432 HeLvETICA CHIMICA AcTa - Vol. 58, Fasc. 2 (1975) — Nr. 51

51. The Crystal Structure of a K+ Complex of Valinomycin

by Katarina Neupert-Laves and Max Dobler
Laboratorium fiir organische Chemie der Eidg. Technischen Hochschule, 8006 Ztrich

(11. X1, 74)

Summary. A KI,/KI; complex of the cyclododecadepsipeptide antibiotic valinomycin crystal-
lizes in the space group C222), ¢ = 13.34, b = 24.65, t = 46.96 A. The crystal structure investiga-
tion shows that K+ is coordinated octahedrally by six carbonyl oxygen atoms, The macrocyclic
ring skeleton adopts non-crystallographic Sy symmetry. Six hydrogen bonds involving amide
nitrogen atoms and carbonyi oxygen atoms form a belt around the molecule.

The cyclododecadepsipeptide antibiotic valinomycin (1) has been shown to act
as an ionophore with both biological and artificial membranes [1-3] and to exhibit
a marked specificity for potassium ions.
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The conformations of valinomycin and its K+ complex in solution have been
studied by IR., ORD., CD. and NMR, techniques [4-7]. For uncomplexed valinomy-
cin a solvent-dependent equilibrium mixture of at least three conformations with a
varying number of amide hydrogen bonds was found, Whereas in unpolar solvents
all six amide hydrogen atoms are involved in intramolecular hydrogen bonds, in
‘polar solvents there are only three such bonds, with the other three amide hydrogen
atoms probably forming hydrogen bonds to solvent molecules. The secondary
structure of the K+ complex was characterized as a series of f-turns [6] involving all
amide hydrogen atoms in intramolecular hydrogen bonds. On this basis conforma-
tional energy calculations were used to determine a minimum energy model con-
strained to Sy symmetry of the 36-membered ring skeleton with f-carbon atoms
included [8)]. The calculated model seerns to be in good agreement with results of an
earlier crystal structure analysis of the KAuCl, complex [9]. Although atomic co-
ordinates for this structure were not published, and positions of side chains were not
completely defined, it was established that the K+ ion is octahedrally coordinated
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to carbonyl oxygen atoms and that the six amide hydrogen atoms form a belt of
hydrogen bonds around the molecule.

The crystal structure of the KI,/KI; complex reported here confirms these results
and also establishes the positions of the side chains. We {ind that the non-crystallo-
graphic threefold rotation symmetry also holds (with the exception of C(25*)) for
the side chains. If the difference between the side chains in L-Lac (methyl) and
D-HyV (isopropyl) is ignored, the approximate symmetry is raised to S, The
K+...O distances are 2.69-2.83 A (mean 2.756 A) and the N~H.. .. O hydrogen bond
distances are 2.88-2.98 A (mean 2.932 A). Two types of anion, I; and I, both on
crystallographic twofold rotation axes, are present in the crystal.

A crystal structure determination of uncomplexed valinomycin [10] [11] gave a
conformation which is completely different from the one in the K+ complex. All six
amide hydrogen atoms form intramolecular hydrogen bonds but two of these involve
other carbonyl oxygen atoms than in the K+ complex. Of the other six carbonyl
oxygen atoms two point inwards, two outwards and two upwards.

Crystallographic Data, — Crystalline complexes of valinomycin appear to show
a strong tendency to polymorphism. The following crystal modifications were ob-
tained.

a) with KI: (1) from chloroform/hexane; trigonal P321, 4 = b= 13.7, c = 25.7 &,
U=417743%,Z = 2. (2) from ethyl acetate; trigonal R32, a = b = 23.5, ¢ = 74.2 A,
U = 35487 A3, Z = 18. (3) from acetonc/hexane; monoclinic P2, 2 = 14.4, b = 10,4,
c=2294,8=99.5°,U=338249,7=2

b) with KI and I,: (4) from ethyl acetate; triclinic P1, 4 = 13.6, b = 13.8, ¢ =
2334, 0 =92°, = 97.2°, y = 118.4°, U = 3824 A3, Z = 2, (5) from ethyl acetate;
triclinic P1,a = 16.3, b= 15.0,c = 20.3 A, 2 = 97.1°, 8 = 104.7°, y = 126°, U = 3641 A3,
Z = 2. (6) from ethyl acetate/water; orthorhombic C222,, ¢ = 13,34, b = 24.65, ¢ =
46.96 A, U = 15443 A3, Z = 8.

Several other modifications of poor quality showed either disorder or twinning.
The variation in the apparent molecular volume (1700-2100 A%) in the KI complexes
suggests that variable amounts or kinds of solvent molecules are included in the
crystals. The variation in the KI/I; complexes is less pronounced (1820-1930 A9)
but still considerable.

Modification (6} was chosen for crystal structure analysis. KI4/KI; complex of
valinomyecin, Cg,0,sNgHg, * KI,, M. W. = 1628. Orthorhombic, 4 = 13.342(20), b =
24.648(37), ¢ = 46,961(70) &, U = 15443 As, Z := 8. Space group €222, (D), Dx =
1.40 g cm®. Cell constants were obtained from 30° precession photographs (CuKa
radiation) and diffractometer measurements (MoK« radiation).

Data Collection. — The intensities of the 5900 reflections in the range 6 < 23°
were measured with a computer-controlled four-circle diffractometer (Hilger & Watts
Y290) using graphite-monochromatized MoKa radiation, from a crystal with di-
mensions 0.25 X 0.3 X 0.15 mm. The reflections were processed in the usual way,
giving 4656 unique reflections with Fy > 3¢(F,). Corrections for absorption effects
were not applied (¢ = 12.5 cm~! for MoKa radiation), giving rise to some errors in
the measured intensities.

28
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Structure Analysis, — Our initial attempts to solve the structure were based
on the assumption that the crystal was a KI; complex. From a sharpened Patlerson
map the position of a linear I ion with its central atom on a twofold rotation axis at
{0, y, 1/4) was found. Further prominent vectors indicated the presence of a second
I; unit on the twofold axis at (x, 0, 0). Here, however, the angle at the central atom
was about 90°, which was quite incompatible with the expected linearity of the I3
anion. A Fourier map calculated with phases from the linear ion alone clearly showed
the three other peaks again, with indications of two weaker peaks on the extension
of the angular triatomic unit. These peaks were first thought to be spurious, but
after several attempts to find altcrnative interpretations of the Patterson and Fourier
map had failed, we had to conclude that they were genuine, and that the angular
unit was actually an Ij anion, bent at the central atom, linear at the two adjacent
ones.

Once this model was adopted as a basis for phasing calculations, the potassium
ion and all the non-hydrogen atoms in the valinomycin molecule could be placed in
stages from three successive Fourier maps. Refinement was catried out by block-
diagonal least-squares calculations. After five cycles with isotropic temperature
factors, a (Fy~F¢)-Fourter map showed peaks corresponding to many of the hydrogen
atoms. However, the H atoms were included in the structure model at positions
calculated from stereochemical assumptions (C-H, equal angles with the three
attached bonds; CH, groups, staggered conformation, H-C-H bond angle 109°,
H-C distance 1.09 A). The (Fy-F¢)-maps also show residual electron density (1.3 e A-2)
between valinomycin molecules, which may suggest that disordered solvent molecules
are occluded in the crystal structure. The refinement was completed with four cycles
of block-diagonal least-squares calculations using anisotropic temperature factors
for the K+ and iodine atoms. In the final cycle three atoms with scattering factors
fof2 were introduced to simulate the residual electron density attributed to the
disordered solvent molecules. The final R factor, based on the 4656 reflections with
Fq > 30(F,) was 5.9%7).

Results. — The results are summatized in Tables. Fractional atomic coordinates,
vibrational parameters and calculated hydrogen atom positions are given in Tables 1,
2 and 3. Standard deviations (in parentheses) were estimated by inversion of the
least-squares normal equations. Bond lengths and angles and some torsion angles
relevant to the ligand conformation are given in Tables 4 and 5. The corresponding
estimated standard deviations are 0.015-0.020 & for C-C, C~O and C-N bonds of the
ring system, 0.017-0.026 A for C-C bonds of the methyl and isopropyl substituents
and 1.0-1.5° for bond angles.

Discussion. ~ The structure of the Kt complex of valinomycin is depicted in
Fig. 1. The conformation of the ligand is characterized by a non-crystallographic
approximate threefold rotation axis (corresponding to the threefold repetition of
units in the chemical formula) and approximate S, symmetry of the 36-membered
macrocyclic ring skeleton. To test how well thesc approximate symmetry elements
hold, the atom coordinates were first transformed to the best plane through the

et ey s

1) A table of obscrved structure amplitudes is available on request.
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36 ring atoms. Rotation of 4-120° around an axis perpendicular to the best plane
and passing through the K+ ion gave deviations of 0.03-0.34 A (mean 0.13 A) be-
tween ‘symmetry equivalent’ positions for ring atoms and of 0.05-0.64 A (mean
0.23 A) for side chain atoms. The deviations from S, symretry (not including the
isopropyl groups of D-Val) are of similar magnitude. The non-crystallographic sym-
metry therefore holds reasonably well for the side chains, with the exception of

Table 2. Anisotvopic vibvational parameters, expressed in the form exp (— 27 (Upa*Sh? + Uggh 22 +
Ugge*¥® + 2U3a*b*hk + 2U qa*c*hl + 2Uysb*c*kl))

Uil u22 U3l3J mea U3 ues
K+ =043 037 «067 =-.0D2 -.003 -.003
) «094 114 078 ~.00% <000 «000
I(2) « 088 Q68 <067 «000 =-.014 «000
1¢32 «225 «086 +190 -.007 «10% 006
1¢4) «119 «098 <067 +032 Q84 012
¢ «Q81 » 231 Q78 «Goo =000 012

Table 3. Calculated hydrogen atom fractional coordinales

X Y z X Y z
Ht)) + 750 e 438 «158 HC17*> <053 «178 171
H(2) 674 526 - 180 HC19? «pS53 275 051
HCS) «335 «482 «18a Hc20") 116 «235 <028
H¢7? 464 - 540 «130 H(20") «Q94 - 228 «058
H(B) +29] « 538 096 Hc20") +136 o177 2040
HOID «275 «392 « 069 KHe21*) «286 237 <006
BO1 * 666 o421 «204 H(21") 312 2179 »021
L {AS¥'}) «817 - 455 .229 Hc21 ") +383 231 027
H(1 &) «802 +513 214 H¢23") « 696 =163 + 060
HCL4) «838 s 46} «198 He24%) 2845 «081 1048
H(15) 644 «459 - 249 He2a) «833 -093 060
H(1S) «547 a7 «228 Ht2s) + 627 091 «082
HO1S) =623 o518 »234 H(26) » 642 21586 «D15
RO «254 » 566 °192 H(2%*) +B627 +218 «-026
HCLTY « 351 + 600 +I1B1 H(2G8') » 531 «177 »024
H(17) «354 «57¢ -212 HC %) v 467 163 « 126
HC19) « 509 526 »075 HC2%) « &40 155 v 161
H(20) » 508 614 -065 H( 5« 674 « 295 0102
H(20) 483 607 «008 HCT#) « 716 - 251 0135
H(20) « 3923 +621 «-076 H(Bw%) «Bo2 «335 «115
H¢21) . 459 -538 031 HCL %) «656 457 2098
He21) « 342 *«S54S =040 HCT3%) . a4 -169 «180
H(21) « 395 +»4B6 043 HC 4%) «a77 -148 * 225
H(23) «087 =379 <045 H(14%) « 544 « 200 +215
H(24) -«014 « 450 « 044 H(14%) » 592 « 129 «215
H(2a) «060 - 482 + 066 H(15%) «413 082 - 189
H(24) »00% 423 «075 H{15%) « 526 +071 «177
H(2S) «119 «443 «007 } {981 0] -438 «091 + 158
H(25) 227 s416 «+014 HC17%) «861 »302 «216
H(25) =198 476 «027 RCIT) 881 *245 »199
HO1 " « 181 « 433 «125 HC1T7*) +803 « 246 025
H(2') «045 - 357 «143 H{19%) «75% -281 «0B5
H(S") v 247 «216 «159 HO20%) «910 +225 072
T 167 v248 2098 H(20%) -886 «223 «108
HB") «278 - 168 075 H(2o%) .972 <264 - 094
HOLLY «578 «237 «078 H(2ix%x) <862 «305 «Day
HC1A") o191 +a01 +178 H(21%) - 923 - 345 e 0865
H(L14°) <086 « 380 216 H<21%) +835 « 356 + 059
H(14") « 135 « 327 « 200 H(23%) +858 - 492 +«080
- HE14%) «018 «343 - 195 HC24%) +913 « 556 «098
K(15°*) 044 . 462 -189 H(24%) 913 <498 oita
H(15°) =+023 .428 «167 H(24%) «B3S 546 =124
HC1S") «069 466 » 156 H(25%) =779 »580 «064
H1T™) 129 134 «157 H(25%) » 690 «571 2087

HC17Y) +055 =170 «137 Hc254)> * 489 =536 + 058
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Fig. 1. Stereoscopic view of the K+ complex of valinomycin

C(25*). For the isopropyl group of D-HyV the CH(23)-CH,4(24) bond is syn-clinal
with respect to the main chain bonds C(11)-C(12) and C(11)-0O(10), and CH(23)-
CH,(25) is antiplanar to C(11)-C(12). (Exception: CH(23*)-CH,4(25%*) is antiplanar
to C(11*)-0O(10%)). For the isopropyl groups of D-Val the CH(13)-CH,(14) and
CH(13)-CH,(15) bonds are antiplanar to C(2)-C(3) and C(2)-N(1) respectively, and
for L-Val the CH(19)-CH,4(20) and CH(19)-CH,4(21) bonds are antiplanar to C(8)-C(9)
and C(8)-N(7). All these groups are approximately parallel or perpendicular to the
pseudo threefold axis of the macrocycle. .

Comparison of parameters related by the pseudo S symmetry gives standard
deviations of 0.004-0.029 A (mean 0.015 A) for corresponding bond lengths, 0.3-2.0°
(mean 1.27°) for bond angles and of 0.9-9.5° (mean 3.6°) for torsion angles. These
values are of the same order of magnitude as the standard deviations estimated from
the least-squares normal equations.

The K+ ion is coordinated to six carbonyl oxygen atoms of ester groups (O(16),
0(22)) in a nearly regular octahedron (Scheme 2). The K+...0 distances vary from
2.69-2.83 A (mean 2.756 A) and are very similar to the K+...O(carbonyl) distances
in the cubic coordination of nonactin (mean 2.771 A [12]). The six carbonyl oxygen
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Scheme 2. Schematic illustration of the structure of the K+ complex of valinomycin, showing S,
symmetry of the ring skeleton, coovdination and hydrogen bonding

atoms of the amide groups form hydrogen bonds with the N-H-groups. Thus N(7)
of L-Val is connected with 0(26) of D-HyV threc units back in the chain, and N(1)
of D-Val with O(18) of L-Lac to form a belt of f-structure clements (Scheme 3)

Scheme 3. The B-structure units in the K+ complex of valinomycin

2 3 4 5\ B /
-==-H=N1 6 C=0------- H-N1
/
12 C=0---~---- H-N7? 12C=0---
2 \8 g W 11/ 28

CH—C—0—CH CH—%——-O—CH
/4 "\ /8 \
R R R R

embracing the molecule. The N~H...O distances are 2.88-2.98 A, with a mean value
of 2.932 A and N...0-C ungles are 133 4+ 5°.

The present results provide an experimental basis for testing the accuracy of the
model obtained from conformational energy calculations {8]. The calculated model
has longer K+..,0 distances (2.85 A against 2.75 A) and shorter hydrogen bonds
(2.59 A against 2.83 A) resulting in a somewhat reduced radius and increased height
of the roughly cylindric molecule. For comparison purposes, coordinates of the
atoms related by the non-crystallographic Sy symmetry were averaged, and the
orientation of this averaged structurc was fitted to the model structure by a least-
squares procedure. Table 6 shows the result. Corresponding atomic positions in the
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Table 6. Coordinates (in A, referved to orthogonal axes) of the averaged Kt-valinomycin structure,
first line, compared to values deteymined by conformnational enevgy calculations. X is the Sy sym-

melry axis
> Y 4
K+ .00 o.00 0.00
0.00 6.00 G.00
NC1) 0.32 4.79 ta21
0+1S 410 1.19
[ §-3] 158 4,002 1.94
1.81  4.00 1.73
ceay 1.63 2.2 2.35
1.78 2.+56 2.19
g4 195 250 3465
1«92 2.4) 3.54
C¢s) 2.14 1416 ' YRE
2.22 1.05 3.94
cre)d 0+82 0+44 4. 28
0.92 028 el
ci1y 2479 4» a6 110
2.53 4. 38 0.65
2162 1.43 1.69 1.€63
1.88 1-64 1.38
cin 2.91 1-28 5445
2-96 1.07 5.28

@¢1B) 0.88 -0.77 4+ 66
0.94 -0.96 421

two structures are displaced by up to 0.5 A. Although the overall structure is correctly
reproduced (partly because the assumed constraints happen to hold rather well),
the agreement between detailed structural parameters is not good and is certainly
not comparable to what can be obtained from conformational calculations for small
molecules.

Two kinds of counter ion, linear I3 and bent I, are present in the crystal. The
I; ions lie on the twofold rotation axes at (0, y, 1/4) etc.; the I-I distance is 2,93 A

CHCiA
e

Fig. 2. Packing of valinomycin units and of I,~ and Iy~ anions in the unit cell

1
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15

_____g__ ___.p,@_l

|

b
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and the I-I-T angle is 178.6°. The I;" ions lie on the twofold rotation axes (x, 1/2, 0)
etc.; atoms I(3), I{4), ¥(5) are colinear (178.8%) with I(3)-1(4) 3.08 A and I(4)-1(5)
2.76 A. The angle I(4)-I(5)-I(4") is 84°.

The packing arrangement is shown diagrammatically in Fig. 5, looking along the
a axis. The valinomycin units form layers centred at z ~ 1/8, 3/8 etc. Successive
layers are separated by layers of Iy ions at z = 0, 1/2 etc., and layers of I ions at
z=1/4, 3/4 ctc. Looking along the ¢ axis, valinomycin units centred at z = 0.13
and 0.63 and units centred at z = 0.37 and 0.87 form diamond-type hexagonal layers.

The residual electron density in the (F, — ¥¢)-maps appears around (0.5, 0.3, 0.25)
etc. and may indicate disordered solvent molecules in this otherwise empty region
of the structure. There are no abnormally short intermolecular contacts between
valinomycin molecules, in particular none that could be responsible for the different
conformation of C(25*) of the D-HyV isopropyl group.

This work was carricd out with the financial suppurt of Lhe Schweiserischer Nationalfonds rur
Foyderung der wissenschaftlichen Forschung. Wc ihank Prof. J. D. Dunitz for helpful discussions
and Dr. Mickael J. Healy for his painstaking help in the earlicr stages of this study.
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52. Synthese yon 2,6-Diencarbonsiiuren
Vorldufige Mittcilung!)

von Gydrgy Frater
SOCAR AG, Dabendorf

(20. X11. 74)

Summary. Through sequential Claisen- and Cope rearrangements the chainlengthening of
allylic alcohols by one isoprene unit was achieved. Treatment of (£)-1a first with lithium N-cyclo-
hexyl-N-isopropylamide at —70°, followed by trimethylsilylchloride and warming up to room
temperature yiclded aftcr work-up 3a (R — H), which rcarranged at 156° in high yield to (E/Z)-4a.
An analogous reaction sequence transformed 6 to 8. Choosing lithium N-methylanilide as a base
(E|Z)-9 was selectively rearranged to 12, which was converted to the Cecropia juvenile hormone
precursor (E/Z)-4b,

}) Eine ausfnhrliche Mitteilung soll in dieser Zeitschrift erscheinen.



