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New classes of anionic uranyl B-ketoenolates of formula [UO,L,X]~ {L = 1,3-diphenylpropane-1,3-dionate (dppd),
4.,4,4-trifluoro-1-phenylbutane-1,3-dionate (tfpbd), or 1-phenylbutane-1,3-dionate (pbd) ; X=CI-, Br—, |-, [NO4]-,
[0,CMe]~, or [NCS]-} and [L,0,U(u-X)UO,L,]~ (X = F-, and also Ci- only in the case of L = dppd) have been

synthesized and characterized by a number of physical measurements.

The different ability of the various anionic

ligands to enter into the co-ordination sphere of the uranyl ion, their potentially different bonding modes, and the
possible correlations between physical parameters and the nature of either the chelate substituents or the anionic

ligand are discussed.

ALTHOUGH series of five-co-ordinate neutral uranyl p-
ketoenolates [UO,L,L’] (L = B-ketoenolate anion, L =
adducted neutral ligand) have been prepared and their
physicochemical properties discussed,}? there has been
no report of the interaction of anionic ligands with such
complexes which, in principle, would lead to the forma-
tion of anionic uranyl g-ketoenolate species. We have
tested the reactivity of a series of anionic ligands ranging
from halide to nitrate, acetate, and thiocyanate ions,
towards anhydrous uranyl p-ketoenolates and/or the
related aqua- or methanol adducts, in order to examine
the ability of the ligands to enter the co-ordination
sphere of the metal and the potentially different bonding
modes. Spectroscopic measurements on the new com-
plexes obtained allow a discussion of the possible cor-
relations between physical parameters and the nature of
either the chelate substituents or of the anionic ligands.

EXPERIMENTAL

Reagents.—Reagent-grade uranyl acetate dihydrate, 1,3-
diphenylpropane-1,3-dione (Hdppd), 1-phenylbutane-1,3-
dione (Hpbd), 4,4,4-trifluoro-1-phenylbutane-1,3-dione
(Htfpbd), and tetraethylammonium salts (Fluka products)
were used without further purification. Methanol, acetone,
ethyl acetate, and acetonitrile used as solvents were
distilled before use. Acetonitrile for conductimetric
measurements was carefully purified as reported in the
literature.1t

Preparation of the Complexes.—[{UO,L,(OH,)] and [UO,-
L,] (L = dppd, pbd, or tipbd). The aqua-adducts and
related anhydrous forms were prepared as previously
reported.?

[UO,L,(HOMe)] and [UO,L,(dmso)] (L = dppd, pbd, or
tipbd; dmso = dimethyl sulphoxide). The methanol ad-
ducts were obtained by recrystallization of the correspond-
ing aqua-species from methanol, while the dimethyl
sulphoxide adducts were prepared by reaction of the
methanol adducts with an excess of dmso in MeCN. Ana-

1 L. Sacconi and G. Giannoni, J. Chem. Soc., 1954, 2368.

2 H. I. Schlesinger, H. C. Brown, J. J. Katz, and R. A. Lad,
J. Amer. Chem. Soc., 1953, 75, 2446.

3 J. M. Haigh and D. A. Thornton, J. Mol. Structure, 1971, 8,
351.

¢ A. E. Comyns, B. M. Gatehouse, and R. E. Wait, J. Chem.
Soc., 1958, 4655.

5 W. W. Wendlandt, J. L. Bear, and G. R. Horton, J. Phys.
Chem., 1960, 64, 1289,

¢ L., Sacconi and G. Giannoni, J. Chem. Soc., 1954, 2751.

lytical and some physical data of these new neutral com-
plexes are summarized in Table 1.

[NEt,]{UO,(dppd),X] (X = CI", Br-, I, [NO,J", [0,
CMe]~ or [SCN]7). To [UO,(dppd).] or [UO,(dppd)s-
(HOMe)] dissolved in the minimum volume of ethyl acetate
was added an equimolar amount of the appropriate tetra-
ethylammonium salt dissolved in a little MeCN or MeOH,
at room temperature with stirring. The resulting solutions,
concentrated when necessary, were left to stand and the
microcrystalline products which formed overnight or in a
few days were filtered off, washed with a little ethyl acetate,
and dried in wvacuo. The halogeno-species were also
obtained as well shaped crystals from acetone-methanol
(1: 1) by slow concentration in air.

[NEt,][UO,(tfpbd),X] (X = Cl” or Br7). Equimolar
amounts of [UO,(tfpbd),L’] (L’ = OH, or HOMe) and
the appropriate tetraethylammonium salt in MeCN were
allowed to react for 2 h at room temperature and the
resulting solutions slowly evaporated. The oily products
formed were worked up with diethyl ether until yellow
powders were obtained which were washed with a little cold
ethyl acetate and finally dried in vacuo. The salt [NEt,]-
[UO,(pbd),Cl] was prepared following the same procedure
as for the tfpbd analogue.

[NEt,{L,0,U(u-F)UO,L,] (L == dppd, pbd, or tfpbd).
For L = dppd, a methanolic solution of tetraethylammo-
nium fluoride was slowly added to the [UO,(dppd),l."]
(L = OH, or HOMe) dissolved in the same solvent in a
mol ratio of 1:2 at 60 °C. The resulting solution was left
to react for 1 h at 60 °C with stirring and then brought to
room temperature. The microcrystalline product which
formed was filtered off, washed with small portions of MeOH,
and dried #n vacuo. The same procedure was followed for
the analogous fluoride-bridged complexes of pbd and
tfpbd, but using as solvent mixtures of ethyl acetate and
MeCN.

[NEt,[{(dppd),0,U(u-Cl)UO,(dppd),]. Equimolar
amounts of [UO,(dppd),] and [NEt,)[UO,(dppd),Cl] dis-
solved in anhydrous benzene were allowed to react in a
dry-box for 48 h with stirring. The initial deep red solution

7 K. Nakamoto, Y. Morimoto, and A. E. Martel, J. Amer.
Chem. Soc., 1961, 83, 4533.

8 M. S. Subramanian and V. K. Mankanda, J. Inorg. Nuclear
Chem., 1971, 83, 3001.

8 M. S. Subramanian, S. A. Pai, and V. K. Mankanda, 4ustral.
J. Chem., 1973, 28, 85.

1 M, S. Subramanian and A. Viswanatha, J. Inorg. Nuclear
Chem., 1969, 81, 2575.

11 1, R. Beattie, P. J. Jones, and M. Webster, J. Chem. Soc. (4),
1969, 218.
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gradually became yellow and a flocculent yellow precipitate
was formed which was filtered off, washed with benzene,
and dried % vacuo. Any attempt to isolate the analogous
chloride-bridged species of pbd and tfpbd failed.

Analytical and some physical data for the anionic
complexes are reported in Table 2. Uranium was deter-
mined gravimetrically as the tetraphenylarsonium salt of
uranyl pyridine-2,6-dicarboxylate.1?
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tration for each series were obtained on a Varian T60
spectrometer at 34 °C using SiMe, as internal standard.

RESULTS AND DISCUSSION

Analytical, spectroscopic, and conductimetric data
indicate for all the complexes, except the fluoro-species,
mononuclear anionic species of type [UO,L,X]~, in

TasLE 1
Analytical and some physical data for the new neutral complexes

—

Analysis (%) *
R —

-

Complex C H F M.p. (8./°C) Characteristic i.r. absorptions (cm™)
[UO,(dppd),(HOMe)] 49.75  3.40 150—277 1 530vbr [»(C=0) and »(C=C)], 914 [v,(UO,)]
(49.75) (3.45)
[UO,(pbd),(HOMe) 40.4 3.45 130—255 1 550 [»(C=0)], 1 517 [»(C=C)], 916 [»,(UO,)]
(40.4) (3.50)
[UO,(tfpbd),(HOMe)] 3445 220 155 150—275 1 610, 1 575 [»(C=0)], 1 535 [¥(C=C)], 918 [r5(UO,)]
(34.4)  (2.20) (15.55)
[UO,(dppd),(dmso)] 48.5 3.50 225—226 1 527vbr [»(C=0) and »(C=C)], 895 [»,(UO,)], 995 [»(S=0)]
(48.35) (3.50)
[UO,(pbd),(dmso)] 39.25  3.60 187—189 1560 [¥»(C=0)], 1 515 [»(C=C)], 905 [v,(UO,)], 997 [»(S=0)]
(39.4) (3.60)
[UO,(tfpbd),(dmso)] 340 225 145 180—182 1610, 1575 [»(C=0)], 1535 [»(C=C)], 910 [1v,(UO,)], 992
(33.95) (2.30) (14.65) V(S=0)]
* Calculated values are given in parentheses.
TABLE 2
Analytical data and physical properties of the anionic complexes ¢
Analysis (%) ? A
Complex C H N X U M.p. (6,/°C) S cm?®mol™!
(1) [NEt,]J[UO,(dppd),C1] 51.9 4.75 1.55  4.00 2715 278—280 133
(51.7)  (475) (1.60) (4.05) (27.0)
(2) [NEt,][UO,(dppd),Br] 49.05 415 1.45 8.30 25.55 292-—294 137
(49.25)  (4.55) (1.50) (8.65) (25.7)
(3) [NEt,J[UO,(dppd),I] 46.95 445  1.25 1295 243 268—288 155
(46.85)  (4.30) (1.45) (13.05) (24.45)
(4) [NEt,][UO,(dppd)4(NOy)] 49.95 4.40 3.05 25.75 278280 143
(50.2)  (4.60) (3.10) (26.2)
(6) [NEt][UO4(dppd),(0,CMe}] 53.1 5.00  1.40 25.95 235—237 135
(53.05) (4.95) (1.55) (26.3)
(6) [NEt,j[UO,(dppd),(NCS)] 5235 490  3.10 26.45 261262 136
(51.75)  (4.65) (3.10) (26.3)
(7) [NEt,J[UO,(tfpbd),Cl] 38.1 4.00 1.60 4.30 27.3 160—165 137
(38.8)  (3.70) (1.60) (4.10) (27.5)
(8) [NEt,J[UO,(tfpbd),Br] 36.7 325 155 840  26.35 148
(36.9)  (3.50) (1.55) (8.80) (26.15)
(10) [NEt,J[UO,(pbd),Cl] 43.9 4.85 1.90 455  30.85 150
(44.35)  (5.00) (1.85) (4.70) (31.4)
(12) [NEt,][(dppd);0,U (1-F)UO,(dppd),] 51.7 410  0.80 110 30.2 338—340
(51.6)  (4.05) (0.90) (1.20) (30.1)
(13) [NEt,][(tfpbd),0,U (u-F)UO,(tfpbd),] 37.65 3.00 0.95 159 31.05
(37.2)  (2.85) (0.90) (15.95) (30.75)
(14) [NEt][(pbd),0,U (u-F)UO,(pbd),] 42.2 4.15 1.10 1.20 35.7 210-—220
(43.2) (4.20)  (1.05) (1.40) (35.7)
(15) [NEt,][(dppd)s0;U (u-Cl)UO,(dppd),] 50.8 3.95 080 230  30.1 230—240
(51.1) (4.00) (0.85) (2.20) (29.8)

¢ The complexes [NEt,][UO,(tfpbd),I] and [NEt,][UO,(pbd),Br], (9) and (11) respectively, were obtained only in solution.

culated values are given in parentheses.

b Cal-

Physical Measurvements.—Molar conductivities at 25 °C
were measured on 1073—10"* mol dm™ solutions in MeCN
using an LKB 3216B conductivity bridge. Infrared
spectra (400—4 000 cm™) were recorded on a Perkin-
Elmer 621 i.r. spectrophotometer in KBr discs, far i.r.
spectra (100—400 cm™) as Nujol mulls between polyethylene
plates on a Beckman ir. 11 instrument. Hydrogen-1
n.m.r. spectra for MeCN solutions of comparable concen-

12 G, Marangoni, S. Degetto, and U. Croatto, Talanta, 1973, 20,
1217.

which the uranyl moiety is equatorially surrounded by
four oxygen atoms derived from the two diketonate
ligands and by the anionic ligand. The X-ray structure
of [UO,(dppd)y(NO,)]~ shows 8 that the approximately
linear uranyl group is perpendicular to the equatorial
plane in which four oxygen atoms from two bidentate
dppd ligands and the oxygen atom of the unidentate

13 R. Graziani, G. Marangoni, G. Paolucci, and E. Forsellini,
J.C.S. Dalton, 1978, 818.
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nitrate group [U-O(nitrate) 2.43(2) A] occupy the corners
of a quasi-regular pentagon. The stretching vibrations
of the co-ordinated nitrate group have been assigned at
1449 and 1290 cm™L. In these complexes acetate acts
as a unidentate ligand as indicated by the positions of
both the asymmetric and symmetric v(O-C-0) stretching
vibrations at 1635 and 1370 cm™ respectively, being
shifted to higher and lower frequencies, respectively,
compared with the free ion.1* Free acetate ion absorbs
at 1 582 and 1425 cm™.

Information on the bonding mode of the thiocyanate
group in [NEt,][UO,(dppd),(NCS)] (6) can be obtained
by comparing its vibrational spectrum with those of
uranyl complexes in which thiocyanate is either N-
bonded unidentate %15 or bridging.1%1? In the former
case v(C-N) falls at ca. 2 080 cm™, at ca. 2 160 cm™ in the
latter. The values of v(C-N) at 2 063 cm™ and v(C-S)
at 775 cm™ in the present case indicate that the thio-
cyanate group is unidentate and co-ordinated to uranium
through the nitrogen atom. Moreover, the conductivity
values of all the mononuclear species, including the
halogeno-complexes (A 120—160 S cm? mol™l) are con-
sistent with 1:1 species.!® Far-i.r. spectra of the
complexes [UO,(dppd),X]~ (X == halide), even if not
well resolved, show characteristic U-X stretching
vibrations at ca. 220 cm™! (X = Cl") and at 145 cm?
(X = Br7). The U-I stretching frequency, not detect-
able in the spectrum of [NEt,][UO,(dppd),I] (3), prob-
ably lies at <100 cm™. All the fluoride-bridged
complexes show a U-I stretch at ca. 400 cm™ as is
normally found,!* while for the chloride-bridged species
[NEt,][(dppd);0,U(e-Cl)UO,(dppd),] (15) no band can
be reasonably assigned to a U—Cl vibration due to the
broadness of the spectrum in the 200—300 cm™ region.

Co-ordination of the diketone results in a shift of the
carbonyl asymmetric-stretching vibration, the position
and possible splitting of which depend on the nature of
the carbonyl substituents but are rather insensitive to
the nature of the anionic ligand. Three or four, some-
times broad, bands are present in the carbonyl-stretching
region (1 500—1 610 cm™) of nearly all the complexes.
While the lowest vibration at ca. 1520 cm™ can be
ascribed to v(C=C) (enol ring), in accordance with assign-
ments for a variety of metal B-ketoenolates,1®24 the
v(C=0) stretching assignments are not unambiguous
because of the presence of C=C phenyl ring(s) stretches.
Considering the chloro-complexes (1), (7), and (10), if
the band at 1 590—1 600 cm™ is selected as due to C=C

14 M. Vidali, P. A. Vigato, and U. Casellato, J. Inorg. Nuclear
Chem., 1975, 87, 955.

16 R, N. Shchelokov, Yu. I. Krasilov, V. E. Karasev, and I. M.
Orlova, Russ. J. Inovg. Chem., 1972, 17, 882.

18 Yu. Ya. Kharitonov, G. V. Tsintsadze, and A. Yu. Tzivadze,
Russ. J. Inorg. Chem., 1970, 15, 363.

17 J. Chatt and L. A. Duncanson, Nature, 1959, 178, 497.

18 'W. J. Geary, Co-ordination Chem. Rev., 1971, 7, 81.

1 C. Y. Liang, E. J. Schimitschek, and J. A. Trias, J. Inorg.
Nucleay Chem., 1970, 32, 811.

20 S, Pinchas, B. L. Silver, and I. Laulicht, J. Chem. Phys.,
1967, 46, 1506.

21 H. Junge and H. Musso, Spectrochim. Acta, 1968, A24, 1219.
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phenyl stretching,? it is likely that the band at 1 610 cm™
for the tfpbd species (7) and the bands at 1 564 and 1 545
cm™ for the pbd (10) and dppd species (1) respectively
are mainly due to C=0 stretching, in accordance with the
conclusions of Haigh and Thornton3 for a series of
neutral uranyl 8-diketonate adducts and with the general
finding that strong electronegative groups, like trifluoro-
methyl, cause an increase in the frequency of the per-
turbed carbonyl absorption band. Moreover, the pre-
sence of a phenyl group acting as an electron sink
through resonance with the other carbonyl group can
explain the presence of a second perturbed carbonyl
absorption at 1 573 cm™ in the spectrum of species (7).
The bands at 1 608 and 1 561 cm™ of bis[4,4,4-trifluoro-
1-(2-furyl)butane-1,3-dionato]copper(11) and at 1615
and 1580 cm™ of bis[4,4,5,5,6,6,6-heptafluoro-1-(2-
furyl)hexane-1,3-dionato]copper(ir) have been explained
in this manner.26 In conclusion, the C=O stretching
decreases in the order tfpbd > pbd > dppd.

The electronic nature of the ketoenolate substituents
affects in the same order the uranyl asymmetric stretch-
ing, v4(UO,), so that electron-donor substituents tend to
decrease v; due to a build up of negative charge around
the uranium atom, while the opposite effect operates in
the case of tfpbd species. v4(UQ,) is rather insensitive
to the nature of the anionic ligand; in the dppd series
no trend is observed on passing from chloro- to iodo-
species and, within the limit of experimental error, very
similar values of v4(UO,) are found for the nitrato-,
acetato-, and isothiocyanato-complexes. In contrast, a
regular decrease in v4(UQ,) in the order Br~ > [NOZ]~ >
Cl~ > [NCS]~ has been observed for a series of neutral
quinoline N-oxide complexes of the type [UO,X,(qno),]
(X = CI", Br7, [NO4]7, or [NCS]~) and has been cor-
related with an electronic interaction of the anionic
ligand with the uranyl ion.?” However, molecular-
symmetry or solid-state effects can play an important
role in levelling any discriminating behaviour.

The unequivocal assignment of the U-O(B-ketoenolate)
vibration modes is difficult due to their interaction with
those of the ligand. However, based on a comparison
of the spectra of related complexes,®?%8 the bands at
ca. 465, 425, and 415 cm™ for the tfpbd, pbd, and dppd
complexes respectively can be tentatively assigned to
the v(U-O) vibration. This trend and the relative
intensities of the peaks are similar to those reported for
neutral uranyl,® copper, and nickel 7 complexes with
various B-diketones. All the characteristic i.r. absorp-
tion bands discussed above are collected in Table 3.

22 7, Bonati and R. Ugo, J. Organometallic Chem., 1968, 11,
341.

23 B, Bock, K. Flatau, H. Junge, M. Kuhr, and H. Musso,
Angew. Chem. Internat. Edn., 1971, 10, 225.

24 C. Duval, R. Freyman, and J. Lacomte, Bull. Soc. chim.
France, 1952, 19, 106.

2% J. M. Haigh and D. A. Thornton, J. Inorg. Nuclear Chem.,
1971, 38, 1787.

26 H, F. Hotzclaw and J. P. Collman, J. Amer. Chem. Soc.,
1957, 79, 3318.

27 A, K. Majumdar and R. G. Bhattacharyya, J. Inorg.
Nuclear Chem., 1967, 29, 2359.
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If thei.r. spectra do not provide any suitable character-
istic vibration of the proton ring which is sufficiently
sensitive for the detection of relatively minor perturb-
ations due to the co-ordinated anionic ligand, such
effects, although rather small, can be seen from the 1H
n.m.r. spectra of the three series of mononuclear halo-
geno-complexes including the species (9) and (11), only
obtained in solution in the presence of an excess of iodide
and bromide respectively. This implies that the bond-
ing effects in other parts of the complexes can be trans-
ferred to the diketonate chelate ring through the uranium
atom. An increasing shielding of the ring CH proton on
passing from the iodo- to the chloro-species, which

1621

gen-1 n.m.r. measurements on the present series of
fluoro-complexes indicate that the bridge between the
two uranium atoms can be broken in solution by an
excess of a strong neutral ligand such as dimethyl
sulphoxide (dmso}, according to the reaction (1). Addi-

[L,O,U(u-F)UO,L,]~ + dmso —»
[UO,L,F]" + [UO,Ly(dmso)] (1)

tion of dmso to a solution of each bridged complex in
MeCN results in the splitting of the single sharp resonance
of the ring CH proton into two equivalent peaks (by
integration), of which that at lower field is coincident
with the resonance of pure [UO,L,(dmso)] and that at

TABLE 3
Characteristic i.r. absorptions (cm™) and ring CH proton chemical shifts (3) for the anionic complexes
Complex v(C=0) v(C=C) v3(UO,) v(U-0) Other absorptions §(CH)/p.p.m.
(1) 1 545 1520 892 425 220 [»(U—Cl)] 7.35
(2) 1540 1525 892 428 145 [»(U-Br)] 7.38
(3) 1 540 1523 892 428 7.45
(4) 1587 1519 900 423 1 449 [aaym(NOZ)1, 1 290 [1eym (NO,)] 7.42
(5) 1545 1520 895 425 1 635 [auym(0—C—0)], 1 370 [1eym(O—C—0)] 7.33
(6) 1 540 1520 893 430 2 063 [»(C—N)], 775 [»(C-S)] 7.40
(7) 1610—1 573 1535 915 465 7.03
(8) 1612—1 570 1532 915 463 7.07
(9) 7.13
(10) 1 564 1522 908 412 6.61
(11) 6.65
(12) 1 540 1515 897 423 402 [»(U-19)] 7.47
(13) 1610—1 575 1532 918 465 406 [v(U-F)] 7.08
(14) 1565 1520 903 415 407 [v(U-F)] 6.68
(15) 1545 1515 905 428 7.40

parallels the pK, of the halides, is observed (Table 3).
The chemical shift of the ring CH proton for the mono-
nuclear fluoro-complexes in solution, as reported below,
confirms this trend even though it deviates to some extent
from the previously almost linear relation, and is reason-
able due to the very high electron density of fluoride.
When the halide is kept constant, the sharp single
resonance of the ring proton is a function of the nature of
the carbonyl substituents, increasing in the order
pbd < tipbd < dppd with the influence of the sub-
stituents in deshielding being in the order Ph > CF; >
Me.

The high electron density of fluoride is also responsible
for the fact that only bridged, very stable, binuclear
fluoro-complexes of the type [L,0,U(u-F)UO,L,]~ are
obtained in the solid state. It is known that series of
very stable binuclear fluoro-complexes can be formed
even under conditions where the formation of a stable
mononuclear complex would have been expected.?®
Furthermore, in the displacement series for the uranyl
ligands [CO51%2™ = [0,)%” = [OH]™ > F~ > [C,0,]%,
etc., fluoride occupies one of the first places. In other
words, the strength of the chemical affinity of fluoride for
uranyl is large and the UO,-F bond strength is com-
parable with that of the hydroxide O-H bond. Hydro-

28 ‘ Complex Compounds of Uranium,” ed. I. I. Chernyaev,
Israel Program for Scientific Translations, Jerusalem, 1966, p. 67.

higher field is reasonably assigned to [UO,L,F]~ (Table
4).
TaBLE 4

Ring CH proton chemical shift (§/p.p.m.) of the species
involved in the reaction [L,O0,U(p-F)UO,L,]™ (A) +
dmso — [UO,L,F]~ (B) 4 [UO,L,(dmso)] (C) in
MeCN solutions {Values for [UO,L,(dmso)] prepared
independently are in parentheses.}

Complex
L (A) (B) (©)
dppd 7.47 7.23 7.40 (7.40)
tipbd 7.08 6.96 7.13 (7.13)
pdb 6.68 6.55 6.67 (6.67)

As reported in the Experimental section, a chloride-
bridged complex, structurally analogous to the fluoro-
complex, was obtained only in the case of L. = dppd.
This rather unstable species readily reacts with weak
neutral ligands giving the corresponding neutral adduct.
Such behaviour, together with the fact that the stability
of the halogeno-complexes diminishes down Group 7,
so that only fluoro- and chloro-species have been
obtained for all the series, leads to the conclusion that
the ability of halide to act as a bridge decreases in the
order of diminishing stability of the halogeno-complexes,
reflecting the hard acid nature of the uranyl ion.

[8/052 Received, 13th January, 1978]
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