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the Materials Science Center at Cornell University. 

Appendix 

The Coulomb integrals for iron, niobium, and ruthenium were 
obtained from charge-iterative calculations on planar Fe-(NH2)4

2~. 

A biomimetic approach to the design of tetravalent actinide-
specific sequestering agents modeled after bacterial iron-transport 
agents has suggested the incorporation of catechol or hydroxamic 
acid ligating groups in an octadentate macrochelate.1'2 The 
complexes formed by actinide(IV) ions and these ligands, in which 
the steric constraints of a macrochelate are absent, serve as 
structural archetypes for designing the optimum actinide(IV) 
macrochelate. The actinide(IV) catecholates have been observed3 

to have coordination polyhedra very close to the idealized trigo-

(1) Previous paper in this series: (a) Weitl, F. L.; Raymond, K. N.; 
Durbin, P. W. /. Med. Chem., 1981, 24, 203-206. For recent reviews see: 
(b) Smith, W. L.; Raymond, K. N. Struct. Bonding (Berlin) 1981, 43, 
159-186. (c) Raymond, K. N.; Smith, W. L.; Weitl, F. L.; Durbin, P. W.; 
Jones, E. S.; Abu-Dari, K.; Sofen, S. R.; Cooper, S. R. ACS Symp. Ser. 1980, 
131, 143-172. (d) Raymond, K. N.; Harris, W. R.; Carrano, C. J.; Weitl, 
F. L. Ibid. 1980, 140, 313-332. 

(2) Weitl, F. L.; Raymond, K. N.; Smith, W. L.; Howard, T. R. /. Am. 
Chem. Soc. 1978, 100, 1170-2. 

(3) (a) Sofen, S. R.; Cooper, S. R.; Raymond, K. N. Inorg. Chem. 1979, 
18, 1611-6. (b) Sofen, S. R.; Abu-Dari, K.; Freyberg, D. P.; Raymond, K. 
N. J. Am. Chem. Soc. 1978, 100, 7882-7. 

(H2N)4-Nb=O(OOCH)2- , and Ru(NH3J6
2+. The geometrical 

parameters of the Nb=O(OOCH) portion were taken from the 
structure of (TPP)Nb=O(OOCCH3).63 The R u - N and N - H 
distances were assumed to be 2.15 and 1.03 A in the octahedral 
molecule Ru(NH3)6

2+. Orbital exponents for the iron 3d functions 
are those given by Richardson et al.,64 while those for the 4s and 
4p orbitals are taken from previous work.65 The Basch and Gray 
orbitals are used for the 4d, 5s, and 5p functions of niobium and 
ruthenium.66 These extended Huckel parameters are listed in 
Table I, together with those for hydrogen, carbon, nitrogen, and 
oxygen atoms. 

nal-faced dodecahedron in which the m edges are spanned by the 
ligands. While hydroxamic acids have been used in quantitative 
analysis and solvent extraction of actinides,4 the complexes formed 
have not been structurally characterized. In order to characterize 
fully the formulation and coordination geometry of these com
pounds, we have determined the structures of tetrakis(iV-iso-
propyl-3,3-dimethylbutanehydroxamato)- and tetrakis(AMso-
propyl-2,2-dimethylpropanehydroxamato)thorium(IV) (Figure 
1) by single-crystal X-ray diffraction. 

Experimental Section 
The hydroxamic acids were synthesized as described elsewhere.5 

Anhydrous UCl4 was purchased from ROC/RIC and ThCl4-8H20 was 
obtained from City Chemical Co. Reactions using U(IV) were per
formed under dry argon on a vacuum line using degassed solvents. So
lutions of U(IV) were manipulated by using Schlenk techniques, and 
solids were handled in a Dri-Lab HE-43 glovebox under dry argon. 

(4) Smith, W. L.; Raymond, K. N. J. Inorg. Nucl. Chem. 1979, 41, 
1431-6. 

(5) Smith, W. L.; Raymond, K. N., submitted for publication. 
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Abstract Hydroxamate complexes of the actinides have been investigated as structural archetypes in the design of actinide-specific 
sequestering agents. The complexes Th[(CH3)2CHN(0)0(0)R]4 have been prepared, from aqueous solutions of Th(IV) and 
the corresponding hydroxamic acid, for R = C(CH3)3 or CH2C(CH3)3 (compounds 1 and 2, respectively). Both complexes 
1 and 2 are hydrocarbon soluble and remarkably volatile, subliming near 100 0C (1O-3 torr). They are fluxional and rapidly 
exchange hydroxamate ligands in CHCl3 solution. The uranium(IV) analogue of 1 was also prepared, but the uranium(IV) 
hydroxamates undergo an internal redox reaction that involves oxygen atom transfer from the ligand to the metal to give a 
bis(hydroxamato)uranyl complex and the amide of one hydroxamate ligand. The physical properties of the thorium hydroxamate 
complexes seem to be due to their hydrocarbon substituents, and the different steric constraints imposed by the C-substituent 
tert-butyl and neopentyl groups of 1 and 2, respectively, give rise to dramatically different coordinate geometries. The tert-butyl 
groups of 1 dominate the stereochemistry of the complex by assuming a tetrahedral disposition around the metal. The coordination 
polyhedron of 1, which has 4 (S4) crystallographic symmetry, is nearly cubic. The localization of charge on the nitrogen oxygen 
of the hydroxamate group makes this ligand unsymmetrical, and this gives rise to a 0.14-A difference in R(Th-0N) [2.357 
(3) A] and R(Th-O0) [2.492 (3) A]. The sterically less constrained neopentyl derivative 2 shows a more typical eight-coordinate 
geomerty—the D2^ trigonal-faced (mmmm) dodecahedron. Although there is no crystallographically imposed symmetry for 
2, the polyhedron is close to the ideal dodecahedron. The average R(Th-0N) [2.36 (1) A] is again shorter than R(Th-O0) 
[2.46 (2) A]. There is apparently no sorting of sites by ligand charge, since the O N and O c atoms are equally distributed 
between the A and B sites of the dodecahedron. Detailed analysis of the geometries of 1 and 2 are carried out in terms of 
their shape parameters and explicitly compared to related eight-coordinate complexes. Both compounds 1 and 2 are colorless. 
Crystals of 1 conform to space group /4,/a with a - 17.338 (4) A and c = 12.706 (4) A. For 4 formula units per cell the 
calculated density d^^ is 1.50 g cm"3 and Jobsd is 1.50 (1) g cm-3. Crystals of 2 conform to space group Pl with a = 9.777 
(2) A, b = 14.633 (2) A, c = 18.515 (1) A, a = 74.06I0 (8), 0 = 88.41 (I)0, and y = 74.71 (2)°. For 2 formula units per 
cell da\oi = 1-3Og cm-3 and dobsi = 1.19 g cm-3. Full-matrix least-squares refinement of both structures using all averaged, 
independent data with F* > 3<r(F)2 gave for 1 with 1798 data and 117 variables R = 0.027 and Rv = 0.032 and for 2 with 
6978 data and 467 variables R = 0.034, Rw = 0.042. 

0002-7863/81/1503-3341S01.25/0 © 1981 American Chemical Society 
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Table I. Crystal Data for Th[Z-PrN(O)C(O)R]4 

I R = C(CH 3 ) 3 

I R = CH2C(CH3)3 

-»4 

Figure 1. Structural formulas of the thorium hydroxamate complexes 
described in this paper. 

Infrared spectra were obtained on a Perkin-Elmer 283 spectropho
tometer as KBr pellets. 1H NMR spectra were recorded on a Varian 
A-60 spectrophotometer. Melting points were taken in open capillaries 
on a Biichi apparatus and are uncorrected. Microanalyses were per
formed by Analytical Services, Chemistry Department, University of 
California, Berkeley. 

Tetrakis(N-isopropyl-2,2-dimethylpropanehydroxamato)thorium(IV) 
(1). A solution of 1.04 g (2 mmol) of ThCl4-8H20 in 10 mL of 0.01 M 
HCl was added slowly to a stirred solution of 1.59 g (10 mmol) of 
7V-isopropyl-2,2-dimethylpropanehydroxamic acid in 10 mL of 1 M 
NaOH. After being washed with water, the precipitate was dissolved in 
10 mL of methanol. The solvent was removed, and the residue was 
dissolved in ether. The ether was removed on a rotovap to leave a white 
powder which was very soluble in most organic solvents but only slightly 
soluble in hexane. This material was purified by sublimation (~95 0 C 
(IO"3 torr)) to yield 1.0 g (60% of theory) of 1: mp 126.5-127.5 0C; 1H 
NMR (CDCl3-Me4Si) h 1.23 [s, 36 H, C(CH3)3], 1.27 [d, / = 6 Hz, 24 
H, >C(CH3)2], 4.25 (septet, J = 6 Hz, 4 H, >CH). 

Anal. Calcd for C32H64N4O8Th: C, 44.44; H, 7.46; N, 6.48. Found: 
C, 44.46; H, 7.29; N, 6.41. 

Tetrakis(JV-isopropyl-3,3-dimethylbutanehydroxamato)thorium(IV) 
(2). With use of AMsopropyl-3,3-dimethylbutanehydroxamic acid and 
the above procedure, 2 was prepared in 78% yield. Compound 2 is 
soluble in hexane: mp 116-117 0C; sublimes ~100 0 C (IO"3 torr); 1H 
NMR (CDCl3-Me4Si) <5 1.05 [s, 36 H, C(CH3)3], 1.22 [d, J = 7 Hz, 24 
H, >C(CH3)2], 2.05 (s, 8 H, CH2), 4.1 (septet, 4 H, >CH). 

Anal. Calcd for C36H72N4O8Th: C, 46.95; H, 7.88; N, 6.08. Found: 
C, 46.95; H, 7.78; N, 6.06. 

Terrakis(;V-isopropyl-2,2-dimethylpropanehydroxamato)uranium(IV). 
The above method was used to synthesize the green uranium complex 
U[Z-PrN(O)C(O)-J-Bu]4 from UCl4 and AMsopropyl-2,2-dimethyl-
propanehydroxamic acid. In contrast to the thorium complex, on expo
sure to air solutions of U[Z-PrN(O)C(O)-Z-Bu]4 quickly turn red in the 
formation of an uranyl complex; the solid is more air stable. This com
pound decomposed near 80 0C during an attempted sublimation to give 
a red uranyl compound. Red crystals of an uranyl complex also formed 
slowly on the walls of a Schlenk tube that contained a deaerated hexane 
solution of U[Z-PrN(O)C(O)-J-Bu]4 under an argon atmosphere such 
that all of the U(IV) was converted to UO2

2+ in about 2 weeks. After 
filtration, the hexane was removed and a mixture of unreacted hydrox-
amic acid and ZV-isopropylpivaloylamide was sublimed from the residue. 
The infrared spectra of the isolated amide and of a synthesized sample5 

were identical. 

X-ray Diffraction Studies. Compound 1. Colorless crystals of Th[Z-
PrN(O)C(O)-J-Bu]4, which in ideal form were shaped as bicapped square 
prisms, were obtained by slow evaporation of an ether-hexane solution. 
An irregularly shaped crystal with nonidentiftable faces which approxi
mated a sphere of 0.11-mm radius was sealed in a thin-walled glass 
capillary. Precession photographs and diffraction data showed tetragonal 
symmetry in the Laue group 4/m and systematic absences ZiZcZ, Zj + Zc 
+ / ^ In, ZiZcO, h ^ 2« (k ^ 2n), and 00Z, Z # An, consistent with the 
space group IAJa. In addition, reflections hkl, 2Zi + Z ̂  In + 1, or An 
(2Zc + Z j ^ 2« + 1 or 4«) were absent or weak which implied that the Th 
atom occupies the special position (0, '/t, ' /s) with 4 site symmetry. 
Since the other atoms are located on general positions, the asymmetric 
unit is comprised of one-fourth Th atom and one ligand molecule. 
Graphite-monochromatized Mo Ka radiation (XMOKOI = 0.709 30 A) was 
used for the precise measurement of the cell constants and for data 
collection on a Nonius CAD-4 automated four-circle diffractometer.6 

Cell parameters, obtained by a least-squares fit to the measured coor
dinates of 22 reflections ranging in 20 from 37.5 to 48.8° at 24 0C, are 
listed in Table I. 

The intensities of two equivalent forms, h,k,±l, of all reflections with 
20 < 55° were measured and processed as previously described except 
that, since every digit of the count is recorded, there is no correction for 
the round-off error.7 A maximum of 60 s was used to scan a reflection 

(6) Programs for the PDP 8/E were written by Enraf-Nonius Corp. 
(7) Abu-Dari, K.; Ekstrand, J. D.; Freyberg, D. P.; Raymond, K. N. Inorg. 

Chem. 1979, 18, 108-12. 

R 
mol formula 
mol wt 
space group 
cell constants 

a, A 
Z>, A 
c, A 
a, deg 
/3, deg 
T. deg 

vol, A3 

formula units/cell 
Scaled. S cm"3 

tfobsd." 8 c m ~ 3 

linear abs coeff 
MMo K a ™ " 1 

a Measured by flotation 

tert-butyl 
ThC32H64N4O8 

864.92 
/4 Ja (Cl1x) 

17.338(4) 

12.706 (4) 

3819(2) 
4 
1.50 
1.50 
40.87 

in aqueous KI. 

neopentyl 
ThC39H79N4O8 

964.12 
Pl (Cj) 

9.777 (2) 
14.633(2) 
18.515(1) 
74.061 (8) 
88.41 (1) 
75.71 (2) 
2466.0 (7) 
2 
1.30 
1.19 
31.72 

through a variable-scan angle of (0.5 + 0.35 tan 0)° with use of an 
aperture with a variable width of (2.0 + tan 0) mm. The orientation was 
checked every 250 reflections. The intensity of three standards measured 
every 7200 s showed an anisotropic decrease of 11% along a and a cor
rection was applied. A spherical absorption correction was included 
during data processing.8 Equivalent forms were averaged, and, to avoid 
overweighting the strong reflections, we chose the p factor as 0.04 as 
previously described.4 

Compound 2. Colorless rhombic needles of the more hydrocarbon-
soluble Th[Z-PrN(0)C(0)neopentyl]4 were obtained by slow evaporation 
from hexane. Precession photographs showed triclinic symmetry, and the 
subsequent structure determination established the space group as /M 
with the presence of half of a molecule of hexane per thorium atom. A 
piece of crystal of dimensions 0.11 X 0.23 X 0.42 mm, cleaved from a 
long needle with a scalpel, was sealed in a capillary. Cell constant and 
intensity data collection and processing were done in a manner similar 
to that for 1. All unique reflections, h,±k,±l, with 2° < 2 < 50° were 
measured with a maximum of 90 s and a variable-scan angle of (0.75) 
+ 0.35 tan 0)°. The setting angles were calculated to minimize ab
sorption by choosing the orientation around the diffraction vector that 
came closest to bisecting the incoming and diffracted X-ray beams with 
the plate face (001 direction). The data were corrected for an isotropic 
10% decay in intensity of three standards measured every 2 h. An 
analytical absorption correction,9 which ranged from 1.49 to 2.79, was 
applied to the data and its validity was checked by several azimuthal 
scans. Equivalent forms were averaged. To avoid overweighting the 
strong reflections, we chose the p factor as 0.04.4 

Structure Determination and Refinement. For both compounds, the 
positions of the thorium and the hydroxamate atoms were found in 
Patterson maps. The remaining atoms were located by standard dif
ference Fourier and least-squares refinement techniques.10 In both cases, 
hydrogen atoms found in a difference Fourier agreed well with calculated 
positions. Methyl hydrogens were treated as rigid groups (C-H = 1.0 
A; H-C-H = 109.5°) which were allowed to rotate about the C-C 
vector. In 1 each group of methyl hydrogens was refined with its own 
isotropic temperature factor, while in 2 the isotropic temperature factors 
were constrained to be equal. The position of the methylidyne hydrogen 
in 1 was refined with an isotropic temperature factor. The methylene 
and methylidine hydrogen atoms of 2 were held fixed to their calculated 
positions, and a single combined isotropic temperature factor was refined. 

After refinement of the Th[Z-PrN(0)C(0)neopentyl]4 molecule (2), 
a diffuse mass of electron density, with an integrated density of ~20 e 
A"3, was found in a large channel near the inversion center at ('/2. 0. 0). 
This is consistent with a hexane molecule (half of a hexane molecule = 
25 A-3) rotationally disordered about the long axis of the planar zig-zag 
conformation, in which the long axis lies parallel to the channel and is 
centered at ('/2, 0, 0). A rigid group comprised of the carbon atoms of 
half of a hexane molecule and the carbon atoms generated by rotations 
of 90, 180, and 270° about the long axis was used to approximate the 
disorder. Each atom was given one-fourth occupancy, and a single 

(8) "International Tables for X-ray Crystallography"; Kynoch Press: 
Birmingham, England, 1959; Vol. II. 

(9) Templeton, L. K.; Templeton, D. K., paper presented at the meeting 
of the "American Crystallographic Association", Ser. 2, 1973; Vol. 1, p 143. 

(10) Machine computations were performed on a CDC 7600 computer by 
using in addition to locally written programs: Zalkin's FORDAP Fourier pro
grams; Ibers' NUCLS group least-squares version of the Busing-Levy ORFLS; 
Watkins RBANO to generate group orientation angles; ORFFE, a function and 
error program by Busing and Levy; Johnson's ORTEP, a thermal ellipsoid plot 
program. 
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Figure 2. Packing diagram of Th[I-PrN(O)C(O)-J-Bu]4 (1) viewed down the c (4) axis with the b axis vertical. 

Table II. Positional and Anisotropic Thermal Parameters (X 103) for Th(Z-PrN(O)C(OH-Bu]„ 

atom 

Th 
Ol 
0 2 
N 
Cl 
C2 
C3 
C4 
C5 
C6 
C7 
C8 

X 

0.0000 
0.4183 (2) 
0.4161 (2) 
0.3815(2) 
0.3809 (2) 
0.3376(2) 
0.3480(3) 
0.2507 (3) 
0.3710(3) 
0.3552 (3) 
0.4248 (4) 
0.3023 (4) 

y 

0.2500 
0.1652(2) 
0.3059(2) 
0.1878(2) 
0.2623 (2) 
0.2986(3) 
0.3861 (3) 
0.2806 (3) 
0.2720(3) 
0.1223(3) 
0.0796 (3) 
0.0704(3) 

Z 

0.1250 
0.2823 (2) 
0.2352(2) 
0.1915(2) 
0.1718(3) 
0.0775 (3) 
0.0839 (4) 
0.0851(4) 
0.9715(4) 
0.1268(3) 
0.0832 (5) 
0.1896(4) 

(3„a 

1.73 (2) 
2.81 (10) 
3.38(11) 
2.46(11) 
2.03 (12) 
2.61(14) 
3.63 (19) 
2.23(14) 
4.27 (22) 
3.32(16) 
5.06 (26) 
5.28 (26) 

022 

1.73 (2) 
2.27 (9) 
2.15(10) 
2.48(11) 
2.60(13) 
3.05 (15) 
3.30(18) 
4.46 (21) 
5.05 (24) 
2.63(14) 
4.10(23) 
4.27 (22) 

° The form of the anisotropic temperature factor is exp[-((3nft2 + (322fc
2 + /333/2 

Table III. 

atom 

H3A 
H3B 
H3C 
H4A 
H4B 
H4C 
H5A 
H5B 
H5C 
H6 
H7A 
H7B 
H7C 
H8A 
H8B 
H8C 

Hydrogen Atom Parameters 

X 

0.331(2) 
0.316(2) 
0.404(1) 
0.243 (1) 
0.222(2) 
0.232 (2) 
0.361(1) 
0.428 (1) 
0.347(3) 
0.326(3) 
0.456 (2) 
0.407 (2) 
0.457 (2) 
0.290 (2) 
0.253(1) 
0.328(2) 

y 

0.405 (1) 
0.411(1) 
0.399(1) 
0.224(1) 
0.306 (1) 
0.300(1) 
0.216(1) 
0.282 (1) 
0.301(1) 
0.147(2) 
0.116(1) 
0.035 (1) 
0.060(1) 
0.023(1) 
0.099 (1) 
0.055 (2) 

in Th[Z-PrN(O)C(OH-Bu]4 

Z 

0.155(1) 
0.029 (2) 
0.072 (3) 
0.081 (2) 
0.027 (3) 
0.154(2) 
0.962(1) 
0.972 (4) 
0.912(3) 
0.070 (4) 
0.039 (3) 
0.039 (3) 
0.143(2) 
0.148(1) 
0.206 (4) 
0.257 (2) 

B, A2 

5.3(8) 
5.3(8) 
5.3 (8) 
5.9(9) 
5.9 (9) 
5.9 (9) 
7.2(10) 
7.2(10) 
7.2(10) 
2.7 (9) 
8.2(12) 
8.2(12) 
8.2 (12) 
6.4(10) 
6.4(10) 
6.4(10) 

/ 3 3 3 

2.08 (2) 
3.56(15) 
4.08(16) 
3.08(17) 
2.88(19) 
3.43 (22) 
6.62 (32) 
6.27 (30) 
3.72(25) 
4.03 (22) 
6.54(35) 
6.23(34) 

(3.2 

0.00 
-0 .37 (7) 

0.03 (8) 
-0.25 (9) 

0.11(9) 
0.06(11) 
0.19(14) 
0.15(13) 
0.41(17) 

-0 .45(11) 
0.57 (19) 

-2 .45 (20) 

+ 2&l2hk + 2pl3hl + 2/323 

/3.3 

0.00 
-1 .11(10) 
-1 .29(11) 
-0 .62(11) 
-0 .28 (12) 
-0 .67 (14) 
-0 .76(14) 
-1 .07(17) 

0.08(19) 
-0 .95(17) 
-0 .60(25) 
-0 .61 (24) 

*0]. 
-C4 

> > C 2 / ' ^ 

-© <©C 3 

/y—Q^ci 
I ^ \ 3 \ N 

Ejh Ql̂ fT 

(323 

0.00 
0.41(10) 
0.17(10) 
0.06(11) 
0.22(13) 
0.64(15) 
1.74(21) 
0.67(21) 
0.96 (20) 

-0 .37(17) 
-1 .96(23) 
-0 .05 (22) 

f\C5 

Ci ^ 

Q)C7 

combined isotropic group temperature factor was used. The group was 
calculated by using C-C bond lengths of 1.537 A and angles of 109.47°." 
Inclusion of the hexane molecule decreased the average value of E, the 
error in an observation of unit weight,12 from 45.1 to 13.3 for reflections 
with (sin 8)/\ < 0.2 and from 4.2 to 2.5 for all data. 

Final full-matrix, least-squares refinement for compound 1 on 1798 
reflections with F0

2 > 3o-((F0))
2 and 117 variables, including a correction 

for secondary extinction,13 led to convergence with R = 0.027, /?„ = 
0.032, and E = 1.25.12 Final refinement of 2 on 6978 reflections with 
F0

2 > 2(T(F2) and 467 variables led to convergence with R = 0.034, Rw 

= 0.042, and E = 1.64. The function 5XIF0I - |FC|)2, where w = 
4F 0 VC(CF 0 ) ) 2 , was minimized in all refinements. Except for the group 
and the hydrogen atoms discussed above, all atoms were refined with 
anisotropic temperature factors. Atomic scattering factors were for 
neutral atoms, and those for thorium were corrected for anomalous 
dispersion.14 A final difference Fourier map for 1 showed maximum 
residual peaks of 1.71 and -2.38 e A"3; for peaks more than 2 A from 

(11) "International Tables for X-ray Crystallography"; Kynoch Press: 
Birmingham, England, 1962; Vol. III. 

(12) Definitions of indicators are R = £| |FJ " l^dl/El^ol. K = [Lw(IF0) 
~ 1^cI)VLwF0

2]1/2, and E, the error in an observation of unit weight, =-
[2XI^oI ~ IFcI)VM, ~ Ny)Y11, where TV0 is the number of observations and 
Ny is the number of refined variables. 

(13) Zachariasen, W. H. Acta Crystallogr., Sect. A 1968, A24, 212-6. 
The value of the refined constant was 5.4 (9) X 10"'. 

Figure 3. A view of the Th[Z-PrN(O)C(OH-Bu]4 viewed down the 4 
axis. In this and subsequent figures, thermal ellipsoids are drawn at the 
50% probability level except for those of the substituent carbon atoms 
which are at the 8% probability level. Nitrogen and nitrogen oxygen 
atoms are shaded, and hydrogen atoms are omitted for clarity. 

the Th the largest was 0.5 e A"3. Maximum residual peaks of 1.44 and 
-0.86 e A"3 were found in the final difference Fourier map for compound 
2. The final positional and thermal parameters are in Tables H-V. 
Information regarding supplementary material can be found in the last 
paragraph of this paper. 

Description of the Structure of Th[I-PrN(O)C(O)- T-Bu]4. The thorium 
atom in this complex sits on a crystallographic 4 axis, as shown in the 
packing diagram of Figure 2. This limits the possible eight-coordinate 
polyhedra to the dodecahedron and the cube (tetragonal prism). For 
minimization of steric interactions, the bulky terr-butyl groups migrate 
to the corners of a tetrahedron, resulting in the distorted cubic geometry 
of the complex shown in Figures 3-5. This steric strain also manifests 
itself in a C(=0)C(r-Bu) bond length [1.547 (5) A] which is signifi
cantly longer than the length normally found for an sp2-sp3 C-C bond 
[1.506 (5) A].15 As seen in Table VI, the other ligand bonding param
eters are close to their expected values. The chelate ring of the hy-

(14) "International Tables for X-ray Crystallography" 
Birmingham, England, 1974; Vol. IV. 

(15) Spec. Publ.—Chem. Soc. 1956-1959, No. 18. 

Kynoch Press: 
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Figure 4. Stereopair of Th[i'-PrN(0)C(0)-r-Bu]4 viewed down the dodecahedral mirror plane, perpendicular to c. 

CUBE Th ( i -PrN(O)C (O ) - t - B u h DODECAHEDRON 

Figure 5. The coordination polyhedron of Th[I-PrN(O)C(OH-Bu]4 compared to a cube and to a dodecahedron. 

Figure 6. Packing diagram of Th[i'-PrN(0)C(0)neopentyl]4 (2) viewed down the b axis with the c axis horizontal. Note the hexane molecule. 

droxamic acid is planar, with an average deviation of 0.007 A from the 
calculated least-squares plane. The substituent carbon atoms, C2 and 
C6, are displaced -0.099 and 0.174 A from this plane. 

Because the hydroxamate anion is an unsymmetrical ligand with more 
of the charge localized on the nitrogen oxygen, the T h - 0 N bond [2.357 
(3) A] is 0.14 A shorter than the Th-O c bond [2.492 (3) A]. The 
average Th-O bond (2.425 A) is very close to the average Th-O bond 
found in [^(catechol),]4" (2.420 A).3 The 0 N - M - O c (or bite) angle 
observed in 1 [62.32 (9)°] is smaller than that calculated by using a 
hard-sphere model to successfully span an edge of a cube (70.53°). The 
disparity in Th-O bond lengths and observed bite angle cause a distortion 
toward the gggg isomer of a trigonal-faced dodecahedron accompanied 
by a 10.3° twist in the dodecahedral BAAB trapezoid (see Figure 5 for 
these definitions). As predicted from an electrostatic model,16,17 the more 
negatively charged nitrogen oxygens are located at the B sites of the 
dodecahedron, but this could also be a steric effect of the tert-butyl 
groups. 

(16) Hoard, J. L.; Silverton, J. V. Inorg. Chem. 1963, 2, 235-43. 
(17) Burden, J. K.; Hoffmann, R.; Fay, R. C. Inorg. Chem. 1978, 17, 

2553-68. 
(18) Muelterties, E. L.; Guggenberger, L. J. J. Am. Chem. Soc. 1974, 96, 

1748-56. 

The relationship of the cube and the dodecahedron to the coordination 
polyhedron of 1 is shown in Figure 5, and a detailed shape parameter 
analysis is presented in Table VII. The similarity of this complex to a 
cube is shown by the equal edge lengths of those not spanned by the 
ligands, the m and g' edges, and the dihedral angles, i, which are close 
to 90° about the m and g edges. The a and b edges are face diagonals 
in the cube, and the dihedral angles about these edges measure the 
distortion toward the dodecahedron. Although calculations on the basis 
of electronic repulsions in eight-coordinate complexes favor the dodeca
hedron, large steric repulsions are expected to predominate, when pres
ent.16'17 Thus, the bulky alkyl substituents direct the geometry of complex 
1 toward a cube. Although somewhat rare, cubic coordination has been 
observed in U(2,2'-bipyridyl)4

1' and in [La(2,2'-bipyridine l,l'-di-
oxide)4]3+.20 Both these complexes involve ligands that are bulky near 
the coordination sites. In contrast, the cubic coordination in (Et4N)4-
[U(NCS)8]21 is attributed to crystal packing forces, since this geometry 

(19) Del Piero, G.; Perego, G.; Zazzetta, A.; Brandi, C. Cryst. Struct. 
Commun. 1975, 4, 521-6. 

(20) Karaghouli, A. R. A.; Day, R. O.; Wood, J. S. Inorg. Chem. 1978, 
17, 3702. 

(21) Countryman, R.; McDonald, W. S. J. Inorg. Nucl. Chem. 1971, 33, 
2213-20. 



Specific Sequestering Agents for the Actinides J. Am. Chem. Soc, Vol. 103, No. 12, 1981 3345 

Table IV. Positional and Anisotropic Thermal Parameters (X 10") for Th[i-PrN(0)C(0)neopentyl]4
a 

Atom 

Th 
Oil 
012 
Nl 
CIl 
C12 
C13 
CH 
C15 
C16 
C17 
C18 
C19 
021 
022 
N2 
C21 
C22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
031 
032 
N3 
C31 
C32 
C33 
C34 
C35 
C36 
C37 
C38 
C39 
041 
042 
N4 
C41 
C42 
C43 
C44 
C45 
C46 
C47 
C48 
C49 

X 

.09004(2) 
-.0781(4) 
.1433(4) 

-.0377(5) 
.0789(6) 
.1417(6) 
.2737(6) 
.2384(10) 
.3922(8) 
.3265(10) 

-.1340(7) 
-.2738(8) 
-.1509(8) 
.3257(4) 
.2254(5) 
.4153(5) 
.3575(8) 
.4404(9) 
.4452(8) 
.5530(10) 
.3017(11) 
.4891(14) 
.5620(6) 
.5720(8) 
.6205(8) 

-.0901(4) 
.0618(5) 

-.0834(6) 
-.0040(7) 
.0033(9) 
.1445(11) 
.1322(13) 
.1805(16) 
.2593(14) 

-.1651(8) 
-.3193(10) 
-.1206(12) 
.1998(5) 

-.0130(4) 
.1524(6) 
.0421(7) 

-.0226(8) 
.0072(9) 

-.0468(12) 
.1625(12) 

-.0750(12) 
.2364(9) 
.2147(12) 
.3892(11) 

y 

.36624(1) 

.3544(3) 

.4052(3) 

.3526(3) 

.3799(4) 

.3789(4) 

.2935(5) 

.1948(6) 

.2956(8) 

.3062(7) 

.3212(5) 

.3986(5) 

.2221(5) 

.3720(3) 

.3624(5) 

.3598(4) 

.3586(6) 

.3595(7) 

.2743(7) 

.2651(10) 

.2767(9) 

.1775(9) 

.3543(5) 

.4394(7) 

.2582(6) 

.4479(3) 

.5460(3) 

.5370(4) 

.5842(5) 

.6869(5) 

.6946(6) 

.7981(7) 

.6248(8) 

.6649(12) 

.5598(6) 

.5839(8) 

.4757(7) 

.1997(3) 

.2435(3) 

.1260(3) 

.1538(4) 

.0811(5) 

.0696(6) 

.1706(9) 

.0325(7) 

.0012(8) 

.0275(5) 

.0111(7) 

.0165(7) 

Z 

.33844(1) 

.4344(2) 

.4511(2) 

.5055(2) 

.5108(3) 

.5844(3) 

.6142(3) 

.6295(6) 

.5580(5) 

.6855(5) 

.5641(3) 

.5517(4) 

.5657(4) 

.3448(2) 

.2243(3) 

.2893(3) 

.2267(4) 

.1556(5) 

.1251(4) 

.0666(5) 

.0925(5) 

.1935(6) 

.3096(4) 

.3341(5) 

.3702(4) 

.2442(2) 

.2816(2) 

.1968(3) 

.2198(4) 

.1736(4) 

.1388(6) 

.0907(6) 

.0883(8) 

.1945(10) 

.1251(4) 

.1388(5) 

.0914(5) 

.3943(3) 

.3054(2) 

.3783(3) 

.3324(3) 

.3104(4) 

.2310(4) 

.1724(5) 

.2233(5) 

.2180(6) 

.4195(4) 

.5019(6) 

.4003(6) 

Pn 
101.1(3) 
119(5) 
125(5) 
111(6) 
110(7) 
126(8) 
122(8) 
211(15) 
138(11) 
249(15) 
139(9) 
152(10) 
201(12) 
118(5) 
119(7) 
122(7) 
166(12) 
188(13) 
167(11) 
221(15) 
235(17) 
435(28) 
85(8) 
156(11) 
171(11) 
136(6) 
164(6) 
149(8) 
160(10) 
218(13) 
258(16) 
421(24) 
550(34) 
241(22) 
196(12) 
179(14) 
377(21) 
179(7) 
140(6) 
183(9) 
144(9) 
173(11) 
242(15) 
382(23) 
289(20) 
368(23) 
216(13) 
333(20) 
216(17) 

P22 
44.0(1) 
74(3) 
63(3) 
63(3) 
40(3) 
56(4) 
72(4) 
68(5) 
161(9) 
140(8) 
71(4) 
78(5) 
65(5) 
82(3) 
175(6) 
94(4) 
120(7) 
127(7) 
149(8) 
254(14) 
223(12) 
131(10) 
93(5) 
121(8) 
103(7) 
65(3) 
56(3) 
62(3) 
53(4) 
60(4) 
69(5) 
81(7) 
117(9) 
221(16) 
89(6) 
179(10) 
116(8) 
49(3) 
56(3) 
41(3) 
52(4) 
72(5) 
79(5) 
153(10) 
132(8) 
140(9) 
46(4) 
102(7) 
96(7) 

P33 
25.98(7) 
30(1) 
31(1) 
26(2) 
32(2) 
34(2) 
34(2) 
112(6) 
56(4) 
55(4) 
30(2) 
57(3) 
58(3) 
29(1) 
42(2) 
31(2) 
38(3) 
54(3) 
45(3) 
45(3) 
61(4) 
63(5) 
44(3) 
73(4) 
54(3) 
37(2) 
33(1) 
30(2) 
35(2) 
45(3) 
74(4) 
91(6) 
144(9) 
165(12) 
32(2) 
45(3) 
43(3) 
64(2) 
47(2) 
54(2) 
40(2) 
48(3) 
49(3) 
45(3) 
68(4) 
83(5) 
58(3) 
56(4) 
90(5) 

Pl2 
-12.5(1) 
-37(3) 
-38(3) 
-26(4) 
-17(4) 
-28(4) 
-18(5) 
-14(7) 

2(8) 
-6(9) 

-41(5) 
-45(6) 
-63(6) 
-27(3) 
-37(5) 
-21(4) 
-25(7) 
-40(8) 
-26(8) 
-7(12) 
-74(12) 
-5(13) 

-16(5) 
-65(8) 
-9(7) 
-23(3) 
-18(3) 
-7(4) 
-10(5) 
-15(6) 
-39(8) 
-71(10) 
-100(14) 
-113(15) 
-5(6) 
-17(10) 
-9(10) 

-11(4) 
-12(3) 
-21(4) 
-22(5) 
-48(6) 
-46(7) 
-93(13) 
-25(10) 
-105(12) 
-9(6) 

-26(9) 
50(8) 

Pl3 
6.49(9) 
6(2) 
19(2) 
7(2) 
8(3) 
12(3) 
0(3) 

-31(8) 
11(5) 

-34(6) 
18(3) 
37(5) 
23(5) 
20(2) 
20(3) 
14(3) 
21(4) 
28(5) 
27(5) 
32(6) 
30(7) 
24(9) 
8(3) 
7(5) 

-4(5) 
-3(2) 
7(3) 
2(3) 
21(4) 
20(5) 
57(7) 
84(9) 
206(15) 
4(13) 

-4(4) 
-21(5) 
-18(6) 
-41(3) 
-13(3) 
-8(4) 
3(4) 
12(4) 
5(5) 

-23(7) 
34(7) 
9(8) 

-19(5) 
-12(7) 
-8(7) 

P23 
-11.35(6) 
-15(2) 
-17(1) 
-11(2) 
-12(2) 
-22(2) 
-21(2) 
-10(4) 
-14(4) 
-38(4) 
-12(2) 
-22(3) 
-10(3) 
-20(2) 
-50(3) 
-18(2) 
-30(3) 
-35(4) 
-46(4) 
-59(6) 
-73(6) 
-16(5) 
-17(3) 
-25(4) 
-11(4) 

0(2) 
-9(2) 
2(2) 

-9(2) 
-4(3) 
-7(4) 
-4(5) 
-57(7) 
58(11) 
-4(3) 
-6(4) 
-31(4) 
-13(2) 
-20(2) 
-17(2) 
-18(2) 
-20(3) 
-32(3) 
-11(5) 
-53(5) 
-62(6) 
-8(3) 
-2(4) 
-18(5) 

0 The form of the anisotropic temperature factor is exp[-(0uh
2 + 022k

2 + 033l
2 + 2pS2hk + 2(3,3hl + 2(323W)]. 

is not retained in solution and the geometry of [U(NCS)8]4" in the cesium 
salt is close to an ideal square antiprism.22 

Because the ligands span alternate edges of two parallel square faces, 
the complex Th[i'-PrN(0)C(0)-f-Bu]4 (1) is best designated as the ssss 
isomer of a cube (after the designations for a square antiprism made by 
Hoard and Silverton16) with an actual point group symmetry of S4. 

Description of the Structure of Th[/-PrN(0)C(0)neopentyI]4. The 
influence of the alkyl substituent in determining structure is greatly 
reduced by the introduction of a methylene group between the carbonyl 
carbon and the /erf-butyl group. A packing diagram of 2 is shown in 
Figure 6. The structure shown in Figures 7-9 is close to the mmmm 
dodecahedron found in the majority of other eight-coordinate actinide 
complexes with bidentate ligands.1 The bending of the ligands seen in 
Figure 7 is due to steric interactions of molecular packing. The hy-
droxamate groups are all planar with average deviations from their 
least-square planes of 0.001, 0.013, 0.003, and 0.002 A. In each case the 
methylene and methylidine carbon atoms are displaced slightly (-0.21 
to +0.09 A) from the hydroxamate plane. The hydroxamate chelate 
rings nearly coincide with the dodecahedral mirror planes containing the 
m edges (see Figure 8). Because of thermal motion, the isopropyl C-C 
bond lengths are artifactually shortened. With use of a riding model,23 

(22) Bombieri, G.; Moseley, P. T.; Brown, D. J. Chem. Soc., Dalton Trans. 
1975, 1520. 

an average corrected C-C bond length of 1.530 (6) A is obtained. The 
bond parameters between other ligand atoms, which are presented in 
Table VIII, are close to the expected values. 

While the lack of crystallographic symmetry in 2 would allow struc
tures such as the square antiprism or the bicapped trigonal prisms, the 
smallest dihedral angle is 35.5° and this precludes the presence of any 
square faces in the coordination polyhedron (for which S = 0). The 
resemblance of the coordination polyhedron to the dodecahedron is shown 
in Figure 10, but as seen in Table VII the complex is distorted from the 
ideal geometry. The bite angle of the ligands [average = 63.0 ( I ) 0 ] , 
which governs the length of the m edges, is smaller than that of an ideal 
dodecahedron (73.7°, hard-sphere model). This results in the flattening 
of the B tetrahedron as evidenced by the increased angle between the 
Th-O8 vector and the pseudo 4 axis, 0B, and by the lengthened g edges. 
As before, the T h - 0 N bond [average = 2.36 (1) A] is shorter than the 
Th-Oc bond [average = 2.46 (2) A]. There is apparently no site pref
erence for the charged oxygen since the O N and O c atoms are equally 
distributed over the A and B sites of the dodecahedron. This results in 

(23) Busing, W. R.; Levy, H. A. Acta Crystallogr. 1964, 17, 142-6. 
(24) Chan, F. L.; Moshier, R. W. U.S. Department of Communication, 

Office Technical Service, PB Report 161, 1959; p 496. 
(25) Bhatt, K.; Agrawal, Y. K. Synth, lnorg. Met.-Org. Chem. 1972, 2, 

175. 
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Table V. 

Atom 

C51A 
C51B 
C52A 
C52B 
C53A 
C53B 
H12A 
H12B 
H14A 
H14B 
Hl 4C 
H15A 
H15B 
H15C 
H16A 
H16B 
H16C 
H17 
H18A 
H18B 
H18C 
H19A 
H19B 
H19C 
H22A 
H22B 
H24A 
H24B 
H24C 
H25A 
H25B 
H25C 
H26A 
H26B 
H26C 
H27 
H28A 
H28B 
H28C 
H29A 
H29B 
H29C 

Positional and Isotropic Atom Parameters for Th[t-PrN(0)C(0)neopentyl]4 

X 

.4828(4) 

.4460(9) 

.3747(19) 

.4115(13) 

.3403(22) 

.3035(29) 

.068 

.169 

.156(8) 

.214(12) 

.322(5) 

.388(8) 
-380(8) 
.486(1) 
.345(12) 
.254(6) 
.416(7) 

- . 0 9 1 
- . 2 5 5 ( 1 ) 
- . 3 2 9 ( 6 ) 
- . 3 2 9 ( 6 ) 
- . 1 9 7 ( 1 1 ) 
- . 0 5 6 ( 2 ) 
- . 2 1 2 ( 1 0 ) 

.540 

.397 

.553(9) 

.649(3) 

.530(8) 

.231(4) 

.270(7) 

.311(4) 

.587(6) 

.422(8) 

.487(13) 

.621 

.533(11) 

.516(10) 

.673(2) 

.552(6) 

.635(12) 

.713(6) 

y 

.0066(4) 

.0493(4) 

.1052(10) 

.0625(10) 
•1183(16) 
.1611(16) 
.373 
.442 
.194(3) 
.184(4) 
•142(1) 
.250(7) 
.364(3) 
.274(9) 
.373(4) 
.299(9) 
.255(6) 
.313 
.465(1) 
.394(6) 
.388(5) 
.226(2) 
•174(2) 
.200(4) 
.358 
.421 
.332(2) 
.233(8) 
.224(8) 
.278(9) 
.337(5) 
.217(5) 
.170(5) 
.182(4) 
.119(2) 
.351 
.501(1) 
.441(5) 
.434(5) 
.250(5) 
.202(1) 
.260(4) 

Z 

-95835(2) 
.9840(4) 
.9263(7) 
.9007(3) 
.8430(7) 
.8686(11) 
.622 
.578 
.663(5) 
.581(1) 
.655(6) 
.527(5) 
.525(5) 
.586(1) 
.676(2) 
.724(2) 
.704(4) 
.615 
.540(7) 
.509(4) 
.598(3) 
•517(3) 
•573(7) 
.608(4) 
.168 
.116 
.033(4) 
.092(1) 
.036(5) 
.132(2) 
.049(4) 
.075(6) 
.213(5) 
.235(3) 
.176(2) 
.265 
.293(3) 
.380(4) 
.346(6) 
•411(3) 
.348(2) 
.391(5) 

B 

36 .1 (11) 
36 .1 (11) 
36 .1 (11 ) 
36 .1 (11) 
36 .1 (11) 
36 .1 (11) 

6 .6 (5 ) 
6 .6 (5 ) 

10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3(7) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3(7) 
10 .3 (7 ) 
6 .6 (5 ) 

10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3(7) 
10 .3 (7 ) 
6 .6 (5 ) 
6 .6 (5 ) 

10 .3 (7 ) 
10 .3(7) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3(7) 
6 .6 (5 ) 

10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3(7) 
10 .3 (7 ) 

Atom 

C51C 
C51D 
C52C 
C52D 
C53C 
C53D 
H32A 
H32B 
H34A 
H34B 
H34C 
H35A 
H35B 
H35C 
H36A 
H36B 
H36C 
H37 
H38A 
H38B 
H38C 
H39A 
H39B 
H39C 
H42A 
H42B 
H44A 
H44B 
H44C 
H45A 
H45B 
H45C 
H46A 
H46B 
H46C 
H47 
H48A 
H48B 
H48C 
H49A 
H49B 
H49C 

X 

.4994(10) 

.4294(2) 

.3581(11) 

.4281(20) 

.3569(30) 

.2869(21) 
- . 0 7 0 
- . 0 1 8 

.040(6) 

.139(13) 

.211(8) 

.185(13) 

.106(7) 
•274(7) 
.234(6) 
.277(9) 
.346(5) 

- . 1 4 1 
- . 3 4 5 ( 3 ) 
- . 3 4 2 ( 3 ) 
- . 3 7 4 ( 1 ) 
- . 0 1 6 ( 2 ) 
- . 1 5 1 ( 1 2 ) 
- . 1 6 6 ( 1 0 ) 
- . 1 2 7 

.014 
- . 1 5 0 ( 4 ) 

.005(10) 
- . 0 3 0 ( 1 2 ) 

.211(3) 

.202(3) 

.178(2) 
- . 0 3 2 ( 8 ) 
- . 1 7 5 ( 4 ) 
- . 0 7 2 ( 1 1 ) 

.204 

.286(9) 

.117(5) 

.228(13) 

.395(1) 

.435(4) 

.439(4) 

y 

.0426(4) 

.0133(7) 

.0692(13) 

.0984(8) 
•1543(13) 
.1251(19) 
.710 
.731 
.824(4) 
.841(2) 
.799(2) 
.556(2) 
.644(6) 
.628(7) 
.703(7) 
.593(3) 
.679(9) 
.617 
.525(3) 
.639(6) 
.604(9) 
.459(6) 
.418(3) 
.495(4) 
.102 
.015 
.196(5) 
.218(3) 
.163(2) 
.086(3) 

- . 0 2 5 ( 6 ) 
.012(8) 

- . 0 6 7 ( 2 ) 
.023(5) 
.002(7) 

- . 0 2 3 
.035(8) 
.047(7) 

- . 0 6 1 ( 2 ) 
.047(8) 
.050(8) 

- . 0 5 5 ( 1 ) 

Z 

.9647(2) 

.9777(2) 

.9200(5) 

.9070(5) 

.8493(9) 

.8623(9) 

.132 

.207 

.062(5) 
•124(1) 
.055(5) 
.119(2) 
.047(4) 
.066(6) 
.233(5) 
.220(6) 
.169(2) 
.088 
.173(6) 
.163(6) 
.090(1) 
.088(6) 
.124(4) 
.040(3) 
.314 
.347 
.178(5) 
.181(4) 
•121(7) 
.221(7) 
.267(4) 
.176(4) 
.250(5) 
.232(6) 
.164(2) 
.402 
.524(2) 
.510(1) 
.526(2) 
-345(2) 
.430(5) 
.413(6) 

B 

36 .1 (11) 
36 .1(11) 
36 .1 (11) 
36 .1 (11) 
36 .1 (11) 
36 .1(11) 

6 .6 (5 ) 
6 .6 (5 ) 

10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3(7) 
6 .6 (5 ) 

10 .3(7) 
10 .3 (7 ) 
10 .3(7) 
10 .3(7) 
10 .3(7) 
10 .3(7) 
6 .6 (5 ) 
6 .6 (5) 

10-3(7) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3 (7 ) 
10 .3(7) 
10 .3(7) 
10 .3 (7 ) 
6 .6 (5 ) 

10 .3 (7 ) 
10 .3(7) 
10 .3(7) 
10 .3(7) 
10 .3 (7 ) 
10 .3(7) 

Table VI. Bond Lengths and Angles in Th[/-PrN(0)C(0)-f-Bu]4 Table VII. Shape Parameters0 for Th[r-PrN(0)C(0)R], 

Bond Distances, A 
R 

Th-Ol 
Th-02 
01-02 
Ol-N 
02-Cl 

2.357 (3) 
2.492 (3) 
2.512(4) 
1.376 (4) 
1.261 (5) 

Ol-Th-02 
Th-Ol-N 
Th-O 2-Cl 
Ol-N-Cl 
01-N-C6 
C1-N-C6 
02-C1-N 
02-C1-C2 
N-C1-C2 

N-Cl 
N-C6 
C1-C2 
C2-C3 

Bond Anj 
62.32(9) 

121.4(2) 
120.3 (2) 
116.3(3) 
113.0(3) 
130.4 (3) 
117.6(3) 
119.0(3) 
123.4(3) 

1.316(5) 
1.475 (5) 
1.547(5) 
1.528(7) 

C2-C4 
C2-C5 
C6-C7 
C6-C8 

1.543 (6) 
1.538(6) 
1.512(7) 
1.520 (8) 

parameter f-Bu neopentyl 
dodeca
hedron0 

cube0 

les, Deg 
C1-C2-C3 
C1-C2-C4 
C1-C2-C5 
C3-C2-C4 
C3-C2-C5 
C4-C2-C5 
N-C6-C7 
N-C6-C8 
C7-C6-C8 

107.8 (4) 
110.1(3) 
111.9(4) 
108.2 (4) 
107.5 (4) 
111.2(4) 
109.5 (4) 
110.5 (4) 
112.7 (5) 

a mmmm dodecahedron with C\ symmetry. 

Results and Discussion 

In addition to the compounds reported here, thorium complexes 
of 7V-arylhydroxamic acids have been isolated from aqueous so
lution but with relatively little characterization.24"26 In the case 
of compounds 1 and 2, upon complexation the ligand C = O in
frared stretching frequency increases in relative intensity and shifts 
from 1583 to 1538 cm"1 in 1 and'from 1598 to 1570 cm"1 in 2. 
Similarly, the N - O stretch shifts from 940 to 927 cm"1 in 1 and 

(26) Agrawal, Y. K.; Rao, V.; Shashimohan, A. L. Talanta 1974, 21, 626. 

»A 
6B 
M-0 A / ^ 
air 
blr 
Sir 

g/r 
m/r 

10.3 
33.2 
11.3 
80.5 

69.3 
87.9 
44.5 
60.0 
1.06 
1.48 
1.58 
1.07 

1.26 
1.27 

1.1, 10.1 
67.6, 70.2 
35.5, 36.5, 
42.3,45.4, 
54.0, 55.6, 

41.5,48.4 
46.9,51.0 
58.9, 62.7 

70.2, 
32.9, 
78.8, 
0.96, 

76.2,79.7,85.5 
33.6, 
82.4 
0.97 

35.3, 
, 84.0, 
, 0.99, 

38.8 
84.4 
1.02 

1.11, 1.16 
1.32, 1.36, 
1.23, 1.27, 
1.34, 1.37, 

1.41, 
1.29, 
1.39, 

1.60 
1.32 
1.40 

1.03, 1.04, 1.04, 1.04 

0.0 
51.3 
29.5 
62.5 

62.5 
51.3 
36.9 
69.5 
1.00 
1.20 
1.50 
1.20 

1.20 
1.20 

0.0 
0.0 
0.0 
90.0 

90.0 
90.0 
54.7 
54.7 
1.00 
1.63 
1.63 
1.16 

1.16 
1.16 

° The shape parameters are defined in ref 16 and 18; 0 is the 
twist in the BAAB trapezoid; 6 is the angle between the M-O 
vector and the principal axis; 6edge ' s 'he dihedral angle between 
the faces containing the edge as labeled in Figures 5 and 10. 
b The dodecahedral g edges are divided into edges spanned by 
the ligands and those which are not, designated g and g', respec
tively. ° Calculated by using the "Hard Sphere" model. d r = 
average M-Og distance. 

from 938 to 910 cm"1 in 2. The hydroxyl peak is absent in the 
IR spectra of both complexes. A few other bands had frequency 
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Table VIII. Bond Lengths and Angles in Th[;-PrN(0)C(0)neopentyl] 4 
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Th-Ol 
Th-02 
01-02 
Ol-N 
02-Cl 
N-Cl 
C1-C2 
C2-C3 
C3-C4 
C3-C5 
C3-C6 
N-C7 
C7-C8 
C7-C9 

Ol-Th-02 
Th-Ol-N 
Th-O 2-Cl 
Ol-N-Cl 
01-N-C7 
C1-N-C7 
02-C1-C2 
02-C1-N 
N-C1-C2 
C1-C2-C3 
C2-C3-C4 
C2-C3-C5 
C2-C3-C6 
C4-C3-C5 
C4-C3-C6 
C5-C3-C6 
N-C7-C8 
N-C7-C9 
C8-C7-C9 

ligand 1 

2.387 (4) 
2.410(4) 
2.507 (5) 
1.376 (6) 
1.267 (6) 
1.313(7) 
1.505 (8) 
1.548 (8) 
1.518(10) 
1.536(10) 
1.506(10) 
1.468 (7) 
1.521(10) 
1.492 (9) 

63.0(1) 
118.6(3) 
121.0(3) 
115.8(4) 
114.4(4) 
129.8(5) 
119.0(5) 
117.9(5) 
123.0 (5) 
114.3(4) 
111.2(6) 
111.7(6) 
107.3 (6) 
108.0(7) 
110.2(7) 
108.4 (7) 
109.4 (5) 
110.5(5) 
112.8(6) 

ax=(lln)i:xi;o(x)=l(Z(xi-x)7)ln(n-l)yi\ 

ligand 2 ligand 3 

Bond Distances, A 
2.334 (4) 
2.468 (4) 
2.514(6) 
1.352(6) 
1.281 (9) 
1.311(9) 
1.524(10) 
1.495 (12) 
1.500(10) 
1.531(12) 
1.593(14) 
1.469 (8) 
1.463(11) 
1.528(10) 

Bond 
63.1 (2) 

122.7 (3) 
119.2(3) 
115.7(5) 
113.1(5) 
131.1(6) 
119.3(7) 
118.6(6) 
122.0 (7) 
114.6(7) 
113.0(8) 
112.8(8) 
107.1(7) 
108.7 (7) 
107.5 (9) 
107.3 (8) 
111.5 (6) 
108.9 (6) 
111.6(7) 

2.358 (4) 
2.498 (4) 
2.530(6) 
1.373 (6) 
1.245 (7) 
1.305 (8) 
1.529 (9) 
1.524(11) 
1.509(12) 
1.524(11) 
1.540(15) 
1.482 (8) 
1.492(12) 
1.495 (11) 

Angles, Deg 
62.7 (2) 

118.7 (3) 
117.5(3) 
116.8(5) 
111.8(5) 
131.3(6) 
120.1(7) 
118.9(6) 
120.9 (6) 
115.6(6) 
109.4 (8) 
108.5 (9) 
112.7 (9) 
108.5 (9) 
110.8(11) 
106.8(12) 
109.5 (6) 
109.4 (6) 
112.9(9) 

ligand 4 

2.355 (4) 
2.479 (4) 
2.530(6) 
1.377 (6) 
1.252 (7) 
1.303(8) 
1.512(9) 
1.536(10) 
1.551(13) 
1.498 (13) 
1.499(11) 
1.476 (8) 
1.496 (12) 
1.506(13) 

63.1 (2) 
121.4(3) 
119.9(3) 
116.2(5) 
112.3(5) 
131.5 (6) 
118.5(6) 
119.4(6) 
122.1 (6) 
115.8(6) 
109.3 (7) 
110.5(7) 
107.5 (7) 
109.3 (8) 
108.3(8) 
112.0(8) 
109.5 (7) 
109.8(7) 
113.0(8) 

average" 

2.359(11) 
2.464(19) 
2.520 (6) 
1.370(6) 
1.261 (8) 
1.308 (3) 
1.518(6) 
1.526(12) 

) 
>1.525(8) 
) 

1.474 (4) 
[l.499 (7) 

63.0(1) 
120.4 (10) 
119.4(8) 
116.1(3) 
112.9(6) 
130.9(4) 
119.2(4) 
118.7(3) 
122.0 (5) 
115.1(4) 

\ 
> 110.1(6) 
; 
} 
> 108.8 (4) 
J 
^109.8(3) 

112.6(4) 

Figure 7. Th[;'-PrN(0)C(0)neopentyl]4 viewed down what would be the 
4 axis of the Dld dodecahedron. 

shifts or intensity variations between free and complexed ligands; 
these changes are more pronounced in the spectrum of 1, which 
also showed the emergence of a strong band at 977 cm"1 upon 
complexation. 

In the room-temperature 1H NMR spectra of these complexes 
in chloroform solution, only one set of signals was observed, which 
was slightly shifted upfield from the uncomplexed ligands, and 
establishes the presence of a single isomer or a fluxional molecule. 
In the presence of excess ligand an average signal was observed, 
which indicates rapid ligand exchange. 

Analogous complexes of uranium(IV) were prepared and 
handled under anhydrous, anaerobic conditions. Uranium(IV) 

Figure 8. A view down what would be the dodecahedral mirror plane in 
Th[i-PrN(0)C(0)neopentyl]4, seen perpendicular to the 4 axis. 

has been found to rapidly undergo a redox reaction with N-
phenylbenzohydroxamic acid,4 which probably proceeds through 
a radical anion intermediate that is stabilized by the aryl sub-
stituent on the nitrogen. Alkyl substituents would not be expected 
to stabilize such a free-radical intermediate. However, when left 
standing or being heated, the uranium(IV) complexes of JV-al-
kylhydroxamic acids form uranyl ion and amide in an analogous 
manner but at a much slower rate than the iV-arylhydroxamates. 

As shown by the bond distances in Table IX,27"42 the ^-hydroxy 

(27) Bracher, B. H.; Small, R. W. H. Acta Crystallogr., Sect. B 1970, B26, 
1705-9. 
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Table IX. Average Bond Distances (A) in Hydroxamic Acids, Hydroximic Acids, and Their Complexes 

compd 

MeC(O)N(OH)H 
0-Ph(OH)C(O)N(OH)H 
[J-PrN(OH)C(CH2)J2 

NH2C(O)N(OH)H 
average0 

(Z)-MeC(OMe)=NOH 
(Z)-PhC(OEt)=NOH 
(£>PhC(OEt)=NOH 
average" 
Th[?-BuC( O)N(O)J-Pr]4 

Th[f-BuCH2C(O)N(O)/-Pr]4 

Hf[PhC(O)N(O)Ph]4 

Cr[PhC(O)N(O)H]3 

Fe[PhC(O)N(O)H]3 

ferrioxamine E 
ferrichrome A 
Zn[PhC(O)N(O)H] 2 [NH2CH2-] 2 

CW-Sn(Me)2 [MeC(O)N(O)Me] 2 

CW-Sn(Me)2 [MeC(O)N(O)H], 
toms-Sn(Me)2 [MeC(O)N(O)H], 
CW-SnCl2 [PhC(O)N(O)Ph] 2 

SnPh3 [PhC(O)N(O)Ph] 
average" 
cw-[Cr(PhC(O)N(O)), ] 3 " 
f/ww-[Cr(PhC(O)N(O))J3 ' 
average" 

" Defined in Table VIII. b This work. 

M - O 0 - M - O N 

0.135 
0.105 
0.142 
0.024 
0.08 
0.096 
0.06 
0.133 
0.263 
0.122 
0.25 
0.07 
0.217 
0.13 (2) 
0.012 
0.032 
0.022 (10) 

N-O 

1.393 (5) 
1.390 (4) 
1.396(2) 
1.396 (4) 
1.394(1) 
1.410(4) 
1.420 
1.410 
1.413(3) 
1.376 (4) 
1.370(6) 
1.375 (1) 
1.374 (6) 
1.37 (1) 
1.38(7) 
1.38(1) 
1.36 (3) 
1.376 (6) 
1.362 (5) 
1.39 (1) 
1.39(2) 
1.384 (6) 
1.376(3) 
1.443 (4) 
1.421 (3) 
1.432(11) 

C=O 

1.234 (6) 
1.258 (4) 
1.241 (2) 
1.253(4) 
1.247 (6) 
1.336(3) 
1.326 
1.342 
1.335 (5) 
1.261 (5) 
1.261 (8) 
1.266 (3) 
1.273 (2) 
1.28(1) 
1.275 (6) 
1.28(1) 
1.27(5) 
1.257 (7) 
1.277 (6) 
1.25 (1) 
1.28(3) 
1.265 (9) 
1.269(3) 
1.308 (4) 
1.317 (3) 
1.313(5) 

C-N 

1.321(6) 
1.316(4) 
1.328(2) 
1.334 (4) 
1.325 (4) 
1.274 (5) 
1.277 
1.257 
1.269 (6) 
1.316(5) 
1.308(3) 
1.325 (2) 
1.305 (7) 
1.32(1) 
1.307(7) 
1.32(1) 
1.26(3) 
1.308 (8) 
1.307 (5) 
1.33(2) 
1.34(3) 
1.304 (9) 
1.312(5) 
1.298 (4) 
1.301 (4) 
1.300(2) 

ref 

27 
28 
29 
30 

31 
32 
32 

b 
b 
33 
26 
34 
35 
36 
37 
38 
39 
39 
40 
41 

42 
42 

Figure 9. Stereopair of Th[/-PrN(0)C(0)neopentyl]4 viewed down what would be the twofold axis of the Du dodecahedron. 

Table X. Average Bond Distances (A) in Complexes of 
Thiohydroxamic and Thiohydroximic Acids 

compd 

CW-Ni[MeC(S)N(O)H]2 

?ran*-Ni[MeC(S)N(0)H]2 

Cr[PhC(S)N(O)Me]3 

Co[PhC(S)N(O)Me]3 

Fe[PhC(S)N(O)Me]3 

Fe[MeC(S)N(O)Me]3 

Mn[PhC(S)N(O)Me]3 

Hf[P-MePhC(S)N(O)Me]4 

average" 
[Cr(PhC(S)N(O)3]

3-

N-O 

1.35 (2) 
1.370(10) 
1.350(3) 
1.354(3) 
1.348 (4) 
1.342 (2) 
1.349 (8) 
1.355 (4) 
1.352(3) 
1.398 (10) 

C=S 

1.730(10) 
1.710(10) 
1.710(3) 
1.718(2) 
1.703 (3) 
1.681 (2) 
1.707(6) 
1.700(3) 
1.707 (5) 
1.739(8) 

C-N 

1.290(13) 
1.300(13) 
1.303 (3) 
1.301 (2) 
1.307(2) 
1.295 (2) 
1.306 (4) 
1.303(7) 
1.301 (2) 
1.280(10) 

ref 

43 
44 
45 
45 
45 
46 
45 
47 

48 

1» 

Figure 10. Schematic structure of Th[i-PrN(0)C(0)neopentyl]4 em 
phasizing its relationship to a dodecahedron. 

group little effects the C = O and C—N bond lengths of hy
droxamic acids as compared to the amide precursor [amide C = O 

(28) Larsen, I. K. Acta Crystallogr., Sect. B 1978, B34, 962-4. 
(29) Smith, W. L. Ph.D. Dissertation, University of California, Berkeley, 

CA, 1980; Chapter V. 
(30) Berman, H.; Kim, S.-H. Acta Crystallogr. 1967, 23, 180-1. 
(31) Kjaer, A.; Larsen, I. K.; Siversten, P. Acta Chem. Scand., Ser. B 

1977, A31, 415-23. 
(32) Larsen, I. K. Acta Chem. Scand. 1971, 25, 2409. 
(33) Tranqui, D.; Laugier, J.; Boyer, P.; Vulliet, P. Acta Crystallogr., Sect. 

B 1978, B34, 767-73. 

" Defined in Table VIII. 

= 1.235 (5) A; amide C - N = 1.333 (5) A] . 1 5 Corresponding 
distance comparisons are made for the thiohydroxamate derivatives 

(34) Linder, H. J.; Gottlicher, S. Acta Crystallogr., Sect. B 1969, B25, 
832-42. 

(35) van der Helm, D.; Oling, M. J. Am. Chem. Soc. 1976, 98, 82-6. 
(36) Zalkin, A.; Forrester, J. D.; Templeton, D. H. J. Am. Chem. Soc. 

1966, 88, 1810-4. 
(37) G8ttlicher, S.; Ochsenreiter, P. Chem. Ber. 1974, 107, 391-7. 
(38) Harrison, P. G.; King, T. J.; Richards, J. A. / . Chem. Soc., Dalton 

Trans. 1976, 826. 
(39) Harrison, P. G.; King, T. J.; Phillips, R. C. / . Chem. Soc., Dalton 

Trans. 1976,2317-21. 
(40) Harrison, P. G.; King, T, J.; Richards, J. A. / . Chem. Soc., Dalton 

Trans. 1976, 1414-18. 
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Table XI. Bond Orders in Hydroxamic Acids 
and Related Compounds 

compd 

amide 
hydroxamic acid 
hydioxamate complex 
hydroximate complex 
thiohydroxamate complex 
hydroximic acid 
thiohydroximate complex 

C-X, 
X = O, S 

1.86 
1.79 
1.66 
1.44 
1.43 
1.34 
1.29 

bond order0 

C-X + 
C(X)-N C-N 

1.57 3.43 
1.59 3.38 
1.68 3.34 
1.75 3.19 
1.74 3.17 
1.93 3.27 
1.87 3.16 

% 
II6 

37 
41 
51 
65 
65 
77 
78 

a Bond order = exp[(D1 - Z J J / 0 . 3 0 8 ] , 4 ' whereD1 = 1.426 A 
for C-O, 1.472 A for C-N, and 1.817 A for C-S bonds14 and Dx 

is the average bond length in Tables IX and X, except that data 
for amides are taken from ref 14. b % II = [-Bc-N^/^c-N + 
flc_x) - 1] 100%, where B is the bond order. 

in Table X.43"48 The bonding in hydroxamic acids appears to 
be dominated by resonance structure Ia, with structure Ha ac-

0 0 0" 0" 

-N 
/ \ / \ 

Ia Ha 

counting for the partial double-bond character of the C—N bond 
and the planarity of the hydroxamic acid group. The slightly 
longer C=O bond and the shorter C—N and N—O bonds in
dicate increased participation of form Ha in the complexes. With 
the exception of tie chromic complex, which favors pure octahedral 
symmetry due to a crystal field effect,7 the M—ON bond in the 
hydroxamic acid complexes is much shorter than the M—Oc bond. 
This large inequivalence in M—O bond lengths is explained by 
a higher charge density on the nitrogen oxygen, which requires 
a major contribution from structure Ia. 

The relative contributions of structures Ia and Ha to the bonding 
in hydroxamic acids may be estimated from the calculated bond 
orders of the C(O)—N and C=O bonds. An empirical rela
tionship between bond order and length of carbon-carbon bonds 
was reported by Pauling.48 With use of carbon-oxygen single bond 
distance of 1.426 A, 1.213 A is calculated for a carbon-oxygen 
double bond, which agrees closely with 1.215 (5) A, the length 
of the average reported C=O bond found in ketones and aldeh
ydes.15 The calculated bond orders in Table XI shows that while 
resonance structure Ia dominates, the contribution of structure 

(41) Harrison, P. G.; King, T. J. J. Chem. Soc, Dalton Trans. 1974, 
2298-301. 

(42) Abu-Dari, K.; Raymond, K. N. Inorg. Chem. 1980, 19, 2034-2040. 
(43) Sato, T.; Shiro, M.; Koyama, H. J. Chem. Soc. B 1968, 989-94. 
(44) Sato, T.; Shiro, M.; Koyama, H. J. Chem. Soc. B 1969, 125-30. 
(45) Freyberg, D. P.; Abu-Dari, K.; Raymond, K. N. Inorg. Chem. 1979, 

18, 3037-43. 
(46) Abu-Dari, K.; Raymond, K. N., unpublished results. 
(47) Abu-Dari, K.; Freyberg, D. P.; Raymond, K. N. Inorg. Chem. 1979, 

/S, 2427-31. 
(48) Pauling, L. "The Nature of the Chemical Bond", 3rd ed.; Cornell 

University Press: Ithaca, NY, 1960; p 239. 

Ha is slightly greater in hydroxamic acids than in amides. The 
contribution of Ha further increases in the hydroxamate complexes 
such that the C—O and C(O)—N bond orders are equal. 

In a similar manner, resonance structures Ib and lib may be 

C N" 

Ib 

LI 
_/ 

lib 

used to explain the bonding in hydroximic acids and their com
plexes. Structure lib dominates in the hydroximic acids and their 
complexes, but the contribution of Ib is significant in the com
plexes. Both the increased effective size of the sp3 nitrogen and 
the charge repulsion which result from a significant contribution 
of Ib cause an 0.057-A increase in the N—O bond between hy
droxamate and hydroximate complexes. 

The replacement of the carbonyl oxygen with sulfur gives the 
corresponding thiohydroxamic acids and thiohydroximic acids. 
The increased importance of Ha in thiohydroxamate complexes 
is shown by the 0.02-A decrease in the N—O bond length com
pared to hydroxamate complexes. As shown by the bond orders 
of the C—S and C(S)—N bonds, the bonding in thiohydroxamate 
complexes is analogous to that of hydroximate complexes. This 
is because any form involving a C=S double bond will be strongly 
destabilized by the poor ir overlap. Similarly, the importance of 
lib is more important in thiohydroximate complexes than in 
hydroximate complexes. Thus the importance of resonance 
structure Il increases in the order amides« hydroxamic acids < 
hydroxamate complexes < hydroximate complexes = thio
hydroxamate complexes < hydroximic acids «* thiohydroximate 
complexes such that structures I and II contribute equally to the 
bonding of hydroxamate complexes. 

Summary 
The remarkable volatility and hydrocarbon solubility of com

plexes 1 and 2 are due to their bulky alkyl substituents. The 
dominance of steric interactions between these substituents is 
evident in the structure of 1, in which the tert-butyl groups occupy 
the corners of a tetrahedron and force the complex into a distorted 
cubic geometry with S4 point symmetry. Insertion of a methylene 
group between the carbonyl carbon and the tert-butyl group relaxes 
the steric requirements, and 2 assumes the dodecahedral geometry 
found in the actinide(IV) catecholates.3 Such a dodecahedral 
arrangement of ligating sites is predicted to give maximum stability 
to an optimized macrochelate designed specifically for the tet-
ravalent actinides. The corresponding uranium(IV) complexes 
undergo an oxygen transfer from the ligand to the metal to give 
a uranyl bis(hydroxamate) complex and the amide of the ligand. 
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