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Abstract

Pale green crystals of UCL(THF), (1) were isolated from saturated THF solutions after standing undisturbed
for 12 h. The molecular structure of the compound was determined by single crystal X-ray diffraction. The
molecule adopts a unique structure based on a distorted pentagonal bipyramid with two chlorides occupying the
axial positions and the other two chlorides occupying adjacent positions in the pentagonal plane. Crystal data
for 1 (UC1,0,C;;H,,) at 203 K: monoclinic space group P2,,a =7.835(1), b = 14.428(1), ¢ = 8.456(1) A, B= 100.97(1)°,

Z=2, Deye=2.110 g cm™>.

Introduction

The development of the non-aqueous chemistry of
uranium has been assisted by the use of a few readily
prepared, key starting materials. The most widely used
starting material for the 4+ oxidation state is uranium
tetrachloride UCI,, which can be prepared by the liquid
phase chlorination of UO, at 210 °C using hexachlo-
ropropene [1]. Alternate high temperature methods
(> 500 °C), such as the chlorination of UQ, with vigorous
chlorinating agents such as phosgene or thionyl chloride
produce UCI, of low solubility and thus limited synthetic
utility [2, 3]. In contrast, the UCl, formed by liquid
phase chlorination readily coordinates Lewis bases to
form soluble adduct complexes. Structural studies have
shown that the coordination geometry around the ura-
nium in these adducts is dictated by the basicity and
steric demand of the Lewis base. Sterically demanding
phosphine and arsine oxides form UCIL(L), (L=
OP{N(CH,).}s, OP(C¢H:)(N{CH,},),, OP{C¢Hs)s,
OAs(CH,CHs;);) compounds in which the uranium co-
ordination environment is roughly octahedral with the
neutral ligands in both cis or trans configurations [4].
For Me,;PO, a more basic and less sterically demanding
phosphine oxide ligand, a very different compound is
isolated in which displacement of chlorides results
in the formation of an ionic complex,
[UCKOP(CH,).}¢> " ][C1™ |5 [5]- UCl, forms adducts in
a number of coordinating solvents, including nitriles
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[6], isonitriles [7], ethers [1, 8], and phosphines [9].
These solutions are a convenient source of soluble UCl,.
In particular, tetrahydrofuran solutions have been ex-
tensively used for the synthesis of a wide variety of
inorganic and organometallic compounds [1, 10]. As a
result of recent interest in the fate of uranium species
in the environment, we are using absorption and NMR
spectroscopy to elucidate simple alcoholysis and hy-
drolysis reactions of uranium adducts such as UCl,(thf),.
The spectra can give structural information for un-
characterized species if they can be compared with
spectra of similar complexes for which crystal structures
can be obtained. As an initial study of this type, the
structural characterization of the crystalline THF adduct
of UCI, is reported here along with a comparison of
its Vis-near-IR absorption spectrum with the spectra
of related species in solution.

Experimental

NMR spectra were recorded at 22 °C on a Bruker
AM 250 spectrometer in toluene-dy. All 'H NMR
chemical shifts are reported in ppm relative to the 'H
impurity in toluene-dg set at 6 2.09. NMR spectra of
these paramagnetic uranium adducts are very temper-
ature dependent, thus it is important to note that the
temperatures quoted represent average room temper-
atures and so are approximate values. IR spectra were
recorded on a Digilab FTS-40 spectrophotometer as
Nujol mulls between KBr salt plates. Elemental analyses
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were performed on a Perkin-Elmer 2400 CHN analyzer.
Elemental analysis samples were prepared and sealed
in tin capsules in the glove box prior to combustion.
UV-Vis spectra were recorded using matched 1.0 cm
quartz cells or Nujol mulls with polished KBr salt plates
on a Perkin-Elmer Lambda-9 spectrophotometer.

All manipulations were carried out under an oxygen-
free (<5 ppm O,) He atmosphere in a Vacuum-
Atmospheres glove box. Solvents were dried over NakK,
distilled and stored in the glove box. Deuterated solvents
were degassed via three freeze—-pump-thaw cycles and
stored in the glove box over 3 A molecular sieves. UCI,
was prepared according to published methods [1].

Preparation of UCL(THF); (1)

In a tarred 200-ml filter flask, 3.02 g (7.95 mmol)
of UCl, was dissolved in ¢. 40 ml of THF. After all
of the UCI, was dissolved, the solvent was removed in
vacuo to produce a green powder. The green powder
was dried in vacuo for 2 h, after which the flask and
contents were weighed. Drying was continued until a
constant mass was achieved, providing 4.74 g (100.2%
yield) of product. Crystals of 1 were obtained by dis-
solving approximately 100 mg of UCl, in 1 ml of THF-
dg in a S-mm NMR tube. After standing undisturbed
for 12 h, large light green rhombohedral crystals had
formed.

Anal. Calc. for 1, UCL0,C;H,,: C, 24.18; H, 4.06;
N, 0.00. Found: C, 23.91; H, 4.47; N, <0.05%. 'H
NMR (25 °C, toluene-dg (2.09 ppm), 250 MHz): —4.2
(br s, B); —10.5 (br s, a). IR data (cm™'): 577(w),
669(m), 721(w), 734(w), 837(vs), 924(m), 954(mw),
1005(s), 1035(m), 1071(w), 1135(w), 1173(m), 1248(mw),
1298(mw), 1316(w), 1342(m), 1367(mw).

Crystal data and structure determination

Pale green, X-ray quality crystals of 1 were obtained
after a UCl,-saturated THF-dg solution was allowed to
stand undisturbed for 12 h. Data were collected at
—70 °C by variable speed 26-8 scans (3.0 to 14.5 °/
min in w) on a Siemens R3m/V diffractometer equipped
with a graphite monochromator and using Mo Ka
radiation. Data were reduced using SHELEX and cor-
rected for absorption empirically using high chi psi-
scans. The structure was solved using direct methods
and refined via full-matrix least-squares methods. After
the structure was fully refined, an attempt was made
to locate residual (hydrogen) peaks off the THF ligands,
but none appeared. All structure solution, refinement
and graphics were performed using the SHELXTL
PLUS software package licensed by Siemans Analytical
X-ray  Corporation.  Least-squares  minimized
Re=3w[F,-FJ* with w=[02(F)+0.0007F?. Final
R=2.66%. A summary of crystal data, positional pa-

TABLE 1. Crystal data for UClL(THF),

Empirical formula
Color of crystal green

Crystal dimensions 0.20X0.20X0.20 mm
Space group P2,

Cell dimensions

(at 203 K; 25 reflections)

C:H.,C1,0,U

a (A) 7.835(1)
b (A) 14.428(1)
c (A) 8.456(1)
B8 () 100.97(1)
Z (molecules/cell) 2
Volume (A? 938.4(2)
Calculated density (g/cm?) 2.110
Wavelength 0.71069
Absorption correction empirical

variable, 3.0 to 14.5
1.20 + Ka-separation

Scan speed (°/min in w)
Scan width (w) (°)

Min. 26 (°) 2.0

Max. 20 (°) 50.0

Total no. reflections 1866

Independent reflections 1733 (R =3.04%)
No. with F>4.00(F) 1631

R(F) 0.0266

R.(F) 0.0333

TABLE 2. Fractional coordinates and isotropic thermal param-
eters for UCI,(THF), (Fractional coordinates are X 10* for non-
hydrogen atoms; B, values are Xx10)

Atom x y z Ug*
U(1) 1182(1) 8824(1) 8336(1) 19(1)
Cl(1) 2585(3) 9609(2) 6111(3) 38(1)
Cl(2) 4303(4) 8483(2) 9929(4) 39(1)
CI(3) 1406(5) 7127(2) 7395(4) 45(1)
Cl(4) — 660(4) 8297(2) 10394(3) 35(1)
0(1) — 782(9) 10239(5) 7832(9) 28(2)
C(1) —1069(17) 10802(10) 6379(16) 41(4)
C(2) —2247(22) 11576(12) 6723(20) 62(6)
C(3) —3184(17) 11209(10) 7985(20) 48(5)
C(4) —1789(20) 10620(11) 8987(17) 56(5)
0Q) 1938(10) 10096(5) 10329(9) 31(2)
C(5) 2242(18) 9987(9) 12085(13) 40(4)
C(6) 3543(38) 10729(16) 12666(19) 115(11)
C(7) 3996(32) 11164(21) 11384(22) 121(12)
C(8) 2866(19) 10900(9) 9897(17) 46(5)
0o(3) —1303(9) 8631(5) 6110(10) 27(3)
C(9) —1218(15) 8348(10) 4481(14) 39(4)
C(10) —2796(19) 7737(12) 3967(19) 59(6)
Cc(11) —~4105(16) 8169(15) 4855(22) 70(6)
C(12) —3112(13) 8612(9) 6287(17) 42(5)

Isotropic values for those atoms refined anisotropically are cal-
culated using the formula given in ref. 11. *Equivalent isotropic
U defined as one-third of the trace of the orthogonalized Uy
tensor.

rameters, selected bond distances and angles can be
found in Tables 1-4.



TABLE 3. Bond distances (A) for UCL(THF),

U(1)-CI(1) 2.612(3)
U(1)-C1(2) 2.605(3)
U(1)-CI(3) 2.591(3)
U(1)-CI(4) 2.578(3)
U(1)-0(1) 2.543(7)
U(1)-0(2) 2.486(7)
U(1)-0(3) 2.453(7)
0(1)-C(1) 1.455(16)
O(1)-C(4) 1.474(18)
C(1)-C(2) 1.512(23)
C(2)-C(3) 1.502(25)
C(3)-C(4) 1.511(20)
0O(2)-C(5) 1.467(13)
0(2)-C(8) 1.453(16)
C(5)-C(6) 1.496(28)
C(6)-C(7) 1.357(32)
C(7)-C(8) 1.445(24)
0(3)-C(9) 1.450(15)
0(3)-C(12) 1.454(13)
C(9)-C(10) 1.514(20)
C(10)-C(11) 1.516(24)
C(11)-C(12) 1.457(21)

TABLE 4. Bond angles (°) for UCL(THF),

CI(1)-U(1)-CI(2)  884(1) C(1)-O(1)-C(4) 109.6(9)
CI(1)-U(1)-CI(3)  97.2(3) O(1)-C(1)-C(2) 104.6(11)
CI(2)-U(1)}-CI(3)  82.4(1) C(1)-C(2)-C(3) 106.0(13)
CI(1)-U(1)-CI(4) 168.8(4) C(2)-C(3)-C(4) 101.4(12)
CI(2)-U(1)-CI(4)  100.7(1) O(1)-C(4)-C(3) 105.0(11)
CI(3)-U(1)-CI(4)  90.5(4) U(1)-0(2)-C(5) 125.3(6)
CI(1)-U(1)-0(1)  81.7(2) U(1)-O(2)-C(8) 119.0(6)
CI(2)-U(1)-0(1)  1358(2) C(5)-O(2)-C(8) 110.4(9)
CI(3)-U(1)-O(1)  141.4(2) O(2)-C(5)-C(6) 103.0(11)
Cl(4}-U(1)-0(1)  872(2) C(5)-C(6)-C(7) 109.5(16)
CI(1)-U(1)-0(2)  951(2) C(6)-C(7)-C(8) 111.3(22)
CI(2)-U(1)-0(2)  73.1(2) O(2)}-CB)-C(7) 104.2(14)
C(3)-U(1)}-0(2) 152.2(2) U1)-0(3)-C(9) 126.0(6)
Ci(4)-U(1)-0(2)  81.5(2) U®1)-0(3)-C(12)  124.8(7)
O(1)-U(1)-0(2)  651(2) C(9)-O(3)-C(12)  108.3(8)
CI(1}-U(1)-0(3)  83.0(2) O(3)-C(9)-C(10) 104.7(11)
CI(2)-U(1)-0(3)  154.92) C(9)-C(10)-C(11)  102.2(13)
CI(3)-U(1)-0(3)  754(2) C(10)-C(11)-C(12)  106.7(11)
C@#)-U(1)-0(3)  91.2(2) O@B3)-C(12)-C(11)  107.4(11)
0(1)-U(1)-0(3)  66.2(2)

0(2)}-U(1)-0(3)  131.0(2)

U1)-0(1)-C(1)  125.5(7)

U(1)-0(1)-C(4)  124.9(7)

Results and discussion

Synthesis

Anaerobic dissolution of UCl, in THF followed by
solvent removal in vacuo produces the pale green THF
adduct, 1, which is very soluble in THF, sparingly
soluble in toluene and insoluble in other hydrocarbon
solvents such as hexane or benzene [8c—¢]. Elemental
analysis supports the formulation of this product as
UCI,(THF);. This is in contrast to Ortega and Perry

253

[8d] who suggest UCI,(THF) as the product, but is
consistent with the formula proposed by Herzog et al.
[8¢] (UCL(THF),). The coordination of three THF
ligands in 1 is quite unusual, as other characterized
neutral actinide-halide Lewis base complexes typically
coordinate four neutral ligands, e.g. AnX,L, (An=Th,
X=Br,L=THF, X=Cl,L=(C:H;),SO; An=U,X=C(l,
L=NCCH;) [6, 12, 13]. Tris adducts of UCIl, are
uncommon, and few have been described in the Ilit-
erature. Gans and Marriage have reported the formation
of UCl,(t-BuCN); by reaction of UCI, with the nitrile
[14]. They attribute the formation of the tris adduct
to the steric bulk of the t-butyl group. Reaction of
UCI, and UBr, with smaller nitriles such as MeCN
gave UX,L, adducts (X=Cl or Br; L=MeCN, EtCN,
i-PrCN or n-BuCN),

Solid-state molecular structure

The solid-state structure of 1 is shown in Fig. 1. The
coordination environment about uranium is best de-
scribed as a distorted pentagonal bipyramid, with the
axial positions occupied by two chloride ligands. For
actinide complexes, the bonding is dominated by ionic
interactions, and the steric requirements of the ligands
generally account for the observed structures. Of the
numerous possible configurational isomers for a MX,Y,
species adopting a pentagonal bipyramidal structure,
an arrangement with chlorides in axial positions max-
imizes the angles between the most sterically demanding
ligands*. It is interesting to note that 1 adopts a
configuration where the two chloride ligands in the
basal plane of the molecule are adjacent, I, rather than

Fig. 1. An ORTEP drawing of UCL(THF),.

*This is based on the assumption that chloride, due to Ip-lp
interactions, is more sterically demanding than THF which is
bladed.
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separated by THF ligands, II. This is contrary to

Cl Cl
Cluw, | ™ THEL, LSO
CI= T THE= TN,

‘ ‘ o]

Cl cl

what would be anticipated based on steric arguments
for the idealized structure. Examination of the crystal
packing arrangement, shown in Fig. 2, suggests that
configuration I is favored because it minimizes CI-Cl
and THF-THF interactions between neighbouring com-
plexes by allowing the molecular units to arrange them-
selve in such a way that the face with the THF ligands
always points in the same general direction. As a result
of this configuration, the CI(3)-U(1)-Cl(2) angle is
increased from the idealized 72° to the observed 82.4(1)°,
and the O(1)-U(1)-0(2) and O(1)-U(1)-O(3) angles
are compressed to 65.1(2) and 66.2(2)°, respectively.

Fig. 2. Packing diagram of 1 showing the relative orientations
of the molecular units. The view is normal to the ab plane. The
two molecules in the center are closer to the view than are the
other four. Note the interlocking of the ligands and the general
alignment of the THF-dominated faces along the b axis (vertical
direction).

The O(2)-U(1)-Cl(2) and the O(3)-U(1)-CI(3) angles
are intermediate, 73.1(2) and 75.4(2)°, respectively. The
average U-Cl distance, 2.595(2) A, is in the range
observed for other U(IV) chloride complexes [1, 4-7].
For example, in the reported structure of crystalline
UCI, each uranium is coordinated by eight chlorines
in two sets of four equivalent positions with U-Cl
distances of 2.60(4) and 2.95(5) A [15]. The U-Cl
distance in 1 is quite close to that of the nearer set.
However, UCl,(depa),*, the only other pentagonal
bipyramidal complex of UCI, reported in the literature,
has U-Cl bonds that are longer than those in 1, at
2.62 and 2.72 A [16]. The average U-O distance in 1
2.51 A is significantly longer than the average U-O
distances in UCl,(depa),™ at 2.29 A. The shorter U-Cl
bonds and the longer U-O bonds are probably a result
of the relatively weak donating ability of the etheral
THF ligands. The IR spectrum of 1, like that reported
by other investigators [8c—e] indicates coordinated THF
but suggests only one type of THF ligand.

Solution spectra and structure

Visible to near-IR absorption spectra of 1 as a Nujol
mull and in toluene solution, as well as of UCl, in 2-
methyl-THF and THF solutions are shown in Fig. 3.
Each of these spectra consists of a complex series of
relatively weak (€n.,=60 mol™! c¢cm~') and narrow
(~200 cm™") peaks, which are characteristic of f—f

M[}:lllnlllxlllxlllllll

a

L

Absorbance (arbitrary units)
g

LI L A L L A I A

25 20 15 10
Energy (x103 em™)

Fig. 3. Electronic absorption spectra of: (a) UCI(THF); solid
in Nujol mull; (b) UCI,(THF); in saturated toluene solution; (c)
UCI,(THF); in 2-methyltetrahyrofuran solution; (d) UC], dissolved
in THF.



transitions between individual states of the 5f* electron
configuration centered on the U** ion. This configu-
ration can give rise to approximately 75 electronic states
in the energy range which is shown. While the properties
of these states are dominated by the uranium, the
energies and intensities of transitions between them
are strongly influenced by the identities and arrangement
of the ligands [17]. By coupling knowledge of the
structure of some THF adducts with general properties
of the spectra, provisional conclusions may be drawn
about the identities of solution complexes for which
direct structural information does not exist.

Figure 3(a) shows 1 in a Nujol mull, and is thus the
spectrum of the molecular unit described by the crystal
structure reported above. Substantial changes occur in
the spectrum when 1 is dissolved in toluene (Fig. 3(b)).
Since toluene is not expected to displace THF in the
inner coordination sphere of uranium, the differences
between Fig. 3(a) and (b) may result solely from ligand
rearrangement upon removal of the intermolecular
packing forces present in the solid. Such arearrangement
is reasonable because the energetic advantage of con-
figuration I due to interaction with neighboring mo-
lecular units in the crystal does not exist in solution.
Thus, another configuration such as II might dominate
in solution. The '"H NMR spectrum of UCI,(THF), in
toluene-dg solution shows one type each of paramag-
netically shifted « and B resonances associated with
coordinated THF, which is consistent with a single
configuration, however, this is not conclusive because
we cannot rule out the possibility of rapid exchange
with any free THF which could have been liberated
upon dissolution.

An alternate possibility is that addition of toluene
to the solution results in the formation of uranium
dimers or oligomers in solution. The structure of a
chloride-bridged dimer, {[UCl,(THF),],}, which was
crystallized from 10% THF in n-pentane, has been
recently reported [18]. In crystalline {[UCL(THF),].},
each uranium ion is seven-coordinate, but there is one
fewer THF per uranium than there is in 1. It is possible
that the dissolution of 1 in toluene results in the partial
loss of coordinated THF and the formation of similar
chloride-bridged species in solution.

The spectrum produced by a solution of UCl, in 2-
methyl-THF (Fig. 3(c)) is nearly identical to that of
1 in toluene (Fig. 3(b)), indicating that the dominant
solution species have the same ligands in very similar
geometrical arrangements. If no condensation of the
metal units has occurred, then the resulting solution
species in 2-methyl-THF is UCl,(2-methyl-THF),. Al-
ternatively, if Fig. 3(c) represents similar chloride-
bridged specics, the steric bulk of the 2-methyl-THF
ligand must make formation of the tris adduct unfavored.
We favor the former possibility. The similarity of the

255

two spectra (3(a) and (b)) indicates that the two dom-
inant solution species are the same. It seems unlikely
that the same chloride-bridged species would result in
neat 2-methyl-THF and in toluene.

Dissolution of UCL, in neat THF produces a solution
whose spectrum (Fig. 3(d)) differs significantly from
those in Fig. 3(b) and (c) which suggests a different
inner sphere coordination when excess THF is available.
It is possible that in solution the sterically less-de-
manding THF is sufficiently compact so that an ad-
ditional solvent molecule can fit into the inner coor-
dination sphere to give UCl,(THF),. This complex could
adopt an eight-coordinate, pseudo-D,,, dodecahedral
structure. Not surprisingly, addition of THF to 1 in
toluene solution produces a spectrum similar to that
obtained in THF solution (Fig. 3(d)), supporting the
conclusion that THF is added to the coordination sphere.

Conclusions

We have shown, in agreement with Herzog et al.
[8e], that the principal isolable species formed when
UCl, is dissolved in THF is UCL,(THF),. The solid-
state structure represents a unique interplay between
the steric requirements of the THF and the chloride
ligands. Electronic absorption spectra demonstrate that
the uranium inner coordination spheres in toluene, 2-
methyl-THF and THF solutions are different from that
of this solid, either through ligand rearrangement or
ligand substitution. At this point, further interpretation
of the spectroscopic data requires assumptions about
the importance of oligomerization in solution. We plan
to test these assumptions in future work.

Supplementary material

Isotropic thermal parameters for UCl,(THF); have
been submitted for review purposes and can be ordered
using any current masthead address.
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