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Summary

The dynamic behaviour in solution of the compounds CpUCI,L, (L = HMPA_ I,
THF. II: OPPh,, III) was studied by 'H and *'P NMR (variable temperature and
spin saturation transfer experiments). Two isomers of | in equilibrium (IA and IB)
were detected in CDCl; (E, =92 kJ mol™'). The two HMPA ligands of the major
(70%) isomer 1A are relatively cis in a mer pseudo-octahedral configuration whereas
in 1B (30%), the two ligands are 'n rrans equatorial positions. For all the complexes
CpUCIL,L,. the equatorial ligand of isomer A was found to exchange with free
added L molecules. In the case of [ (k=7.0+02 mol™' | s7' at 260 K), this
reaction proceeded by an associative mechanism; at 240 K, the intermediate
CpUCI,L, was observed. Addition of chloride 1ons to a solution of I led to the
formation of CpUC1,(HMPA)".

Introduction

Monocyclopentadienyl complexes of uranium are rare, and are essentially limited
to the CpUX,L, compounds [1-5] (Cp=%°-CsHs; X =Br, Cl; L =oxygen or
nitrogen ligands). The structure in solution of such a complex has been studied only
in the case of the derivative CpUCI,DME [6] (DME = dimethoxyethane); '"H NMR
experiments revealed an intramolecular dynamic exchange of the two ends of the
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IA L= HMPA
TA L = THF
mAa L = OPPh,

chelating DME ligand which occupies one axial and one equatorial position of an
octahedron (Scheme 1),

The crvstal structure of CpUCH(HMPA). [35] (HMPA = Jiexamethyiphos-
phoramide). (n-CH.C.H HUCL(THE)Y. 6] (THVF = tetrahvdrofuran)  and
CpUCL(OPPh ). [2.5] mdicated that i the solid state these complexes ull adopt the
mer pseudo-octahedral configuration. Ao with the two L higands 1 iy positions,
However. the "H NMR spectra of these compounds were rather complex [1.61

It seemed o us of interest to study lhc dyvnamic hehaviour of these complexes in
solution and investigate the mfluence of the ligands L oon thar Huxionalitn, We
describe and discuss below the results of the NMR experiments undertaken on the
complexes CpUX (L, (L= HMPA: I. L= THF: IL. L = OPPh.: HIy which revealed
the new iatra- and inter-molecular rearrangements of these compounds.

Results and discussion

The structure of the complex CpUCLAHMPA), (1) in solution

The "H NMR spectra of Tin CDCl,. CD-Ci, and THF-¢. at various tempera-
tures are presented in Table 10 they all exhibit two singlets and three doublets
assignable to cyvclopentadieny] and HMPA ligands respectivelyv (Fig. 1), The reso-
nances obey the Curie’s law [6] between 230 and 330 K. Relatve integratton of these
signals indicated that the CDCH, solutions of 1 contun two ovelopentadienyl
complexes in the ratio 0.45: the most abundant, TA. bears two magnetically different
HMPA ligands whereas two cquivalent HMPA molecules are coordmated to the
minor complex IB. These results were confirmed by the "'PUTH T NMR spectrum of
I'in CDCL. which exhibited three signals. The NMR spectra of TA are consistent
with the mer pseudo-octahedral configuraton of 1 (Scheme 23 with s HMPA
ligands: this structure was also found i the cryvstalline form of 1 [3] The good
agreement between the coxperimental value (~ 1.9 + 0.1y of the rato
ALSH) G napa I/ASH) oo niapa ) @nd the predicted value (1.7 caleulated
from the theoretical expression of the p\CUdOCUﬂHlC[ shifts i waal symmetry [7]
enabled us to assign the high field doublet signal of TA to the equatorial HMPA
ligand (¢ to the Cp ligand). We generalized this assignment o all the compteses
described in this work: the Op and the axial ligands give rise to Jow field signals
whereas the signals of the equatorial ligands appear at high freld, Heteronuclear
decoupling experiments indicated that the P and "H NMR chemical shifts of Uihe
HMPA signals of TA and 1B are in the same order. namely Staxial HMPA of

) > S(HMPA of IB) > §(equatorial HMPA of [A)

The complementary species B observable in solution must be the tsomer of TA n
which the two HMPA tligands are in gans positions {Scheme 2y The other omer
with cis HMPA ligands 10 the equatorial plane is less likelv bocause of steric
interaction.
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Fig. 1. '"H NMR spectrum of CpUCl;(HMPA), in CDCl; at 300 K; §(H)TMS)= 0. (a) impurities, see
text.

TABLE 1
"H NMR DATA“ FOR CpUCI,(HMPA), (I)

Solvent T(K) (IA) (IB) ratio
Cp axial equat. Cp 2 HMPA (IB)/(1A)
HMPA HMPA
CDCl, 333 % 29 17.5 -5 115 1.3
300 ° 31 18.6 -58 10.9 19 0.45
283 335 20 —-6.3 10.7 2.3
253 37.5 224 -7 9.3 38
CD,Cl, 333 29 18 -5 10.5 2 0.5
THF-d, 333 28 17 -5 = 0.1

¢ Cp signals are singlets, HMPA signals are doublets (J 10 Hz). Assignment of axial and equatorial
positions were made according to ref.7. * At these temperatures, SST experiments showed the equi-
librium between IA and IB.
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Spin saturation transfer (SST) experiments showed that the two isomers TA and
IB are in equilibrium. Above 290 K. irradiation of the cyclopentadieny! signal of TA
caused a decrease in the intensity of the Cp signal of 1B, Similariv. SST was observed
between the HMPA ligands of the two complexes TA and 1B, These experimients {see
Experimental section) enabled us to evaluate the activation energy for the isomerisi-
tion [A = IB : [-': =92 kJ mol 7 To our knowledge. this equilibrium represents the
first example of isomerization of a pseudo-octahedral organometatlic compley of the
f-elements.

Lxchange of ligands in the solutions of 1

The temperature and the SS'I effects on the '"H NMR spectra of a CDCI
solution of T in the presence of 10 equivalents of HMPA are presented in Table 2.
Broadening of the resonances were caused by addition of frec ligand. and above 300
K. SST experiments indicated exchange between free HMPA and cach HMPA
ligand of the isomers 1A and 1B, which are in equilibrium.

Some new interesting facts emerged from the spectra recorded at lower tempera-
ture. Between 270 and 300 K. SST was only observed between the {ree HMPA and
the cquatorial HMPA figand of TA. und indicated the stereoselective exchange
represented in Scheme 3.

The rate of this exchange was found to increase with the {ree HMPA concentra-
tion. suggesting an associative mechanism. In the hope of observing 4 species with
three coordinated HMPA molecules the temperature was fowered. and helow 260 K.
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new resonances appeared in the NMR spectra of the solutions of I+ HMPA: a
singlet, a low field doublet and a high field doublet (relative intensities 5. 18. 36).
These signals are attributed to the heptacoordinated species IV, which would have a
pentagonal bipyramidal configuration with two HMPA and three chlorine ligands in
the equatorial plane. This complex IV is the probable intermediate in the exchange
of the equatorial HMPA ligand of TA with the free ligand (Scheme 3). The
equilibrium between IA and IV was confirmed by SST observed within the three sets
of ligands (Table 3), (a) The Cp ligands of IA and IV; (b) the equatorial HMPA
ligands of TA, IV (high field resonances) and free HMPA: and (c) the axial HMPA
ligands (low field resonances) of IA and 1V.

The isomer 1B was not involved in any of these exchanges. As expected, the
equilibrium IA + HMPA = 1V was displaced to the right by increased concentra-
tions of free HMPA and lower temperatures.

The formation of complex IV from IA shows the ability of the uranium metal to
increase its coordination number and to accept a more negative charge; it also
suggests the possible replacement of the equatorial HMPA of IA by another ligand.
When chloride ions were added to a solution of I, the intensities of the signals due to
IA and IB were lowered, and new resonances, a singlet (SH) and a (low field)
doublet (18H), appeared. These resonances are attributed to the new anionic
complex CpUCI,(HMPA)™ (V). which would have a pseudo-octahedral configura-
tion with the four chlorine atoms in the equatorial plane. No exchange was observed
between V and IA or IB by SST. It was necessary to add a large excess of chloride
ions to the solution of I to observe a nearly quantitative formation of V, however,
this could not be isolated.

The information obtained on the dynamic behaviour of the complex I in solution,
in particular the existence of two isomers IA and 1B and the stereoselective exchange
between the equatorial HMPA ligand of JA and free HMPA, prompted us to turn
our attention to the NMR spectra of other CpUCI, L, complexes in order to be able
to make a comparison and eventually to generalize about these phenomena.
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Fig. 2. "H NMR spectrum of CpUCT(THF), in CDCE at 253 Ko SOITMS) =00 (a) crganic
impurities: the broad signal at = 0 ppm is due to free THEF molecule in equlibriuny with the equatornal
thigh fieldy THF ligand.

The dvnamic behaviour in solution of the complexes CplUClL Ao ol = THIFT} and
1= OPPh, (111)) and general remarks

As reported in the literature [4.6]. the 'H NMR spectra of 11 showed onlv broad
and complex signals at room temperature. However. at 253 K. the spectrum clearly
showed the five expected resonances for the isomer A (isomer B could not be
detected) (Fig. 2). A supplementary broad signal near -2 ppm was due o one
molecule of free THF. which was presumably a solvation molecule of T The two
high field signals corresponding to the «- and B-CH . protons of the equatorial THE
ligand were much broader than those of the axial hgand, and « significant diminu-
tion of their intensity was observed when the signal of the free THEF was irradiated.
These results reveal that there is rapid exchange (at 253
THF ligand of ITA and the {ree THF in soluton.

The "H NMR spectrum of HI at room temperature (Fig. 3) demonstrated without
ambiguity the presence of the isomer HIA. with its two different tniphenviphosphine
oxide hgands. Paramagnetic induced shifts and decoupling experiments aflowed us
to determine the signal position of cach set of protons i the pheny! rings as well as
their coupling constants. Exchange was found 1o occoer between the two OPPh,
ligands of TIIA. Here again. the rapid exchange between the equatorial triphenyvi-
phosphine oxide ligand of {ITA and free added OPPh, wax demonstrated by the
broadening of the respecuve signals and SST experiments. Noteworthy was the
presence of some weak additional signals i the spectrum of 11 in partucular a Tow
field singlet which disappeared completelv when the Cp signal of THA wus irradia-
ted. In the ' P NMR spectrum of 111, a third signal appeared. in addition 1o the two

K between the equatorial
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Fig. 3. '"H NMR spectrum of CpUCI;(OPPh;), in CDCl; at 300 K: §(H)YTMS) = 0. Expansion (X 10)
shows the fine structure of the axial phenyl hydrogens signals. (a) free OPPh impurity. (b) free THF. see
text and [5]. (¢) signal attributed to the Cp ligand of the suspected IIIB isomer.

resonances of the OPPh, ligands of II1A. These results suggest that the solution of
11! contained a small amount (about 5%) of the isomer I1IB.

Some general conclusions may be drawn from these results. The stable structure
in solution of the complexes CpUCI,L, I-III is the mer pseudo-octahedral config-
uration A, which is also that adopted in the solid state [5]. Interconversion of the
axial and equatorial ligands occurs in these complexes: as also observed for the
derivative CpUCI,(DME) [6].

The NMR spectra of 1 and III indicate that 1A and presumably I1IA are in
equilibrium with their isomers IB and IIIB, which have the two ligands L in
equivalent frans positions. The existence of isomers IB and I1IB could possibly be
easily explained in terms of the steric interaction between the bulkier ligands HMPA
and OPPh, but it is not clear why the relative proportion of 1B is greater than that
of IIIB. This feature can be considered in the light of the structure of the complexes
UCl,(HMPA), [8] and UCI,(OPPh;), [9]. in which the HMPA and OPPh; ligands
are respectively frans and cis in pseudo-octahedral configuration, and for which =
interactions between the phenyl rings were invoked [9] to account for the cis
geometry of the triphenylphosphine oxide derivative. Intermolecular exchange of
ligands takes place when free L molecules are added to solutions of the complexes
CpUCI,L,. We found that at lower temperatures only the equatorial L ligands (the
signal from which is always at high field) of the mer pseudo-octahedral isomers A
are exchanging, and that, at least in the case of the HMPA derivative, an associative
intermediate is involved in this reaction. We have demonstrated that the equatorial
HMPA ligand of IA can also be replaced by a chloride ion.

These properties lead us to regard the complexes CpUCI; L, as potentially useful
precursors for the synthesis of new organouranium compounds.

Experimental

All experiments were carried out under argon by Schlenk methods or in a glove
box. THF was distilled from sodium-benzophenone before use. HMPA (Merck).
CpTI (Ventron) and OPPh; (Schuchart) were used without purification. UCl, [10],
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CpUCT(THEF), (I [4]. and CpUCT(OPPhy), (I1I) [1} were prepared and char-
acterized by published methods.

The "H and "'P NMR spectra were recorded on a Bruker WH 60 (FT) instrument
with its dedicated temperature control unit. The deuteriated solvents were dried over
molecular sieves (3 A) or Na. The chemical shifts were cafculated from TMS
(S(HHY= 0. internal referencey and OPPh, (5(P)= 0. external reference). Positive
values denote shifts to low field.

Trichlorotevelopentadienylibisthexamethyiphosphoramide juraniumilj: synthesis

HMPA (0.81 ml. 4.5 mmol) was added to 20 mi of a solution of CpUCT (THF),
(prepared [4] from a mixtore of UCH, (3 ¢ 7.9 mmol)y and CpT1{2.2 g 817 mmol) in
THF (70 mb) at —507C. The solution was allowed to warm (o room temperature
and slow crystallization took place during 2 h. The green cervstaly were filtered off.
washed. and dried under vacuum (830 mg. 54%). An X-rayv crvstal structural
determination on this complex [11] showed it to be identical with that of the
compound CpUCH (HMPA). prepared by Bagnall from  the reaction of
UCH,(HMPA), and CpTI {3}

Trichlorofcyclopentadienyhbisthexamethylphosphoramide juranium: N MR spectra

The '"H NMR spectra of the complex I in CDCH, CD.C1- and THF-d, at
variable temperatures are listed in Table 1. Additonal resonances arising from small
and variable amounts of UCH {HMPA). [12] (6 8.3 ppm at 20°C.d J 10 Hz)y and
UO,Clo(HMPA), [T1.13]. 8 292 ppm. d J 10 Hz) were sometimes observed in the
spectra of solutions of 1. The relative proportions of these impurities mereased when
the NMR tubes were not sealed: but in sealed wubes chloroform solutions of 1 were
stable for several months ot 3°C.

The equilibrium between the species 1A and IB (see Scheme ) was studied by
spin saturation transfer experiments [8]. The determination of 7, and 7., (tranver-
sal relaxation time of the hvdrogen atoms of the Cp hgand of A and IB) was
effected by the inversion recovery method [12] and measurement of the ratio of the
nagnenzations M” /MY (caleulated as the ratio of the mtensities for cach of these

TABLE 2}

DETERMINATION OF THE RATE CONSTANTS FOR THE EQUILIBRIUM 1A = 1B AT DIF-
FERENT TEMPERATURES

Temperature (K 280 260

AU M CptlA)y” =]

MY M CpIBY IR 1.47 R

with SST 7,CpiiA) ° 0,22 078 073

with SST 7, Cp(IB) = {07 0.69 aa7
1ok [T A = (1B (1,32 very high very high
ok By - i) = (LUK y very high

" Ratio M"/M™ for the Cp protons of the two isomers 1A and 1B at different temperatures.
" Relaxation time (7, of the Cp protons of TA during SST experiments when the protons of 1B are
i

irradiated. © Tdem for the Cp protons of 1B, Rate constants for the equilibrium: (1A 22 (1B),
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resonances with and without saturation of the other) provided the rate constants:
k=1/T, (1 = M*/M"). The results are summarised in Table 3.

The activation energy corresponding for the conversion IA=1B is 92+ 6 kJ
mol ™.

The *'P NMR spectrum of a solution of I in CDCI; at 300 K showed three
signals (relative intensities ca. 1, 1.1, 1.1) at +267 ppm (axial HMPA of 1A). +85
ppm (HMPA of IB) and —26 ppm (equatorial HMPA of IA). The assignment was
deduced from heteronuclear decoupling experiments.

Addition of free HMPA to a solution of I in CDCI,

Variable temperature and the spin saturation transfer data for the '"H NMR
spectra of a 0.060 M solution of I in CDCl; in the presence of 10 equivalents of
HMPA are presented in Table 2. The 'H NMR spectra of 0.060 M solutions of I
with variable quantities of free HMPA (n = (HMPA) /(1) = 10. 8, 5, 2) [15] indicate
that, at a given temperature, the ratio (IV)/(IA) increases with n. The results
between 230 and 250 K are summarised in Table 4. The rates of the exchange
between the equatorial HMPA ligand of IA and free HMPA were calculated as
above from SST experiments, and a linear relationship was found between these
rates and the concentration of free HMPA. At 260 K, the rates of the reaction are
v, =0.021, 0.071, 0.10, 0.15 mol 1"' 57! for n=2. 5, 8, 10, respectively; the rate

constant, k,, is therefore 7.0 + 0.2 mol ' 1s~ .

Addition of chloride ions to a solution of I in CDCl;: formation of the
tetrachloro(cyclopentadienyl)hexamethylphosphoramideuranium anion (V)

A solution of n-Bu,NCI (42 mg, 0.15 mmol) in CDCl, (0.5 ml) was added to a
solution of I (23 mg, 0.03 mmol) in CDCI;. The '"H NMR spectrum at 300 K of the
resulting green solution showed, in addition to the n-Bu ,NCI resonances, some new
signals, a singlet at 36 ppm and a doublet (J 10 Hz) at 22 ppm, with intensities in
the ratio 5/18. The intensities of the new singlet signal at 36 ppm and that of the
singlet signal at 31 ppm (Cp of IA) were in the ratio 2 /1. This ratio increased when
more chloride ion was added to the solution. The nearly quantitative (= 90%)
formation of the species V was observed when a large excess (25 eq.) of n-Bu,NCl
was added. (In all these experiments, the ratio IB/IA retained the same value
(= 0.45)); however, total disappearance of the signal of IA was never observed.
Similar results were obtained when (KCl/18-crown-6) or Ph,PHCI were used
instead of n-Bu,Cl. Attempts to isolate a pure complex from these mixtures failed.

TABLE 4

RATIOS (IV) /(1A) FOR VARIOUS AMOUNTS OF FREE HMPA (n = (HMPA)/(Dinroduced 1151 AT
VARIOUS TEMPERATURES

T (K) n

10 8 5 2
230 0.9 0.63 0.4 0.15
240 0.45 0.33 0.2 0.08

250 0.24 0.18 0.09 =0.01




94

Trichloro(cvclopentadienylbis(tetrahvdrofuranyuranium (11)

A sample of II was prepared as previously described {4] by mixing 3 g (7.9 mmol)
of UCT, and 2.2 g (8.17 mmol) of CpTlL. 70 ml of THF was added at — 50°C and the
suspension was stirred overnight at 45°C then filtered to remove TICL 1 ml of this
solution was transferred to an NMR tube: The solvent wus evacuated at room
temperature. and the solid residue was dried under vacuum (10 - mmHg) for 2 b,
and CDCl was introduced into the tube. The "H NMR spectrum of 1 in CDC at
room temperature showed only broad resonances [6]. At 233 K. a resolhved spectrum
corresponding to only one isomer (1TA) was observed (Fig. 2). The low field and high
field resonances were assigned to the axial and equatorial THF figands. respectively,
by analogy with the spectra of TA [7]. HA. 253 K, §(CDCl3: 46,8 (4H. s 0wy - 24
Hz, axial THF), 243 (4H. 5w, ., 20 Hz, axial THF) 142 (SH. <owy - 12 Heo Cp).
=2 (=8&H. v br. w; , 400 Hz. free THF). —18.9 (4H. v br. w. , 100 Hz. equatorial
THF) and —44.8 (4H. v br w, - 110 Hz. equatorial THF).

At 253 K. irradiation of the signal at —2 ppm brought about o decrease in
intensity of the signal at -~ 189 and —44.5 ppm 10 90% of their original value. At
273 K. the signals were broader: irradiation of the free THF signal lower the
intensitics of the axial and the equatorial THFE signals of 1A o 30 and 10%.
respectively, of their original values.

Trichlorolevclopentadienylbisitriphenyiphaosphine oxide juranium (1115

At 300 K. the '"H NMR spectrum of TH in CDCT; showed separated signals for
cach set of protons of ITTA (Fig. 3). The low field and high {ield resonances were
attributed to the axial and equatorial OPPh, ligand, respectively. by analogy with
the spectra of TA [7]. The assignment of these signals was effected by successive
homonuclear decoupling experiments. The {ree THF resonances were always observed
in these spectra, in agreement with the X-rav crvstal structure of T [5]. which
revealed the presence of uncoordinated solvation molecules of THE. THA, 300 K.
S(CDCH,): 27.2 (SH. s, Cpy. 26.1 (6H. d of d. H orthoaxial. '/, % Hz. J{ 7 P-01 13
Hz). 10.5 (6H. d of t. H mera axial. ,_, =/, & Hz. *J(*'P-ny 3Hz). 10 (3H. 1. H
pura axial, ‘IJ,“,/, =& Hz). 6 (3H. t. H para equatorial). 4.8 (6H. d of « H mwewa
equatorial). 3.5 and 1.8 (=4 H, free THF) and -4.2 (6H. d of d. H wrtho
equatorial). The coupling constants for the corresponding protons in the equatorial
and axial ligands were identical. Trradiation of the signals at - 4.2, 4.8 and 6 ppm
(protons of the equatorial ligand of 1TIA) lowered the intensity (1o ca. 75% of therr
original value) of the signals at 26.1. 10.5 and 10 ppm. respectively (protons of the
axial ligand).

Additional weak signals were present in the spectrum of {11, in particular a singlet
at 6 19 ppm. Irradiation of this singlet caused a decrease in the intensity of the
signal at 27.2 ppm (Cp ligand of [ITA) to 70% of its original value. The singlet at 19
ppm disappeared completelv when the signal at 27.2 ppm was irradiated.

The "'P{'H} NMR spectrum of 11 in CDCI, at 300 K showed three signals:
8(Py= +268; +30: —44 ppm (relative intensities 10, 1. 121

Addition of free OPPh , to a solution of 111

The '"H NMR spectrum of a 174 mixture of 111 and OPPh, showed a broadening
of all the signals of the equatonal ligand. the resonances of the Cp and the axial
ligand appeared to be unaffected.
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Irradiation of the ortho protons of free OPPh, (7.7 ppm) caused a decrease in

intensity (approximately zero) of the signal of the ortho protons of the equatorial
OPPh, (—4.2 ppm) and a decrease to ca. 80% of the original value of the signal of
the ortho protons of the axial OPPh, (26.1 ppm).

The *'"P{'H} NMR at 250 K showed resonances at +266. +87, 0 (free OPPh,)

and —23 ppm. At 300 K, the smallest signal and that of the free ligand broadened
and merged into one another.
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