
pairs of protons are on the same side of the molecule, as 
also indicated in 2. 
Since the side chains of the oxidized phenylalanine units 

(R, and R3 in 2) are connected (presumably via phenol 
oxidative coupling), then they must be orientated in the 
same direction from the peptide backbone unit 2. CPK 
models show that this direction must be downwards from 
the plane of the paper (see 2); if they orientated upwards 
from the plane of the paper, then the side chain of the 
y-hydroxyornithine residue (R, in 2) cannot be accom- 
modated within the 15-membered ring. Thus, both resi- 
dues 1 and 3 have the S absolute configuration of their 
a-carbon atoms (see 2). 

There is no discernible couplmg between aa and &, and 
therefore the dihedral angle between these vicinal protons 
must be near to 90" (see also ref 1). CPK models show 
that this geometry can only be accommodated if the ben- 
zylic position of residue 3 has the R configuration, i.e., with 
the benzylic hydroxyl group approximately trans-orien- 

( 3 ) B o t h n e r - B y , A . A S ~ p h ~ , R L . ; ~ . J . ; W - , C . D . : J ~ ~ ,  

(4) Neuhaus, D.: Keeler, J. J. Mazn. Reson. 1986,68, %e-514. 
R. W. J. Am. Chem. Sac. 1984,106, 811-813. 

Figure 1. CPK model of WS-43708A. 

tated with respect to the C-Ha, bond. Additionally, the 
fact that p3 shows an NOE to a3 but to no other proton 
(Table II) demands, when taken in conjunction with the 
other constraints, the R configuration at  the benzylic 
center. This geometry is r e p r o d u d  in 3 and is in accord 
with the observation that 3b shows NOES to both o9 and 
a3 but not to p3. 

The vicinal coupling constants of al to ,TI and &' (6 and 
3 Hz, respectively) establish that neither of these benzylic 
protons is held in a specific trans conformation relative 
to ap This conclusion, in conjunction with the observation 
of NOES from a1 to both and &', shows that these 
benzylic protons are on the same side of the structure as 
al. In the NOESY spectrum the cross peak between al 
and 8,' is larger than that between al and PI; moreover, 
in the CAMELSPIN spectrum, only the a1 ... @,' NOE is 
observed. Hence al is closer to 8,' than to PI, which re- 
quires a smaller dihedral angle on average between al and 
8,' than between al and pl. Additionally, l b  shows an 
NOE to &' but not to 8,. These data demand a geometry 
of this part of the molecule which is close to that shown 
in 4. The original form of the Karplus equation would 

of course require J.,8,r > Ja,#,, but account must also be 
taken of the fact that vicinal coupling is r e d u d  when one 
of the protons involved is approximately trans-coplanar 
to an electronegative substituents? To take account of 
this type of effect (which operates here, since a,' is almost 
trans-coplanar to the NH2 substituent-see 4), we have 
used the equation of Gandour and co-workers! The ob- 
served values of J.,s; = 3 Hz and Jm3, = 6 Hz (Table I) 
in this equation give dihedral angles of 42O and 60°, re- 
spectively. Although the sum of these is somewhat less 
than the required 120'. their relative magnitudes are 

(5) Williams. D. H.; Bheeea, N. S. J .  Am. Chem. Soc. 1964, 86, 

(6) Columi, W. J.: Jungk, 5. J.; Gandour, R D. Mogn. Reson. Chem. 
n42-2743. 

1985,23,335-343. 
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consistent with the conclusions summarized in 4. 
Other NOES (Table 11) give information about possible 

conformational states of the peptide. Proton 3b gives 
NOES to both a3 and w3 with the former being more in- 
tense. Protons as and w3 are on opposite sides of the 
molecule-see 2); thus there is probably some conforma- 
tional flexibility of the aromatic ring 3, with 3b on average 
being somewhat nearer to a3 than to wg. Also noteworthy 
is the NOE az - 82 (Table 11). This NOE establishes that 
the side chain of residue 2 spends some of its time coiled 
up such that the terminal carbon atom of the sidechain 
is proximate to its a-CH proton. The structure of WS- 
43708A is reproduced with stereochemical detail in 5; and, 
as a CPK model, in a conformation which is in accord with 
the above findings, in Figure 1. In this latter represent- 
ation, we have rotated the covalent structure 1 through 
180' about a vertical axis bisecting the C-C bond con- 
necting the aromatic residues 1 and 3. This has been done 
because what transpires to be a concave face of the mol- 
ecule is now presented upwards. 

The site to which WS-43708A binds in exerting its an- 
tibacterial activity is unknown. However, addition of the 
cell wall analogue N-Ac-~-Ala-~-illa~ to a DMSO-d, solu- 
tion of the antibiotic free base affected neither the chem- 
ical shifts nor the line shapes of the proton resonances. 
This situation still pertained as trifluoroacetic acid was 
then added stepwise to the solution to reduce the "pH". 
Additionally, the addition of N-Ac-D- Ala-D-Ala, or di-N- 

(7) Nieto, M.; Perkins, H. R. Biochem. J. 1971,123, 789-803. 

Ac-Lys-~-Ala-~-Ala~ to a solution containing WS-43708A 
(0.1-0.2 mg/mL in 0.02 M sodium citrate buffer, pH 5.1) 
did not affect ita original UV spectrum. We conclude that 
WS-43708A exerts its physiological action on cell wall 
biosynthesis other than by binding to mucopeptide pre- 
cursors terminating in D-Ala-&Ala. 

Experimental Section 
'H NMR spectra were obtained on a Brucker AM-400 spec- 

trometer using approximately 20 mg/mL solutions in DMSO-de 
One-dimensional spectra were usually recorded with a spectral 
width of 3500-4500 Hz and 16K data points. Two-dimensional 
double quantum filtered COSY (DQFCOSY), NOESY, and 
CAMELSPIN experiments were all run in the phase-sensitive 
mode. NOESY spectra were measured with various mixing times 
(0.3-0.5 s) to obtain the optimum NOES without spin diffusion. 
Two CAMELSPIN experiments were recorded with different 
transmitter offsets to check for false  enhancement^;^ the same 
spin-locking durations of 200 ms was used in both cases. All the 
2D data matrices consisted of 512 2K spectra, which yielded, after 
zero-filling in F1 and Fourier transformation, a 1-MW square 
matrix. A maximum of 32 scans were accumulated in each tl fid 
with proper phase cycling. The data were subjected to Loren- 
tizian-Gaussian multiplications in t z  and sine bell multiplication 
(SSB1 valve of 3) in tl prior to transformation. UV studies were 
carried out with a Pye Unicam PU 8800 UV/Vis spectrometer 
and followed a previously published procedure.' 
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2,3-Dihydro-l,3-dimethyl-2-(2-pyridinyl)-lH-benzimidazole (5) is designed to bind electrophilic substrates and 
reduce them by an internal transfer of hydride. The intended binding site is the nitrogen atom of the pyridine 
ring, and the source of hydride is the carbon-hydrogen bond at Cz of the dihydrobenzimidazole ring. In the preferred 
conformation of compound 5, the carbon-hydrogen bond is activated as a donor of hydride by two antiperiplanar 
lone pairs, and the intended binding site is nearby. Protons bind primarily to the nitrogen atom of the pyridine 
ring as expected, but they are not reduced to molecular hydrogen. Instead, two other reactions are triggered 
by protonation. One is heterolysis of the carbon-carbon bond between the dihydrobenzimidazole and pyridinium 
rings, and the other is a 1,2-shift of hydride from the activated carbon-hydrogen bond to the pyridinium ring. 
The failure of compound 5 to reduce protons to molecular hydrogen can be attributed primarily to unfavorable 
thermodynamics; the hydridic carbon-hydrogen and acidic nitrogen-hydrogen bonds of salt 5-H+ are inadequately 
activated, so alternative reactions are more rapid. Formation of hydrogen may also be disfavored because salt 
5-H+ adopts an unsuitable conformation or because an appropriate trajectory for intramolecular protonation 
of the activated carbon-hydrogen bond is unattainable. 

We are interested in the design and synthesis of reducing 
agents that have some of the features of redox enzymes, 
including a receptor site that recognizes and binds redu- 
cible substrates, and an adjacent site that acta as a donor 
of hydride. In enzymatic reductions involving the co- 
enzyme NADH, Cannizzaro reactions, Meerwein-Ponn- 
dorf-Verley reductions, and other important redox reac- 
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tions, carbon-hydrogen bonds serve as the donors of hy- 
dride. The subdued reactivity of these bonds makes them 
particularly suitable when the substrate must be recog- 
nized, oriented, and activated by a receptor before the 
transfer of hydride takes place. We have therefore begun 
to study compounds in which a reducible substrate is held 
close to a suitably activated carbon-hydrogen bond.' 
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