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The complex [YN(SiMes)2} o N(SiMes)(SiMe;,CH,B(CeFs)3)} ] (1) is formed in the reaction between the hydride
complex [U N(SiMe3),} 3(H)] and B(GFs)s, and H is evolved. The X-ray [gsHs3BF15N3SisU+3.5GDs, triclinic,

space grouPl, Z = 2, 90 K, a = 14.065(1) A,b = 14.496(1) A,c = 18.759(1) A o = 82.898(1}, B =
74.415(1y, v = 62.919(1j] and neutron structure BgHs3BF1sN3SisU-3.5GDsg, triclinic, space grou@l, Z = 2,

20 K, a = 13.993(1) Ab = 14.484(1) A,c = 18.720(1) A,o. = 82.810(1}, B = 74.200(13, y = 63.054(1)E]

of compoundL, which crystallizes with 3.5 molecules 00 per asymmetric unit, show the electron deficiency

of the uranium atom to be effectively compensated by the formation of multicenter bonds between U and three
Si—CH, units of the amido ligands. The reaction of the uranium complepC(Ph)(NSiMe).} »(Cl),] with [Na-

(BH4)] gives the complex [YC(Ph)(NSiMe)2} A us-BH4}2] (2). The X-ray structure oR [CaeHs54B2N4SiyU,
monoclinic, space grou@2/c, Z = 4, 90 K,a = 21.613(1) Ab =9.233(1) A,c = 18.132(1) A 3 = 98.804(1}]

proves unequivocally thes coordination of the Bmoieties. In both single-crystal X-ray structure determinations,

all hydrogen and deuterium atoms could be located and isotropically refined, including those which are directly
coordinated to the uranium. The reliability of the refined hydrogen and deuterium positions for condpsund
confirmed by comparison of the X-ray and neutron structure determinations. The ability to locate the hydrogen
and deuterium positions in these uranium compounds by single-crystal X-ray diffraction is due to good crystal
quality, the measurement of data at low temperature, and the use of image plate technology for data collection.

Introduction Among the difficulties encountered if one wishes to use neutron

In single-crystal diffraction, the structure factors are directly diffrgct.ion, hOWeV?F are j[he requirement fpr Iarg.e.r crystals and
related to the distribution of scattering matter in the unit cell the limited availability of time at sources with sufficient neutron

which in the case of X-rays is the electron distribution, time- fUX- S

averaged over the vibrational modes of the sblids hydrogen In this work we show that X-ray diffraction is well capable
atoms in heavy-atom structures contribute only a small fraction ©f unveiling hydrogen positions unequivocally in uranium-
to the overall electron density and are quite often involved in containing compounds if some basic criteria are met. The
extensive thermal motion, the reliable determination of hydrogen €lucidation and comparison of the X-ray and neutron structures
atoms by X-ray experiments is often quite difficult if not Of the compound [YN(SiMes)s}o{ N(SiMes)(SiMe,CH:B-
impossible? In contrast, neutrons are scattered by atomic nuclei (CéFs)s)}] (1) and the X-ray structure of the compound
and neutron scattering amplitudes are not a regular function of [U{ C(Ph)(NSiMe)2} o{ u3-BHJ} 2] (2) are discussed in detail,
atomic number, and therefore neutron diffraction gives informa- With focus on the determination of hydrogen atom positions
tion that often complements that obtained from X-ray diffrac- and crystallographic evidence fortC—Si multicenter bonds.
tion3 The location of hydrogen and deuterium atoms by neutron ] )

diffraction is much easier because the scattering is higher relativeResults and Discussion

to that of other atoms than is the case for X-rays. Two excellent g, (ihesis of [ N(SiM N(SiMe)(SiMe,CH-B(CF
reviews on this subject have been written by Band Teller® (1).y$hssﬁ13ygri[dqe éo%[jagi}z[{l{l\f(éil\isgg()z]l’ 3(|e_|2)] (23) (W;SS) ??r}s]t
prepared by Andersen et@in 1981. Thermolysis 08 gives
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I . . . I
T Inorganic Chemistry Laboratory, University of Oxford. the metallacycle [YN(SiMes)2}{ —N(SIMe3)SI(Me)2C(H)2] (4)
¥ Chemical Crystallography Laboratory, University of Oxford. and H.” The compounds3, 4, and H are in dynamic
¢ Institute Laue-Langevin. equilibrium as indicated in Scheme 1. Exposure of a solution
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Scheme 1 Scheme 3
N(SiMes). N(SiMeg), (Me3Si)N
e Hy +2 Na[BHy] , N~
_ . RoUCl, ———— = RyU(u"-BHy)2 PhC =R
U—NSiMeg 2V2 2
; U\ ; <« (MegSi) N/ -2 NaCl \
(Measl)zN/H/ N(SiMes), +H 3902 H2C|:—£1Me2 6 2 (Me;;SI)N/
) 4 . . .
3 y NSiMes), ligands are equivalent and show interr@, symmetry as
H'_’ indicated by signals for one phenyl ring and one Silgeup
_ N/"U——NSIMea in the IH NMR spectrum. Upon cooling, the SiMeignal
(Me5Si), |_ " broadens, and at45 °C, coalescence is observed. Af0
HoC——SiMe, °C, the dynamic process is slow on the NMR time scale,
5 resulting in two sharp signals for the methyl hydrogen atoms.
These NMR observations suggest the fluxional process to be a
Scheme 2 ' S ; S
. . rotation of the amidinato ligands around th€ls axis with a
N(SiMes) N(SiMes), rotation barrier oAG* = 37 kJ mot1.10 The BH, groups show
a broad signal in thtH NMR spectra at ca. 34 ppm, independent
. U\ ) +B(CeFs)s _ . of temperature. The infrared spectrum2shows three bands
(Messl)zN/H / N(SiMes), - (MeaSila N/ U\NS,Me3 at 2509, 2209, and 2139 crhconsistent with a3 coordination
) of the BH, ligands!! The bands agree very well with those
3 1 /S|M62

HoC observed for the isostructural complex [U(@ax-BHa)2l;

however, theus coordination of this compound could only be

assigned by infrared datd. To determine unequivocally the

coordination type of the BlHmoieties in2, a single-crystal X-ray

of compound3 to 1 bar of deuterium in a noncoordinating diffraction experiment was carried out.

solvent at room temperature leads to a rapid H/D exchange of  X-ray and Neutron Crystal Structures of [U{N(SiMes)5} »-

all 55 hydrogen atoms .8 {N(SiMes)(SiMe;CH1B(CsFs)3)}] (1). Extremely air-sensitive
However, if the deuteration experiment is performed in the crystals of compound. suitable for single-crystal X-ray and

presence of a coordinating solvent such as tetrahydrofuran, noneutron diffraction experiments were grown from deuterated

hydrogen-deuterium exchange is observed. This result suggestsbenzene. Crystals from a8 solution or other solvents were

that in the equilibriumB3 = 4 there is an intermediate species never obtained. Compourictrystallizes in the centrosymmetric

5, in which two H atoms or a,-bonded H molecule occupy  space grou1 with 1 molecule ofl and 3.5 molecules ofDs

a coordination site on the uranium (Scheme 1). In the presenceper asymmetric unit. The high ratio of included solvent in the

of a coordinating solvent, theHigand may be replaced by a  crystal shows that the {Dg molecules play an important role

solvent molecule, and thus the hydrogeafeuterium exchange  in the stabilization of the crystal lattice, presumably by enabling

B(CeFs)3

would be inhibitecP. efficient packing and thus contributing significantly to the lattice
We have shown that the treatment ®fwith B(CgFs)3 in energy. This might indicate that the failure to grow crystals
pentane affords almost quantitatively the U(IV) compleXNJ from CgHs is due to subtle differences in the physical and

(SiMes)2} o N(SiMes3)(SiMe;CH,B(CsFs)3)} ] (1) as a pale yellow chemical characteristics of hydrogen and deuterium.
powder, highly sensitive to air and moisture and unstable above The X-ray and neutron diffraction experiments were under-
40°C (Scheme 2). Only very brod#i and no'3C NMR signals taken at 90 and 20 K, respectively, and in both cases, all 157
can be recorded at room temperature for a solutidhinfCgDs, atoms were included in unrestrained full-matrix least-squares
indicating compound. to be highly fluxional in solution. At calculations, as summarized in Table 1. For all atoms heavier
lower temperaturetH NMR signals appear which are unas- than deuterium, the coordinates of the X-ray and neutron
signable due to their broadness. To establish the structure ofrefinement show only very small differences. Larger differences
compound 1, single-crystal X-ray and neutron diffraction are to be expected for the refined positions of hydrogen and
experiments were carried out. Of particular interest was the deuterium atoms because the involvement of their single electron
question of whether the produtitontained a uranium-bonded in C—H or C—D bonds shifts the center of gravity of the electron
hydrogen as proposed for compoufd This was thought to density toward the bonding partner. As a result, least-squares
be likely as the evolution of hydrogen gas during the synthesis refinement of hydrogen and deuterium positions from X-ray data
of 1 was never observed experimentally. gives apparent €H and G-D bonds that are about 0.1 A
Synthesis of [ C(Ph)(NSiMes)z} o{ #3-BH4} 2] (2). In the shorter than those from neutron diffraction, which determines
reaction of the bis[(trimethylsilyl)benzamidinato]uranium com- the true nuclear positioh. Table 2 gives a complete list of all
plex [U{ C(Ph)(NSiMe),} 2(Cl)2] (6) with sodium borohydride, C—H and C-D bond lengths observed in compoufid The
compound [YC(Ph)(NSiMe)2} o uz-BH4} 2] (2) is formed in average G H and C-D bond lengths for the X-ray data are
75% vyield (Scheme 3) as a bright green compound which is 0.96 A and for the neutron data are 1.09 A.
readily soluble in hydrocarbon solvents. NMR spectroscopy  In the X-ray refinement the minimum—1.72 e A3) and
shows it to be fluxional in solution. At 58C, both amidinato maximum residual electron densities (1.10 e3Aoccur at
distances of 0.78 and 1.04 A from the uranium, respectively.

(8) Dormond, A.; Bouadili, A. E.; Moise, CJ. Org. Chem.1987, 52,

688. Dormond, A.; Bouadili, A. E.; Moise, d. Org. Chem1989 (10) Hesse, M.; Meier, H.; Zeeh, BSpektroskopische Methoden der
54, 3747. Dormond, A.; Bouadili, A. E.; Moise, (. Organomet. organischen Chemjetth ed.; Georg Thieme Verlag: Stuttgart, New
Chem.1989 369, 171. Dormond, A.; Bouadili, A. E.; Moise, Q. York, 1991.

Organomet. Cheml989 371, 175. Dormond, A.; Bouadili, A. E.; (11) Marks, T. J.; Kolb, J. RChem. Re. 1977, 77, 263.

Moise, C.J. Chem. Soc., Chem. Commad®8385 914. (12) Zanella, P.; De Paoli, G.; Bombieri, G. Organomet. Chenl977,

(9) Scott, P.; Hitchcock, P. Bl. Chem. Soc., Dalton Tran$995 603. 142, C21.



Hydrogen Positions in Uranium Complexes

Table 1. X-ray and Neutron Crystallographic Data fbrand 2

Inorganic Chemistry, Vol. 37, No. 6, 1998317

1 1 2
wavelength (A) Mo K, 0.710 69 neutron, 1.5394(1) MooK 0.710 69
temperature (K) 90 20 90
empirical formula 66H53BF15N3Si6U + 3.5 (QDG) C36H5gBF15N3Si6U + 3.5 (QDG) Cst54BzN4Si4U
formula weight 1230.1% 294.52 1230.1% 294.52 794.74
space group P1 P1 C2lc
a(d) 14.065(1) 13.993(1) 21.613(1)
b (A) 14.496(1) 14.484(1) 9.233(1)
c(A) 18.759(1) 18.720(1) 18.132(1)
o (deg) 82.898(1) 82.810(2) 90
p (deg) 74.415(1) 74.200(2) 98.804(2)
y (deg) 62.919(1) 63.054(2) 90
volume (A3) 3279.9 3254.2 3575.7

2 2 4

Pealcd (@ CNT3) 1.544 1.556 1.476
w(cm™) 25.33 2.00 44.563
R2 0.024 0.075 0.017
R 0.027 0.070 0.019

AR = 3 [IFol = IFellZIFol. ® Ry = [SW(Fe? — FAF3W(Fo)7">

Both peaks lie on well-defined negative and positive ripples
spherically surrounding the U atom. These ripples in the
difference Fourier map which are only expected to be found in
close vicinity of heavy atoms are caused by insufficient
compensation of series termination errors in theand F.
Fourier map$? If two H atoms or au,-bonded H molecule
were present, they would be expected within a distance of 1.5
3.0 A from the uranium atorit The nine most intense local
maxima within this region in a difference map exhibit peak
heights between 0.35 and 0.51 e3Abut none of these are

Complex1 formally has a structure with a positive charge on
uranium and a negative charge on boron.

A close examination of the coordination sphere around the
uranium atom reveals that the electron deficiency at uranium is
efficiently compensated by donation of electron density from
the Si—C bonds (Figure 2ac): The uranium atom, which is
pyramidally coordinated by the three amido ligands, lies 0.7 A
above the plane of N1, N2, and N3 with-NU—N angles of
110.1(1), 111.8(1), and 109.7¢1)rable 4). All three nitrogen
atoms exhibit trigonal planar coordination as evidenced by sums

found close to positions which H atoms could occupy. Peak ¢ angles around N1, N2, and N3 of 359.6, 359.2, and 359.9

heights of 0.5-0.8 e A3 are expected at positions for missing

Each amido ligand has one of its six-STH, entities located

hydrogen atoms, as evidenced by examining difference mapsip ciose proximity to the uranium atom with-t8i distances of
after several refinement cycles and using an unbiased weightingca 317 A, U-C distances of ca. 2.87 A, and-# distances

scheme after having removed arbitrarily chosen carbon-bondedyt c5. 2.70 A. The U-C distances here are some 15% longer

H atoms ofl. Thus, thg X-ray data suggest but cannot prove 50 typical U-C hydrocarbyl distances which occur between
the absence of a>-H, ligand. In contrast, the neutron data 5 41 and 2.55 A. These coordinatee-Bi—CH, moieties, the
show clearly that there is no such ligand. Because the moduli 5;oms of which are indicated by black circles in Figure 2a,b,
of the hydrogen and deuterium scattering lengths are of the samey ¢ related by locaCs pseudosymmetry with the uranium atom
order as those of the other atoms, the refinement parameters,ying on the 3-fold axis and the SICH, units pointing toward
would give strong indications of missed H or D atoms even if oy from the side opposite the N atoms. The formation of

these atoms were disordered or fluxiofalFor example, after
the removal of H110 and D930, refinement results/&pgin =
—6.4 f A3 (f = fermi) at the position of H110A pmax = 10.0
f A—3 at the position of D930R factors larger than 0.1, and

multicenter bonds between the-8& bonds and uranium is
suggested not only by the shortH$i and U-C distances but
also by analysis of bond lengths and angles. The thre€Si
bonds close to the uranium exhibit bond lengths of 1.896(2),

negative displacement factors for the boron and one of the 1.905(2), and 1.908(2) A. Due to a reduction of bonding by

carbon atoms. The difference Fourier map obtained with the

correct structure of is flat without ripples A pmax= 0.9 f A=3,
Apmin = —1.0 f A-3) and shows no minima which might be
associated with missing hydrogen atoms.

formation of multicenter bonds, these-&& bonds are signifi-
cantly longer than the 15 remaining, noncoordinating-Gi
bonds, which are in the range 1.853€3)875(2) A with an
average of 1.864 A% The close proximity of the coordinating

In Figure 1 are shown the X-ray and neutron structures of si—c ponds to the U atom requires major angle distortions.

compoundl in the crystal. The bulky (MsSi);N and GFs

The N—-Si—C angles close to uranium are 104.0(1), 104.8(1),

ligands surround the center of the molecule almost spherically 3¢ 105.9(19 in comparison to the 15 remaining—\&i—C
and shield the uranium and boron atoms very effectively. The angles in the range 108.6(1)14.9(1} (average 111%. The

large number of €H and C-F bonds at the surface of the
molecule give it a hydrophobic character. The three amido
ligands are bonded directly to uranium by strong N bonds

of length ca. 2.2 A (Table 3). The boron atom is tetrahedrally
coordinated by four carbon atoms at distances of ca. 1.6

(13) Stout, G. H.; Jensen, L. M{-Ray Structure Determination: A Practical
Guide 2nd ed.; John Wiley & Sons: New York, 1989. Massa, W.
Kristallstrukturbestimmung Teubner Verlag: Stuttgart, Germany,
1994.

(14) Heinekey, D. M.; Oldham, W. J., J&hem. Re. 1993 93, 913.

(15) Morris, J. H.; Jessop, P. @oord. Chem. Re 1992 121, 155.

U—N1-Si10, U-N2-Si20, and U-N3—Si30 angles of 106.0-
(1), 107.8(1), and 105.2(2)are much smaller than the corre-
sponding U-N1-Sil11, U-N2-Si21, and U-N3-Si31 angles
of 131.2(1), 130.7(1), and 131.4¢1)Figure 3c, which depicts
one of the three uranium-coordinating—%iH, units, shows,
in detail, that the SiC and the two G-H bonds (indicated by
black bonds) cap the uranium like an umbrella. TheseHC

(16) Olah, G. AAngew. Chem., Int. Ed. Endl995 34, 1393. Berndt, A.
Angew. Chem., Int. Ed. Endgl993 32, 985. Ratger, D.; Erker, G.
Angew. Chem., Int. Ed. Engl997, 36, 800.
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Table 2. Hydrogen-Carbon and DeuteriumCarbon Bond Lengths (A) fot?

C(11)-H(110) 11.33((12)) CLLH(111) %.cicz)(zs()g ) C(12yH(120) oigféa)
C(12)-H(121) 1.00(3) C(12YH(122) 1.01(3) C(13YH(130) 1.032)
1.12(1 1.09(1 1.09(1
C(13)-H(131) 0.98((4)) C(13yH(132) 0.94((4)) C(14yH(140) 1.00((3))
1.10(1 1.09(1 1.11(1
C(14)-H(141) 0.99((4)) C(14yH(142) 0.98((4)) C(15)H(150) 0.93(2))
1.13(1 1.10(1 1.15(1
C(15)-H(151) 0.94((5)) C(15yH(152) 0.95((4)) C(16YH(160) 1.05((3))
1.05(1 1.10(1 1.08(1
C(16)-H(161) 0.95((4)) C(16yH(162) 0.99((3)) CHH(210) o.93(£1))
1.09(1 1.09(1 1.09(1
C1)-H(11) 1.06((3)) CRLH(212) 0.89((3)) C(22YH(220) o.sg(g))
1.12(1 1.09(1 1.09(1
C22)-H(221) 0.99((4)) C22yH(222) 0.94((5)) C(23)H(230) 1.01(21))
1.09(1) 1.11(1) 1.11(1)
C(23)-H(231) 0.93(3) C(23yH(232) 0.98(4) C(24YH(240) 0.94(5)
1.06(1) 1.13(1) 1.10(1)
C(24)-H(241) 1.06(4) C(24YH(242) 0.92(4) C(25YH(250) 0.95(4)
1.08(1) 1.08(1) 1.08(1)
C(25)-H(251) 0.95(4) C(25YH(252) 0.96(4) C(26YH(260) 0.97(4)
1.12(1) 1.08(1) 1.10(1)
C(26)-H(261) 1.09(4) C(26YH(262) 0.96(4) C(3HH(310) 1.003)
1.10(1) 1.09(1) 1.13(1)
C1-H(311) 0.97(3) CRHH(312) 0.86(3) C(32)H(320) 0.91(3)
1.10(1) 1.09(1) 1.10(1)
C(32)-H(321) 0.97(4) C(32yH(322) 0.95(3) C(33YH(330) 0.95(4)
1.10(1) 1.12(1) 1.08(1)
C(33)-H(331) 0.98(3) C(33yH(332) 0.93(3) C(34YH(340) 0.88(4)
1.09(1) 1.10(1) 1.13(1)
C(34)-H(341) 0.97(4) C(34yH(342) 0.88(4) C(35)H(350) 0.97(4)
1.03(1) 1.11(1) 1.07(1)
C(35)-H(351) 1.01(4) C(35yH(352) 0.98(3) C(36YH(360) 1.01(3)
1.11(1) 1.07(1) 1.07(1)
C(36)-H(361) 0.93(4) C(36yH(362) 1.00(4) C(70yD(700) 0.91(3)
1.06(1 1.10(1 1.094(5
C(71)-D(710) 0.88((4)) C(72yD(720) 1.00((3)) C(73yD(730) 0.98(3§ )
1.085(5) 1.084(5) 1.090(5)
C(74)-D(740) 0.93(3) C(75yD(750) 0.92(4) C(80yD(800) 1.06(4)
1.086(5) 1.095(5) 1.086(5)
C(81)-D(810) 0.97(5) C(82yD(820) 1.08(5) C(83yD(830) 0.95(4)
1.088(5) 1.089(5) 1.095(6)
C(84)-D(840) 0.59(7) C(85yD(850) 0.79(5) C(90yD(900) 0.92(4)
1.101(6) 1.101(6) 1.104(5)
C(91)-D(910) 0.97(4) C(92yD(920) 1.06(4) C(93yD(930) 0.93(5)
1.098(5) 1.078(5) 1.095(5)
C(94)-D(940) 0.95(4) C(95yD(950) 0.86(4) C(97yD(970) 0.99(4)
1.102(6) 1.103(6) 1.092(5)
C(98)-D(980) 0.88(4) C(99yD(990) 0.93(4)
1.096(5) 1.101(6)

aFor each bond length, the first-row figures are based on X-ray and the second-row figures on neutron data.

bonds might also contribute electron density to the urarfium, Both structures exhibit SiC bonds in close proximity to the

but their bond lengths are not accurate enough to prove anyuranium as in compountl However the effects of bond length
expected elongation. Large angles SiZiP1-H210, Si26- and angle distortions due to+t5i—C multicenter bond forma-
C21-H211, Si36-C31—-H310, and Si36-C31-H311 of 118.0- tion are far less developed in these compounds because the
(6), 115.5(6), 115.7(6), and 117.6{bjespectively, indicate that  ligand R (mentioned above) missing 4ncontributes electron
these bonds are strongly affected by the coordination. Com- density to the metal. Compountl is the first structurally
pensation of electron deficiency of metal atoms by formation characterized uranium(lVV) compound whose only ligands are
of metal-Si—C multicenter bonds is a well-known feature in three amido groups.

lanthanide and actinide chemist®. There are two reliable The structure of the 3.5 independent benzene molecules per
X-ray crystal structures of monomeric uranium(lV) compounds asymmetric unit in crystals of compouficre depicted in Figure
with N(SiMe); ligand(s). They have the general formula [RU- 3a,b for the X-ray and the neutron data, respectively. The
{N(SiMe3)2} 3] with R = S-2,6-MeCgH3'° and O-2,6-tBuCgH3.2°

107, 8091. Tilley, T. D.; Anderson, R. A.; Zalkin, Anorg. Chem.

(17) Brookhart, M.; Green, M. L. H.; Wong, L.-LProg. Inorg. Chem. 1984 23, 2271. Tilley, T. D.; Andersen, R. A.; Zalkin, Al. Am.
1988 36, 1. Chem. Socl1982 104, 3725. Andersen, R. A.; Zalkin, A.; Templeton,
(18) Schaverien, C. J.; Nesbit, G.Jl.Chem. Soc., Dalton Tran$992 D. H. Inorg. Chem.1981, 20, 622.
157. Van der Heijden, H.; Schaverien, CQtganometallics1989 8, (19) Clark, D. L.; Miller, M. M.; Watkin, J. G.Inorg. Chem 1993 32,
255. Heeres, H. J.; Meetsma, A.; Teuben, J. H.; Rogers, R. D. 772.
Organometallics1989 8, 2637. Boncella, J. M.; Andersen, R. A. (20) Berg, J. H.; Clark, D. L.; Huffmann, J. C.; Morris, D. E.; Sattelberger,
Organometallicsl 985 4, 205. Jeske, G.; Lauke, H.; Mauermann, H.; A. P.; Streib, W. E.; Van der Sluys, W. G.; Watkin, J..GAm. Chem.

Swepston, P. N.; Schumann, H.; Marks, TJ.JAm. Chem. So2985 Soc.1992 114, 10811.
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Figure 1. Structure of compound in the crystal for (a) the X-ray (ellipsoids at 50% probability; H atoms and parts of gRerlbgs omitted for
clarity) and (b) the neutron experiment (ellipsoids for hydrogens only, at 30% probability; the tiffekg@nds are omitted). Both structures are
shown from the same view with the same numbering scheme; however, some labels are omitted for clarity.

Table 3. Selected Bond Lengths (A) fdi®

U(1)—N(1) 2.186(2) U(1>-N(2) 2.196(2) U(1>N(3) 2.214(2)
2.195(4) 2.200(4) 2.205(4)
U(1)-H(110) 2.42(2) U(1)yH(111) 2.64(4) U(1)-H(210) 2.80(3)
2.563(8) 2.687(8) 2.870(8)
U(1)~H(211) 2.70(3) U(1)-H(310) 2.77(3) U(1¥H(311) 2.72(3)
2.752(8) 2.768(8) 2.787(8)
u(1)-Cc(11) 2.858(2) U(1yC(21) 2.912(2) U(1)¥C(31) 2.872(2)
2.869(5) 2.927(5) 2.876(6)
U(1)-Si(10) 3.167(1) U(1)-Si(20) 3.195(1) U(1)-Si(30) 3.156(1)
3.179(6) 3.205(6) 3.143(6)
Si(10)-C(11) 1.908(2) Si(20yC(21) 1.896(2) Si(30)C(31) 1.905(2)
1.912(7) 1.901(7) 1.916(7)
Si(10)-C(12) 1.866(2) Si(10yC(13) 1.869(2) Si(11C(14) 1.867(2)
1.849(7) 1.868(7) 1.869(7)
Si(11)-C(15) 1.864(3) Si(11yC(16) 1.865(3) Si(20yC(22) 1.853(3)
1.897(7) 1.861(8) 1.858(7)
Si(20)-C(23) 1.866(3) Si(21C(24) 1.863(2) Si(21)C(25) 1.866(3)
1.856(7) 1.867(7) 1.855(7)
Si(21)-C(26) 1.860(3) Si(30yC(32) 1.862(2) Si(30YC(33) 1.858(2)
1.870(7) 1.868(7) 1.868(7)
Si(31)-C(34) 1.865(3) Si(31C(35) 1.868(2) Si(31)C(36) 1.875(2)
1.849(8) 1.894(7) 1.872(7)
Si(10)-N(1) 1.768(2) Si(11¥N(1) 1.751(2) Si(20¥N(2) 1.746(2)
1.778(6) 1.735(6) 1.752(6)
Si(21)-N(2) 1.757(2) Si(30¥N(3) 1.743(2) Si(31¥N(3) 1.757(2)
1.751(6) 1.736(6) 1.764(7)
C(11)-B(1) 1.688(3) C(40yB(1) 1.666(3) C(50)B(1) 1.654(3)
1.688(6) 1.639(6) 1.664(6)
C(60)-B(1) 1.657(3)
1.640(6)

aFor each bond length, the first-row figures are based on X-ray and the second-row figures on neutron data.

second half of one of the dDs molecules is generated by a evident in the 20 K neutron structure, an unreasonably short
crystallographic center of inversion. The benzene molecules C84—D840 bond length of 0.59(7) A is fourd.

are packed in a complicated way, and there is no indication of ~ X-ray Crystal Structure of [U {C(Ph)(NSiMes)s} A us-
disorder at 20 or 90 K. The anisotropic displacement parametersBH,},] (2). The structure of the compound {Q(Ph)-

of the carbon atoms C80C85 of the X-ray data indicate an

in-plane libration of one of the benzene molecules which pivots (1) punitz, J. D.x-ray Analysis and Structure of Organic Molecules
near C82! Due to this anisotropic vibration, which is no longer Cornell University Press: Ithaca, NY, 1979.
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Figure 2. The coordination sphere around the uranium atorh fsbm different views (a, b). All black-colored atoms are bonded to the uranium

atom by strong covalent (N) or weaker multicenter bonds (Si, C, H). The bonds of the coordinati@flS2ntities cap the uranium atom like an
umbrella as demonstrated in part c.

C99

cos8

D990

Figure 4. Structure of compouna@ in the crystal (boron-bonded H
D98 atoms at 20% probability; all other ellipsoids at 50% probability; phenyl
D730 and methyl H atoms omitted for clarity). The molecule exhibits
D740 D720 crystallographiaC, symmetry with the uranium atom lying on ti@
D970 axis.

D840 D710

psz0 b780  Gra u-H—U bond lengths of 2.26(3), 2.27(3), and 2.31(3) A, and
D950 U—u-H—B angles of ca. 93.3(2), 91.9(2), and 89.4(2)The
D93 D940 remaining hydrogen atom is terminally bonded to the boron atom
) L [B—H1=1.10(3) A], pointing directly away from the uranium
Figure 3. Structure of the 3.5 molecules of[@s per asymmetric unit atom [U-B—H1 = 176(2)]. These values are comparablter

included in crystals of compountl for (a) the X-ray (carbon atoms . . - .
labeled) and (b) the neutron experiment (deuterium atoms labeled). &llowing for the artifactual shift of H atoms observed with

Ellipsoids are drawn at 50% (C atoms of the X-ray experiment) and X-rays—to those found in the neutron structure of [U(Bk
20% probability (C atoms of the neutron experiment and all D atoms). for the tridentately bound Bigroups withu-H—B bond lengths
The numbering scheme is the same for both structure determinations.of ca. 1.23(4) Aﬂ-H—U bond lengths of ca. 2.34(2) A, ath-
The second half of the benzene molecule C97, C98, and C99 isH—B angle of ca. 99(F) and a distance of 1.24(4) A between
generated by a crystallographic center of inversion. uranium and the terminally bonded hydrogen afmThe

. . . bidentate benzamidinato ligand exhibits two slightly different
(NSiMes)z} o{ s-BHa} 2] (2) has been determined by single- \y_N pond lengths of B-N1 = 2.420(2) and U-N2 = 2.373-
crystal X-ray diffraction (Table 1). Compourficrystallizes 5y A The coordination geometry around the uranium atom
in space groufC2/c with half a molecule per asymmetric unit  c4n e described as strongly distorted octahedral with both N1
and with the uranium atom lying on a crystallograpfiicaxis  a1oms on axial positions [NAU—N1 = 166.4] and both N2
(Figure 4). Although occupying a special position, the uranium o:oms and Bliunits occupying equatorial vertexes. [BU—
still contributes to the structure factors of all reflection clagdes. N2> =90 & N2—U1—-N2 = 91.6. B1—U1—B1 = 109.5). The
The BH, moiety is bonded to the uranium atom as a tridentate ygcorded data for the X-ray experiment are of high quality. All
I|gand. Three hydrogen atoms are found in a bridging position hydrogen atoms could be found in difference maps without
with 4-H—B bond lengths of 1.08(2), 1.11(3), and 1.12(3) A, difficulty and could be refined isotropically without the need

(22) International Tables for CrystallographyHahn, T., Ed.; Kluwer (23) Bernstein, E. R.; Hamilton, W. C.; Keiderling, T. A.; LaPlaca, S. J.;
Academic Publishers: Dordrecht, Boston, London, 1995; Vol. A. Lippard, S. J.; Mayerle, J. Jnorg. Chem.1972 11, 3009.
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Table 4. Selected Bond Angles (deg) fa?

Si(10)-C(11)-H(110) 110(2)  B(1)}C(11)-H(110) 110(2)
110.8(5) 103.1(5)
Si(10-C(11-H(111) 110(2)  B(LFC(11)-H(111) 105(2)
108.7(5) 103.8(5)
H(110)-C(11)-H(111) 100(2)  Si(20}C(21)-H(210) 121(2)
109.8(7) 118.0(6)
Si(20-C(21)-H(211) 117(2)  Si(20yC(21)-H(212) 105(2)
115.5(6) 106.5(6)
Si(30)-C(31)-H(310) 116(2)  Si(30¥C(31)-H(311) 114(2)
115.7(6) 117.6(5)
Si(30)-C(31)-H(312) 101(2)  N(1}U(1)-N(2) 110.11(7)
105.2(5) 109.5(2)
N(1)-U(1)—-N(3) 111.83(6) N(2U(1)—-N(3) 109.68(6)
111.8(1) 109.9(1)
N(1)-Si(10)-C(11)  103.96(8) N(BSi(10)-C(12)  109.73(9)
104.0(3) 109.7(3)
N(1)-Si(10)-C(13)  112.1(1) N(IFSi(11-C(14)  110.2(1)
111.3(3) 110.4(3)
N(1)-Si(11)-C(15)  110.4(1) N(IFSi(11)-C(16)  112.3(1)
110.6(3) 113.5(4)
N(2)-Si(20-C(21)  104.82(9) N(2}Si(201-C(22)  114.9(1)
104.9(3) 114.7(3)
N(2)-Si(20-C(23)  113.1(1) N(2rSi(21)-C(24)  109.63(9)
113.2(3) 109.8(4)
N(@2)-Si(21)-C(25)  110.8(1) N(&rSi(21-C(26)  110.7(1)
111.7(4) 110.5(4)
N(3)-Si(30)-C(31)  105.9(1) N(3¥Si(30)-C(32)  114.2(1)
106.1(3) 114.0(3)
N(3)-Si(30)-C(33)  113.66(9) N(3YSi(31)-C(34)  109.3(1)
114.7(4) 111.3(4)
N(3)-Si(31)-C(35)  108.6(1) N(3¥Si(31)-C(36)  112.4(1)
108.1(4) 112.4(4)
U(1)—~N(1)-Si(10) 105.99(8) U(IFN(1)-Si(11)  131.15(9)
105.8(2) 131.8(2)
U(1)-N(2)-Si(20) 107.75(8) U(BIN(2)-Si(21)  130.65(9)
107.9(2) 130.2(3)
U(1)—N(3)—Si(30) 105.17(8) U(¥N(3)-Si(31)  131.4(1)
105.2(2) 131.1(2)
SI(10-N(1)-Si(11)  122.5(1) Si(20}N(2)-Si(21)  120.84(9)
122.2(3) 121.0(3)
Si(30)-N(3)-SI(31)  123.3(1) C(75)C(70)-D(700) 120(2)
123.5(3) 119.8(4)
C(70)-C(71)-D(710) 121(2)  C(713C(72)-D(720) 118(2)
120.6(4) 119.4(4)
C(72)-C(73)-D(730) 119(2)  C(73}C(74)-D(740) 120(2)
119.4(4) 119.7(4)
C(75)-C(74)-D(740) 120(2)  C(74yC(75)-D(750) 119(2)
119.5(4) 120.6(4)

aFor each angle, the first-row figures are based on X-ray and the
second-row figures on neutron data.

for restraints. To confirm the location of the refined hydrogen
atom positions ir, the bridging hydrogen atoms H2, H3, and
H4 were removed and complete, unbiased full refinement on
the remaining structure fragmeftwas performed. Figure 5
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Figure 5. Contour map from a difference Fourier synthesis of a plane
which passes through the positions of the hydrogen atoms H2, H3,
and H4 of compoun@ after removing H2, H3, and H4 and fully
refining the remaining structure fragment. Numbers are differences of
electron density (0.001 e &).

As already shown for compount] these ripples, caused by
insufficient compensation of series termination errors, determine
the magnitude of the minimum and maximum residual electron
density in final difference maps. Unambiguous determination
of the bridging hydrogen atoms at a distance of 2.3 A from the
uranium atom is possible because at this distance the effects of
badly compensated termination errors are negligible.

Conclusions

In this work we have shown that it is possible to find
hydrogen positions in uranium-containing molecular compounds
by single-crystal X-ray diffraction, including those hydrogen
atoms directly coordinating the uranium. Such hydrogen
locations are widely considered to be unreliable due to the
comparatively small scattering factor of hydrogen. Series
termination errors in Fourier maps further complicate the
location of hydrogen atoms in close proximity to heavy atoms.
To overcome these physical limitations, four crucial conditions
must be met: First, the crystals used for the X-ray diffraction

shows a contour map from a difference Fourier synthesis of a experiment must be of good “crystallographic” quality, i.e.,

section of2'" which contains the positions of H2, H3, and H4
of 224 The missing hydrogen atoms are clearly recognizable

exhibit a not too large mosaicity and have the right size and
shape (e.g., nearly spherical) to give sharp reflections which

as well-shaped maxima. These three maxima are among thedo not suffer from large anisotropic absorption and spot shape

four highest peaks in a difference map over the whole asym-
metric unit and are thus very easy to find. A comparisoRof
factors and the residual electron densities of struc2u(® =
0.019,R, = 0.021,Apmin = —1.33 € A3, Apmax=0.91 € A3)
and2 (R=0.017,Ry = 0.019,Apmin = —1.32 & A3, Apmax=

0.89 e A™3) reveals no significant differences. hand?2' the
lowest minima in the negative electron density in the difference

effects. Second, the data set has to be recorded at low
temperature, to reduce the effects of dynamic processes and
prevent crystal decay during the X-ray exposure. Third, an
X-ray diffractometer is needed which is able to determine the
reflection intensity with very high accuracy because in crystal
structures where the heavy atoms contribute intensity to all
reflections the positions of hydrogen atoms are determined by

maps are found in a ripple around the U atom at a distance of very small contributions to the reflection intensities. For this

around 0.8 A and one ripple of positive residual electron density
at a distance of approximately 1.3 A from the uranium atom.

(24) Leech, M. AFourier-Viewer Chemical Crystallography Laboratory,
University of Oxford: Oxford, U.K., 1997.

study an image plate diffractometer was used. The image plate
technology is able to supply data of sufficiently high quality
because of the high dynamic range of the image plates, the
possibility of rapid data collection, and the restricted motion of
the crystal in the cold stream. Fourth, chemical knowledge
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about the expected number and position of the hydrogen atomsabsorption effects, the crystals were cut to approximately cubic shape,-
is needed to some extent. In the case of compduitite X-ray (0.4 x 0.4 x 0.5 mm forl and 0.2x 0.2 x 0.2 mm for2). They
data could only suggest but not prove the absence of uranium-Were mounted on glass fibers and placed in a cold stream of nitrogen
bonded hydrogen atoms whereas, for comparttie location (90 K). Crystals ofl tehded to prack c_lurlng cooling, but eventually a
of the boron-bonded hydrogen atoms was easily possible onCYStl was found which survived without damage. The data were
the basis of detailed chemical knowledge of the exact composi- colleqed on an Enraf Nonius DIPZQZQ image plate dlffractomgter with
. . . . graphite-monochromated ModKradiation (50 kV, 35 mA) using a
tion of 2. C,'ear'y' ”eum?" d!ffractlon experiments are n??essa}ry 0.9 mm collimator. A distance of 75 mm between the image plate
for the reliable determination of hydrogen atom positions in anq the crystal was chosen. Eighty-five frames ¥aand 90 frames
many cases. The intention of this paper is to show that once for 2 with a rotation angle of 2were recorded in 2steps to cover an
the structure of a compound has been determined by neutronoverall rotation of 170 and 180 All rotations were performed around
diffraction, X-ray diffraction experiments can then be used to thew axis perpendicular to the direction of the X-ray beam=0°,
determine hydrogen positions for related compounds, albeit with n = 0°). The exposure time for each frame was 900 s recorded at a
lower accuracy. speed of 0.2min~! and three repetitions. The images were processed
with the DENZO and SCALEPACK softwatein space group$1
and C2 for 1 and 2, respectively. Corrections for Lorentz and
polarization effects were performed. A total of 12 827 independent
General Procedures. All preparations were carried out under an  reflections were measured far(6max = 26.7°) and 3572 intensities
atmosphere of pure argon or in an inert-atmosphere box under nitrogen.were collected fo2 (Omax = 26.7). Of these, there are 12 188 and
Standard Schlenk-line techniques were used throughout. All solvents 3490 unique reflections with> 2¢(l) which were used in the solution
were dried and distilled prior to use, and all chemicals were used as and refinement of 1045 and 276 parameters, respectively. All further
supplied by Aldrich Chemical Co. Infrared spectra were recorded on crystallographic calculations were carried out using the CRYSTALS
a 6020 Galaxy series FT-IR instrument. NMR spectra were recorded program packag®. The crystal structures were solved by direct
on a Varian Unity 500 spectrometer, referenced to TMS. Elemental method®® and refined without any restraints by the full-matrix least-
analyses were performed by the Microanalytical Department of the squares method again$t. In both structure determinations, all
Inorganic Chemistry Laboratory in Oxford. hydrogen and deuterium atoms were easily located in difference Fourier
[U{N(SiMe3)5} A N(SiMe3)(SiMe;CH2B(CsFs)3)}] (1). To a stirred maps and refined isotropically. All other atoms were refined aniso-
solution of 0.72 g (1.0 mmol) of [IN(SiMes),} s(H)]* (3) in 20 mL of tropically without any restraints. Final difference Fourier syntheses
pentane at 25C was added a solution of 0.51 g (1.0 mmol) of Showed peak heights up to 1:20.72 e A3 for 1 and 0.89-1.32
B(CsFs)3% in 30 mL of pentane. Upon addition, the color changed A-3for 2. Further details are summarized in Table 1. The CAMERON
immediately from dark brown to pale yellow along with the formation ~ program was used to produce all crystallographic figdtes.
of a precipitate. No gas evolution was observed. The reaction mixture ~ Neutron Crystallograhic Studies. Large single crystals of com-
was stirred for 1 h, and the volatiles were removed under reduced poundl1 were obtained from €Ds as follows: Typically a saturated
pressure. After trituration with pentane atQ, the yellow powder solution was prepared at room temperature. The solution was filtered
was washed with two portions of 20 mL of pentane°@® and then and slowly cooled over several days to®G. This yielded crystals
dried. Yield: 0.98 g (0.8 mmol), 80%. Anal. Calcd for with volumes not greater than 0.5 Mymvhich were used as seeds, if
CaegHsaBF1sNsSisU: C, 35.1; H, 4.4; N, 3.4; B, 0.9; U, 19.3. Found: single, in a fresh solution. By repetition of this procedure, five crystals

Experimental Section

C, 34.7;H, 4.4; N, 3.2; B, 0.8; U, 19.5. IR (Csl, cH: 2960 (w), were grown with volumes up to 6 nfm These were carefully stored
1641 (w), 1514 (s), 1460 (vs), 1257 (s), 976 (S), 844 (vs), 611 4¢h). separately in mother liquor at 18C for up to 3 months without
NMR (500 MHz, tolueneds, —30 °C): ¢ = 30, 20, 9, 0,10, —19, decomposition. The crystal used for the neutron diffraction experiment
—22 ppm; all signals broad. was sealed in a glass capillary. It was held in position by glass wool.
[U{C(Ph)(NSiMes)s} A #s-BH4} 2] (2). To a stirred solution of 0.84 Toward the mounting end of the glass capillary, the glass wool was
g (1.0 mmol) of [ C(Ph)(NSiMe)2}2(Cl)2]? (6) in 30 mL of 1,2- soaked with mother liquid in order to prevent solvent loss from the
dimethoxyethane was added a slight excess of Na@HLO g, 2.5 crystal. The tube was glued to an Al pin and sealed in a Displex

mmol). The reaction mixture was stirred for 36 h to produce a light cryorefrigeratot on the thermal-beam instrument D19 at ILL equipped
green solution. Volatiles were removed under reduced pressure, andWith @ # x 64° position-sensitive detectéf. The crystal was cooled

the green residue was extracted with 40 mL of toluene. After removal at 0.6°C/min while the strong-1,2,0 reflection was monitored. An

of the NaCl by filtration, the solvent was evaporated to dryness and iNcrease in mosaic was observed. Because of the relatively weak
the green crystalline product was washed twice with 20 mL portions diffraction and large unit cell, the rather long wavelength 1.539 A was
of pentane and then dried. Yield: 0.60 g (0.8 mmol), 75%. Anal. chosen for maximum intensity. The reflections to@\&lue of 50
Calcd for GeHsiB.N4Si,U: C, 39.3: H, 6.9; N, 7.1; B, 2.7. Found:  Were then measured with scans in equatorial geometry, and higher
C,39.4;H,7.1;N,7.2; B, 2.6. IR (Csl, cif): 2960 (w), 2509 (w), angle data to 557were recorded Wi_th normal-begm geometry (ILL
2139 (w), 1402 (s), 1251 (s), 1186 (w), 976 (s), 850 (vs), 763 (s), 705 Programs Hklgen and Mad). The unit cell dimensions were calculated
(s). 'H NMR (500 MHz, GDs, 298 K): 6 = 32.7 (m, 8H, BH), 10.4 from 1519 strong reflections at 1.5394(2) A (ILL program Rafd19).

(s, 4H, GHs), 8.6 (s, 4H, GHs), 8.0 (s, 2H, GHs), 0.31 (s, 36H, SiMg) Bragg intensities were integrated in 3-D using the ILL program
ppm. *C NMR (125 MHz, GDg): 6 =158 (QHS)’MBZ'G (GH), (27) Gewirth, D.The HKL Manual(written with the cooperation of the
128.7 (GHs), 125.6 (s, @Hs), 2.8 (s, SiMg) ppm. B NMR (160 program authors Z. Otwinowski and W. Minor); Yale University: New
MHz, CeDe): 6 = —45 (s, BH) ppm. Haven, CT, 1995,

X-ray Crystallographic Studies. Single crystals of compounti (28) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.
suitable for X-ray diffraction were grown from a concentrated solution CRYSTALS Chemical Crystallography Laboratory, University of
in deuterated benzene at room temperature by slowly cooling@ 3 (29) ﬁﬁgoéireofqrgggc';gﬁggg’ 'Iséil;?:olv%zzo G. Guagliardi, A.: Burla
Single crystals of compound were obtained from a concentrated M. C.; Polidori, G.; Camalli, M.J. Appl. Crystallogr1994 27, 435.
solution in diethyl ether by slow cooling t630°C. The crystals used (30) Pearce, L. J.; Prout, C. K.; Watkin, D. CGAMERON Chemical
for the diffraction studies were taken out of the mother liquid just before Crystallographic Laboratory, University of Oxford: Oxford, U.K.,
the experiment and immersed in highly viscous perfluoropolyether under 1996.

(31) Prince, EMathematical Techniques in Crystallography and Material
SciencesSpringer-Verlag Inc.: New York, 1982. Archer, J.; Lehmann,
M. S.J. Appl. Crystallogr.1986 19, 456.

argon to prevent loss of solvent and to exclude oxygen. To minimize

(25) Massey, A. G.; Park A. J.; Stone, F. G. Proc. Chem. Socl963 (32) Thomas, M.; Stansfield, R. F. D.; Berneron, M.; Filhol, A.; Greenwood,
212. G.; Jacobe, J.; Feltin, D.; Mason, S. A.Position-Sensitie Detection
(26) Wedler, M.; Roesky, H. W.; Edelmann, F. J. Organomet. Chem. of Thermal NeutronsConvert, P., Forsyth, J. B., Eds.; Academic

1988 66, C1. Press: London, 1983.
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Retreat® These 5401 independent intensities were corrected for summarized in Table 1. The CAMERON program was used to produce
attenuation by the cylindrical heat shields and by the crystal itself with all crystallographic figure2

the program D19abs, based on the ILL version of the CCSL sy&tem.

The positions of the atoms obtained from the X-ray diffraction Acknowledgment. We gratefully acknowledge a postdoc-
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All other atoms were refined with isotropic displacement parameters

in order to keep the ratio of observations to refined parameters to an

acceptable level (4596 unique reflections with> 20(l) for the Supporting Information Available: Crystallographic files, in CIF

refinement of 919 parameters). A final difference Fourier synthesis format, for the structure determinations of {N(SiMes)y}»-

showed peak heights up to 0:93.02 e A3. Further details are {N(SiMe3)(SiMe;,CH:B(CsFs)3)} ] (X-ray), [U{ N(SiMes)2} of N(SiMes)-

(SiIMexCH,B(CsFs)3)} ] (neutron), and [YC(Ph)(NSiMe)2} o 1s-BHa} 2]
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