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Proton magnetic resonance studies show that
UO,(DMF)%*,  pentakis(N,N-dimethylformamide)-
dioxouranium(VI) ion, is the greatly predominant
dioxouranium( VI) species in mixed solutions of DMF
and d,-methylene chloride. The virtual independence
of the rate of intermolecular exchange of DMF of
free DMF concentration over a 20.3 fold concentra-
tion range is interpreted in terms of a dissociative
exchange mechanism. A typical set of kinetic data
for this process is k. {220K) = 199 + 11 57!, AH# =
319 + 0.3 kJ mol™" and AS* = 534+ 1.5JK™!
mol™Y, where the observed exchange rate =5 K oy, [UO,-
(DMF)2*], and the concentrations of UO,{DMF)%",
DMF and d,-methylenechloride are respectively
0.008648, 0.04323 and 15.05 mol dm™3. The
observed magnetic equivalence of the methyl groups
in bound DMF over the experimental temperature
range 170-300 K is shown to arise as a consequence
of the cis and trans DMF methyl groups experiencing
significantly different magnetic shielding modifica-
tions upon coordination to the dioxouranium{ Vi)
ion probably in part as a consequence of the magnetic
anisotropy of that ion.

Introduction

The dioxouranium(VI) ion, as a consequence of
the kinetically inert nature of the two axial oxo
ligands [1, 2], offers the unusual opportunity to
study the dynamics of ligand exchange processes in
the equatorial plane of the uranium(VI) atom.Such
an opportunity is rare in ligand substitution studies
on metal ions, but surprisingly it has only been very
recently that the number of uni-dentate ligands
occupying this equatorial plane, and their lifetimes
therein, have been investigated. The stoichiometry
UQ,L2" is often consistent with the most stable
ground state species when L is an oxygen donor
ligand of medium donor strength as exemplified
when L = trimethylphosphate [3] (23.0), triethyl-
phosphate [3], dimethylsulphoxide [4] (29.8),
N,N-dimethylacetamide [5] (32.2), dimethylphos-
phonate [6], and tetramethylurea [7] (29.6), but
when L is a particularly strong donor, as in the

case of hexamethylphosphoramide (38.8) the
stoichiometry UQ,L3" may prevail in the ground
state (the numbers in parentheses are Gutmann
donor numbers [8]). It further appears that a fine
balance between the donor strength and the
size of L may exist in determining ground state
stoichiometry [9]. The consequences of variation in
ground state stoichiometry may have a profound
effect upon the mechanism of the exchange of L on
the uranium(VI) centre as exemplified when L is
hexamethylphosphoramide [9] when two exchange
paths, one dissociative and the other probably
associative, are observed whereas when L is any of the
other previously discussed ligands a dissociative path
appears to provide the dominant exchange mecha-
nism [3-6].

In this study the solution dynamics of a further
UO,1%" species, UO,(DMF)%", (where DMF is NN-
dimethylformamide (26.6)) are investigated. This
species is somewhat unusual in that the chemically
non-equivalent methyl groups of bound DMF are
magnetically equivalent.

Experimental

Preparation of the Dioxouranium({VI) Complex
Hydrated dioxouranium(VI) perchlorate (G.
Frederick Smith) (2.5 g) was stirred with triethyl-
orthoformate [10, 11] (10 g) at 320 K for one hour.
Dry N,N-dimethylformamide (2.2 g) was added at
room temperature and the resultant yellow crystals
of [UO,(DMF);s](ClO,), were filtered off, washed
with dry ether and pumped down on a vacuum line
for several hours. All preparative and handling opera-
tions were carried out under dry nitrogen and
exposure of [UO,(DMF);](Cl0,), to light was kept
to a minimum to avoid the possibility of photo-
chemically induced redox processes. The product
yield was 92%. Anal. Calcd. for [UO,(DMF);]-
(Cl0,),: UO%’, 32.36; C, 21.59; N, 8.39; H, 4.23%.
Found: UO%", 32.07; C, 21.60; N, 8.21; H, 4.13%.
The UOQ?2" analysis was carried out using an ion
exchange method [12] and the C, N and H analyses
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TABLE. Exchange of DMI* on UO7_(DMF)§+. Solution Compositions and Kinetic Parameters.

Solution [UO2(DMF)2']®  [DMF]P [CD,Cl,]  CNSd k220K)%  an¥e as¥e

mol dm 3 mol dm™> mol dm™ g ! kJ mol™! TK ! mol™!
i 0.008648 0.04323 15.05 4.9:0.1 199 £ 11 319+ 03 53415
i 0.004306 0.02152 15.10 49+ 0.1 179+ 19 331:1.2  —488:54
iii 0.002199 0.01099 15.13 5.0+ 0.1 188+ 8 30904 587+ 1.5
iv 0.001102 0.00551 15.17 5.0+ 0.1 162+ 22 33.5:1.0 —-47.8+45
v 0.000737 0.00213 15.20 5.0+ 0.1 160+ 14 30.9 +1.2 -59.91+ 5.6
vi 0.009520 0.02654 15.06 49+0.1 187+ 17 336+ 09  -46.0:4.4

8added as [UO,(DMF)s](CIO4);.  PAdded as DMT.

°CN = number of DMF molecules in the first co-ordination sphere of

UO“;_+ as determined from the integration of the bound and free DMF resonances in the temperature range 170-185 K. 9Errors

represent one standard deviation.

were carried out by the Australian Microanalytical
Service, Melbourne.

Preparation of Solutions

DMF (BDH) and d,-methylenechloride (CEA,
France 99.4%) were distilled and stored over Linde
4A molecular sieves. Solutions of [UQ,(DMF)s]-
(C10,), and DMF in d,-methylenechloride were pre-
pared in 5 cm?® volumetric flasks in a dry nitrogen
atmosphere. Approximately 0.4 cm® of each solu-
tion was degassed prior to sealing under vacuum in
a5 mm o.d. NMR tube.

Spectroscopic Measurements

'H NMR spectra were run at 90 MHz on a Bruker
HX90E spectrometer using a deuterium lock.
Depending upon the concentration of the sample up
to fifteen spectra were computer averaged (Nicolet
BNC 12) at each temperature prior to digitising onto
paper tape (from 500 to 800 data points per spec-
trum respectively ranging from fast to slow exchange
conditions). The spectrometer temperature control
was better than +0.3 K. The data stored on the
paper tapes was subjected to a complete line shape
analysis using a CDC 6400 computer. The 270 MHz
spectra were run at the National NMR Centre,
Canberra.

Results and Discussion

At low temperature in d,-methylenechloride solu-
tion the bound DMF methyl 'H NMR resonance
appears as a singlet downfield from the doublet
methyl resonance of free DMF (Figure 1). A compari-
son of the integrated singlet and doublet areas at 170,
180 and 185 K indicates that UQ,(DMF)2" is the
greatly predominant dioxouranium(VI) species in
solutions (i)}-(vi) (Table). Integration of the formyl
proton resonances which appear further downfield
is also consistent with this finding [13]. In a d,-
methylenechloride solution of [UO(DMF);](Cl0,),

€
Errors represent one standard error.

0.5ms

17

ﬁ
NN
B

205 19
)

200 ./ \ ﬁ % a3

190 Nk j k ’L a7
EXPT 4 SITE 3 SITE

CALC

Figure 1. The experimental 'H NMR spectral coalescence
phenomenen for solution (i) in which [UO;(DMF)?],
[DMF] and [d;-methylenechloride] were respectively
0.008648, 0.04323 and 15.05 mol dm > and the experi-
mental temperatures are shown at the left of the figure. The
bound DMF methyl resonance appears as the downfield
singlet. The free DMF methyl resonances appear as the
upfield doublet at 190 K. The best fit computer calculated
lineshapes for the four site exchange scheme (2) appear in
the centre of the figure and the corresponding best fit rg
values appear at the right of the figure. Lineshapes for the
three site exchange scheme (2) for these rg values appear at
the right of the figure.

alone the bound DMF methyl singlet persists as
such over the temperature range 170-300 K both at
90 and 270 MHz. As the temperature is increased the
singlet and doublet resonances of the bound and
free DMF methyl groups coalesce to a doublet at
250 K (Figure 1) and above, consistent with the



DMF Dioxouranum(VI) Complexes

mtermolecular exchange of DMF between the bound
and free sites The formyl singlets coalesce to a singlet
as the temperature 1s increased also consistent with
the intermolecular exchange of DMF The coales-
cence phenomena seen in Figure 1 may be analysed
according to two schemes, the first of which 1s one
m which the chemucal shifts of both methyl groups
of bound DMF become 1dentical probably as a con-
sequence, 1n part at least, of the magnetic anisotropy
of the dioxouramum(VI) 1on [14, 15] Intermolec-
ular exchange of DMF now becomes a four site
exchange problem [16] (equation 1) mn which
exchange occurs between sites 1 and 2, and site 3 and
4 only, as rotation about the C—N bond 1n bound
DMF 1s assumed to be slow on the NMR time scale

U—o0 Me 1 0 Me 2

/
H Me 3 H Me 4

m the temperature range 190-250 K as 1s known to
be the case for free DMF [17] Computer calculated
best fit line shapes [16] for this scheme (equation 1)
are shown in Figure 1 and are seen to reproduce the
experimental spectra The mean lfetimes of DMF
bound in UO,(DMF)?*, 75, denved from the best
fit line shapes are at the right of Figure 1, Computer
calculation of these best fit lineshapes requires the
relative chemical shifts between the exchanging sites
and their line widths at half resonance amplitude in
the absence of exchange induced modifications as
mput parameters The mput values for the chemical
shift differences between the bound DMF methyl
resonance and the upfield and downfield methyl
resonances of free DMF, which varied as 1/T, were
503 and 414 Hz (190 K) and 48 7 and 376 Hz
(296 K) The bound, and upfield and downfield
free DMF line widths which also varied as 1/T were
336,250, and 2 70 Hz (190 K), and 2 18, 1 81 and
160 Hz (290 K) (In a solution of DMF alone at 170
K the high field and low field DMF methyl
resonances exhibit a coupling of 065 and 025 Hz
with the formyl proton This coupling was not
observed i the UOQO,(DMF)'/DMF solutions and
hence 1s not mcluded in the line shape calculations
In any event the inclusion of this coupling would
have a neghgible effect on the denved 7y values as a
consequence of the much greater magnitude of the
frequency difference between the bound and free
DMF resonances)

An alternative explanation for the singlet
resonance of the bound DMF methyl groups 1s that
the rotation about the C-N bond mn bound DMF 1s
in the fast exchange limit over the entire experi-
mental temperature range Intermolecular exchange
of DMF 1s now reduced to a three site exchange pro-
blem in which the bound methyl groups become
effectively one site, as a consequence of the
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postulated fast rotation about the C-N bond, as
shown mn equation (2) According to this scheme
exchange now occurs between sites 1 and 2, and sites
1 and 3, and indirectly between sites 2 and 3 This

Il

u—2o Me 0 Me 2
C—N ) ~— \C N/

° \ / AN

H Me H Me 3

(2)

scheme leads to a singlet line shape being observed
(Figure 1) m the fast intermolecular exchange limit
Lineshapes calculated, using the Kubo—Sack method
[16], for this three site scheme using the 7y values
(and also the same chemucal shift and lne width
mput values) obtamed from the four site scheme, are
shown at the right hand side of Figure 1 It 1s clear
from Figure 1 that 1t 1s the four site exchange scheme
(equation 1) which 1s operative It appears that the
magnetic anisotropy of the dioxouranium(VI) entity
1s a contributing factor to the magnetic equivalence
of the methyl groups in UO,(DMF);" as m the
magnetically 1sotropic species [18—20] Be(DMF)3',
AI(DMF)}" and Ga(DMF)}* the chemically non-
equivalent methyl groups are also magnetically non-
equivalent An approximate estimate of the change
in the chemical shift, A8, of the DMF methyl groups
caused by the amsotropic field may be gamed
through [15, 21] equation (3)

_ Ax(1 - 3 cosy)

3 (3)
3r

Ab

m which Ay = x(parallel) — x(perpendicular)

where x 1s the magnetic susceptibility [14] of the
dioxouramum(VI) 1on parallel and perpendicular to
the principle magnetic axis which 1s considered
comncident with the O=U=Q axis, v 1s the angle
between this axis and a line passing through the
uranlum centre and the mean methyl proton posi-
tion, and r 1s the mean distance of that proton from
the uramum centre If 1t 1s assumed that free rotation
occurs about the U-O bond formed between the
uranium atom and the donor carbonyl oxygen atom
of the DMF higand then the effects of the anisotropic
field averaged over a complete rotation converts
equation (3) to equation (4)

(1 — 3/2s10%6)
3

AS = Ax @

where 6 = 90 — v Using a value [14] of Ax=-2 74
X 107%® and # = 708 and r = 5 14 A for the methyl
group frans to the formyl proton (which gives rise to
the upfield signal in DMF [2223]), A6 15 calculated
to be —0 657 ppm, whereas A8 = —0 334 when § =
2578° and r = 581 A for the cis methyl group
These compare with experimental values (190 K) of
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Figure 2. A semilogarithmic plot of 7T against 104/T for

the UO;(DMF)25+ system, Individual datum points for solu-

tions appear as (i) e, (ii) o, (iii) 2, (iv) ¥, (v) o and (vi) ©. The
best fits of thesc data to equation (4) arc shown as (i)
------ @) —-— (iv) —--.— (v) and —..— (vi). The line for
(iii) is omitted for clarity.

—0.558 ppm and —0.460 ppm observed for the trans
and cis methyl groups of DMF in solution (i) (and
similar values for the other solutions in the table).
This qualitative agreement between the calculated
and experimental relative chemical shifts of the DMF
methyl protons demonstrates the plausibility of the
argument that magnetic anisotropy is a contributing
factor to the magnetic equivalence of the UO,-
(DMF):" methyl groups. The quantitative agreement
is probably the best that could be expected as, quite
apart from its approximate nature, equation 3, only
accounts for “through space” contributions to the
chemical shift whereas chemical shift modifications
will also occur as a consequence of changes in the
electronic distribution in DMF occurring upon co-
ordination.

The kinetic parameters for DMF exchange on
UOQ,(DMF)%*, which are given in the table, were
derived through equation (4)

1/7p = key = (kpT/h)exp(—AH*/RT)exp(AS#/R)
= exchange rate/5[UO,(DMF)}"] 4)

in which 75 = 7rxB/XF, and where 7F is the mean life
time of a free DMF molecule, xg and xy are the mol
fractions of bound and free DMF respectively, and
all other symbols have their usual significance. Semi-
logarithmic plots of 7gT against 1/T are shown in
Figure 2 for each of the solutions (i)}~(vi) whose com-
positions are given in the table. Over the 20.3 fold
variation of [DMF] the kg, (220 K) values show only
a 1.24 fold variation (the Key values for the least (vi)
and second most concentrated (ii) solutions in
[DMF] being identical within two standard devia-
tions) consistent with the DMF exchange on UO,-

(DMF)%" proceeding through either a dissociative
(D) or dissociative interchange (Ip) mechanism [24] .
In the former case the rate determining step is the
formation of the reactive intermediate UO,(DMF)3"
as a consequence of the dissociation of DMF from
UO,(DMF)?". In the case of the Ip mechanism the
energetics of the exchange process are still predo-
minantly those of the dissociation of DMF from
UO,(DMF)%*, but now the exchange process only
proceeds through interchange of a DMF molecule
in the first coordination sphere of UO,(DMF)}’
with one residing in the second coordination sphere
which may be represented by the sixth DMF in the
species UO,(DMF)Z"..DMF. Thus the Ip exchange
mechanism may be formulated as in equation 5

K
UO,(DMF)?* + *DMF —n>

fast

k
UO,(DMF)}' .. *DMF ———
slow

UO,(DMF),*DMF.. DMF 5)

where the asterisk is a typographical distinction only
and Kyop = [UO,(DMF)%*...DMF} /([UO,(DMF)3']
[DMF]).

Hence for the I mechanism the variation of key
with [DMF] is given by equation 6, from which it is
seen that k., only

Kex = kK ggsn [DMF] /(1 + K55, [DMF]) 6

becomes independent of [DMF] when Kgon[DMF]
>> 1. For this limiting condition to apply in solu-
tions (i) to (vi) a comparison of [DMF] and [d»-
methylenechloride] indicates that a very high degree
of preferential solvation by DMF would be neces-
sary, for which no experimental evidence is available.
In the light of this observation and the existence of
the ground state species [4, 7, 9, 25] UO,(H,0)3",
UO,(TMU)Z* and UO,(HMPA);" in solution, the
postulation of the reactive intermediate species
UO,(DMF)2" as required for the D exchange mecha-
nism appears to be the more plausible mechanistic
proposition. This is also consistent with observations
of the exchange of trimethylphosphate, triethylphos-
phate, dimethylsulphoxide, N,N-dimethylacetamide,
dimethylmethylphosphonate, and tetramethylurea on
UO,L%" species [3—74.

The AH* and AS¥ data in the table lie close to the
AH®/AS* linear free energy plot reported previously
for dissociative ligand exchange on UQ,L%" species,
from which it has been deduced that the effective
surface charge density on the uranium(VI) centre
experienced by the cquatorial ligands lies between
that of the aluminium(IIl) ion and that of the
divalent first row transition metal ions in six coordi-
nate species [3].
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