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Q s Giant Spin-Orbit Effects on NMR Shifts in Diamagnetic Actinide
\g" Complexes: Guiding the Search of Uranium(VI) Hydride Complexes in

the Correct Spectral Range™**

Peter Hrobdrik,* Veronika Hrobdrikovad, Anja H. Greif, and Martin Kaupp*

Transition- and inner-transition metal hydride complexes are
crucial reagents in a great variety of stoichiometric and
catalytic transformations, including C—H bond activation.!!
As hydrogen atoms near heavy-metal centers are difficult to
locate by X-ray diffraction, often their prime characterization
is by '"H NMR spectroscopy, sometimes augmented by IR
spectroscopy. A significant part of the utility of 'H NMR
spectroscopy in this field arises from the fact that the chemical
shifts of metal-bound protons are characteristic and occupy
extreme positions in the proton shift range, even for
diamagnetic compounds. For instance, complexes with d® or
d® metal configuration exhibit shifts below &=0ppm, in
record cases down to below 6 = —50 ppm for iridium hydride
complexes.** While this phenomenon was explained as early
as the 1960s by Buckingham and Stephens as being due to off-
center paramagnetic ring currentsl’! (see Ref. [5] for the
earliest DFT results), we have recently shown that the largest
low-frequency shifts of this kind are, to an appreciable part,
caused by relativistic spin-orbit (SO) effects.”) These heavy-
atom induced SO effects are mediated through the Fermi
contact mechanism to which proton shifts are particularly
susceptible, owing to the large hydrogen 1s-orbital contribu-
tions to bonding (the transfer of SO-induced spin polarization
to the NMR nucleus is decisive in this situation).””! In contrast,
d'® metal hydride complexes of mercury or gold exhibit large
high-frequency shifts up to d =+ 17 ppm, again predomi-
nantly because of SO coupling.”) Some d’ metal hydrides have
been studied by 'H NMR spectroscopy as well. Similarly to d'°
systems they often also exhibit shifts in the very high-
frequency range (Scheme 1).”) As shown in Scheme 1, SO
effects again play a very important role in these NMR shift
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Scheme 1. Experimental and calculated 'H NMR shifts (in ppm vs.
TMS) in pertinent d° transition-metal hydride complexes. SO contribu-
tions, Oso, to the NMR shifts are also indicated. 2c-ZORA-SO/PBEO/
TZ2P results (see Methods Section).

values, increasingly so moving down a group in the periodic
table (cf. '"H NMR shifts within the [H,MCp*,] series, M = Ti,
Zr, Hf, Cp* =n-CsMes). Probably the largest known shift
value of such a d° complex is the d=418.9 ppm of the
tantalum complex in Scheme 1.

We note in passing, that deshielding SO shifts are
generally related to high-lying occupied orbitals with o-
symmetry relative to the bond between the SO center and
NMR atom (e.g. for the abovementioned d'° and d° metal
hydride complexes), whereas m-type occupied orbitals pro-
vide shielding SO contributions (e.g. in the d® and d* hydride
complexes or for heavy halogen substituents).!

In view of these observations, we wondered about the
magnitude of hydride shifts when the d” transition-metal
center is replaced by an actinide ion to form the correspond-
ing {° species, as SO effects should be particularly large in this
case. A literature survey provided only a few diamagnetic
hydride complexes: the thorium systems 1-3 shown in
Scheme 2! and a few borohydride complexes of Th'Y and
UO,>*." The hydride shifts in 1-3 are in the high-frequency
range, comparable to the abovementioned Ta complex (only
some protons involved in low-barrier hydrogen bonds feature
similar shifts; for example, in hydrogen maleate, 0 =+
20.3 ppm),"Y thus defining the upper limits of currently
known 'H shifts of diamagnetic compounds. The experimen-
tal value of 3 (6 =+ 0.9 ppm)™ was most likely misassigned,
as the analogous Zr complex exhibits a hydride shift of 6 =+
9.6 ppm.["?l This situation indicates the usefulness of relativ-
istic quantum-chemical calculations when assigning signals in
NMR spectra for systems containing such heavy atoms. Our
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Scheme 2. Experimental and calculated "H NMR shifts (in ppm vs.
TMS) in known f° actinide hydride complexes. SO contributions, dso,
to the NMR shifts are also indicated. 2c-ZORA-SO/PBEO/TZ2P results
(see Methods Section).

computations show again, that SO effects are very important
(Scheme 2). Similarly to the d° case, paramagnetic shift
contributions already make the 'H shifts positive, but SO
effects enhance them significantly, by about 12 ppm in 2 and 3.

Owing to the stronger involvement of forbitals in
bonding, we expected UY' hydride complexes to exhibit
particularly large SO effects, but except for a matrix-isolation
IR report of H,UO,!™! such complexes are presently
unknown. The only diamagnetic uranium complex with
a direct U--H interaction studied so far by NMR spectroscopy
is the uranyl borohydride complex 4 (Scheme 2).1%! It does
exhibit an unusually large '"H NMR shift (6 =+ 7.3 ppm) for
a BH, ligand (typical shifts in transition-metal BH, complexes
range from 0 = —0.1 to +2.0 ppm, up to 0 =+ 4.2 ppm in the
extreme case of a Th'Y complex).' Our calculations show
that this high-frequency signal is again largely due to
appreciable SO effects (4 4.8 ppm).l'"! Given that the bond
order of the U---H interaction in 4 is relatively low (d(U--H) =
228 A compared to ca. 2.0 A in the uranium(VI) hydrides
presented in Table 1), we expected much more dramatic SO
effects for true UY" hydride complexes.

Computations on a series of complexes [HAnL;]? (An=
Th, Pa, U; L=F, CH;, OCHj;), and of uranyl dihydride
complexes (Table 1; data for analogous transition-metal d"
complexes are given for comparison) confirm this assump-
tion: while the value for the Th" model is in the range of d’
systems, in line with the relatively weak involvement of the
5f orbitals in bonding (cf. Table 2), the Pa¥ model complex,
and even more so the UY! complexes in Table 1, are predicted
to exhibit giant high-frequency shifts arising from SO effects.
These values are completely outside the known 'H shift range
of diamagnetic compounds. In the case of H,UO,, SO effects
strongly depend on the geometry, as a result of the different f-
orbital participation in U—H bonding (two minima of C,, and
D,, symmetry, respectively, are found; the C,, form is
energetically preferred by ca. 22 kJmol ™' and exhibits much
less 5f-orbital participation in bonding, see Table 2). Closer
analyses using a perturbation treatment of SO coupling (see
Table S1 in Supporting Information) indicate that the pres-
ence of low-lying unoccupied orbitals with predominant metal
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Table 1: Calculated 'H NMR shifts (in ppm vs. TMS) in f° actinide
hydride model complexes and their d° transition-metal analogues.!

Angewandte
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a,b]

Complex Symm. d(M—H) Osg Oso Ootal
(Al

[HHF* C,, 2.028 4.7 43 9.6

[HTaFs~ Cu 1.834 4.6 103 14.9
HWF C, 1.683 7.2 23.5 30.7
HWMe, c 1.673 8.6 11.0 19.6
HW (OMe)s cl 1.730 4.2 11.2 15.4
H,WO, G, 1.729 4.6 17.7 22.3
[HThF> Cu 2.364 6.0 10.5 16.5
[HPaF,] Cy 2.076 6.3 57.3 63.6
HUF; Cu 1.911 0.7 254.1 254.8
HUMe; c,1 1.997 14.4 155.8 170.2
HU(OMe)s C, 1.957 3.8 176.1 179.9
H,U0, Co 1.965 13.1 50.6 63.7
H,U0, D, 2.000 5.0 215.9 220.9
[HHfF> C, 2.028 4.7 4.8 9.6

[a] 2c-ZORA-SO results at the PBEO/TZ2P level (see Methods Section).
[b] s stands for NMR shifts calculated using scalar relativistic effects
only, and ds,, for the SO contribution. [c] In this case the symmetry of the
HML; core without hydrogen atoms of the methyl group is denoted (the

symmetry of the full system is lower).

Table 2: Hydride NPA charges and NLMO hybridization analysis of the

M—H bonds in f actinide hydrides and their d° transition metal

analogues.”

Complex Symm.  q(H) %M s p d f
[HHfF> Cy —0.674 172 346 08 643 04
[HTaFg~ C -0.469 286 273 08 716 02
HWF C, —0.100 472 155 05 839 02
HWMe; c +0.030 499 76 01 922 0.1
HW(OMe); Cl! -0.196 414 159 02 838 0.
H,WO, Gy, -0.269 364 276 12 71.0 02
[HThF* C -0.717 143 318 1.5 440 227
[HPaFs]" Ca —-0.439 280 187 03 347 463
HUF, C —0.064 472 106 02 224 66.8
HUMe; M —0.223 393 135 08 319 538
HU(OMe);  C,M™ —-0.099 442 106 02 261 63.1
H,U0, Cy, —-0.305 349 235 02 526 237
H,U0, D, —0.344 328 149 05 319 527

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Results obtained at the PBEQ/def-TZVPP level (see Methods Section).
[b] In this case the symmetry of the HML; core without hydrogen atoms
of the methyl group is denoted (the symmetry of the full system is lower).

5f character and favorable symmetry properties relative to
the An—H bond (Figure S2, S3) is responsible for these
unusually large positive SO shifts.

In the absence of experimental data, we need to find out
how reliable the predicted 'H shifts in Table 1 are. Previously
a large dependence on the exact-exchange admixture in the
functional for the "F shifts in U"" fluoro-chloro complexes
has been found.' In contrast to d’ analogues, this depend-
ence is even more pronounced for both hydride 'H shifts and
methyl *C shifts in UY! systems, as demonstrated for the
HUMe; model complex (cf. Tables S2 and S3 in Supporting
Information). As “C shifts of metal-bound ligand atoms are
also affected appreciably by SO effects and depend as much
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Scheme 3. U"' Complexes with direct U—C o-bonds.

on the exact-exchange admixture as the hydride 'H shifts, we
thus have a way to select the most reliable functional by
evaluating the C shifts for a number of recently synthesized
UY complexes with direct U—C o-bonds (Scheme 3).

While the carbene "*C shifts in 5 and 6 are affected only
moderately by the exact-exchange admixture, a strong
dependence is found in complexes 7-9 (cf. Table 3). In all
but one case, a 40% exact-exchange admixture provides
consistently excellent agreement with experimental shifts.
While a detailed understanding of this performance for
actinide systems is beyond the scope of the present study and
will be addressed elsewhere, it appears that 40% exact
exchange provides the optimum compromise between re-
duced self-interaction errors (favored at high exact exchange)
and simulation of left-right correlation (favored at low exact
exchange). The only outlier is the hexaalkyl UY' complex 9,
where a shift of 0 =34 ppm had been assigned to the uranium-
bonded carbon atoms."® This situation is in striking disagree-
ment with the large computed shifts, which are certainly more
in line with, for example, the SO-induced high-frequency shift
for 8. Closer inspection of the experimental data for 9 shows
that a) this compound had been generated in situ and was

Table 3: Calculated and experimental *C NMR shifts (in ppm vs. TMS)
of the uranium-bonded carbon atoms in U¥' complexes.”

Complex GCA hybrid functionals Expt.

PBE PBEO 40HF 50HF
[UO,(NHCEM),] 2671 2713 2707 2704 262.8
(5) (64.7) (60.8) (56.7)  (53.9)
[UO,(NHC®),] 281.7 286.7 287.5 289.3 283.61
6) (55.7) (48.7) (43.6) (42.2)
[UO(LSM) (NRy),] 2083 2573 3032 3503  317.49
@) (55.0)  (86.4) (123.6) (164.9)
L[UO,(Melm),(L™Y)] 365.8 3514 3362 3203  329.4"
®) (141.8) (131.3) (119.9) (108.1)
[U(CH,SiMe;) ] 2560 3575 5291  809.9  (34.0)
o) (101.7) (195.2) (347.9) (599.5)

[a] 2c-ZORA-SO results. Spin-orbit contributions to the NMR shifts are
given in parentheses (see Methods Section). [b] Ref. [19]. [c] Ref. [20].
[d] Ref. [21]. [e] Ref. [22]. [f] Ref. [16]; value probably misassigned, see
text.

measured as a mixture, and b) the C NMR spectra were
taken only in the range from 6 = —125 ppm to + 300 ppm, far
from the computationally obtained values (as confirmed to us
by the author, experimental reevaluation is in progress).l'”!
This possible misassignment is understandable, as the pre-
dictions are in the highest-frequency “C shift range for
diamagnetic compounds."® We note that the other 'H and
3C NMR shifts computed for 9 at the PBE0-40HF level agree
excellently with experiment (Table S4 in Supporting Infor-
mation) while also exhibiting unprecedentedly large SO shifts
for atoms several bonds remote from a heavy-metal center, up
to dso = —6.2 ppm for 'H (CH, group) and + 11.5 ppm for *C
(SiMe; group). A similar but less-pronounced SO-induced
shielding effect is also found for the 'H shift of the methylene
group in 7.

Having thus established the high predictive power of
quasirelativistic 2-component PBE0-40HF/TZ2P/ZORA cal-
culations for the "*C shifts of uranium-bound carbon atoms
(and also for 'H shifts in 7 and 9), we may now confidently
apply the same level of theory to the prediction of the
presently unknown 'H hydride shifts for a series of larger,
synthetically realistic UY' hydride complexes 10-14
(Scheme 4).
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Scheme 4. 'H NMR shifts (in ppm vs. TMS) predicted for a series of
uranium(VI) hydride complexes. 2c-ZORA-SO results at the PBEO-
40HF/TZ2P level. SO contributions to the total NMR shifts are also
indicated.

In agreement with the simpler model complexes in Table 1
(see also Table S5 in Supporting Information for 2c-ZORA-
SO results at the PBE0-40HF/TZ2P level), the predicted 'H
hydride shifts range from around 6=+40ppm (for the
hydride-bridged complex 13 with a somewhat longer U-H
bond) to almost 6 =+ 150 ppm for complex 14. These values
correspond to an unprecedented 'H shift range for diamag-
netic compounds! We may in fact consider the possibility that
the current complete lack of diamagnetic UY' hydride
complexes characterized under normal conditions (i.e. not
in a matrix-isolation IR study) may be due to the fact that
their '"H NMR shifts are so far outside the known range.

As the identification by '"H NMR spectroscopy should be
exceedingly characteristic, we suggest to experimental work-
ers in the field to consider in their studies the extreme high-
frequency shift range predicted herein when they study
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reactions that may have led to uranium(VI) hydride com-
plexes. Reductive elimination to form paramagnetic U"
complexes is the most likely obstacle to isolation of the UY!
hydrides, and preliminary computational studies (data not
shown) suggest that such reactions may often be exothermic.
Nevertheless, at least metastable species should be accessible
if sufficiently large barriers exist. Such species have already
been assumed as intermediates in the mechanisms of some
unusual transformations to rationalize the observed chemis-
try.

In conclusion, record spin-orbit effects on ligand shifts in
diamagnetic actinide complexes have been found in relativ-
istic computations, extending both the predicted *C and 'H
shift ranges of diamagnetic compounds, dramatically so for
the latter. Strong deshielding spin—orbit effects should also be
kept in mind for the shifts of other atoms directly bonded to
high-valent closed-shell actinide centers with U—L bonding
orbitals exhibiting appreciable s-character on the NMR atom
(this excludes, e.g., "F or 7O shifts, but *Si or *'P shifts in UY!
complexes may also feature dramatic spin-orbit-induced high-
frequency shifts). State-of-the-art relativistic quantum-chem-
ical calculations provide a means to predict the expected shift
ranges in such cases, thus offering an important tool to help
researchers characterize new types of coordination com-
pounds and organometallic complexes of the actinides.

Methods

The structures of all complexes were fully optimized at the PBEO
level® with def-TZVPP Gaussian-type orbital (GTO) basis sets and
small-core quasirelativistic effective core potentials (ECPs) for the
metal centers,™ using the Turbomole program package.*® The
optimizations started from X-ray structures, where available,
retrieved from the Cambridge Structural Database (see Supporting
Information for comparison of calculated and experimental geo-
metric parameters in selected complexes). Stationary points on the
potential-energy surface were characterized by harmonic vibrational
frequency analyses. Quasirelativistic all-electron DFT calculations of
the nuclear shieldings have been performed using the Amsterdam
Density Functional (ADF) program suite,?” employing Slater-type
orbital (STO) basis sets of triple-zeta doubly polarized (TZ2P) quality
and an integration accuracy of 7.0 as a reasonable compromise
between accuracy and computational time. Both scalar and SO
relativistic effects were treated by the two-component zero-order
regular approximation (ZORA).”®! To assess the effect of exact
Hartree-Fock (HF) exchange admixture, several PBE-based
exchange-correlation functionals have been tested (PBE within the
generalized gradient approximation (GGA) with 0%, PBEO the
global hybrid with 25%, PBE0-40HF with 40%, and PBE0-50HF
with 50% exact-exchange admixture). The computed 'H and “C
nuclear shieldings were converted into chemical shifts (J, in ppm)
relative to the shielding of tetramethylsilane (TMS), obtained at the
same computational level. Natural localized molecular orbital
(NLMO) hybridization analyses were performed in the Gaussian 09
program package® at the PBE0/def-TZVPP/ECP level of theory,
using built-in NBO subroutines.*’!
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