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The acidification of aqueous solutions containing NapMoQO4-2H20 in the presence of a chiral lysine
ligand (D- and L-form) gives octamolybdates coordinating two lysine ligands, Naz[MogO26(D-lysHz)2]-8H20
(Mog-D) and Nag[MogQOaze(L-lysHz)2]-8H20 (Mos-L) (where lysH; is 2,6-diammoniohexanoato), respectively.
These two compounds crystallize with triclinic symmetry in the space group P1, the cell parameters being
a=10.782(2), b=11.241(5), ¢=10.027(2) A, a=93.21(2), 3=102.86(2), y=112.98(2)°, V=1077(1) A3, and
Z=1 for the Mog-D, and a=10.783(4), b=11.246(3), c=10.019(4) A, «=93.21(3), 3=102.75(3), y=112.98(2)°,
V=1077(2) A%, and Z=1 for Mog-L. The X-ray crystal structures of these two species have been solved
by the MITHRIL direct method and refined to R=0.0337 and 0.0312 for Mogs-D and -L, respectively. The
chiral lysine ligands are coordinated via their carboxylate-oxygen atoms at the vacant sites on the two five-
coordinate molybdenum for the centrosymmetric v-[MogO26]*~ anion to retain their configuration with a
resultant formation of optically-active octamolybdate species.

As one of our studies on biological activities of
polyoxometalates, the antitumor activity of poly-
oxomolybdates, especially, [NH3Pr¢Js[Mo7O24]-3H20,
against animal transplantable tumors and human can-
cer xenografts has been investigated.) Recent stud-
ies of the biomedical studies of polyoxometalates
have focused upon finding polyoxometalates with
both good activity against HIV and improved clini-
cal safety profiles. K7[PTigW19040]-7TH20,? [NHg]i2
H2[EU4(MOO4)(H20)16(MO7024)4]°13H2O,3) CS+ and
{NMe4]+ salts of [(RSi)QOSiW11039]4_ (R:CHchg
COMe, (CH2)3CN, and CH—‘:CH2),4) and Kﬁ[BVWll
O40]-7H20% have been selected as candidate com-
pounds for clinical treatment of HIV/AIDS. The an-
titumor mechanism on the basis of the repeated redox
cycles of [Mo7024]%~ in tumor cells suggests that the
formation of 1:1 [MoyO24]®"-FMN complex in the mi-
tochondria on the tumor cell inhibits ATP generation.®
It is important to investigate the interaction of polyoxo-
molybdates with enzymes to model polyoxomolybdates
binding to peculiar functions of the protein. There-
fore, structural chemistry of polyoxomolybdates with
organic ligands are essential for understanding the anti-
tumor/viral activities of polyoxometalates and mod-
eling substrates involving in enzyme inhibition.” The
most prominent binding sites for polyoxometalates in
biogenetic molecules will be amine/amide functionali-
ties, carboxylate, and OH groups. This paper deals
with synthesis and crystal structures of optically-active
v-type octamolybdates coordinated by chiral lysine li-
gands, which are the first examples to our knowledge.

Octamolybdates [MogQOq6]*~ have been observed as
three isomers, o, B, and v forms.® The o or B
form of [M03026]4_ is normally selectively crystal-
lized from an aqueous molybdate solution acidified to
pH 3—4 by addition of a particular organic cation
such as alkylammonium, alkylpyridinium, anilinium,
or alkylphosphonium.?!® The 7-form as an interme-
diate in the a=f interconversion was recently iso-
lated during acidification of molybdate in the pres-
ence of the [Me3sN(CHz)sNMes|?* cation.') Figure 1(a)
shows the schematic structure of discrete crystal-
lographically centrosymmetric - [MogOaq6]*~, which
has six MoQOg octahedra and two MoOs trigonal
bipyramids. The five-coordinate MoOs site is read-
ily coordinated by a variety of oxygen-donating li-
gands, to form the six-coordinate MoQOg octahedron,
as exemplified by [NH3Pr’]¢[MogOs(OH)2]-2H20,'?
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Fig. 1. Linkage isomers of y-type octamolybdate. (a)
[M08026]4_7 (b) [M08026L2]2n_4; L=OH (n:—l),
HCOO (n=-1), CsH5N (n=0), OC¢H4sCH=NPr-2
(n=-1), MetO (n=-1), NCS (n=-1), and MoOy4
(n==2), (c) [MogO24L215]*"; L=Mo0Q4 and L'=0
(n=-2), and L=L'=CH30 (n=-1).
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[NH4]6[MOgOzﬁ(HCO2)2]'2H20,13) [NHgMe]g[M08026
(MOO4) 2] 2H,0 y 14—16) [NH3 PI‘] 2 [H4M03 Og6 (OCG Hy
CH=NPr- 2)3]-6MeOH ((OCgH4CH=NPr-2) = N- pro-
pylsalicylideneiminate),'” and [Hmorph]s[H2MogOzg
(MetO)3]-4H20 (MetO =methioninate, morph=morpho-
line).'™ Figures 1(b) and 1(c) show schematic struc-
tures of anions in these compounds. Referring to
the coordination of the tetrahedral MoO3~ into the
MoQs site in the <-form, two linkage isomers for
[MogO26(M0Q4)2]3~ are known: MoO4 group in
[NH4J*t ) and TIT salts'® of [MogQOag(MoOy)s]®~
can be related to cis to that (Fig. 1(b)) in the
[NH3;Me] ™ salt.’®) [Hpy]s[MogOag(py)2]-2MesSO (py=
pyridine) and Kg[MogOaz6(INCS)3]-6H2O with nitro-
gen-donating ligands have also been prepared,'® and
their schematic anion structures are also shown in
Fig. 1(b). In Nay4[MogO24(OMe)4]-8MeOH with four
methoxy groups,'? two groups are terminal and other
two bridging, cis to each other, as shown in Fig. 1(c).

It may provide insight into the molecular level for the
antitumor/viral activities of polyoxometalates that the
centrosymmetric MogOq6*~ can be converted into the
chiral octamolybdates during the coordination of chiral
amino acids.

Experimental

All the reagents required for the preparation were
used without further purifications. Nagz[MogOgz6(D-
lysHz2)2]-8H20 (Mog-D), in which lysHs is 2,6-diammonio-
hexanoato, was prepared as follows: NazMoO4-2H,0O (10
g) was dissolved in a solution of D-lysine (2 g) in water
(30 ml) at 25 °C and pH of the solution was adjusted to
3 by HClO4. A white precipitate was filtered off and re-
crystallized from hot water at 70 °C. Colorless crystals
were collected on a glass frit, and dried at room tempera-
ture, to give 2.3 g (27%) of pure material. IR spectrum:
3462vs, 3126vs, 1640vs, 1535m, 1497w, 1460w, 1400m,
1346m, 1330m, 1294m, 1238w, 1195w, 1141w, 1075w, 998w,
940vs, 917s, 886vs, 853vs, 685vs, 634m, 586m, 567m, 538m,
487w, 437w cm™ !, Na.z[MOgOge(L—IySHz)z]-SHzo (MOs—L)
was prepared according to the same procedure with L-lysine.
The recrystallization from hot water gave 2.2 g (26%) of pure
crystalline material. IR spectrum: 3464vs, 3138vs, 1642vs,
1535s, 1497s, 1460m, 1398s, 1346m, 1330m, 1294w, 1238w,
1195w, 1141w, 1075w, 998w, 938vs, 917s, 886vs, 853s, 692vs,
634m, 588m, 567m, 538m, 487w, 441w cm . Similarly,
Nag[MogOaz¢(D-lysHs ) (L-lysHz)]-8H20 (Mog-meso) was pre-
pared by the use of racemic DL-lysine and pure crystallines of
4.0 g (48%) were obtained by the recrystallization. IR spec-
trum: 3518vs, 3136vs, 1649vs, 1531m, 1499m, 1458m, 1406s,
1344m, 1330m, 1296m, 1241w, 1199w, 1141w, 1077w, 998w,
942vs, 919s, 888vs, 855s, 692vs, 642s, 594s, 565s, 538s, 489m,
445m cm™'. The magnitudes of the optical activity, mea~
sured by a JASCO DIP-370 polarimeter were [a]p=—3.680°,
+3.500°, and +0.107° for Mos-D, -L and -meso species of 0.5
gem ™3 at 298 K in water, respectively. It is unlikely that the
racemization of chiral lysines proceeded during the reaction
with the octamolybdate in water. The small value of the
optical activity for Mog-meso implies unequal proportions
of the D- and L-enantiomers of lysine, due to the low purity
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of DL-lysine.

Data collection for X-ray structure analysis was done on
a Rigaku AFC-5 diffractometer with a graphite monochro-
mator and Mo Ka radiation (A=0.71069 A) generated at
45 kV and 25 mA. Crystal data and experimental con-
ditions of the Mog-D and -L species are listed in Table 1.
The cell dimensions were obtained from the setting angles
of 25 reflections in the range 7<6<30° for two species. No
significant decay of intensity of the three standards was ob-
served. The molybdenum positions were located by a direct
method using MITHRIL,?? and the sodium, oxygen, nitro-
gen, and carbon atoms were located from difference synthe-
ses. Lorenz and polarization factors were applied and an
absorption correction was made based on the isotropically
refined structure, using the program DIFABS.?") The collec-
tion factors were 0.95—1.03 and 0.89—1.10 for Mog-D and
-L, respectively. Subsequently, the molybdenum were refined
with anisotropic thermal parameters. The quantity mini-
mized was Sw(|F,|—|Fc|)?. The weighting scheme used was
w™l=0?(F,), where 02(I,)=0?(Lounting) +(0.031,)%. The
maximum and minimum heights in the final difference syn-
thesis were 0.9 and —1.2 e A=3 for Mog-D (0.9 and —1.0
eA™3 for Mos-L), respectively. All calculations were done
on a Micro VAXT computer using the TEXSAN software
package.??) Table 2 shows atomic coordinates for Mog-D and
-L. The complete F, — F. data and the anisotropic thermal
parameters of Mo atoms are deposited as Document No.
68060 at the Office of the Editor of Bull. Chem. Soc. Jpn.

Results and Discussion

The lysine is a chiral ligand which can exist in two
different forms with different hands, D- or L-form. Fig-
ures 2(a) and 2(b) show structures of the octamolyb-
dates coordinating D- and L-lysine ligands, respec-
tively. The lysine ligand is coordinated to the Mo(1)
and Mo(5) atoms through carboxylate oxygen O(27)
and O(28) atoms as a monodentate 2,6-diammonio-
hexanoato (lysHs) ligand, with resultant Mo—O bond
lengths of 2.089(8) A (Mo(1)-0(27)) and 2.130(9) A
(Mo(5)-0(28)) in Mog-D and 2.092(9) and 2.108(9) A
in Mog-L. To each of carbon atoms C(2) and C(8)
in the lysine ligand are attached an amino N(1) and
N(3) atoms, a carboxyl C(1) and C(7), and aliphatic
side chains C(3—6) and C(9—12) atoms terminating
in the € nitrogen atoms N(2) and N(4), respectively.
There is no significant difference in lattice parameters
between Mog-D and -L (Table 1). We also characterized
Mog-meso: Crystal data were triclinic space group P1,
a=10.785(1), b=11.207(1), ¢=9.989(2) A, a=92.88(2),
£=102.58(1), y=112.72(1)°, V=1074.7(3) A3, Z=1,
R=0.048 and R’'=0.038. Table 3 shows selected bond
distances and angles for the two species of Mog-D and
-L. The octamolybdate anion consists of centrosymmet-
rically condensed eight edge-sharing MoQOg octahedra
with 16 terminal positions, two of which are occupied by
lysH; ligands. The same type of this anion was first ob-
served for [NH3Pri]6[MOgOzﬁ(OH)2]~2H20..12) In addi-
tion, the first carboxyl-oxygen coordinated octamolyb-
date of the same type was found for the formylated oc-
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Table 1. Crystal Data, Structure Determination and Refinement Data for Mog-D
(a) and -L (b)
(2) (b)
Formula M03033012N4Na2 M08038012N4Na2
M.W. 1622 1622
Space group P1 P1
a/A 10.784(2) 10.783(4)
b/A 11.241(3) 11.246(3)
c/A 10.027(2) 10.019(4)
a/deg. 93.21(2) 93.21(3)
B/deg. 102.86(2) 102.75(3)
~/deg. 112.98(2) 112.98(2)
Vv /A3 1077(1) 1077(2)
zZ 1 1
D./gcm™3 2.571 2.571
u/cm™t 23.31 23.31
F(000) 808 808
Cryst. size/mm 0.3x0.3x0.1, plate 0.3x0.3x0.1, plate
Radiation Mo Ka Mo Ko
A/A 0.71069 0.71069
Scan method w—20 w—260
Data collen range 2°<20<60° 2°<20<60°
Standard reflcns Three every 100 reflcns Three every 100 reflcns
No. of data measd 6602 6611
No. of unique data 6269 6278
No. of obsd data [FF>2.00(F)] 5681 6012
No. of variables 251 251

(Mo anisotropic; C, N, O, and Na isotropic)

Solution Direct method Direct method
Refinement Full matrix least squares  Full matrix least squares
R/% 3.37 3.12

R /% 4.26 3.10

S, goodness of fit 1.841 4.990

Max shift/error 0.051 0.129

tamolybdate, [NHg]g[MogOqo6(HCO2)2]-2H20.*®) Fur-
thermore, methioninato (MetO) octamolybdate of the
same type has been prepared recently as the mor-
pholinium salt, [Hmorph]s[HoMogOqs(MetO)2]-4H50,
and characterized as a crystal in triclinic P1 and Z=1,
indicating the coordination of two forms of D- and L-
methionine ligands to give a meso-form.'”

The structures of the centrosymmetric y-octamolyb-
date frameworks for Mog-D and -L are very simi-
lar (Fig. 2). The bond strength of the Mo-O (car-
boxyl) interaction is calculated from s=(d/1.882)76-0,
where s=bond strength of the Mo-O bond, d=
crystallographic Mo—O bond length in A, and the
values of 1.882 (Mo—~O bond of unit strength) and
—6.0 are fitted parameters.?®) The calculated values of
Mo(1)-0(27) and Mo(5)-0O(28) interactions are 0.53
and 0.48 for Mog-D (0.53 and 0.51 for Mos-L), re-
spectively. These values are very close to 0.49 and
0.51 for [Hmorph]s[HyMogQOg6(MetO);]-4H20*" and
[NH4]g[MogO26(HCO2)2]-2H20,' respectively. The
weak Mo—O(lysHz) interactions are compensated within
Mo(1) or Mo(5) octahedra by some other strong Mo—O
bonds, so that the sums of the bond lengths Xs corre-
sponding to the bond orders of molybdenum, amount

to 5.67 and 5.87 for the Mo(1) and Mo(5) octahedra in
Mog-D (5.89 and 6.03 in Mog-L), respectively. The oc-
tamolybdate coordinated by lysHs seems to be formed
via lysine carboxylate coordination at the vacant sites
on the two five-coordinate molybdenums for the ~-
[M08026]4“ anion, which is composed of six MoQOg oc-
tahedra interlinked along edges and two MoQOj5 trigonal
bipyramids each sharing two edges with the octahedra
(Fig. 1(a)), which has been prepared as an interme-
diate in the =8 [MogOq6]*~ conversion in water.!!)
As shown in Table 3, the 14 Mo=0O bond lengths for
Mog-D species range from 1.67(1) to 1.766(9) A (1.66(1)
to 1.768(9) A for Mog-L). The Mo-O distances
in the single bridge Mo—O-Mo vary from 1.74(1) to
2.400(9) A in Mog-D and from 1.721(9) to 2.463(9) A in
Mog-L, in the triply-bridging MosO core from 1.859(9)
to 2.33(1) A in Mog-D and from 1.87(1) to 2.31(1) A
in Mog-L, and finally in the MosO core from 1.932(9)
to 2.48(1) A in Mog-D and from 1.94(1) to 2.49(1) A in
Mog-L. For the Mo(2) site we see the expected trend
of increasing Mo—O bond length for two< three< four-
coordinate oxygens, but the trend is not so apparent for
the other six-coordinate molybdenums: for the Mo(4)
site the Mo(4)-0(19) (three-coordinated) bond length
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Table 2. Atomic Coordinations (x10*) and Isotropic Thermal Parameters for Mos-D (a) and -L (b)

(a) (b)
Atom T y z BiSO(Az) T y z Biso(A2)
Mo(1) —242 3177 —1488 1.53(4) 6668 6080 4606 1.63(5)
Mo(2) 2606(2)  3026(2) 176(2)  1.67(4) 9516(2)  5945(2)  6285(2)  1.61(5)
Mo(3)  2804(2) 266(2) 652(2)  1.49(4) 9709(2)  3175(2)  6755(2)  1.66(5)
Mo(4) —129(2) 200(2) -1789(2)  1.35(4) 6785(2)  3105(2)  4317(2)  1.47(4)
Mo(5)  179.0(7) —2927.9(6) 1417.9(7) 1.55(4) 7087.6(7) —28.6(7) 7511.6(7) 1.69(5)
Mo(6) ~2670(2) —2784(2)  —287(2)  1.65(4) 4240(2) 135(2)  5821(3)  1.95(5)
Mo(7) —2867(2)  —17(2) —742(2)  1.51(4) 4040(2)  2893(2)  5357(2)  L57(5)
Mo(8)  64(2) 52(2)  1704(2)  1.32(4) 6979(2)  2957(2)  7810(2)  1.43(4)
Na(1) —1427(5)  5676(5)  5322(5)  2.94(9) 5233(6)  8553(6) 907(6)  3.5(1)
Na(2) 1617(6)  5400(5)  5115(6)  3.1(1) 8203(6) —2523(6) 11354(6)  3.2(1)
O(1)" —1340(10) 3740(10) —900(10)  2.7(2) 5560(10)  6600(10)  5160(10)  2.3(2)
0(2)  810(10)  4360(10) —2270(10)  2.1(2) 7711(8)  7259(8)  3810(10)  1.6(1)
O(3)  3488(8)  4280(8) —570(10)  2.0(1) 10340(10)  7116(9)  5320(10)  2.2(2)
O(4)  3465(9)  3548(8)  1960(10)  2.0(2) 10350(10)  6461(9)  8070(10)  2.1(2)
O(5)  3910(10)  910(10)  2230(10)  2.1(2) 10840(10)  3840(10)  8300(10)  2.7(2)
O(6)  3419(9)  —782(8)  -40(10) 1.8(2) 10330(10)  2170(8)  5970(10)  2.0(2)
0(7) —1140(10) -470(10) —3440(10) 2.9(2) 5840(10)  2450(10)  2660(10)  1.8(2)
O(8)  1334(9) —3484(8)  1050(10)  2.0(1) 8200(10) —620(10)  7130(10)  2.6(2)
0(9)  —830(10) —4200(10) 2110(10)  2.3(2) 6080(10) —1310(10) 8170(10)  2.8(2)
0(10) —3470(10) —3940(10)  710(10)  2.5(2) 3350(10) —1119(9)  6580(10)  2.3(2)
0(11) —3590(10) —3440(10) —1930(10)  2.8(2) 3200(10) —520(10) 4210(10)  2.6(2)
0(12) —3960(10) ~—760(10) —2370(10)  2.8(2) 2060(10)  2200(10)  3710(10)  2.2(2)
0(13) —3580(10)  880(10)  —40(10)  2.4(2) 3360(10)  3850(10)  5960(10)  2.1(2)
0(14)  950(10)  640(9)  3390(10) 1.6(1) 7900(10)  3510(10)  9480(10)  2.9(3)
O(15) 1030(10) 3420(10)  250(10) 2.8(2) 7970(10)  6370(10)  6340(10)  2.0(2)
O(16) 3446(9)  1848(9)  —140(10)  1.4(1) 10298(8)  4729(8)  5811(9)  1.4(1)
O(17) 1113(9)  —473(8) —1570(10)  1.3(1) 8120(10)  2540(10)  4620(10)  1.8(2)
O(18) 1010(10)  2020(10) —1800(10)  1.6(2) 7910(10)  4910(10)  4300(10)  1.9(2)
0(19) —1290(10)  1250(10) —1190(10)  1.7(2) 5660(10)  4190(10) 4910(10)  1.4(2)
0(20) 1250(10) 1074(9)  620(10)  1.4(2) 8150(10)  4010(10)  6720(10)  1.6(2)
0(21) —1116(8) —3233(8) —343(9)  1.0(1) 5820(10) —200(10) 5760(10)  1.7(2)
0(22) —3430(10) —1560(10)  190(10)  2.0(2) 3400(10)  1304(9)  6110(10)  1.9(2)
0(23) —1250(10)  610(10) 1430(10) 2.3(2) 5785(9)  3639(9)  7620(10)  1.5(2)
0(24) —1000(10) —1680(10)  1790(10)  1.5(2) 5800(10) 1210(10)  7880(10)  1.5(2)
0(25) 1250(10) —970(10) 1190(10)  1.4(2) 8210(10)  1960(10)  7310(10)  1.8(2)
0(26) —1310(10) —910(10) —730(10) 1.6(2) 5580(10)  2020(10)  5370(10)  1.7(2)
0(27) —1599(8)  2261(7) —3442(8)  1.6(1) 5300(10)  5147(9)  2660(10)  2.1(2)
O(28) 1406(9) —1938(8)  3450(10)  2.2(2) 8280(10)  938(9)  9530(10) 2.1(2)
0(29) —1418(8)  3764(7) —4791(8)  2.6(1) 5502(8)  6664(8)  1316(9)  2.8(2)
0(30)  987(7) —3586(6)  4757(6)  1.8(1) 7904(8)  —679(7) 10858(8)  2.1(1)
O(31) —180(10) 6440(10) —2700(10)  3.3(2) 6470(10)  9210(10)  3270(10)  2.8(2)
0(32) —3500(10)  4304(9) —7280(10)  2.6(2) 3430(10)  7220(10) —1220(10)  3.2(2)
0(33) —3580(10) 5570(10) —4580(10) 4.9(2) 3200(10) 8431(9)  1480(10)  4.9(2)
0(34) —1517(9)  7680(8) -—5714(9)  3.3(1) 5818(8) 10693(7)  559(8)  2.4(1)
O(35)  338(9) —6077(9)  2750(10) 2.4(2) 7030(10) —3280(10)  8740(10)  3.0(2)
0(36) 3520(10) 3880(10) 7410(10)  3.6(2) 10460(10)  —970(10) 13450(10)  3.6(3)
O(37)  3550(10) —5860(10) 4580(10)  5.7(2) 10410(10) —2960(10) 10670(10)  5.2(2)
0(38) 1023(7) —7538(6)  5445(7)  2.1(1) 8342(8) -4539(8) 11724(9)  3.2(2)
N(1)" —2400(10) 2160(10) —7170(10)  2.3(2) 4250(10)  5070(10) —1090(10)  2.1(2)
N(2) —5960(10) —3170(10) —9080(10)  2.4(2) 900(10) —120(10) —3150(10)  2.6(2)
N(3)  2570(10) —1930(10)  7090(10)  2.2(2) 9190(10) = 940(10) 13180(10)  2.1(2)
N(4)  5900(10) 3240(10)  9170(10)  2.2(2) 12740(10)  6270(10) 15090(10)  2.4(2)
C(1) -1600(10) 2700(10) —4630(10) 1.5(2) 5130(10)  5570(10)  1440(10)  1.8(2)
C(2) -2230(9)  1551(8) —5859(8)  2.0(1) 4070(10)  4567(9) 230(10)  2.4(1)
C(3) -3555(9)  418(8) —5767(9)  2.3(1) 4050(10)  3230(10)  240(10)  3.1(2)
C(4) —3970(10) —760(10) —6950(10)  2.6(2) 2710(10)  2200(10) —770(10)  3.1(3)
C(5) —5248(9) —1902(8) —6770(10) 2.5(1) 2600(10) . 860(10) —660(10)  4.8(3)
C(6) -5530(10). —3190(10) —7700(10)  2.6(2) 1180(10) —240(10) —1560(10)  2.4(2)
C(7)  1720(10) —2380(10)  4550(10)  2.1(2) © 8410(10)  480(10) 10620(10)  2.1(2)
C(8)  2791(9) —1408(8)  5794(9)  2.2(1) 9065(9)  1599(8)  11886(9)  2.0(1)
C(9)  2810(10) —70(10) 5790(10) 2.9(1) 10408(9)  2744(8)  11795(9)  2.1(1)
C(10)  4160(10)  950(10)  6810(10)  2.6(2) 10830(10)  3910(10) 12990(10)  2.6(2)
C(11) 4260(10) 2330(10)  6770(10)  4.0(2) 12097(9) 5059(8) 12777(9)  2.3(1)

C(12) 5670(10)  3390(10)  7530(10)  3.1(2) 12310(10)  6390(10) 13650(10)  3.3(3)
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Table 3. Bond Distances and Angles for Mos-D (a) and -L (b)

(a)/A (b)/A (a)/A (b)/A

Mo(1)  O(1) 1.73(1) L.70(1) Mo(5)  O(8) 1.694(9)  1.68(1)
0(2) 1.732(9)  1.732(9) 0(9) L.71(1) 1.70(1)

0(15) 1.89(1) 1.90(1) 0(21) 1.910(9)  1.90(1)

0(18) 2.27(1) 2.26(1) 0(24) 2.298(9)  2.30(1)

0(19) 2.09(1) 2.05(1) 0(25) 2.10(1) 2.14(1)

0(27) 2.089(8)  2.092(9) 0(28) 2.130(9)  2.108(9)

Mo(2)  O(3) 1.686(8)  1.752(9) Mo(6)  O(10) 1757(9)  1.697(9)
0(4) 1.766(9)  1.768(9) 0(11) 1.67(1) 1.66(1)
0(15) 1.92(1) 1.92(1) 0(21) 1.940(8)  1.95(1

0(16) 1.921(9 1.952(8) 0(22) 1.94(1) 1.903(9

0(18) 2.21(1) 2.23(1) 0(24) 2.33(1) 2.31(1)

0(20) 2.248(9)  2.24(1) 0(26) 2.18(1) 2.19(1)

Mo(3)  O(5) 1.68(1) 1.66(1) Mo(7)  O(12) 1.72(1) 1.73(1)
o(6) 1.743(9 1.759(9 0(13) 1.70(1) 1.68(1)

0(16) 1.927(9 1.984(8) 0(19) 1.91(1) 1.95(1)

o(17) 2.400(9 2.30(1) 0(22) 1.97(1) 1.914(9)

0(20) 2.192(9)  2.22(1) 0(23) 2.34(1) 2.463(9)

0(25) 1.922(9)  1.88(1) ' 0(26) 2.27(1) 2.23(1)

Mo(4)  O(7) 1.71(1) 1.69(1) Mo(8)  O(14) 1.696(9)  1.69(1)
o(17) 1.759(9)  1.758(9) 0(20) 1.932(9)  1.94(1)

0(18) 1.93(1) 1.92(1) 0(23) 1.74(1) 1.721(9)

0(19) 2.18(1) 2.17(1) 0(24) 1.859(9)  1.87(1)

0(20) 2.45(1) 2.45(1) 0(25) 2.15(1) 2.16(1)

0(26) 1.96(1) 1.95(1) 0(26) 2.48(1) 2.49(1)

C(1) 0(27) 1.32(1) 1.34(2) c(7) 0(28) 1.27(2 1.24(2)
0(29) 1.16(1) 1.16(1) 0(30) 1.33(1) 1.26(1)

C(2) 1.55(1) 1.51(1) C(8) 1.52(1) 1.55(2)

C(2) N(1) 1.52(1) 1.48(1) C(8) N(3) 1.49(1) 1.54(1)
C(3) 1.52(1) 1.49(1) C(9) 1.50(1) 1.54(1)

C(3) C(4) 1.57(1) 1.54(2) C(9) C(10) 1.54(1) 1.57(2)
C(4) C(5) 1.53(1) 1.47(2) c(10)  c@1) 1.52(2) 1.53(2)
C(5) C(6) 1.56(1) 1.57(2) c(11)  C(12) 1.51(2) 1.60(2)
C(6) N(2) 1.37(2) 1.58(2) Cc(12) N4 1.64(2) 1.44(2)

(2.18(1) and 2.17(1) A) is larger than the Mo(4)-O-
(26) (four-coordinated) one (1.96(1) and 1.95(1) A in
Mog-D and -1, respectively); similarly for the Mo(7)
site, the Mo(7)-0(23) (two-coordinated) (2.34(1) and
2.463(9) A) is larger than both bond lengths of the Mo-
(7)-0(19) (three-coordinated) (1.91(1) and 1.95(1) A)
and the Mo(7)-0(26) (four-coordinated) (2.27(1) and
2.23(1) A in Mog-D and -L, respectively). These vari-
ations are no doubt a consequence of departure from
regular octahedral symmetry as evidenced by large de-
viations of bond angles from 180° and 90° for trans-
and cis-coordinated oxygens (Table 3). The distortion
of MoQOg octahedra has been also observed for other -
octamolybdates containing organic ligands.'2—"
Selected interatomic separations (<3.2 A) for
Mog-D and -L are shown in Table 4. Sodium—water
or —Mog(lysHs)2 oxygen distances vary from 2.2 to 2.9
A. Each atom of Na(1) and Na(2) is surrounded by four
water molecules and two anion oxygen atoms to result
in the distorted octahedral configuration. The fact that
the Mog(lysHg)2 compounds can be prepared at pH=3
indicates that each nitrogen atom in the lysine ligand
has an extra proton because of the pK, (a«—NH3)=9.0
and pK, (side chain)=10.5 for lysine. Thus, that only
two Na atoms in the molecule were found satisfies the
chemical neutrality of the molecule. The protonation

at four amino groups of the lysine ligands in the an-
ion would lead to the hydrogen-bonding between the
amino nitrogen atoms N(1—4) and neighboring octa-
molybdate-oxygen atoms. Observable short distances
(2.7—2.9 A) between each N atom and octamolybdate
O atoms support strongly the presence of this type
of hydrogen-bonding with a resultant formation of the
three-dimensional hydrogen and ionic bonding system
(Table 4). Figure 3 exemplifies packing of the Mog-D
anions in the unit cell together with the hydrogen-bond-
ing network. '

Two C—O bond lengths of the carboxyl group in the
lysHs ligand are slightly different between the two li-
gands in the anion: 1.32(1) A (C(1)-0(27)) and 1.16(1)
A (C(1)-0(29)) against 1.27(2) A (C(7)-0(28)) and -
1.33(1) A (C(7)-0(30)) for Mog-D (1.34(2) and 1.16(1)
A against 1.24(2) and 1.26(1) A for Mog-L). The
C(7)-0(30) bond length is significantly longer than the
corresponding C(1)-0(29) bond length. This asym-
metry is attributed to the coordination of the O(30)
atom into two Na atoms (Table 4 and Fig. 3). Ta-
ble 5 shows dihedral angles (°) among carboxyl group,
side chain, and central octamolybdate Mo(2)Mo(4)Mo-
(6)Mo(8) planes. Table 6 shows distances (&) of car-
bon and nitrogen atoms from least-squares planes of
selected atoms. Chiral C(2) and C(8) atoms lie 0.45
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Table 3. (Continued)
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Table 4. Selected Interatomic Distances for Mog-D (a) and -L (b)

(a)/A (b)/A (a)/A (b)/A
N(1)  0(13) 2.91(1)  2.96(1) 0(33) O(11v)  2.82(1) 2.91(1)
0(23Y) 2.96(1)  3.12(1) 0(34) O(7H)  2.84(1) 2.80(1)
N(2) 0o(3"v) 2.93(1)  3.16(2) 0(24™)  2.75(1)
0o(6") 3.16(1)  3.00(1) 0(35) O(15")  2.86(2) 2.86(2)
O(8'i) 2.84(1)  2.82(2) 0(36) O(11"%)  2.88(1) 2.81(2)
0(10") 3.17(1) 0o@37) 04" 2.65(1) 2.63(1)
0(22Y) 2.90(1)  2.84(1) 0(38) 0O(14%)  2.79(1) 2.87(2)
N@3)  0(8") 2.87(1)  2.82(1) Na(1)  O(29) 2.245(9)  2.30(1)
o(17v)  3.11(1)  2.96(1) 0(31) 2.59(1) 2.36(1)
N(4)  O(1H) 2.83(1)  2.89(2) 0(32) 2.50(1) 2.47(1)
0(3Y) 3.13(1) 0(33) 2.56(1) 2.25(1)
O(10v)  3.19(1)  2.97(1) 0(34) 2.79(1) 2.87(2)
o@13")  3.03(1) 0(30™)  2.343(9)  2.306(9)
0(16Y)  2.76(1)  2.81(1) Na(2) O(30) 2.409(8)  2.330(9)
~0(31)  O(21¥)  2.83(1)  2.82(2) 0(35) 2.37(1) 2.59(1)
0(32) 04t 2.94(1)  2.99(1) 0(36) 2.67(1) 2.67(1)
0(9™) 2.94(1) 0(37) 2.49(1) 2.73(1)
0(10™)  2.90(1) 0(38) 2.297(1)  2.34(1)
0(10™)  2.90(1) 0(2%) 2.94(1) 2.68(1)
Mo(1) Mo(2) 3.225(2) 3.225(2) Mo(4)  Mo(6) 4.031(2)  4.023(3)
Mo(4) 3.395(2) 3.397(2) Mo(7) 3.274(2)  3.277(2)
Mo(7) 3.843(2) 3.841(3) Mo(8) 3.4788(2)  3.477(2)
Mo(2) Mo(3) 3.246(2) 3.256(2) Mo(5)  Mo(6) 3.236(2)  3.242(2)
Mo(4) 3.474(2)  3.486(3) Mo(8) 3.399(2)  3.404(3)
Mo(8) 4.040(2) 4.044(3) Mo(6) Mo(7) 3.249(2)  3.245(2)
Mo(3) Mo(4) 3.514(2) 3.507(3) Mo(8) 3.489(2)  3.485(3)
Mo(5) 3.851(2) 3.852(3) Mo(7)  Mo(8) 3.513(2)  3.528(3)
Mo(8) 3.280(2) 3.268(2)

symmetry code: i) z, y, z—1; ii) 7, y—1, 2 iii) z—1, y, z—1; iv) z—1, y—1, 2—1; v) =z, y,
z4+1; vi) z, y+1, z vil) z4+1, y, z+1; viii) 241, y+1, z+1; ix) 7, y+1, 2—1; %) 7, y—1, 2+1.

Table 5. Dihedral Angles (°) between the Selected Least Square Planes for Mog-D and -L (in parentheses)

Plane® 1 2 3 4 5 6 7 8
2 42.7(66.9)
3 68.5(45.2)  108.8(109.5)
4 173.8(146.8) 134.0(131.3) 116.1(117.0)
5 147.2(174.2) 119.7(118.2) 129.1(130.8)  26.7(27.8)
6 41.1(30.2) 53.9(50.6) 63.6(60.5)  144.0(177.0) 163.6(155.2)
7 27.5(24.0) 69.9(47.9) 41.6(61.7)  156.0(168.3) 150.5(161.8) 45.5(9.8)
8 34.5(27.0) 56.2(43.7) 56.9(65.8)  151.2(167.3) 173.0(158.9)  9.7(11.7) 35.8(4.2)
9 24.0(27.0) 64.6(53.7) 44.8(57.0)  161.0(173.2) 158.5(158.1) 37.2(3.8) 8.4(9.5) 27.6(12.6)

a) Plane 1, Mo(2)Mo(4)Mo(6)Mo(8); 2, C(2)C(3)C(4)C(5)C(6); 3, C(8)C(9)C(10)C(11)C(12); 4, C(1)N(1)C(3); 5, C(7)N-
(3)C(9); 6, C(1)0(27)0(29); 7, C(7)0(28)0(30); 8, C(1)0(27)0(29)C(2); 9, C(7)0(28)O(30)C(8).

and 0.44 A for Mog-D (—0.43 and —0.44 A for Mog-L)
out of C(1)N(1)C(3) and C(7)N(3)C(9) planes, respec-
tively. The opposite location of C(2) and C(8) atoms
out of the C(1)N(1)C(3) and C(7)N(3)C(9) planes be-
tween Mog-D and -L indicates that the two species are
optical-active compound as supported by the polari-
metric measurement ([a]p=-—3.680° and +3.500° for
Mog-D and -L, respectively). The dihedral an-
gle between the least-squares planes containing side
chains C(2—6) and C(8—12) atoms is about 110°
(108.8° and 109.5° for Mog-D and -L, respectively)
with a large displacement from 180°, indicating that

the geometry for two lysHy ligands in the anion
is not the case of Mog-meso related by an inver-
sion center.!” In addition, the dihedral angle of
173.8° between the Mo(2,4,6,8) least-square plane
and the C(1)N(1)C(3) plane for Mog-D (146.8° for
Mog-L) is significantly different from 147.2° between the
Mo(2,4,6,8) and C(7)N(3)C(9) planes (174.2° for
Mog-1). The carboxyl group and the chiral car-
bon atoms are approximately coplanar, as indicated
by bond angles (about 120°) of O(27)-C(1)-0(29)
(125(1)°), 0(29)-C(1)-C(2) (122(1)°), O(28)-C(7)-O-
(30) (123(1)°), and O(30)-C(7)-C(8) (118(1)°) in Mos-
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Fig. 2. Structures of Mos-D (a) and -L (b).

D (Table 3) (124(1), 118(1), 131(1), and 117(1)° in Mog-
L). The C-C bond lengths vary from 1.49(1) to 1.60(2)
A with their average values of 1.55(1) and 1.52(2) A
for C(2—6) and C(8—12) side chains in Mog-D (1.52(2)
and 1.56(2) A in Mog-L) in good agreement with the av-
erage value 1.533(3) A in the normal hydrocarbons bu-
tane through heptane.?¥ Similarly, the average values of
the four C-C—C angles are 110.7(8)° and 112.1(9)° for
C(1—6) and C(7—12) in Mog-D (113(1)° and 110.5(9)°
in Mog-L), respectively, in good agreement with the
value of 112.4° found in n-butane.?¥ The C atoms in
each side chain of the lysH, ligand are also approxi-
mately coplanar. The deviations of e-amino N atoms
of N(2) and N(4) from the least-squares plane of side
chain C atoms are —1.01 and —1.27 A for Mog-D (1.24

Chiral Octamolybdates Coordinated by Lysine

Fig. 3. Packing of Mog-D molecules in the unit cell to-
gether with hydrogen-bonding network. O, @, O and
® represent carbon, nitrogen, oxygen, and sodium
atoms, respectively.

Table 6. Separations (A) of Carbon and Nitrogen
Atoms from the Selected Planes for Mos-D (a) and
-L (b)

Plane Atom (a)/A®  (b)/A¥
C(N(1)C(3) C) 045  —0.43
C(T)N(3)C(9) C(8) 0.44 —0.44
C(2)C(3)C(4)C(5)C(6) C(1) 0.37 —0.50

: N(1) -1.30 1.28

N(2) -1.01 1.24

C(8)C(9)C(10)C(11)C(12) C(7) 054  —047
N(3) -1.31 1.33

N(4) -1.27 1.10

a) + direction is that in which a right-hand screw ad-
vances when turned from C(1)C(3)(C(7)C(9), C(2)C(3),
or C(8)C(9)) vector to C(1)N(1) (C(7)N(3), C(2)C(4), or
C(8)C(10)) vector through the smaller angle.

and 1.10 A for Mog-L). e-Amino N(2) and N(4) atoms
are located at the same side from the least-square plane
including the side chain C atoms as the a-amino N(1)
and N(3) atoms (at —1.30 and —1.31 A for Mog-D and
1.28 and 1.33 A for Mog-L), in contrast with the case
of the L-lysine-hydrogen chloride-water (1/1/2) crystal
where e-amino nitrogen atom lies on the least-square
plane of the side chain.?®) As shown in Table 2, the side
chain C-N. bond lengths are appreciably asymmetric’
between the two lysH: ligands in the anion: 1.37(2)
A (C(6)-N(2)) and 1.64(2) A (C(12)-N(4)) for Mog-D
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(1.58(2) and 1.44(2) A for Mog-L), while the chiral cen-
tered C-N,, bond lengths are nearly symmetric; 1.52(1)
A (C(2)-N(1)) and 1.49(1) A (C(8)~-N(3)) for Mog-D
(1.48(1) and 1.54(1) A for Mog-L). In L-lysine-hydro-
gen chloride-water (1/1/2) and Mog-meso, correspond-
ing C-N, bond lengths were 1.482(4)* and 1.50(3)
A, respectively. The N(4)---O(16") distance (2.76(1)
A) in Mog-D is significantly shorter than corresponding
N(2)---0(22!) distance (2.90(1) A) in another lysH, li-
gand. Since the former distance implies the presence
of the strong hydrogen-bonding between e-amino nitro-
gen N(4) and octamolybdate oxygen O(16¥) atoms, the
asymmetric feature of the C-N. bond length between
the two lysHs ligands in the anion might be associated
with the difference in hydrogen bonds deployed in the
NH;3* group.
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