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Complexation of Molybdenum by Siderophores: varied, mono-, di-, and polymeric complexes being possible.
Synthesis and Structure of the Double-Helical Furthermore, not onlyA and A optical isomers but also
cis-Dioxomolybdenum(VI) Complex of a geometric isomers are conceivable because of the asymmetri-

cally substituted catechol units.

Weitl and Raymond synthesized the linear bis(catecholamide)
_— series, 2-, 4-, 6-LICAM, with two, four, and six methylene group
éggirrCDaT(;r:r}: ';ﬁg'%?ée\# DdaLIJDterr],; spacers, respectivelybut 5-LICAM, the analogue of the

) ’ gimed Fo naturally occurring siderophore LYSCAM, had not been
European Molecular Biology Laboratory c/o DESY, prepared when we started our investigation. Only recently have

Notkestrasse 85, D-22603 Hamburg, Germany, Departmentthe nickel complex and an independent synthesis of 5-LICAM

of Pharmacy, King’s College London, Manresa Road, been reported. This synthesis used the acid chloride as an active

GB-London SW3 6LX, U.K., and Fachbereich Chemie, intermediate for amide bond formatiéhin contrast, we applied
Universitd Oldenburg, D-26111 Oldenburg, Germany the azolide methoét

Bis(catecholamide) Siderophore Analogue
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Introduction General Methods. Starting materials were commercially available
(Aldrich, Fluka) and used as supplied. Tetrahydrofuran and dichlo-
- . - . . romethane were distilled from sodium/benzophenone and phosphorus
QUceldbkl)y r.nlcroor((gjjaplspsll’['(t) ?oll'thlllzetotRhelrwse hydro:lytlcally pentoxide, respectively. NMR data were recorded on a Bruker AM-
Insojuble iron and to tacilitate 1ts uptake.lron, as well as 300, -400, or -500 spectrometer, and acetone was used as a standard to
molybdenum, is a component of the conventional nitrogenase, cyjiprate the variable-temperature spectra. Melting points were obtained
_and the N-fixing cells of Azotobactewinelandii, highly efﬁuent on a Laboratory Devices Mel-Temp capillary melting point apparatus
:jn'r:nglybdznum uﬂt_alke _and(ﬁgguén:@ts@ec_retd\l,_’g'bls(ﬁ,:’r and are uncorrected. IR spectra were recorded using a BioRad FTS-7
ihydroxybenzoyl)--lysine ;> an iron siderophore,  spectrometer.
which also binds molybdenuf®. Most siderophores have three Synthesis ofN,N'-Bis(2,3-dimethoxybenzoyl)-1,5-diaminopentane,
bidentate binding sites to form six-coordinate octahedral 1. A 1.622 g sample (10.00 mmol) of solld,N-carbonyldiimidazole
complexes with iron. In contrast bis(bidentate) ligands like was added to a solution of 1.822 g (10.00 mmol) of 2,3-dimethoxy-
LYSCAM appear to be optimal for complexation of the MgO benzoic acid in 10 mL of anhydrous THF. When the Golution
unit, which has four vacant coordination sites. It has been Stopped, a solution of 0.876 g (5.00 mmol) of 1,5-diaminopentane
suggested that, in nitrogen-fixing bacteria, siderophores are d'hyd(;OCh'O”de in 5 mL of HO W?Shadi?td and the rl_':‘aCtl?nhmlxtlure
involved not only in the uptake of iron but also in the transport  St"ed atroom temperature overnight. After evaporation of the solvent,
of molybdenunt67 the residue was dissolved in CH@ind washed with Rl HCI, saturated

So f | Vbd | f id h NaHCGQ; solution, and three portions of water. After drying of the
0 tar, only one molybdenum compiex Of a SIderopnore o oy over N&SQ,, removal of the solvent affordetas an oil (1.851

analogue has been structurally characterized by Raymond and; 4 30 mmol, 86%), which was sufficiently pure to be used without
co-workers? In this case, the catechol units of a rigid bicyclic  f,rther purification: H-NMR (300 MHz, CDC}) & = 1.38-1.48 (m,
ligand are substituted symmetrically and are highly preoriented 2H, CH,CH,CH,), 1.52-1.65 (m, 4H, HNCHCH,), 3.35-3.42 (m,
for metal binding, thereby favoring the formation of a monomer. 4H, HNCH,CH,), 3.78 (s, 3H, El3), 3.79 (s, 3H, El3), 6.93 (dd, 2H,
In contrast, the coordination chemistry of the linear catechola- arom H), 7.03 (t, 2H, arom H), 7.56 (dd, 2H, arom H), 7.92 (broad,
mide ligand LYSCAM and its analogue 5-LICAM is more 2H, NH).
Synthesis ofN,N'-Bis(2,3-dihydroxybenzoyl)-1,5-diaminopentane
R (5-LICAM), 2. A 1.851 g sample (4.30 mmol) dfwas dissolved in
M 25 mL of degassed dry GEl,, and the solution was added dropwise

Siderophores are high-affinity iron-binding compounds pro-

O N © to 43 mL of a 1 Msolution of BBg in CH,Cl, at room temperature
OH HO and under argon. The resulting white suspension was stirred overnight.
Then 40 mL of HO was added slowlycgution HBr evolution!) and
OH HO the mixture was stirred f@ h tocomplete hydrolysis. The precipitate
was collected by filtration, washed with,@, and dissolved in methanol.
R = COOH; LYSCAM The solvent was evaporated three times to remove boron compounds,
R = H: 5-LICAM and the residue was finally recrystallized from methangDtat pH-

meter reading of 7.0 to give thin needles{1.240 g, 3.31 mmol,
77%): mp 178-179°C; 'H-NMR (400 MHz, [Ds]DMSO) 6 = 1.35—

*To whom corresondence should be addressed. Telefax:-Hr@40/ .
899 02-149. E-mail: Duhme@embl-hamburg.de. 1.41 (m, 2H, CHCH,CH,), 1.57-1.64 (m, 4H, HNCHCH,), 3.29-

TEMBL o/o DESY. 3.34 (m, 4H, HN®,CH,), 6.68 (t, 2H, arom H), 6.92 (dd, 2H, arom
iKing’s Co”ege London_ H), 730 (dd, 2H, arom H), 877 (t, 2H, NH)
§ Universitd Oldenburg. Synthesis of {MoOy(5-LICAM) };]*~, 3. A 0.187 g sample (0.50
(1) Reviews: (a) Raymond, K. N.; Mer, G.; Matzanke, B. FTop. Curr. mmol) of solid2 was added to a solution of 0.121 g (0.50 mmol) of
Chem.1984 123 49. (b) Raymond, K. NCoord. Chem. Re 1990 NaM00,2H,0 in 20 mL of HO at ambient temperature, and the
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(4) (a) Page, W. J.; von Tigerstrom, Ni. Bacteriol. 1982 151, 237. (b) was treated with aqueous [PfBr and the resultant orange precipitate
Cornish, A. S., Page, W. RioMetals1995 8, 332. collected and washed well with,®. Recrystallization from methanol/

(5) Stiefel, E. I.; Burgess, B. K.; Wherland, S.; Newton, W. E.; Corbin, H,0 afforded 0.482 g (0.21 mmol, 82%) of the [RPtsalt3a. Crystals

J. L.; Watt, G. D. InNitrogen Fixation Newton, W. E., Orme-Johnson, i i _ _ i i
W. 1., Eds.. University Park Press: Baltimore, MD. 1980: Vol, 1. p of 3 suitable for single-crystal X-ray structure analysis were obtained

211 as the sodium salBb from vapor diffusion of diethyl ether into a
(6) Patel, U.; Baxi, M. D.; Modi, V. V.Curr. Microbiol. 1988 17, 179.
(7) Mouncey, N. J.; Mitchenal, L. A.; Pau, R. N. Bacteriol.1995 177, (9) Weitl, F. L.; Raymond, K. NJ. Am. Chem. S0d.98Q 102 2289.
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(8) Albrecht, M.; Franklin, S. J.; Raymond, K. Nhorg. Chem.1994 1995 34, 2820.
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selected crystal iB432,2, 3b spontaneously resolves into chiral
crystals, each of which contains a single enantiomer, in this
case the\,A form. The geometry around the octahedral MoO
centers is distorted in a way typical for Mg® core struc-
tures®16 Due to their strong structural trans influence, the two
double-bonded oxygen atoms are oriertiexto each other, and
the Mo—O single bonddransto the oxo ligands experiencing
this influence are significantly longer [2.114(4) and 2.137(4)
A] than the cisoriented ones [1.996(3) and 2.005(3) A].
Interestingly, the two catecholamide subunits coordinating each
MoO,?" ion are orientated differently. In one of the binding
subunits, the weaker donor atom [O(5)], the catecholato oxygen
Figure 1. Structure of the anion @b, A,A-[{ MoOx(5-LICAM)} %", orthoto the amide substituent, is boutrdnsto the oxo ligand
showing the atom-labeling scheme. H atoms have been omitted for [O(2)], which is to be expected with regard to the strong trans
clarity. Selected interatomic distances (A) and angles (deg): Mo(1) influence exerted by the oxo group. In the other bidentate
0(1) 1.719(4), Mo(1)-O(2) 1.717(4), Mo(1)-O(3) 1.996(3), Mo(Ly subunit, the stronger donor atom [O(4)], positiomeetato the

O(4) 2.114(4), Mo(1}O(5) 2.137(4), Mo(1)O(6) 2.005(3), O(Ly amide moiety, is orientatettans to the oxo ligand [O(1)].
go(l)—O(Z) 101.7(2), O(3yMo(1)~0(4) 75.76(12), O(5yMo(1)~ Within each catecholamide subunit, the plane of the amide group

(6) 75.33(12). . o - L

is held nearly coplanar with its associated aromatic ring by
intramolecular hydrogen bonding between the amide proton and
the corresponding catechol oxyger#{N- -O) = 2.68 and 2.69
A. The amide group is rotated out of the plane of its associated
aromatic ring byca. 8° for the N(1) amide group anch. 5° for
the moiety containing N(2).

The most interesting structural feature ofMoO.(5-
LICAM)},]* is certainly the unusual double-helical nature of
the binuclear complex. The self-assembly of double and triple
helices is controlled by the stereochemical preference of the
coordinated metal ions. In general, double-helical structures
are obtained by reacting oligobidentate ligands with cations
favoring tetrahedral coordinatidéwhereas metal ions showing

solution of NaMoO, and 2 in a mixture of water, methanol, and
tetrahydrofuran (1:4:4) after storing of the sealed flask for 1 month:
IR (3a,b; KBr) » = 862, 900 cm! (cis-M00,); H-NMR (3b; 300
MHz, D;O) 6 0.76 (m, 2H, CHCH,CH), 0.94 (m, 2H, HNCHCH,),
1.04 (m, 2H, HNCHCH,), 2.77 (m, 2H, HN®,.CH,), 3.19 (m, 2H,
HNCH,CH;), 6.55 (t, 2H, arom H), 6.65 (dd, 2H, arom H), 7.06 (dd,
2H, arom H).

Satisfactory elemental analyses were obtained.f& 3a, and3b.

X-ray Structure Determination. Crystal data for3b-19H0:
CsgH3eN4OzsM0ozNas, M = 1392.6, red pyramid (0.1% 0.15 x 0.11
mm), tetragonal, space grof#s2;2 (No. 96),a = 15.289(2) Ac =
27.212(3) AV = 6361(1) B, Z = 4, pcac = 1.454 g cm3, F(000) =
2800, = 5.1 cnt!, T = 23 °C. The data were collected using viet
synchrotron radiationi(= 0.68 A) at EMBL beam line X31 at the  Preference for octahedral coordination are observed to form
DORIS storage ring, DESY, Hamburg, Germany. A MAR imaging triple-helical complexe$? In contrast3b is a double helicate,
plate two-dimensional detector was used, and the single-axis-rotationalthough the metal centers are situated in an octahedral
method for data collection was appli&d.The crystal was roughly  coordination environment. A similar arrangement has been
orientated about the axis, and two passes of 9@btal rotation were observed for bis(bidentate) ligands that are not sufficiently
used (the first with 1 5rotation and average exposure 6 min perimage; flexible to twist into a triple helicate; thus additional ligands
the second with 2.5and %m!ng'DEE%gzges :Nefrg p;gzesiled and the pave to complete the coordination sphere of the octahedral metal
intensities were integrated wit A total of 25 reflections centers? In 3b, the third helix strand is missing because two

were measured (3.06< 20 < 48.78): 3043 uniqueRi,: = 0.064. No dinati . f h vbd blocked b
absorption correction was applied. The structure was solved by direct coor |na'F|0n sites 0 e:ac molybdenum atom. are blocke . y
the oxo ligands. In this case, the “defect” helical structure is

methods by means of the SHELXS86 progr&miThe refinement on

F2 was carried out by full-matrix least-squares procedures (SHELX£.93)
with 393 free parameters and 5035 reflections to final-RD.046,
wWR2 = 0.1266 [for reflections with > 2¢(1)] and R1= 0.049, wR2

predetermined by the metal centers. The finding may be
important with regard to biological metal ion recognition, as it
demonstrates that the Mg® cations form a helical dimeric

= 0.1395 (for all reflections). The enantiomorph was determined from complex having a structure slightly different from that expected
the Flack parametex = 0.0429 (-0.0446) to beP452,2. Hydrogen for the corresponding ez complex. Thus a triply-bridged
atoms of the organic ligand were included in the refingment in cglculated binuclear structure is proposed for the iron complex of the bis-
positions. Non-hy_drogen atoms except those of partially occupied water (bidentate) siderophore rhodotorulic acid, which is supported
oxygens were refined anisotropically. by the X-ray crystal structure of the iron complex of an analogue
Results and Discussion ligand. This complex is a triple helicate with a Ieft-han_ded
screw conformatio! Furthermore, the self-assembly of triple
Crystal Structure of Na[{ MoO,(5-LICAM) },] (3b). The
structural analysis revealed that the crystals are composed 0f(16) Stiefel, E. I. InComprehensie Coordination ChemistgyWilkinson,
dimer tetraanions that are linked by a network of partly G., Ed.; Pergamon Press: Oxford, U.K., 1987; p 1380.
disordered sodium counterions with coordinated as well as free (17) Piguet, C.; Bernardinelli, G.; Bocquet, B.; Quattropani, A.; Williams,
water molecules. The structure of the anior8bfis shownin ;¢ '?‘é)FL';HnAT.'_ﬁheF’gi‘éfu‘?tdi%glgﬁ_ 7C4h4e0r+11988 100, 1121:Angew.
Figure 1. The tetraanion lies on a crystallographic 2-fold axis Chem., Int. Ed. Engllgéa 27, 1095. (b) Pfeil, A.; Lehn, J.-MJ.
of rotation, relating the two metal centers to form the dimer Chem. Soc., Chem. Commur292, 838.
based on two bridging ligands. As the space group of the

(19) (a) Kraner, R.; Lehn, J.-M.; De Cian, A.; Fischer,Angew. Chem.
1993 105 764; Angew. Chem., Int. Ed. Engl993 32, 703. (b)
Enemark, E. J.; Stack, T. D. Rngew. Cheni995 107, 1082;Angew.
Chem., Int. Ed. Engl1995 34, 996.

(20) (a) Constable, E. C.; Hannon, M. J.; Tocher, D.Ahgew. Chem.
1992 104, 218; Angew. Chem., Int. Ed. Engl992 31, 230. (b)
Constable, E. C.; Hannon, M. J.; Tocher, D.JAChem. Soc., Dalton
Trans.1993 1883.

(21) Scarrow, R. C.; White, D. L.; Raymond, K. N. Am. Chem. Soc.
1985 107, 6540.

(12) Grochowski, J.; Serda, P.; Wilson, K. S.; Dauter, Z. Appl.
Crystallogr. 1994 27,722.

(13) Otwinowski, Z.DENZQ Yale University: New Haven, CT, 1994.

(14) Sheldrick, G. MSHELXS86 Program for Crystal Structure Solution
University of Gdtingen: Gitingen, Germany, 1986.

(15) Sheldrick, G. MSHELXL93 Program for Crystal Structure Refine-
ment University of Gdtingen, Gidtingen, Germany, 1993.
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Figure 2. Possible geometric isomers ois-dioxomolybdenum(VI) Figure 3. Variable-temperaturéH-NMR spectra of Ng{MoOy(5-
complexes with two asymmetrically substituted catecholato ligands, LICAM)},] in methanold, (aromatic region, 500 MHz).
shown inA configuration.

Table 1. H-NMR Data @) for Nas[{ MoOy(5-LICAM)} ] in

helical Ga complexes was recently observed for bis(catechola- Methanold

mide) ligands with various three-atom spacébs. T(K) CHxCHCH, HNCH,CH, HNCH.CH, aryl CH
Solution Behavior of 3. A molecular weight distribution 313  1.05(br, 2H) 1.21 (br, 4H) 2.81,3.30 6.34, 6.49, 7.04

analysis of3a has been carried out by gel filtration (LH-20, (2br, 4H) (t, 2d, 6H)

methanol}? in order to establish which species dominate in 233  0.96 (br, 1H) 1.38 (br,2H) 2.80,3.46 6.31,6.43,6.98

solution. The elution of a single fraction corresponding to a (2m, 2H) (¢ 2dd, 3H)

1.09 (br, 1H) 1.49 (br, 2H) 2.98,3.88 6.49, 6.57, 7.02

dimer species indicates that the dimeric structure is maintained, (2m, 2H) (t, 2dd, 3H)

at least in methanolic solution, and is not an artifact of the
crystallization process.

The proton NMR spectrum @b (Experimental Section) in
D,O at 298 K shows only one set of sharp signals for the
aromatic system. Consequently, the protons on each of the
aromatic rings are magnetically equivalent at this temperature.
This could be due to a dynamic process or the presence of only
one isomer in which the two catecholamide subunits are bound
symmetrically, such as iml and Il (Figure 2). However,
simple molecular model studies show that an isomer analogue
Il is less favorable for{MoO(5-LICAM)},]*" than for an
isomer likell . Therefore, it can be proposed that the geometric fr
isomer to be considered is the one in which battho O atoms
aretransto the oxo ligands. This assignment is consistent with
the proton NMR data reported for the aniois-[MoO,(2,3-
DHB)2)?>" (2,3-HDHB = 2,3-dihydroxybenzoic acid®

Variable-temperature experiments over the range-233
Kin D20 show that the multiplets assigned to the diastereotopic
protons HNGH,CH, and HNCHCH, progressively broaden
with increasing temperature and coalesce at 323 and 303 K
respectively AG* = 15.3 kcal mot?l). At 343 K, two broad
signals are observed at= 2.96 and 1.01. The resonances of
the aromatic protons remain sharply resolved over this temper-
ature range. The symmetrization of the diastereotopic protons
is due to inversion of configuration at the chiral metal centers.
Recently, a similar racemization process was observed for a
dimeric complex formed by the self-assembly of two Ti(IV)
ions and three bis(catecholato) ligar#dis.

In methanold, the proton NMR signals o8b are broad at
room temperature and a minor amount of a second isomer is Acknowledgment. Financial support by the Deutsche For-
present. At 313 K, the resonances of the protons of the major schungsgemeinschaft is gratefully acknowledged. We also
isomer sharpen slightly whereas, upon cooling, the signals duethank W. Saak for the determination of the cell parameters, M.
to the major isomer decrease while the signals belonging to theRundshagen and D. Neemeyer for the variable-temperature
NMR measurements, and Dr. H.-F. Nolting and Dr. H. Strasdeit

(22) Unfortunately, aqueous solutions3if containing sodium counterions  for helpful discussions.
were not suitable for molecular weight determinations, as elution was
retarded due to interactions among these cations, the gel, and the Supporting Information Available: Tables of microanalytical data,
complex anions. The complexes ferrichrome A, [Fe(MECAM)He- atomic coordinates, bond distances, bond angles, anisotropic thermal
MECAM = 1 3,5-tris[(2,3-dihydroxybenzoyl)amino]methylbenzene), narameters, and H atom coordinates and isotropic thermal parameters

MoOy(catp]?~ (catH, = catechol), and [Fe(MALTY) (H-MALT = . . . . h
Enaltolz)(we)ﬁ]e us(ed ':s markers to) calibrz[ate(the coSI]u(mn. for 3b (10 pages). Ordering information is given on any current

(23) Griffith, W. P.; Nogueira, H. I. S.; Parkin, B. C.; Sheppard, R. N.; masthead page.
\1,\%'15& A. J. P.,; Williams, D. JJ. Chem. Soc., Dalton Tran$995 1C9512183

(24) Albrecht, M.; Kotila, SAngew. Cheml995 107, 2285;Angew. Chem.,
Int. Ed. Engl.1995 34, 3134. (25) Duhme, A.-K.; Hider, R. C.; Khodr, HBioMetals in press.

minor isomer increase. This is shown in Figure 3 for the protons
of the aromatic rings. The two sets of signals observed in a
1:1 ratio at 233 K (Table 1) can be assigned to an isomer with
the aromatic rings bound to the metal as in isorere. the
one found in the crystal structure 8b. In this geometrical
isomer, the protons of one binding subunit are chemically and
magnetically distinct from those of the other, as recently
established for the corresponding geometric isomercief
[MoO4(2,3-DHB)Y]2~.23

We suggest that the changes occurring on cooling originate
om the conversion of an isomer analoglieinto an isomer
like 1. Warming to room temperature restores the original
specrum, demonstrating the reversibility of this geometrical
isomerization. Evidently, for3b, isomer| is enthalpically
favored, but as the temperature increases, the entropy factor
becomes more important and induces the conversion.

Further experiments are necessary and are in progress in order
to gain more insight into the thermodynamic and kinetic features
'of the system. In addition, the coordination behavior of the
naturally occurring optically active siderophore LYSCAM will
be investigated, especially with regard to a possible intramo-
lecular asymmetric induction of a given helicity. Competition
studies between iron hydroxide and molybdate on LYSCAM
at neutral pH have yielded interesting results. Although
LYSCAM is able to solubilize Fe(lll) at this pH, the complex
formation is significantly delayed if a stoichiometric amount
of molybdate is presenrb.




