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STRUCTURAL CHEMISTRY OF GALLIUM(II1). 
CRYSTAL STRUCTURES OF 

K3 [Ga(cate~holate)~)] .1.5H20 AND 
[Ga( benzohydroxamate)3] .H20. CH3 CH20H. 

BRANDAN A BORGIAS, SUSAN J. BARCLAY 

and 

KENNETH N. RAYMOND? 
Department of Chemirtry. Universiw of California Berkeley. California 94720, U S A  

(Received November 28, 1985) 

Although Ga(1II) has been used extensively as a substitute for Fe(III) in microbial iron chelating agents or their 
analogues, there are some striking differences in their in vivo behaviour. A search for a structural difference is 
reported here, in which the structures of K,[Ga(C&,O,),]~ 1.5 H,O, 1, and [Ga(C,H,NO,),] .H,O.CH,CH,OH, 
2, have been determined by single crystal X-ray diflraction. Colorless crystals of 1 are monoclinic, space group 
C2/cwitha= 20.679(1)& b=  15.868(1)A,c= 12.350(1)8, p= 91.90(1)", V= 405ql)A. Foreight formulaunits 
per cell, dcOlc = 1.766, and dabs = 1.77(2) g cm-,. Refinement of268 variables on4181 reflections resulted in 
agreement factors of R = 3.24%, and R,  = 3.87%. Crystals of 2 are triclinic, space group P1, and have 
a =  10.267(1)A, b =  11.388(2)%c= 13.027(1)8, a= 71.48(1)"),@= 73.32(1)", y= 60.72(1)", and V= 1243.6(3)A3. 
For two formula units of 2 per unit cell, dcarc = 1.448 g cm-' and dabs = 1.44(1) g cm-'. Of 5696 unique 
reflections. 3426 were used to refine307 variables, with the resultingagreement factors: R= 4.0% andR,= 5.4%. 
For1 the average Cia-0 distance is 1.984(6) Awith an average 0-Ga-On,, angle of83.8(1)". The twist angle is 
48.8(1)". For2 the average Cia-O(N) and Ga-O(C) distances are 1.952(10) A and 1.986 (13) A ,  respectively. The 
average OGa-On,, angle is 81.7(1)", and the twist angle is4ql)". The structural similarities ofthe Fe(IIIO and 
Ga(1II) complexes do not point to any difference in stability or biological recognition 

Keywords: Gallium, catechol, benzohydroxamic acid, structures, synthesis 

INTRODUCTION 

The hydrolyic behaviour and aqueous chemistry ofthe Ga3+ ion is similar to that of the 
ferric ion In fact, useful extrapolations of properties have been made between the two 
ions. For instance, diamagnetic gallium analogs of the microbial iron chelates 
(siderophores) have been useful in NMR studies:-3 since the native ferric ion 
complexes are paramagnetic. In reverse, the knowledge gained from studies of ferric ion 
transport has been applied to the development of 67Ga radiopharmaceuticals4 The 
basis for this replacement of Fe 3 +  by G 3 +  lies in the physical and chemical similarities 
of the two ions. Both have the same charge and similar ionic radii in six-coordinate 
complexes (0.645 for Fe Pf compared to 0.620 A for Ga3+).5 Neither ion is perturbed 
by crystal field effects. The ferric ion configuration is high-spin d while the gallium is 
diamagnetic d lo. Moreover, since neither have any crystal field stabilization and both 
have similar ionic radii, they are similar in their ligand exchange rates. The size and 
kinetic similarity makes gallium better than aluminum as an iron analog aluminum 
has significantly slower ligand exchange kinetics because it is smaller. 

One notable difference in the properties of G 3 +  and Fe3+ is that while the 
Fe '+/Fe 2+ redox system is very important in biological systems, the absence ofa stable 
divalent state for gallium removes from consideration any processes that involve one 

~ 
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110 B.A. BORGIAS. S.J. BARCLAY AND K N .  RAYMOND 

electron reduction of Ga3+. This feature has been used to advantage in probing the 
mechanisms of siderophore mediated microbial iron t r a n s p ~ r t . ~ , ~  The rationale behind 
these experiments is that if reduction of the metal is required for release from the 
siderophore, then uptake of the gallium analogue will be inhibited, even though it may 
be “recognized“ by the receptor site. For the tricatechoylamide siderophore enter@ 
bactin, the Ga3+ substituted analogue is not taken up by E. coli6 even though the Sc3+ 
and In3+ analogues are8 This is a puzzling difference which partially motivates the 
present study. 

There are some significant differences in the stabilities of Cia3+ and Fe 3 +  complexes. 
The formation constants of a series of catecholate complexes have been determined in 
our laboratory and the gallium complexes consistently are found to be less stable than 
the analogous ferric complexes9.10 The stabilities of the benzohydroxamate complexes 
show a similar The gallium analogue of the siderophore ferrioxamine-B 
is not only less stable than the ferric complex,” but also undergoes base hydrolysis 
more readily.I3 A comparison ofthese stability constants, and others 1 4 3 1 s  where data for 
both the Ga3+ and Fe ,+ complexes are available. is presented in Table I. 

These differences in the properties of Ga3+ and Fe 3 +  complexes prompted this 
structural study of gallium complexes with catecholate and benzohydroxamate 
ligands. Structures of both [ Fe(catecholate),13- and [ Fe(benzohydroxamate),] have 
previously been reported’6.1’ We report here the crystal structures of K,[Ga(cate 
cholate),] * 1.5 H,O (1) and [Ga(benz~hydroxamate)~]- H,O- C,H,OH(Z), and compare 
them with the structures of the iron analogues in order to evaluate the importance of 
structure on the observed differences in activity and stability. 

TABLE 1 
Comparison of Fe” and Gal+ stability constants. 

Ligand FefC Gal+ refs 

MECAMP 41 38 9.10 
3.4-LICAMS‘ 41 38.5 9.10 
H D F O ~  30.6 21.6 11.13 
EDTA 25.1 21.0 15.14 
EHPGe 33.9 33.6 15.14 
HBED’ 39.68 39.57 15.14 

1% PI,,” 

Ligand Fe’+ Gal+ 

DMBSg 40.3 38 9.10 
acach 26.3 23.7 15 
oxalate 18.5 15.1 15 

Ferron’ 25.2 29.6 15 
BHAJ 27.8 25.3 11.12 

oxinate 36.9 40.5 15 

’PI,, = [ML]/JM][L]: PI,, = [ML,]/[M][L]l; bN.N’.N”-tris- 
(2.3-dihydroxy-5-sulfobenzoyl)- 1.3.5-triaminomethylbenzene; CN.N ’,N ”- 
(2.3-dihydroxy-5-sulfobenzoyl)-1.5.10-triazadecane: ddesferriferri- 
oxamine-B: ‘N.N’-ethylene-bis-(o-hydroxyphenylgIycine): ‘N.N’-bis 
(2-hydroxybenzy1)ethylenediamine-NN‘-diacetic acid; W3J-dimethyl- 
2.3-dihydroxy-5-sulfonatobenzamide; hacetylacetonate; ‘8-hydroxy-7- 
iodo-5-quinolinesulfonic acid; Jbenzohydroxamic acid. 
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EXPERIMENTAL 
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Syntheses 

K~Ga(catecholate),/~l.5H,O (1). Washed Ga(OH), gel (3 mmol, precipitated by 
neutralizing an HCI solution of dissolved Ga ingots; Alfa) was slurried in 25 cm3 
degassed H,O with catechol (Crown-Zellerbach 30 mmol). Degassed KOH (60 mmol) 
was added, and the mixture immediately dissolved The reaction was stirred overnight 
and dried (rotovap) to about 5 cm3. This was added to 100 cm3 of ethanol and refrigerated, 
yielding a white precipitate( about90% yield). The IR spectrum is essentially identical to 
that of the ferric complex. Since KOH solutions16 of the complex are very air sensitive, 
the complex was precipitated from 0.01 M cold aqueous KOH by addition of an 
equivalent volume of EtOH. The resulting mixture was heated until the precipitate 
redissolved and then cooled slowly overnight in a covered Dewar. This procedure was 
carried out in air without any oxidation of the ligand occurring and yielded feathery 
crystalline conglomerates. These were well- formed at their extremities, from which 
singlecrystal fragments were cleaved and mounted on glass fibres with epoxy for 
further diffraction work The density (1.77g cmP3 measured by flotation in CHBrJ 
toulene) and the space group and lattice constants determined from precession 
photographs indicated that the crystals were isomorphous with the iron complex 

TABLE I1 
Crystal data 

~~ ~ 

Compound 1 2 

Formula 
Fw 
Space group 
z 
Cell constantsa 

a, a 
b, a 
c, a 
a, deg 

26 range for cell constants, deg 
pnh+ g cm-3 

Dimensions, mm 
26 range for data collection, deg 
Reflections measured, h,,,, k,,,, I,,, 
No. reflections measured 
No. unique reflectionsb 
R, for averaging, % 
No. reflections with F > 3u(F ') 
Secondary extinction coeff. 
R ,  % 
R,, % 

GOF 
No. variables 

K,Ga(C,H,O,), . 1.5H20 
538.3 
c2/c  
8 

20.679(2) 
15.868( 1) 

90 
9 1.900(8) 
90 
4050(1) 

1.77(1) 
1.766 
20.80 
2168 
0.25 x 0.22 x 0.18 
3-62 
+29, +22, +17 
12970 
6584 
2.7 
4181 

3.24 
3.87 

1.128 
268 

12.350( 1) 

28-36 

1.6(2) x lo-' 

Ga(C,H,NO,); H,O. C,H,OH 
542.2 
pi 

10.267( 1) 
11.388(2) 
13.027( 1) 
71.48( 1) 
73.32(1) 
60.72( 1) 
1243.6(3) 
24-25 
1.44(1) 
1.448 
11.50 
560 
0.22 x 0.19 x 0.17 
3-55 
+13, +14,+16 
11385 
5696 
3.5 
3426 

4.00 
5.36 

1.76 
307 

- 

~~ ~ ~~~ ~ ~~ - ~~~ ~ ~~ ~ ~~ 

dDetermined from least squares refinement of 24 high angle reflections at ambient temperature, 23". with 
MoK, radiation. 'After averaging the mirror related forms for 1 and the inversion related forms for 2. 
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[Ga(benzohydroxamate) ,/. H,O. EtOH(2). An acidic solution of GaC1, was combined 
with a 2% excess of benzohydroxamic acid (Aldrich) in aqueous solution. The pH was 
raised to about 8 with aqueous KOH and the product precipitated as a white powder. 
The product was recrystallized as the solvated species from ethanoywater by slow 
evaporation at room temperature 
Anal Calcd for [Ga(C,H,NO,),] * H,O* C,H,OH: C, 50.92; H, 4.79; N, 7.74 Ga, 12.92%. 
Found: C, 50.75; H, 4.70; N, 7.78; Ga, 14.0%. 
Excellent single crystals were obtained from the ethanoywater recrystallization, 
although they became cloudy upon standing in air due to loss of solvent Therefore 
crystals were wedged into thin-walled capillaries along with some of the mother-liquor 
for photographic examination and data collection. 

B.A. BORGIAS. SJ. BARCLAY AND K.N. RAYMOND 

X- r q  Crystallograpahy 
Crystal quality assessment and space group determination were carried out by 
precession photography. These studies showed that 1 is isomorphous with the Cr(III), 
Fe(III)16 and V(III)18 homologues, and suggested that the space group for2 is eitherP1 
or Pi. Intensity data were collected on an Enraf-Nonius CAD4 diffractometer, using 

TABLE I11 
Atomic coordinates for 1 

Ga 
K1 
K2 
K3 
ow 1 
OW2 
0 1  
0 2  
0 3  
04 
0 5  
0 6  
C l l  
c12 
C13 
C14 
c15 
C16 
c 2  1 
c22 
C23 
C24 
C25 
C26 
C3 1 
C32 
c33 
c34 
c35 
C36 

0.3244 1 (1) 
0.06868(3) 
0.30868( 3) 
0.26193(3) 
o . m ( o )  
0.27024(2 1) 
0.323032(9) 
0.38914(9) 
0.25494110) 
0.25240(9) 
0.38376(9) 
0.34343( 10) 
0.3492( 1) 
0.3836(1) 
0.4147( 1) 
0.4130(2) 
0.3810(2) 
0.3479( 1) 

0.3837( 1) 
0.4088( 1) 

0.4015(2) 
0.4441(2) 
0.4685( 2) 
0.4504( 1) 
0.1969(1) 
0.1953( 1) 
0.1364( 1) 
0.0792(2) 
0.0809(2) 
0.1396( 1)  

0.01 801 (2) 
0.41645(4) 
0.1 359414) 
0.40969(5) 
0.5 154(2) 
0.2979(2) 

-0.03381( 1) 
-0.0397( 1) 

0.0513( 1) 
0.0908(1) 

-0.08 17( 1) 
0.1837(2) 
0.1 701(2) 

0.2374(20) 
0.3 176(2) 
0.3300(2) 
0.2635(2) 

-0.1085(2) 
-0.1349(2) 
-0.21 35(2) 
-0.2648(2) 
-0.2386(2) 

-0.0252(2) 
0.0254(2) 
0.0432(2) 
0.0098(2) 

-0.059 l(2) 

0.1160(1) 

-0.1609(2) 

-0.0416(2) 

0.10385(2) 

0.36199(5) 
0.1 5862(5) 
0.2500(0) 
0.3524(3) 
0.0047(1) 

0.01 58(2) 
0.1956( 1) 
0.1916(1) 
0.1993( 1 )  
0.05 16(2) 
0.1507(2) 
0.2023(2) 
0.1555(3) 
0.0582(3) 
0.0069(2) 
0.0500(2) 
0.1499(2) 
0.1912(2) 
0.1358(3) 
0.0392(3) 

- 0.003 7(2) 
0.0574(2) 
0.1523(2) 
0.1964(2) 
0.1500(3) 
0.0607(3) 
0.0147(3) 

0.1 1884(5) 

0.01 12( 1) 

2.092(5) 
3.09(1) 
3.02(1) 
3.57(1) 
3.20(6) 
11.0(1) 
2.62(4) 
2.54(4) 
2.99(4) 
2.60(4) 
2.27(3) 
2.79(4) 
2.30(5) 
2.15(5) 
2.89(6) 
3.28(6) 
3.30(6) 
2.85(6) 
2.22(5) 
2.41(5) 
3.35(6) 
3.89(7) 
3.67(7) 
2.91(6) 
2.36(5) 
2.30(5) 
3.16(6) 
4.03(7) 

3.15(6) 
3.73(7) 

'Anisotropically refined atoms are given in the form of the isotropic 
equivalent thermal parameter defined as: 
(4/3) [a'*&1,1) + b2*j3(2,2) + c'*j?(3.3) ab(cos gamma)*j3(1.2) + ac(cos 
beta)*P( 1.3) + bc(cos alpha)*j3(2,3)] 
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GA(II1) COMPLEXES 113 

graphite monochromated MoK, radiation as previously de~cr ibed '~  After Lorentz- 
polarization, decay, and absorption corrections, the redundant data sets were averaged 
The agreement factors forthe averaged data were2.7% and3.5% for 1 and2, respectively. 
These values were used as the factor p in the weighting scheme19 to prevent 
overweighting strong reflections. Crystal data are summarized in Table IL 

KJG~catecholate),].1.5Hz0. The structure of 1 is similar to the Fe(I1I) and Cr(1II) 
isomorphs. The hydrogen atoms from the ordered water molecules were located by 
difference Fourier maps after refinement The catecholate H atoms were assigned 
idealized positions and temperature factors.Zo Attempts were made to model the 
disordered water molecule OW2 (also disordered in the Fe3+ and Cf'+,'6 and v+ 
structures18) without success. The final least-squares refinement on all parameters plus 
an extinction coefficienfZ1 resulted in R = 3.24%, and R ,  = 3.87%, with the goodness of 

TABLE VII 
Atomic coordinates for 2. 

Ga 
0 1  
0 2  
0 3  
04 
0 5  
0 6  
Nl 
N2 
N3 
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10  
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20 
c 2  1 
0 7  
08,l 
08,2 
c22 

0.22583(4) 
0.101 O(3) 
0.301 l(2) 

0.0876(2) 
0.3780(3) 
0.3857(3) 
0.1268(3) 

-0.0019(3) 
0.5073(3) 
0.2279(4) 

-0.0080(4) 
0.5055(4) 
0.2541(4) 
0.3784(5) 
0.4030(6) 
0.3064(6) 
0.1902(6) 
0.161 O( 5) 

-0.1 182(4) 
-0.1427(4) 
-0.2355(5) 
-0.3054(5) 
-0.2853(5) 
-0.1920(5) 

0.6406(4) 
0.6302(5) 
0.7535(7) 
0.8869(6) 
0.898q8) 
0.7768(7) 
0.800 l(3) 
0.5094(8) 
0.51&8(8) 
0.31 l(1) 

0.1 1 oq2) 

0.26143(4) 
0.3784(2) 
0.4069(2) 
0.1536(2) 
0.3474(2) 
0.139 l(2) 
0.151 l(2) 
0.4935(3) 
0.2005(3) 
0.0583(3) 
0.5042(3) 
0.298913) 
0.0672( 3) 
0.6273(3) 
0.6303(4) 
0.7449(5) 
0.8588(4) 
0.8527(4) 
0.7399(4) 
0.3474(4) 
0.4702(4) 
0.5 136(5) 
0.4406(6) 
0.3214(5) 
0.2736(4) 

-0.020q4) 
-0.0285(5) 
-0.1121(6) 
-0.181q6) 
-0.173(1) 
-0.OSSq8) 

0.0796(3) 
0.2306(7) 
0.2797(7) 
0.3910(9) 

0.33356(3) 
0.438q2) 
0.27 19(2) 
0.3975(2) 
0.2256(2) 
0.43 1 O(2) 
0.2284(2) 
0.4083(3) 
0.3374(3) 
0.3698(3) 
0.3239(3) 
0.2490(3) 
0.2677(3) 
0.2935(3) 
0.217 l(4) 
0.1870(5) 
0.23 19(5) 
0.3 122( 5) 
0.342 l(4) 
0.1759(3) 
0.0992(4) 
0.0233(4) 

0.0982(4) 
0.1752(4) 

0.1044(4) 
0.0407(4) 
0.0727(5) 
0.1652(6) 
0.2295(5) 
0.4348(2) 
0.5322(6) 
0.4766(6) 
0.6274(9) 

0.0217(4) 

0.2015(3) 

2.644(8) 
3.7 l(7) 
3.23(6) 
3.24(6) 
3.30(6) 

3.16(6) 
3.64(8) 
3.10(8) 

2.87(9) 
2.92(9) 
3.05(9) 
3.32(9) 
5.3(1) 
7.3(2) 
7.1(2) 
6.6(2) 
5.5(1) 
3.3(1) 
4.2(1) 
5.3(1) 
6.0(2) 
6.4(1) 
5.1(1) 
4.0(1) 
W 2 )  
8.5(2) 
8.8(2) 

19.4(3) 
13.3(3) 

3.35(7) 

3.74(9) 

4.70(8) 
6.6(2)' 
8.8(2)' 

14.0(3)" 
16.0(4)b 

~~ 

aAnisotropically refined atoms are given in the form of the isotropic 
equivalent thermal parameter defined as: 
(4/3) * [a'*fl(1,1) + b**/3(2,2) + c2*fl(3,3) ab(cos gamma)*fl(1,2) 4- ac(cos 
beta)*/3(1,3) + bc(cos alpha)*fl(2,3)]. bAtoms refined isotropically. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
2
6
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



114 B.A. BORGIAS. S.J. BARCLAY AND K.N. RAYMOND 

TABLE XI 
Bond lengths and angles for 1. 

Bond lengths (A) 
~ 

Ligeiid 1 Ligand 2 Ligand 3 Avga 

Ga-01 1979(2) Ga-02 1.969(2) Ga-03 1.995(1) 1.986(6) 
Ga-Oi I987C) Ga-06 2.005(2) Ga-04 1.973(2) 

1.342(3) 1.346(3) 

C1 l-ClZ 1.11 l(3) CZI-C2? 1.418(3) C31-C32 1.422(4) 1.417(3) 
c 12-C 13 1.391(4) C22-C23 1.392(4) C32-C33 1.381(4) 
CII-CI6 1.382(4) C21-C36 1.382(3) C31-C36 1.389(4) 1.386(2) 
Cl3-Cl4 l.397(4) C23-C24 1.39q4) C33-C34 I .402(4) 
Cl i -Cl6  1.398(4) C25-C26 1.388(4) C35-C36 1.385(4) 
CIJ-CIS l.366(4) c24-c25 1.374 c34-c.35 1.373 1.371 (3) 

01-Cll 1.35113) O2-CZI 1.337(3) 03-C31 
0 5 - 0  2 I .355(3) 06-C23 1.346(3) W C 3 2  1.344(3) 

Angles (") 

01-Ga-05 
07-Ga-Oh 
03-Cia-04 

170.97(8) 83.89(7) 01-Ga-06 
83.61(7) 02-Ga-04 I70.41(8) 

170.82(8) 83.83(7) 03-Ga-05 
A\g 0-Cia-O,,,, 83.78(5) Avg 0-Ga-O,,,,, 170.7(2) 

Ol-G'3-02 8909(7) 01-Ga-04 97 32(8) 04-Ga-05 89.737) 
01-Ga-0.7 Y0.45(8) 02-Ga-05 98.09( 8) 04-Ga-06 90.61(8) 
02-Ga-0.; 89.01(8) 03-Ga-06 94.71(8) 05-Ga-06 91.87(7) 
.4vg X9.5(5) Avg 96.7( 10) Avg 90.7(7) 

Ligand I Ligand 2 Ligand 3 Avg 
Ga-01-CI 1 110.5(2) Sa-02-CZl 1 1  1.4(2) Ga-03-C31 110.5(2) 10.6(3) 
Ga-05-CI2 1 1 0 . 1 ( 1 )  Ga-06-C22 109.9(2) Ga-04-C32 1 1 I .0(2) 

01-CI 1 4 1 2  I l7.O(2) 02-C21-C72 117.3(2) 03-C3I-C32 117.2(2) 117.2(1) 
O5-CII-CI I I17.1(2) 06-CZ2-C21 117.4(2) 0.1-C32-C31 117.2(2) 

01-Ci I-Clh 123.7(2) 02-C21-C26 12342)  03-C31-C36 123.4(2) 123.5(1) 
05-c 13-c 13 123.1(2) 06-C22-C23 123.7(2) 04-C32-C33 123.7(2) 

C21-C22-C23 118.9(3) C31-C32-C33 I l9.0(3) CII-CI2-Cl3 119.4(2) 

C 12-C 13-C I4 120.3(3) C22-C23-C24 120.4(3) C32-C33-C34 120.3(3) 120.6(1 
C11-Clh-CIS 120.5(3) C 2  I-C26-C25 12 1.0(3) C3 1 -C36-C35 l20.9(3) 

19.2(1) CII-CIi-Cl6 119.3(3) C22-C21-C26 I19.5(3) C37-C31-C36 I19.3(3) 

CI?-C'14-C15 120.0(3) C23-C24-C25 120.3(3) C33-C34-C35 120.6(3) 120,1(1) 
C I & < '  15-C 14 170.3(3) C?h-C25-C24 1 l9.9(3) C36-C35-C34 1 L9.7(3) 

I I? 

.',Awragz calculated assurningD, s)rnnietry: standard deviations calculated as u(x) = 

, = I  - I  2 

or u(7) = [ 2 I;.:] . whichevcr is greater. 

fit (GOF) equal to 1.128 for 4181 reflections with F,Z > 3a(F,2). The largest residual 
electrcn density in the final difference Fourier map(0.82 e/A3) was located0.38 8, from 
OW?. Final positional parameters for the non- hydrogen atoms are listed in Table 111. 
Anisotropic thermal parameters. hydrogen atom parameters. and observed and 
calculated structure factor amplitudes( Tables 1V to Vr, are available as supplementary 
material from the authors upon request 

lGa(benzoh?-drox-amatc),1.H,O. C$f,OH. The structure of 2 was solved by standard 
heaby-atom procedures and refined as above. Hydrogen atoms were located from the 
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AF map at densities of 0.3 to 0.7 e/A3 and were assigned idealized positions. The 
ethanol molecule was disordered, and refined using a model with two alternate 
positions for the oxygen atom, with refined ocupancies of0.46 to0.54. Hydrogens for the 
ethanol were not resolvable by AF, and were not included in the structure modeL 
Anisotropic refinement of all non-hydrogen atoms except those from the ethanol 
converged withR = 0.040 andR,= 0.054, with a GOF of 1.76. The largest residual peaks 
were0.5-0.7 el 8 located in the region of the ethanol molecule and C20. Comparison of 
Fo vsFc as a function ofFo, setting angle, and Miller indices showed minor disagreement 
only among the very weak reflections Atomic coordinates are given in Table MI, 
anisotropic thermal parameters, hydrogen atom parameters, and observed and 
calculated structure factor amplitudes (Tables VIII to are available as supplemen- 
tary material 

DISCUSSION 
K ,  [Ga(catecholate),/.1.5 H,O. Individual bond lengths and angles of 1 are tabulated 
in Table XI. The complex (Figure 1) is isostructural with the Cr(III), Fe(III)16 and the 
V(I1I) complexes.'* In fact, the present structure shows the characteristic bond length 
alteration in the catecholate rings and bending of the catechol ligands across the 
oxygen-oxygen vector [the angles defined by the centroid of the catechol ring, the 
midpoint of the 0-0 vector and the Ga atom are 9.5(3)", 6.1(3)", and 2.5(3)"]. The 
average Ga-0 distance, 1.984(6) 8, is essentially the same as the average Cr-0 distance, 
1.986(4)8; the C$+ ionic radius is 0.648.5 However a wider range of distances is 
spanned in the Ga3+ structure, 1.969(2)-2.005(2)8, than in the CrJ+ structure, 1.973(3)- 
1.998(3) A. The average Ga-0 distance is 0.031 8 shorter than the average F e O  
distance, 2.015(6) 8, about as expected from their ionic radii The average OM-On,, 
angle in the Ga3- complex, 83.8(1)", is slightly larger than in the C9+ structure, 
83.6(1)", and significantly larger than the same angle in the Fe3+ complex [81.3(1)"]. 
While the bond lengths of the Ga3+ and Cr'+ complexes are nearly identical, there is a 
significant difference in the trigonal twist angle (Table XI) .  This arises from the crystal 

C Z 4  

CI 5 
FIGURE 1 
level. Hydrogen atoms are omitted for clarity. 

Molecular structure and labeling scheme for 1. Thermal ellipsoids are drawn at 50% probability 
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TABLE XI1 
Coordination parameters for M(cat),"- complexes 

~ ~~ ~ 

M-0 (-4 0 - M - 0  (deg) 0-0 (A) Ligand bite" Trigonal twistb 
( ded 

1.714(8) 
1.784( 15) 
I843(5) 
I .83l(S) 
I .882(S) 
1.906(1) 
I .986(4) 
1.984(6) 
2.01 3(9) 
1 966( 12) 
2.015(6) 
1.942(8) 

91.4(2) 
88 (1) 
88.2( 5) 
88.3(6) 
85.5(3) 
8S.2( I )  
83.6(1) 
83.78(5) 
8 1.3(3) 
80.3( 1) 
8 1.26(7) 
80.7(1) 

~ 

2.454(5) 
2.490(6) 
2.565(7) 
Z.SSO(5) 
Z.S56(8) 
2.582(6) 
2 . W 6 )  
2.649( I )  
2.62414) 
2.537(6) 
2.625(2) 
2.515(4) 

~ 

1.432 
1.396 
1.392 
I .393 
1.358 
1.355 
1.333 
1.335 
1.304 
1.290 
1.303 
1.295 

58.9 
55.9 
55.2 
55.6 
52.3 
51.8 
50.0 
48.8 
45.6 
43.5 
44.7 
38.6 

aLigand site defined as the ratio 0-O/M-0. qr igonal  twist calculated as the average projection angle for 
0-M-On,, as viewed down the pseudo threefold axis of the complex 'Potassium salt Ref 23. dHydronium 
(H,O,+) salt, Ref. 24. eSodium salt Ref 26. 'Potassium salt Ref 27. 

field stabilization of the Cf'+ complex which favours ideal octahedral geometry. In 
addition, the twist angles and bite distances follow the correlation already established 
for catechol complexes.16 Figure 2 shows a plot of this relationship for other 
rris-catecholate structures known to date: P(V)," A s ( V ) , ~ ~ J ~  Si(IV),25 Mn(N),26327 
Ti(IV),2* and V(II1) and V(IV).'* The deviation of the V(IV) structure from the 
established trend has not been discussed previously. It is remarkable that even though 
the Ti(IV) and V(1V) structures are very similar (both experience very similar hydrogen 
bonding to triethylammonium cations), the V twist angle is unexpectedly small. 

It is apparent from this structure that there is little srrucrurul basis for the different 
properties of the Ga3+ and Fe" catecholate complexes The bond lengths are as 

126 1.28 1-30 1.32 134 I36 WB 140 1.42 1.44 
ligand bite 

FIGURE 2 Twist angle qb in M(cat),* complexes plotted as a function of the ligand bite (b). The line is a 
linear feast-squares fit of the do,  d and d lo  complexes (shown by 0) .  such that @ =  I13"b-102". Other d " 
electronic configuration are denoted by A 
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C13 

C ’ 2  CI1 

C18 

C6 c 9  

c 7  

FIGURE 3 
probability level Hydrogen atoms are omitted for clarity. 

Molecular structure and labeling scheme for 2. Thermal ellipsoids are drawn at the 50% 

FIGURE 4 Comparison of the average metal-chelate bonding parameters for 2 and the Fe ’+ analog The 
broken line structure and values in parentheses refer to the Fe” structure 
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TABLE XI11 
Bond lengths and angles for 2 

__ ___ ~~ 

Bond Lengths (A) 

Ligand 1 Lipand 2 Llgand 3 Average 

Ga-Ol 1.936(2) Ga-03 1.951(2) Ga-05  1.969(2) 1.952(10) 
Ga-02 2.00()(2) Ga-04 1.965(2) Ga-06 1.984(2) 1.986(13) 

01-NI 1.377(3) 03-NZ 1.372(3) 05-N3 1.381(3) 1.377(3) 
02-c1 1.774(3) 0442 1.270(3) 06-C3 1.261(3) 1.268(4) 
CI-NI 1 .?97(4) CZ-NZ 1.319(4) C3-N3 1.307(4) 1.308(6) 
CI-C4 I .466(4) CZ-CI0 1.471(4) C3-CI6 1.47 I(4) 1.46Y(2) 

A -0.073 A -0.014 A -0.015 -0.034 

Average phenyl C-C 1.362(8) 

Angles (deg) 

0 1 -Ga-02 
03-Ga-04 
05-Ga-06 
Avg 0-Ga-On,, 

01-Ga-03 89.01(9) 
01-Ga-05 92.43(9) 
03-Ga-05 92 92( 8) 
‘4% 91.2(1 I )  

8 1.68(8) 
81.9q8) 
81.47(8) 
8 I .70( 14) 

01-Ga-04 
03-Ga-06 
05-Ga-02 

Avg 

01-Ga-06 168.49(9) 
03-Ga-02 167.74(8) 
05-Ga-04 167.72(8) 
Avg 0-Ga-O,,,,, 168.0(2) 

98.12(9) 02-Ga-04 91.43(8) 
101 .oq9) 02-Ga-06 89.16(8) 
96.3 1 (9) 04-Ga-06 89.16(8) 
Y8.5( 12) Avg 89.9(7) 

-~ 

Ligand 1 Ligand 2 Ligand 3 Average 

Ga-01-NI I09.3(2) Ga-03-N2 109.2(2) Ga-05-N3 108.1(2) 108.9(5) 
Ga-02-CI 111.0(2) Ga-04-C2 I12.4(2) Ga-O6-C3 112.6(2) 112.0(7) 
01-Nl-CI I19.2(2) 03-N2-C2 117.8(2) 05-N3-C3 119.1(2) 118.7(6) 
02-CI-NI 118.7(3) 04-C2-N2 118.5(3) 06-C3-N3 118.4(3) I18.5(4) 
NI-CI-C4 118.5(3) N2-C2-C 10 121.0(3) N3-C3-C16 120.2(3) I19.9(10) 
02-CI-C4 127 8(3) 04-C2-C10 120.4(3) 06-C3-C16 121.4(3) 121.5(10) 

Average phenyl C-C-C 120.0(3) 

expected from simple considerations of ionic radii, implying no unexpected bonding 
interactions. Perhaps the most notable difference is in the twist angle of the complexes. 
This follows a steady trend that depends in part on the size ofthe ion, and it is possible 
that such a feature is critical in determining the” fit“ of the complex in the siderophore 
receptor site. Overall however. the structure argues well for the supposed similarity of 
Ga3+ and Fe 3 +  complexes 

/Ga(benzohydroxamatej ,/. H,O. Ca,OH. The crystal structure of complex 2 
(Figure 3), while not isomorphous with the analogous F1+ structure,” possesses the 
same cis (orfac) coordination geometry. Table XI11 lists the bond lengths and angles for 
2. Figure 4 compares the structures of the chelates in the two complexes. Several 
important differences are noted: 

1 )  The average M - 0  distance in the gallium complex is 0.055 A shorter than in the 
iron complex - twice the0.025 A difference expected on the basis of the change in 
ionic radii 

The M - 0  bonds to the”carbonyl” and the”nitroxide” oxygens are more similar in 
the gallium complex, where they differ by only 0.034 A, than in the ferric complex 
where they differ by 0.08 A. 

2) 
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TABLE XIV 
Hydrogen bonds in Ga(benz), and Fe(benz),. 

~~ 

Ga(benz), Fe(benz), 

(A) Bond H-Bond (A) (‘4) Bond H-Bond (A) 

1.951(2) Ga-03 . . . 0 7  2.783(3) 1.98 F e - 0 3 . .  . W(12) 2.96 
1.969(2) Ga-05 . . . 08, l  2.813(7) 1.98 F e - 0 3 . .  . W(22) 2.63 
1.969(2) Gal -05 . .  . 08,2 2.858(8) 1.99 Fe-05 . . . W(3) 2.78 

1.952( 10) 1.98 Avg F c - q N )  
2.08 F e - 0 2 . .  . N3 2.74 
2.04 F e - 0 6 . .  . W(3) 2.99 
2.06 Avg Fe-qC)  

1.319(4) CZ-NZ. . . 0 7  2.790(3) 1.32 C1-N1 . . . W(1) 2.72 
1.308(9) Avg C-N 1.31 CZ-N2.. . W(12) 2.65 

1.31 CZ-N2.. . W(22) 2.80 
1.34 C3-N3.. . 0 2  2.14 

1.32 Avg C-N 

3 )  The Ga- and Fe-qN) bonds differ by only 0.03 A while the Ga- and Fe -qC)  
bonds differ by 0.07 A. 

Thus, there is an apparent difference in the bonding of the metals to the two different 
oxygens types. Note that the bonds to the “ionic” nitroxide oxygens accurately reflect 
the different metal ionic radii, while the bonds to the carbonyl oxygens do not (the 
difference is nearly three times that expected from the ionic radii). Possible causes for 
these structural differences are discussed below. 

Hydrogen bonding effects can be an important consideration in comparing these 
structures because they are not isomorphous. Table XIV lists the strongest hydrogen 
bond contacts in both structures. The gallium complex shows variations in the M-0 
bond length which clearly correlate with hydrogen bonding The Ga-03 and Ga-05 
distances, both affected by H-bonds, are longer than Ga-01, and the difference between 
the M-carbonyl and M-nitroxide bonds is small. The low precision of the Fe3+ 
structure somewhat obscures the analogous correlations, but the differences between the 
carbonyl and nitroxide bonds do correlate with the H-bonding. Hydrogen bonding to 
the nitroxide oxygen results in more similar M-0  bond lengths, while H-bonding to 
the carbonyl oxygens increases the difference. A direct consequence of hydrogen 
bonding to the carbonyl oxygens in the Fe3+ structure is to increase the difference in the 
M-O(C) bond lengths, providing at least a partial explanation for the 0.07 A difference 
observed in point (3) above. 

The different properties and structural details of the Ga3+ and Fe3+ complexes 
could also be a consequence of stabilization of different resonance forms of the 
hydroxamate ligand Structures I and I1 below show the two limiting resonance forms 
of the hydroxamate ligand 

0- 

:N- C 
R 

/ \  
H 

0- 0- 

I I1 
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1.28 A 
I .il 

1.26 I , l , l , l l I ,  
124 1.26 128 1.30 1.32 1.34 

d (A) c=o 

FIGURE 5 Plot of the C-N distance as a function of the C=O distance in hydroxamic acids and metal 
hydroxamate complexes The line is a linear least-squares fit of the data Data from Fe” structures are 
represented with a A while data from the Ga3+ structure are shown as +. Data from the hydroxamic acids are 
shown as 8 .  

Structure I has no formal charge on the carbonyl oxygen or the nitrogen atom This 
decreases the electrostatic contributions to the M-O(C) bonding Significant contri- 
bution to the overall molecular orbital from resonance form I results in a short C=O 
distance and a long C-N distance Resonance form I1 will have opposite effects. This 
form might be expected for metals with high formal charges, and will result in weaker 
N-H hydrogen bonding, since the strength of hydrogen bonds decreases with decreasing 
electronegativity of the H-bonded atoms. Inspection of Table XIV bears out this last 
expectation The only H-bonded nitrogen in the gallium structure also has the longest 
C-N distance. In the Fe 3 +  structure, all three ligands are H-bonded through N-H, and 
the average C-N distance is comparable to the longest in the Ga3+ structure. These 
results suggest more contribution to the molecular bonding in the Fe p +  structure from 
resonance form I1 than in the Ga3+ structure, where form I may be more 
important 

A simple comparison of ligand bond lengths in the Fe 3 +  and Ga3+ structures does 
not satisfactorily categorise the dominant resonance form of the ligand in these 
complexes. The Ga3+ complex has shorter C=Oand C-N bonds than the Fe3+ complex. 
Figure 5 plots the correlation between the C-N and C=O bond distances (which are 
listed in Table XV) in M-hydroxamate complexes and free hydroxamic acid 
s t r u c t ~ r e s . ~ ’ ~ ~ ~ - ~ ~  At either extreme are the free hydroxamic acids, with structures 
corresponding to resonance form I, and the covalently bound alkyl ethers of 
hydroxamic acids, with resonance form 11. There is a clear inverse relationship, as 
expected, between these bond lengths. The Ga3+ and Fe 3 +  structures discussed here 
fall into this region. However, while the correlation shown in Figure5 indicates that the 
hydroxamate ligandsdo vary in a consistent manner between the canonical forms I and 
11, there is no clear relationship between the resonance form ofthe ligand and the mode 
of bonding to the metal. It must be concluded that the small difference in M - q c )  and 
M-qN)  bonding observed in the structures are not due to differences in the M-0 
interaction or the hybridization of the ligand 
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TABLE XV 
Structural parameters of hydroxamic acids (HA) and M(hydroxamate), complexes 

Complex Ref 

~ ( c H J ~ c H N ~ o H ) c O ( c H J , l 2  
Trichostatin A 
AceteHA 
N-methyl-p- tolyl HA 
Salicyl HA 
syn-ethylbenzohydroxamic acid 
anti-ethylbenzohydroxamic acid 
Methylacetohydroxamic acid 
C1 P(benzoHA), 

F,B( N-methylacetoHA-) 
Cl,SNN-phenylbenzoHA-), 

Me,Sn(N- methylacetoHK), 

Ph, Sn(N- phenylbenzoHA-) 
(en)Zn(benzoHA-),* (BHA) 

(O,Mo(benzohydroximate)J’ 

[(CH,),NOMoO( benz0HA-K benzo- 
hydroximate)] 

[O,Mo(benzoHA)J 

[ O,Mo( benzoHA)J 

(#,P),Pqbenzohydroxirnate) 
(@,P)CORh(N-phenyl- benzoHA) 
H&V-phenyl-benzoHA) 

mns-CI( benzoHA), 

rmns-CI(benzohydroximate), 

cisCr(benzohydroximate), 
Ferrichrome A 

Ferrichrome A(135 k) 

Numichrome A(135 k) 

Ferrixoamine E 

Femchrome 

1.038(2) 

1.038(2) 

0.999 
1.021( 13) 
1.068(16) 
1.127(4) 
1.121(4) 
1.104(4) 
1.035(2) 
1.026(2) 

1.096(7) 
1.064(8) 
1.096(9) 
1.084(9) 
1.061 (3) 
1.002(3) 
1.108(6) 
1.079(6) 
1.062( 15) 
1.111(15) 
1.004(11) 
1.026(3) 
1.078(5) 
1.064(5) 
1.061 ( 5 )  
1.065(5) 
1.007(2) 
1.020(2) 
1.011(2) 

1.044(2) 

1.046(2) 

0.990(2) 
1.028(2) 
1.031(2) 

1.025(20) 
1.036(20) 
1.030(20) 
1.027(4) 
1.026(4) 
1.027(4) 
1.01 l(3) 
1.017(3) 
1.01 l(3) 
1.061 (4) 
1.054(3) 
1.042(3) 

1.006(2) 

1.02(1) 
1.02( 1) 
1.04(1) 

1.241 (2) 
1.240(9) 
1.245(6) 
1.246(2) 
1.258(4) 
1.33(2) 
1.34(2) 
1.336(3) 
1.356(3) 
1.349(4) 
1.3S2(4) 
1.339(4) 
1.346 
1.25(3) 
1.30(3) 
1.264(7) 
1.250(6) 
1.265(9) 
1.27 l(4) 
I .25 l(4) 
1.242(4) 
1.280( 14) 
1.328(13) 
1.294( 13) 
1.307( 13) 
1.285(5) 
1.323(5) 
1.266(8) 
1.262(8) 
1.26(3) 
1.29(3) 
1.35(3) 
1.302(6) 
1.273( 10) 
1.264(10) 
1.267( 10) 
1.261 (1 0) 
1.276(4) 
1.273(4) 
1.27 l(4) 
1.3 17(3) 
1.3 19(3) 
1.314(3) 
1.308(4) 
1.3q2) 
1.28(2) 
1.27(2) 
1.269(7) 
1.270(7) 
1.254(7) 
1.295(4) 
1.290(5) 
1.285(6) 
1.270(6) 
1.275(6) 
1.2821(6) 
1.27(2) 
1.28(2) 
l.29(2) 

1.328(2) 
1.364(10 
1.333(6) 
1.332(2) 
1.316(4) 
1.28(2) 

1.274(5) 
1.287(3) 
1.285(3) 
1.286(3) 
1.289(3) 
1.298 
1.36(3) 
1.31(2) 
1.303(6) 
1.31418) 

1.3 12(4) 
1.3 I8(4) 
1.322(5) 
1.188( 16) 
1.388(13) 
1.251(14) 
1.353( 15) 
1.329(4) 
1.296(6) 
1.310(8) 
1.316(8) 
1.38(3) 
1.36(3) 
1.28(3) 
1.311(7) 
1.372(10) 
1.374(10) 
1.377(10) 
1.377(10) 
1.294(4) 
1.303(5) 
1.3 18(5) 
1.294(3) 
1.308(3) 
1.305(3) 
1.298(4) 
1.32(2) 
1.3 l(2) 
1.33(2) 
1.329(7) 
1.324(7) 
1.3 19(7) 
1.324(5) 
1.326(5) 
1.294(6) 
1.314(5) 
1.301(5) 
1.307(5) 
1.32(3) 
1.28(2) 
1.31(2) 

1.26(2) 

1.304(9) 

1.070(3) 
1 .100( 16) 
1.070(10) 
1.069(3) 
1.046(7) 
0.96(3) 
0.94(3) 
0.954(6) 
0.949(4) 
0.952(5) 
0.950(5) 
0.963(5) 
0.964 
1.09( 5) 
1.01(4) 
1.03 1( 10) 

1.03 I( 14) 
1.032(6) 
1.054(6) 
1.064(7) 
0.928(23) 
1.045(20) 
0.967(21) 
1.035(22) 
1.034(7) 
0.980(8) 
1.0354 3) 
1.043(13) 
l.lO(5) 
1.05(5) 
0.95 
1.007( 10) 
1.078(16) 
1.087(16) 
1.087(16) 
1.092( 1 1) 
1 .O 14(6) 
1.023(6) 
1.037(7) 
0.982(4) 
0.989(4) 
0.993(4) 
0.995(6) 
1.02(3) 
1.02(3) 
1.05(3) 
1.047(11) 
1.046(11) 
1.052(11) 
1.022(7) 
1.028(8) 
1.008(9) 
1.085(9) 
1.088(9) 
1.075(9) 

1.05 l(11) 

1.0413) 
I.Oo(3) 
1.02(3) 
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46 
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TABLE XV Cont‘d. 

B.A. BORGIAS. S.J. BARCLAY AND K N .  RAYMOND 

~ ~~ 

FdNN‘. N”-tnacetylfusarinine) 1.02( I )  
1.04(1) 
1.05(1) 

[ Fe,(pimely(-bis-N-isoPr- I .023(2) 
HA)&OCHi) J 1.01 l(2) 

FdbenzoHA), 1.W1) 
I.osll) 
1.03( 1) 

Ga(benzoHA), 1.038(2) 
1.007(2) 
l.OOS(2) 

1.27(2) 1.34(2) 
1.28(2) 1.33(2) 
1.27(2) 1.39(2) 
1.274(2) 1.3 l7(2) 
1.270(2) 1.319(2) 
1.30( I ) 1.32(2) 
l.27( I )  1.31(1) 
1.28(2) 1.34(2) 
1.274(3) 1.297(4) 
1.27063) 1.31914) 
1.261(3) 1.307(4) 

1 06(3) 

1.09(3) 
1.034(3) 
1.038(3) 
1.02(2) 
1 .W2) 
1.05(3) 
1.018(5) 
I .038(5) 
1.036(5) 

1 . ~ 3 )  
53 

54 

15 

this 
work 

The structures reported here contribute to the growing body of gallium structural 
chemistry. The geometries of both gallium complexes compare relatively well with the 
corresponding ferric analogs and support the premise that Ga3+ is a good structural 
analogue for the ferric ion Therefore, neither structure provides a convincing basis for 
the observed difference in biologicai transport of Ga3+ and Fe 3f catecholate or 
hydroxamate complexes. 
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