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Table IV. Isomerization Rate Constants at 25 °C and Activation
Parameters for trans-{Co(en), (X)(ONO)]™** Complexes

AS*, )
AH* k3 KU 10%2 10%kg,b 57!
X 10%k,s! mol™* mol™! st (ref)
ONO™ 13¢ 94.3 -26 13.09
97.5¢  +8.5¢ 12.8¢
2.2f
NCS™ 042 103.3 ~-1.3 0.158 0.046 (212)
NO,” very fast 1.1f 980 (21a)
CN™  very fast 82 (21a,22)
NH, 4.2 94.1 -134 0.34 (21a, 22)

8 Jsomerization rate constants at 25 °C reported earlier. ° Acid
hydrolysis rate constants of the corresponding chloro complexes at
25 °C. € Half the rate constant obtained for the dinitrito complex.
4 Half the rate constant estimated in ref 13 from the data obtained
by Adell.'? € Activation parameters and half the rate constant re-
ported in ref 13. [ Estimated on the assumption k, = 2k, for the
dinitrito complex in ref 12. & Reference 9b.

trans-[Co(en)(X)(ONQO)]"* type complexes toghether with
acid hydrolysis rate constants ky of the corresponding chloro
complexes at 25 °C. For cis complexes, k is relatively in-
sensitive to the change in the X ligands. By contrast, acid
hydrolysis rates of the corresponding chloro complexes differ
greatly for different X ligands; cis-[Co(en),(NO)(CD)]* re-
leases ClI~ jon almost 180 times more easily than cis-[Co-
(en),(CN)(CD)J* at 25 °C, as seen in Table III. A close
inspection of Table III reveals that the isomerization rate
increases in the order NH; < NO,” < CN™ < NCS~ < ONO,
which is not in agreement either with the order of ligand field
strength or with the order of acid hydrolysis rate of the chloro
complexes (NH; < CN- << NCS~ << NO,). It is not
possible at present to account for the order of the isomerization
rate constants obtained for these cis complexes.

For trans complexes, on the other hand, the rate constant
is greatly dependent on the kind of X ligands trans to the ONO
group. When X = NO, and CN-, the isomerization is so fast
that its rate constant cannot be determined by the usual
techniques. This finding, which was not correctly recognized
by Adell,!2 is ascribed to the so-called trans effect of NO,~
and CN- 1416172244 Actyally, it is seen in Table IV that
trans-[Co(en),(X)(ONO)]™* isomerizes faster if the corre-

(44) Pratt, J. M; Thorp, G. R. Adv. Inorg. Chem. Radiochem. 1969, 12, 375.

sponding chloro complex, trans-[Co(en)(X)(C1)]**, releases
Cl™ more easily and vice versa.

Finally, it is worthy of note that the isomerization of
trans-[Co(en),(NCS)(ONO)]* is exceptionally slow. Even
trans-[Co(cyclam)(NH;)(ONO)]?** isomerizes faster than the
NCS complex. In parallel with the extremely low reactivity
of the NCS complex, acid hydrolysis of trans-[Co(en),-
(NCS)(CD)]* is exceptionally slow among monovalent
trans-[Co(en),(X)(C1)]* type complexes.?®>** In the acid
hydrolysis of chloro(amine)cobalt(III) complexes, the
Co(IID)-CI- bond strength is one of the dominant factors
determining the rate constant, since the so-called I; mechanism
prevails for Co(III) complexes. Therefore, the low reactivity
of the two NCS complexes leads us to suppose that the slower
loosening of the Co(III)-ONO~ bond in trans-[Co(en),
(NCS)(ONQ)]™ is responsible for its extremely slower isom-
erization. Much slower isomerization is thus expected for
trans-[Co(cyclam)(NCS)(ONO)]J*. It is also informative to
remember that trans-[Co(en),(NCS)(ONO)]* isomerizes in
the solid state with a rate fairly slower than those of other
nitrito complexes.!>%®

Effect of Net Charge on the Complexes. It is well-known!64!
that the acid hydrolysis rate of chloro(amine)cobalt(III)
complexes is greatly affected by the change in their net charge.
This is because charge separation takes place when a five-
coordinated intermediate is formed. A comparison of the
isomerization rate constants listed in Tables I-IV establishes
that the net charge on the complex has no practical effect on
its isomerization rate. This observation is consistent with the
assertion that the isomerization is an intramolecular process
which involves no appreciable charge separation in the tran-
sition state, and a dissociative mechanism is ruled out com-
pletely.*
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The infrared transition frequencies (vapor and solution phases) of the uranyl and hexafluoroacetylacetonate (hfacac) moieties,
as well as 1*C and '"H NMR shifts, correlate linearly with the relative basicity of the neutral bases (B) for 15 UO,(hfacac),
adducts. Solvation effects and relative entropy changes appear to be minimal for the base-exchange equilibrium, suggesting
that the observed shifts in these easily measurable spectroscopic properties predominantly reflect the Lewis acid-base relative
bond strengths. We interpret the observed shifts in terms of electronic structure perturbations of both the uranyl and hfacac

moieties arising from changes in neutral base (L-M) bonding.

Introduction

The chelated uranyl ion, UO,(hfacac),, recently has been
shown to behave as a model hard Lewis acid to a variety of
oxygen and nitrogen bases.! The free energies (AG®) for the

base-exchange reaction
CDCl,

UO,(hfacac),THF + B UQ,(hfacac),B + THF

(1)

0020-1669/83/1322-1843801.50/0 © 1983 American Chemical Society
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were measured by NMR techniques, thereby establishing a
basicity scale, relative to THF (tetrahydrofuran). This scale
correlates well with other basicity scales such as the Gutmann
donor number.!® These Lewis acid—base adducts are of par-
ticular interest since they possess significant volatility (ca. 1
torr) at moderate temperatures (80-200 °C) at which the
thermal dissociation equilibria

UQ,(hfacac),B = UO,(hfacac), + B 2)
[UO,(hfacac),], = 2UO,(hfacac), 3)

are observable.® The dissociation enthalpy and entropy have
been determined for several bases>* and for the dimerization
equilibrium (3),2* in which UO,(hfacac), is both a Lewis acid
and a (weak) Lewis base.’ Direct comparison of vapor- and
solution-phase basicities is possible and enables solvation effects
to be discerned. Furthermore, various molecular properties
of the Lewis acid are sensitive to the particular neutral base
and can now be quantitatively correlated with the relative
basicities.

This paper presents the correlations of infrared transition
frequencies (vapor and solution phases) of the uranyl and
hfacac moieties, as well as 1>C and 'H NMR shifts, and adduct
and neutral base dipole moments for 15 complexes with the
relative basicity (CHCI, solution). Consideration of solvation
effects and relative entropy changes for the equilibrium (1)
and comparison of solution-phase basicities with the few known
vapor-phase measurements suggest that the basicity scale
corresponds closely to the relative enthalpy changes. The
spectroscopic properties, therefore, provide a direct measure
of the adduct Lewis acid—base relative bond strengths. Pre-
vious correlations among a more limited set of spectroscopic
parameters for similar uranyl complexes® have provided no
quantitative relationship with basicity. We interpret these
correlations in terms of electronic structure perturbations of
both uranyl and hfacac moieties, arising from the changes in
neutral base (L-M) bonding.

Experimental Section

Infrared spectra were measured on a Digilab FT IR spectrometer,
with nominal resolution of 0.5 or 1 ¢m™, using either CHCI; or C¢H,
(or the perdeuterated compounds) as solvents. For vapor-phase
measurements samples were distilled into a specially constructed heated
cell maintained at constant temperature within the range 80160 °C
with typical pressures 0.1-1.0 torr. The onset of thermal dissociation
or decomposition determined the maximum temperature and pressure
for recording uncontaminated spectra of the adduct. Reference 9
describes in greater detail the apparatus and procedures.

NMR spectra were obtained for the same solutions used in the
infrared determinations. The concentrations of the uranyl compounds

(1) (a) G. M. Kramer, E. T. Maas, and M. B. Dines, Inorg. Chem., 20,
1415 (1981); (b) ibid., 20, 1418 (1981).

(2) A. Ekstrom and C. H. Randall, J. Phys. Chem., 82, 2180 (1978).

(3) G. M. Kramer, M. B. Dines, R. B. Hall, A. Kaldor, A. J. Jacobson, and
J. C. Scanlon, Inorg. Chem., 19, 1340 (1980).

(4) R.L. Woodin, D. M. Cox, R. B. Hall, and A. Kaldor, J. Phys. Chem.,
85, 2898 (1981).

(5) A. Ekstrom, and C. H. Randall, Inorg. Chem., 20, 626 (1981). This
work gives AH® = 31 keal mol™! and AS® = 41 eu in disagreement with
ref 6, where ° = 36 kcal mol™! is derived with the assumption that

° = 55 eu. We prefer the latter result, since it is derived by using
the same experimental techniques and analysis as for the corresponding
data for UO,(hfacac),THF. The reason for the discrepancy is not clear
but may derive from systematic errors in the different experimental
techniques used as well as the incorporation of additional equilibria (to
(2) and (3)) in the analyses.

(6) R. G. Bray, D. M. Cox, R. B. Hall, J. A. Horsley, A. Kaldor, G. M.
Kramer, M. R. Levy, and E. B. Priestley, J. Phys. Chem., 87, 429
(1983).

(7) A. Ekstrom, H. J. Hurst, C. H. Randall, and H. J. Loch, J. Phys.
Chem., 84, 2626 (1980).

(8) J. M. Haigh and D. A. Thornton, J. Mol. Struct. 8, 351 (1971).

(9) R. G. Bray, Spectrochim. Acta, Part A, in press.
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Figure 1. Correlation of uranyl asymmetric stretch frequency (cm™)
for UQ,(hfacac),B complexes with relative base strength (AG®, kcal
mol™): (@) vapor phase; (O) C4Hg solution. Table I interprets the
compound number code.
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Figure 2. Correlation of uranyl bending frequency (@) and invariance
of CF, rocking frequency (O) (C¢Hjy solution) with relative base
strength (AG®, kcal mol™). Table I interprets the number code.

were normally between 0.04 and 0.4 M, and measurements were made
at ambient temperature on a Varian EM-360L spectrometer. Spectral
shifts were determined under the assumption that the solvent protons
could be used as an internal standard.

Dipole moments of the uranyl complexes were determined from
measurements of the dielectric constant and refractive indices of
solutions in benzene. For reference the dipole moments of the bases
were determined separately. The dielectric constants were measured
on a Sargent Model V oscillometer at 25 °C and the refractive indices
determined by Exxon’s analytical laboratory using the ASTM-D1218
procedure. These quantities were used to determine the molar po-
larization and molar refraction of the solutions from which the ori-
entation polarization of the solute and its dipole moment were deduced
by standard means.!?

The values obtained for the Lewis bases are more reliable than those
for the uranyl complexes because, in the former case, the solute
concentration could be readily varied and the molar refractions and
polarizations extrapolated to values at infinite dilution, from which
the dipole moments were deduced. The lowest concentration utilized
for the Lewis bases was 0.1 M. Since the molar polarization of the
bases at infinite dilution approximated the polarization at 0.1 M, it
was assumed that the dipole moment of the uranyl compounds is
reliably estimated from measurements at only 0.1 M concentration.
Measurements at lower concentrations of these solutions were irre-
producible and limitations on sample availability precluded the use
of higher concentrations. The standard deviations of the dipole
moments are £0.3 D for the bases and £0.6 D for the uranyl com-
plexes.

(10) F. Daniels, J. H. Mathews, J. W. Williams, P. Bender, G. W. Murphy,
and R. A. Alberty, “Experimental Physical Chemistry”, McGraw-Hill,
New York, 1949.
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Figure 3. Correlation of C-=O symmetric (upper panel) and asym-
metric (lower panel) stretch frequencies with relative base strength
(AG®, kcal mol™): (@) vapor phase; (O) C¢Hj solution. Table I
interprets the number code.

Results

The hfacac ligand ring stretches, and the uranyl asymmetric
stretch and bend vibrations, all display significant shifts with
neutral base. Table I lists the infrared frequencies (vapor and
CsHj, solution) of these transitions for 15 bases as well as for
monomeric UO,(hfacac), and also includes the relative base
strengths (CHCI, solution), molecular weights, and abbrevi-
ations used in the text.

The uranyl asymmetric stretch frequency (near 955 cm™)
decreases with increasing base strength for the vapor phase
and C¢Hj solution, as shown in Figure 1. The extension of
the solid line for the vapor-phase data enables the dimer (964
cm™) and monomer (967 cm™!) transitions to be displayed.
No comparable data exist for solutions, since solid [UO,-
(hfacac),],, dissolved in CHCl;, shows only a single broad band
at 944 cm™! and the identity of the corresponding molecular
species is uncertain. Deviations from linearity are mimicked
in both phases with the solution-phase data red shifted by ~12
cm™, The uranyl bending frequency (262 cm™, C4Hg solution)
follows the same, but weaker, trend with base strength as does
the asymmetric stretch (see Figure 2).

Although the ligand ring stretch vibrations are complex
normal modes involving all the ring bond-stretch coordinates,
they are denoted here by their major components C—C and
C—O0, respectively; see ref 9 for a discussion of these assign-
ments). Stronger bases increase the symmetric (~1645 cm™)
and asymmetric (~ 1450 cm™) C+=O stretch frequencies, as
shown in Figure 3. The relative basicity values, derived from
the linear extrapolation in Figure 1, locate the monomer and
dimer frequencies. They overlap well with the linear extrap-
olation for the C==O stretch frequencies. Assignments of the
C—C stretch frequencies are not as secure as those for the
C+O stretch modes. Three relatively weak bands at ~1610,
~ 1550, and ~1530 cm™ are all candidates, and at least one
of these possesses some C—=C asymmetric stretch character.
Similary the C—=C symmetric stretch is coupled to CF; stretch
motions, and two bands at ~1220 and ~ 1170 cm™ possess
some C—C stretch motion. Nevertheless, the frequencies of
these five bands all decrease with increasing base strength.
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Figure 4. Correlation of CmC asymmetric (upper panel) and sym-
metric (lower panel) stretch frequencies (®) with neutral base strength
(AG®, kcal mol™!). Data for the overlapping CF stretch (O) are shown
in the lower panel. Table I interprets the number code.
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Figure 5. Dipole moments (D) for UO,(hfacac),B complexes plotted
against the neutral base (B) values, measured in C¢Hg solution. The
linear correlation corresponds to gagquer = 1.5upase + 1.9. Table I
interprets the compound number code.

Figure 4 shows this behavior for the 1610- and 1170-cm™ band
frequencies and demonstrates the opposing correlations of
C—O0 vs. C—C stretch frequencies of the hfacac ligand. Only
the vapor-phase data are displayed for the latter, with the
monomer frequencies located as before.

The invariance of other vibrational frequencies (typically
+1 em™) for this series of complexes is displayed for two cases
where these bands overlap the neutral base dependent uranyl
bend (Figure 2) and C+C symmetric stretch bands (Figure
4, lower panel).

Table II lists the neutral base and adduct dipole moment
data together with the proton and '3C (CO and CH) NMR
shifts of the hfacac ligand. The (benzene) solution values for
the neutral base dipole moments (;.L) correlate well with the
vapor-phase values; linear regression analysis gives fyenzene =
0.79%y4p0r + 0.06 (with a correlation coefficient, » = 0.98) with
use of the data of Table II. Figure 5 compares the dipole
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Table Il. NMR Shifts and Dipole Moments for UO,(hfacac),B Complexe.s
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NMR shifts?® (6)

dipole momentsb(u, D)

B 'H 13C(H) 13C(=0) U0, (hfacac),B B(soln) B(vapor)©

4. ACE 6.54 95.20 182.4 4.6 2.56 2.88

6. DMTHF 6.52

7. ECH 6.51

8. THF 6.53 95.20 182.3 3.8 1.29 1.63

9. py 6.52

11. Me,SO 6.57 94.66 181.6 6.7 2.91 3.96
13. TMP 6.59 94.72 181.7 5.8 2.1

14. PNO 6.59

16. HMPA 6.61 94.17 8.6 4.4 5.39

4 Error limits: +0.02 ("H); +t0.03 (**C). All spectra were run in CHCl, solution, with & vs. Me,Si. b Error limits: +0.3 D (B); 0.6 D
(UO,(hfacac),B). All measurements were made in C,H, solution. ¢ Reference 19.

occupies the fifth coordination site with minimal apparent
steric interference, except for the dimer. The latter adduct,
which is only observed in the gas phase in equilibrium with
the monomer (reaction 3), is more loosely bound. Infrared
spectral analysis’ and thermodynamic equilibrium measure-
ments?* indicate that one monomeric unit acts as a typical
Lewis base forming a weak bond to the UQ,(hfacac), Lewis
acid via one of the uranyl oxygen atoms. The large size of
the UQ,(hfacac), base moiety presumably hinders a close
approach to the uranium atom of the Lewis acid.

The following discussion explores the relationship between
the basicity scales and acid—base bond strengths for this series
of complexes and interprets the correlations of infrared tran-
sition frequencies, NMR shifts, and dipole moments with
relative basicity in terms of electronic structure perturbations
due to the neutral bases.

Vapor and Solution Basicity Scales. The basicity scale given
by the relative free energies (AG®) for the base-exchange
equilibrium (1) (CHCI, solution) correlates with both solution-
and vapor-phase infrared frequencies. The equilibrium can
be expressed as the sum of the dissociation equilibria (2) for
the respective complexes

AG® = AGOTHF - AGOB

where AG°ryr and AG®jy refer to the free energies for disso-
ciation of the THF and B complexes, respectively. Since the
vapor-phase dissociation enthalpies (AH°g) and entropies
(AS®g) are known for only three adducts, the corresponding
vapor-phase basicity scale has not been established. The
difference between the relative free energies for solvation of
the adducts and of the bases in the exchange equilibrium (1)
determines the relative ordering of the bases for the vapor-
and liquid-phase scales. Solvent-base and solvent—adduct
interactions should be minimized in aprotic and weakly polar
solutions (e.g. CHCl;), but the stronger bases do possess
significant dipole moments and dipole—dipole interactions will
become increasingly more important contributors to the rel-
ative solvation free energies. However, the polarities of the
bases and corresponding adducts are proportional to each other
(vide infra and Figure 5); solvation effects on the basicity scale
should be minimized, and the basicity scales possess the same
ordering in both phases.

Thermochemical calculations of adduct dissociation (2)
suggest that the relative enthalpies for base exchange (1) are
the dominant contribution to the relative basicity scales; i.e.,
the relative entropy changes are nearly constant. The elec-
tronic, translational, rotational, and vibrational contributions
to the dissociation entropies (AS®g) for the dimer and THF
adducts were calculated by Woodin et al. These data, and
estimates of the entropy contributions for other representative
complexes obtained with use of the same formulas, provide
the basis for subsequent discussion.

The electronic contribution to the dissociation entropy
change is zero since all molecules exist in the ground electronic

state. Since the masses of the various bases are small in
comparison to that of UQ,(hfacac), (see Table I), the
translational entropy change is nearly constant (~40 % 2 eu)
while the rotational contribution shows a greater variation
(~23 % 3 eu), which increases with molecular size. As only
small (less than a few percent) perturbations in vibrational
frequencies occur between UO,(hfacac),, neutral base, and
the adduct,’ only the six vibrational modes associated with
adduct formation contribute significantly to the vibrational
entropy change. Infrared spectroscopy® indicates that the
average vibrational frequency for these six modes should fall
into the range 400-200 cm™!, corresponding to a vibrational
entropy change of =5 to —15 eu with the more negative values
corresponding to the larger, less rigid bases. We conclude that,
except for the special case of the dimer, the dissociation en-
tropies will fall in the range 53 % 5 eu, the greater deviations
occurring for the larger bases and contributing at most about
3 kcal mol™! to relative dissociation free energies. The
equivalence of dissociation entropies should be an excellent
assumption for nearly half the bases which have similar masses
(58-100) and rigid structures yet span the entire range of
basicities.

Since the relative entropy changes are expected to be very
small, the relative free energies correspond closely to the
relative enthalpies for complex dissociation and the solution
basicity scale is a measure of relative bond strengths. The
available data support this conclusion. The dissociation en-
thalpies for the dimer,2* THF,* and TMP>S complexes are 23,
33, and 36 kcal mol™!, respectively, in good agreement with
the observed relative basicity for the TMP complex (~2.8 kcal
mol~!, CHCI, solution) and the extrapolated value (9.0 kcal
mol™) based upon the dimer uranyl asymmetric stretch (Figure
2). Contrary to the case for the other adducts, the dimer
complex is loosely bound and its dissociation entropy is ~20
eu less than that of UO,(hfacac),THF, presumably due to a
very low frequency hindered internal rotation.*

We have previously noted solvent effects on the relative
basicity for uranyl adducts.! The relative basicity scale is
compressed in trifluoroethanol as compared to that in chlo-
roform. In polar and protic media, hydrogen bonding with
the solvent will occur, especially for the stronger bases. The
solvent—base interaction will be minimized in less polar and
more aprotic solvents where the solution equilibria will more
closely mimic the gas phase, as demonstrated by the relative
basicities for TMP vs. THF adducts in CHCl; and trifluoro-
ethanol solutions (—2.8 and —0.88 kcal mol™!, respectively).!

Dipole Moments. The solution values for the neutral base
dipole moments correlate well with the vapor-phase values,
providing a useful check on our experimental procedures. The
~20% reduction is attributed to dipole-induced dipole inter-
actions with the benzene solvent.

The dipole moments of the adducts and neutral bases are
compared in Figure 5. The adduct dipole moment exceeds
the neutral base moment by ca. 2-4 D, and the difference
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increases as a function of the size and strength of the base (see
Table I). Although spectroscopic data do not indicate whether
or not the monomer is polar, the UO,(hfacac), moiety clearly
contributes to the polarity of the adduct. For the protonated
molecule, Hhfacac, the dipole moments of the fluoromethyl
groups more than counterbalance the carbonyl dipoles; the
resultant u(caled) is 0.7 D.1*  In UO,(hfacac),, the positively
charged uranium atom, centered ~2.4 A from each oxygen
atom, replaces the proton centered on the O—O axis and must
significantly increase the dipole moment of this component
of the neutral base adduct. If we assume point dipole moments
of ~3.0 D centered along the ligand U-CH axes which are
subtended at 144°, the UO,(hfacac), moiety contributes ~1.8
D to the adduct dipole moment. The difference in free base
and adduct dipole moments is ascribed in part to the increased
size of the complex and also to contributions from the indi-
vidual U(hfacac) components that may be comparable to, or
in some instances exceed, the contributions from the free base.

Infrared and NMR data (vide infra) indicate the trans-
mission of electronic effects from the neutral base into the
anionic ligand; these perturbations in electron density increase
with base strength and should further increase the adduct
dipole moment. This effect contributes to the increasing
difference between neutral base and adduct dipole moments
with base strength.

Infrared Frequencies. Several vibrational modes of the
uranyl and hfacac moieties display linear frequency shifts with
increasing relative basicity. Less extensive trends have pre-
viously been noted® but not quantitatively correlated with
adduct bond strength (as measured by the relative basicity
scale). Furthermore, vapor-phase measurements allow exam-
ination of solvent effects upon these trends.

The observed decrease in the uranyl asymmetric stretch
frequency (see Figure 1), which has been observed for other
complexes with increasing ligand field strength,%'*!% is at-
tributed primarily to o(L-M) electron donation into an empty
“atomic”-like orbital on the uranium atom that does not
contribute to the O=U==0 bonding. Increased electron
density at the uranium atom destabilizes the O=U=0 bonds
by electron repulsion with the highly negative axial oxygen
atoms, thereby decreasing the vibrational frequency. The same
argument also applies to the low-frequency UO, bend corre-
lation (see Figure 2). Haigh and Thornton?® studied the effect
of substitution in both anionic and neutral ligands for the
pyridine adduct; from infrared and NMR data, they concluded
that #(M-L) bonding was strong, shifting the asymmetric
stretch to higher frequencies. No deviation from the corre-
lation is expected for this effect, which will be absent for most
other bases, since the U-py bond will be correspondingly
weaker and the effect reflected in the basicity scale. The
frequency shifts they observe for three neutral bases, H,O, py,
and PNO, in UO,L,B adducts, where L corresponds to a series
of anionic ligands, follow the same trend as for the hfacac
complexes.

The observed decrease in C+C stretch frequencies and
increase in C+=O stretch frequencies with neutral base strength
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(see Figures 3 and 4) indicates that transmission of electronic
effects beyond the uranyl groups occurs in §-diketone com-
plexes. Both ¢(L-M) and #(L-M) and #(M-L) electron
donation contribute to the equatorial bonding of uranyl che-
lates.>!* For the stronger bases, the increased electron density
at the uranium atom will increase the electrostatic interactions
with the bonding electrons. Charge redistribution occurs at
the equatorial oxygen atom, weakening the U-O(C) bond and
strengthening the C—0 bond, as observed by infrared spec-
troscopy. Although weakening of the U-O bond is expected,
the U-O stretch frequencies, identified at 362 and 337 cm™,
show no base dependence. This is not surprising given previous
findings® that the U-O stretch at 403 cm™ for the UO,(acac),
pyridine adduct does not depend on neutral base for a variety
of pyridine substituents, despite large changes in »,(U=0).
To explain the opposing trend for the C+=C stretch frequency
would require detailed molecular orbital calculations of the
hfacac electronic structure, which is beyond the scope of this
paper.

NMR Shifts. Figure 6 indicates that increased base strength
results in decreased shielding of the proton while the CO and
CH carbon atoms become progressively more shielded, indi-
cative of increased electron densities at the carbon atoms and
transmission of electronic effects from the neutral base into
the anionic ligand. Since electron density distributions at the
carbon and hydrogen atoms are difficult to calculate accurately
unless the most sophisticated ab initio methods are used, no
attempt is made to rationalize these trends in terms of the
hfacac bonding structure. Furthermore, intramolecular
first-order electric field effects contribute significantly to NMR
shifts in dipolar molecules.!%!® Such effects previously dem-
onstrated for dipolar acetylacetonate complexes'”!® most likely
are important for UO,(hfacac), complexes as well.

Summary

We have established that infrared transition frequencies and
NMR shifts of UO,(hfacac),B complexes correlate linearly
with relative basicity of the neutral bases (B). Solvation effects
and the relative entropy changes appear to be minimal for the
base-exchange equilibrium (1), thereby suggesting that the
observed shifts in these easily measurable spectroscopic
properties predominately reflect the adduct Lewis acid-base
relative bond energies and provide insight into the electronic
structure of these complexes.
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