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Abstract

Reaction of U(BH4)3 ‘nTHF with Cp*zTh(Pth)g
in a THF/toluene solution containing NaCl resulted in
isolation of the novel tetrahydroborate complex
[Na(THF)s] [Cp*U(BH4)3];, Cp* = CsMes. The com-
plex crystallizes in the space group Pl with cell
parameters of g=11.110(3), 5=15.140(3), ¢=
17.856(3) A, a=8827(1), §=7449(2) and v=
85.42(2)°, Z =2 and Dy, = 1.49 g/cm®. The unit cell
contains two crystallographically independent ura-
nium atoms in general positions, each coordinated by
three tridentate, hydrogen-bridged BH4™ groups and
one n°-pentamethylcyclopentadienyl ligand. Two
Na(THF)¢" cations, which occupy centers of crystal-
lographic symmetry, complete the structure. Met-
rical parameters are not significantly different
between the two independent uranium centers (av.
U-B distances 2.61 A) or the two independent
sodium containing cations. Crystallographically
independent Cp*U(BH,); moieties pack to form two
separate chains parallel to the crystallographic a axis.
The stoichiometry and accompanying black color for
the crystal suggest a mixed-valent charge transfer
compound for which the average uranium oxidation
state is 3.5. An unexpected Cp* transfer from
thorium to uranium is also noted in the reaction
chemistry.

Introduction

We recently reported the synthesis and charac-
terization of the thorium(IV) bis(diphenylphosphide)
complex, Cp*;Th(PPh,), [1]. Subsequent reactions
to form the first transition metal—actinide heterobi-
metallic complexes Cp*;Th(u-PPh;),Ni(CO), [2a]
and Cp*,Th(u-PPh,),Pt(PMe;) [2b] have also been
reported. The former complex showed clear indica-
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tions of Th—Ni bonding, while the Th—Pt distance in
the latter system was indicative of a single metal—
metal bond. Previous investigations of the chemistry
of U(BH,);-nTHF have produced complexes of the
type U(BH,)3;°2L [3], where L =2-+(diphenylphos-
phino)pyridine or 1,2-bis(dimethylphosphino)ethane
(dmpe). The structure of a related complex,
U(BH;Me);(dmpe),, has also been reported [4].
Because Cp*, Th(PPh,), exhibits chemistry which, in
some cases, is similar to that of bidentate phosphines,
an extension to complexes of the type U(BHs);5-2L
where 1. = Cp*, Th(PPh,), seemed reasonable.

Herein we describe the reaction between Cp*,Th-
(PPh;), and U(BH;)3-»THF and its surprising result.

Experimental

General Information

Manipulations of air-sensitive solids and solutions
were performed either under argon using Schlenk
techniques, or within the confines of a helium-filled
Vacuum Atmospheres glovebox, equipped with a high
capacity (MO-40-2H) Dri-Train purification system.
Uranium tetrachloride was prepared from UQj; and
hexachloropropene [5].

U(BH,4)3-nTHF

UCI3(THF), [6] and subsequently U(BHg)3-nTHF
were prepared by condensing 70 ml dry, degassed
THF onto a mixture of 0.38 g (1 mmol) UCl, and
0.24 g (10 mmol) NaH and stirring for 4.5 h at room
temperature (RT). The resulting purple solution was
filtered (fine frit) onto 0.12 g (3 mmol) NaBH,,
stirred overnight at RT, refiltered, yielding a red
solution of the soluble uranium(IlI) BH;~ complex.

ThCp™y(PPh; ),

A total of 0.574 g (1 mmol) ThCp*,Cl, and 0.576
g (3 mmol) LiPPh, was placed in 50 ml anhydrous
toluene, stirred overnight, filtered, producing a purple
solution of the Th(IV) complex.
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[Nal THF )] { Cp*U(BHa )3

The Cp*, Th(PPh,), solution (toluene) was slowly
added to the U(BHg4)3;nTHF solution (THF) and
stirred at room temperature for 1 h. The resulting
green solution was reduced in volume (in vacuo) to
remove THF in anticipation of preparing the desired
heterobimetallic product. A dark solid separated from
the solution. Following collection on a fine frit, it
was recrystallized from a toluene/hexane mixture (ice
bath), yielding black crystals which were identified
via X-ray crystallography as described below.

Crystal Data and Structure Determination

Room temperature data were collected by variable
speed 0—20 scans on an Enraf Nonius CAD-4 dif-
fractometer equipped with a graphite mono-
chromator and using Mo Ka radiation. The structure
was solved using standard Patterson and difference
Fourier methods and refined to the observed data
(I>20(])) with full-matrix least-squares methods
using appropriate neutral scattering factors and
anomalous scattering terms [7]. The correct formula
was shown to be [Na(THF)s][Cp*U(BH,)s],.
Refinements included anisotropic thermal parameters
for uranium and sodium plus a correction for se-
condary extinction [8]. Final Fourier difference
maps failed to show peaks which could be interpreted

TABLE 1. X-ay data for [Na(THF)4][(CsMes)U(BHA)3],

Formula C44,H 102B60 6NaU2
Color black

Crystal system tr_iclinic

Space group P1

a (A) 11.110(3)

b () 15.140(3)
c(A) 17.856(3)
a(®) 88.27(1)

(%) 74.49(2)

¥ (°) 85.42(2)
V(83 2884.5

VA 2

Deale g cm™3) 1.49

A(Mo Kal) 0.70930
Temperature (°C) 23

Crystal dimensions (mm) 0.2xX02Xx0.3
Absorption coefficient (cm™1) 536
Absorption correction type ¢ X sphere
Sphere radius (mm) 0.2
Transmission (min., max.) 0.31,0.49
Ave. peak width (w) (°) 0.7

Scan type 8-20

Scan range (°) 0<20<45° (h,tk,tD)
Scan rate variable

No. reflections 8448

No. unique reflections 7508

No. with I = 2a()) 4742

R equiv. reflections (%) 1.4

R g observed reflections (%) 4.2

Ry observed reflections (%) 5.5
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as hydrogen atoms. The Los Alamos Crystal Structure
Codes [9] were used for all calculations. Data were
corrected for absorption using the relative intensity
of a low angle reflection measured as a function of ¥
(mapped to ¢) multiplied by a spherical correction
using a radius calculated from the average distance
between the three most prominent directions of
crystal development. The function minimized was
R§ =Ew?[F, — F.}? and weights were calculated as
w? =4F%/o*(I) where o(l)=oc(I)+(0.030 XI)*;
oc(l) is the error based on counting statistics. Lattice
and data collection parameters are given in Table 1.
Fractional coordinates and bond distances and angles
are given in Tables 2 and 3, respectively. ORTEP
projections with appropriate numbering schemes for
the two crystallographically distinct uranium-
containing moieties are shown in Fig. 1.

Results and Discussion

The unit cell contains two crystallographically
independent uranium atoms in general positions, each

ci0

(b)

Fig. 1. ORTEP projections for the two crystallographically
independent uranium-containing anions.
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TABLE 3. Selected distances (A) and angles (°) for
[Na(THF)g} [(CsMes)U(BH,) 3]

Ul-B1 2.61(2) U2-B4 2.58(2)
Ul-B2 2.57(2) U2-B5 2.64(2)
Ul1-B3 2.68(2) U2-B6 2.59(2)
U1-C1 275(1) U2-C11 2.75Q1)
U1-C2 2741) U2-C12 2.75Q1)
U1-C3 2741) U2-Cl14 2.74(1)
U1-C5 2.75(1) U2-C15 2.74(1)
U1-Cé6 2.76(1) U2-C16 2.75(1)
C1-C2 1.41(2) C11-C12 1.42(2)
C1-C10 155(2) Cl11-C20 1.54(2)
C2-C3 1.40(2) Cl12-C14 1.39(2)
C2-C9 1.56(2) C12-C13 1.53(2)
C3-Cs 1.43(2) C14-C15 1.41(2)
C3—c4 1.52(2) C14-C19 1.55Q2)
C5—C6 1.45(2) C15-C16 1.43(2)
C5-C8 1.52(2) C15-C18 1.52(2)
C6—C1 1.40(2) C16-Cl11 1.41(2)
C6-C7 1.54(2) C16-C17 1.54(2)
B1-U1-B2 103.2(7) B4-U2-B5 106.7(6)

B1-U1-B3 103.6(7) B4-U2-B6 104.4(7)

B2-U1-B3 107.3(7) BS-U2-B6 104.7(6)

Nal-0O1 2.11(1) Na2--04 2.10(1)
Nal-02 2.13(1) Na2-0$5 2.13(1)
Nal-03 2.12(1) Na2-06 2.09(1)
O1-Nal-02 89.7(4) 04-Na2-05 91.2(3)

Ol1-Nal-03 89.4(4) 04-—-Na2--06 90.5(3)

02-Nal-03 89.3(3) 05 -Na2-06 90.3(3)

coordinated by three tridentate, hydrogen-bridged
BH,™ groups and one 7°-pentamethylcyclopenta-
dienyl ligand. Two Na(THF)¢* cations, on centers of
crystallographic symmetry, complete the structure.
Metrical parameters are not significantly different for
the two independent uranium centers (av. U—B
distances 2.61 A). Each of the two crystallographi-
cally independent Cp*U(BH,); moieties are related,
across a center of symmetry, in a head-to-tail fashion
to form pairs which are translationally related within
chains parallel to the g axis. These two chains, com-
prised of crystallographically distinct, but metrically
similar, Cp*U(BH,); units, are separated from each
other by columns of Na(THF),*. Between the chains
there are two U(1)-U(2) distances, viz. 8.25 and 8.61
A. Within one chain the two U(1) distances are 8.59
and 9.15 A; within the other the U(2)—U(2) distances
are 8.28 and 8.75 A. The stoichiometry and accom-
panying black color for the crystal suggest a mixed
valent charge transfer complex for which the average
uranium oxidation state is 3.5.

Several cyclopentadienyl tetrahydroborate com-
plexes of U(IV) have been prepared and structurally
characterized. For example, the series (CsHs)-
U(BH,); [10a], (CsHs).U(BHy), [10b],and (CsHs)s-

R. R. Ryan et al.

U(BH,) [10c] has been synthesized using various
metathetical approaches. Tetrahydroborate com-
plexes of U(III) are less well known [3, 4] and Cp
and Cp* ligated uranium(III) borohydride complexes
have not been reported.

Although the hydrogen atoms of the BH; groups
were not located, the BH,  ligands are likely triden-
tate providing a uranium coordination number of 12,
a reasonable environment for both U(III) and U(IV)
complexes of this type. The U—B distances reported
herein (2.61 A ave.) are well within the range identi-
fied [11] as being characteristic of tridentate BH4™
groups for U(IV), e.g. 2.61 A for Cp,U(BH,), [10b]
and 2.56 A for U(BH4),(THF) [12]. Edelstein et al.
[4] have recently reported similar U—BH, tridentate
distances for tetravalent and trivalent uranium
methyltrihydroborates, i.e. 2.57 A and 2.64 A for
U(BH3CH;3)4(dmpe) and  U(BH;CH;)s(dmpe),,
respectively. In comparison, U-B distances of 2.8—
2.88 A have been observed for bidentate coordination
of borohydride to UIV) [3,11, 12].

The average U—C distance for [Na(THF),] [Cp*U-
(BH,);), is 2.74 A. This value is larger than the mean
U-C distance of 2.64 A observed for CpU(BH,);
[10a], but somewhat smaller than one would esti-
mate for the isostructural anion based on a value of
0.14 A for Ar[U(III)-U(IV)]. The value for Ar was
determined from the estimated ionic radius for U(III)
in CpsU(THF) [13] and the 1.06 A U(IV) radius
estimated by Raymond and Eigenbrot [14] for ten
coordinate U(IV) complexes. The present result is
consistent with an oxidation state intermediate
between 3 and 4; presumably 3.5 from the crystallo-
graphically determined formula. The intense black
color is, no doubt, due to a low energy and,
therefore, facile U(II)—>U(IV) charge transfer
process, resulting in the two metrically equivalent but
cyrstallographically distinct Cp*U(BH4); moieties
observed here.

An unexpected feature associated with the for-
mation of the title compound is the migration of a
Cp* from thorium to the uranium center. There
is no precedent for such a transfer. Ostensibly,
the other main reaction product could be Cp*Th-
(PPh,),Cl. The sodium source was presumably NaCl
which was carried along through the filtration steps.
Moody et al [15] have noted only a 50-60%
removal of NaCl when sodium phenoxide was added
to a THF solution of UCI3(THF),. This tendency to
carry along NaCl was not eliminated, though of
course lessened by removal of THF and utilization of
the noncoordinating solvent toluene.

Rational synthesis of [Na(THF)¢] [Cp*U(BH,)s]
has been attempted by two alternate approaches.
Cp*UCI3(THF), [16] was reacted with 3 equivalents
of NaBH, in THF to yield Cp*U(BH,);, followed by
sodium amalgam reduction. A second approach
involved direct reaction of U(BH4);*nTHF with one
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equivalent of NaCp* in THF. In both cases red
products resulted which were clearly not the target
compound.

Supplementary Material

Tables of anisotropic thermal parameters and ob-
served and calculated structure factors can be ob-
tained from the corresponding author upon request.
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